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 Abstract 
 

Infrared (IR) detectors have many applications across a wide range of industries. HgCdTe is the 

leading semiconductor material for fabrication of high-performance IR detectors due to a 

number of superior fundamental material properties. However, significant technological 

challenges are involved in working with this narrow bandgap material, primarily due to its low 

damage threshold. 

 

Exposure of HgCdTe to H2/CH4/Ar plasma in IR detector fabrication processes is known to 

generally cause modifications to the electrical properties of the material, specifically including 

p-to-n type conductivity conversion. This is an undesirable side-effect when aiming to perform 

physical etching for device delineation. However, it has previously been exploited as a novel 

means of planar n-on-p junction formation for high-performance HgCdTe photodiode 

fabrication. This technique offers significant advantages over established junction formation 

techniques such as ion implantation and ion beam milling. These include not requiring a post-

implant anneal to activate dopants and repair ion-induced damage, and not necessitating 

reapplication of the passivation layer after junction formation. 

 

Previous work has demonstrated high-performance photodiodes based on H2/CH4 plasma-

induced junction formation using a parallel-plate reactive ion etching (RIE) tool. The newer 

hybrid inductively coupled plasma (ICP) RIE technology is capable of greater control of the 

plasma condition, and therefore potentially greater control of the plasma-induced type 

conversion process. It has not yet been shown in the open literature how the ICPRIE process 

parameters and/or plasma condition is related to the plasma-induced type conversion process. 

Such knowledge could be applied to either tailor the junction properties to improve photodiode 

performance, or minimise the extent of type conversion for physical etching applications. 

 

Optical emission spectroscopy has been used to investigate how the independent ICPRIE 

parameters affect the condition of the plasma. In turn, relationships between the varying plasma 

conditions and the carrier transport properties in the type converted layer have been interpreted 

to investigate the physical mechanisms for plasma etching and conductivity type conversion. 

Laser beam induced current measurements have also been used in conjunction with variable-

magnetic-field Hall and resistivity measurements to investigate the type conversion process, in 

addition to the effect of material nonuniformity on Hall and resistivity measurements. The laser 
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beam induced current method has been found to be a useful qualitative tool for indicating the 

extent of p-to-n type conversion, and material uniformity. 

 

In this thesis, a number of p-type HgCdTe samples have been exposed to varying ICPRIE 

process conditions to perform a parametric investigation of the ICPRIE-induced type conversion 

process. The carrier transport properties of the p-to-n type converted layers have been 

investigated by quantitative mobility spectrum analysis (QMSA) of variable-magnetic-field Hall 

and resistivity data measured from van der Pauw samples using magnetic fields up to 12 T. 

Differential profiling has been performed using wet chemical etch-backs between measurements 

to investigate the depth profiles of the carrier species. This investigation has revealed that the 

ICPRIE-induced type conversion depth is most sensitive to the sample temperature during 

exposure. The other ICPRIE process parameters, including the process pressure, RIE power, and 

ICP power, have also been shown to affect the type conversion depth and the electron 

concentration and mobility in the type converted layer. 

 

Based on this carrier transport characterisation work, a set of ICPRIE process conditions was 

identified as being suitable for formation of n-on-p junctions for high-performance photodiode 

fabrication. Three sets of photodiodes have been fabricated and characterised. The ICPRIE 

process parameters for junction formation were refined based on the parametric study of the 

carrier transport properties. The performance of photodiodes from each sample was measured to 

improve with each set of variations to the conditions for ICPRIE-induced junction formation, 

based on performance characterisation by current-voltage and noise measurements. Dynamic 

resistance area products up to 2.5 × 106 Ω.cm2 at 77K were measured for these mid-wave (MW) 

IR photodiodes (cutoff wavelength 5.3 µm), which is equivalent to the best reported results in 

the literature for devices based on established fabrication techniques. Gated photodiode 

structures were used to demonstrate that surface passivation is the performance-limiting factor 

for these photodiodes. This indicates not only that the set of ICPRIE conditions developed in 

this work to date is suitable for producing high-performance photodiodes, but that there is also 

potential for further improvement. 
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Chapter 1 
1 Introduction 
 
 

Infrared (IR) detectors have many applications across a wide range of industries. HgCdTe is the 

leading semiconductor material for fabrication of high-performance infrared photon detectors 

for applications in the mid-wave (MW) IR and long-wave (LW) IR bands, due to its unique 

band structure which results in a number of superior fundamental material properties. However, 

the material is particularly challenging to work with, primarily due to issues related to the 

narrow bandgap and relatively weak bonding of Hg in the crystal lattice. These challenges are 

compounded by a number of issues which impede development of the technology, including: 

• High cost and restricted supply of HgCdTe material 

• Small research community 

• Strategic importance of the material in the defence industry 

 

Despite these problems, significant progress has been made in HgCdTe research and device 

technology over the past five decades. Current state-of-the-art IR detectors are generally based 

on high-density 2-D staring focal plane arrays (FPAs) of photovoltaic detectors comprised of 

millions of pixels. Two critical processes are generally involved in the fabrication of these and 

many other high-performance IR detector structures: 

• Physical etching of material 

• Doping modification of material and/or growth of anisotype layers 

 

For physical etching processes, inductively coupled plasma reactive ion etching (ICPRIE) has 

emerged as the leading technology for creating the high-aspect-ratio physical device features 

required for many advanced detector architectures. However, exposure of HgCdTe to energetic 

particles such as those involved in plasma processing has previously been shown to modify the 

electrical characteristics of the material, including p-to-n conductivity type conversion [1]. 

Changes to the electrical characteristics of the material are undesirable when aiming to perform 

physical etching. The type conversion mechanism is not fully understood, but generally 

proposed to be related to the diffusion of interstitial Hg and/or incorporation of hydrogen in a 

number of forms [1-3]. 
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Ion implantation is the established process for modifying the doping of selected regions of the 

HgCdTe wafer to create photovoltaic detectors. This technique can be used for either n-to-p or 

p-to-n type conversion, depending on the dopant ion used, and is capable of providing good 

control over the doping depth and density in the type converted region. For junction formation 

by ion implantation, the surface passivation layer is applied prior to the type conversion process 

and is commonly used as a physical mask to define the junction areas. In general, a post-implant 

high temperature anneal is required to activate dopants and repair bombardment-induced 

damage after ion implantation and, as a result, the damaged passivation layer may also need to 

be stripped and re-applied [4]. 

 

More recently, HgCdTe based IR detectors have been demonstrated based on junctions grown 

by molecular beam epitaxy (MBE), which allows for excellent control over the composition and 

doping profile in each layer [5, 6]. The resulting photodiodes are capable of very high 

performance. However, such MBE growth of high-quality material is relatively expensive and 

difficult. 

 

For high-density 2-D arrays, dry etching processes are required in the fabrication process for 

delineation of active device elements. However, the plasma-induced type conversion 

phenomenon need not only be an undesirable side-effect in the physical etching process; it can 

also be exploited as an alternative to ion implantation or ion beam milling (IBM) for junction 

formation. A novel photodiode fabrication process, based on n-on-p junction formation by 

plasma-induced type conversion in a parallel-plate RIE tool, has previously been developed by 

the Microelectronics Research Group at the University of Western Australia [7]. This process 

has distinct advantages over the traditional ion implantation process since it does not require a 

post-process anneal or reapplication of the surface passivation layer damaged by the ion 

implantation process. 

 

N-on-p photodiodes based on RIE-induced type conversion have been fabricated based on both 

vacancy-doped and Au-doped p-type starting materials, and for both Hg0.7Cd0.3Te and 

Hg0.8Cd0.2Te compositions for MWIR [7] and LWIR [8] applications, respectively. The 

performance of these photodiodes has been characterized by current-voltage (I-V), 

photoresponse, and noise measurements. They have been shown to exhibit equivalent 

performance to similar state-of-the-art devices based on established ion implantation 

technology. The surface passivation has been identified as the crucial factor which currently 

limits the performance of the plasma-induced junction photodiodes [7]. 
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While the fabrication process based on RIE-induced type conversion has been demonstrated to 

produce high-performance n-on-p photodiodes, a detailed investigation has yet to be undertaken 

of how the RIE process parameters and/or plasma conditions affect the properties of the plasma-

induced p-to-n type converted layer. The properties of this type converted layer, in particular the 

type conversion depth, doping profile, and degree of damage, are critical in determining 

photodiode performance. Furthermore, the potential for the more advanced ICPRIE 

configuration to achieve better control of the plasma-induced junction formation process has not 

yet been explored in the open literature. 

 

The primary aim of this thesis is to investigate the electrical properties of the p-to-n type 

converted layer, particularly the type conversion depth, doping profile, and resultant surface and 

lattice damage. This is to be carried out as a function of varying the independent ICPRIE 

process parameters, which include the H2/CH4/Ar gas composition, process pressure, pedestal 

temperature, independent levels of applied RIE power and ICP power, and the process time. 

Analysis of these results should allow identification of how each of these independent 

parameters are associated with the type conversion process and, therefore, enable the process 

parameters to be tailored for optimum photodiode performance. The results of this 

characterization work can also be applied to physical etching applications, by identifying 

ICPRIE process parameters expected to minimize the extent of type conversion and damage. 

 

1.1 Thesis organization 
 

This first introductory chapter is dedicated to establishing the context for this project, including 

basic information on IR radiation, IR detectors and their applications, and evaluation of 

HgCdTe as one of a number of alternative materials for IR detector fabrication. 

 

Chapter 2 reviews and summarises HgCdTe material properties and Chapter 3 reviews and 

summarises HgCdTe detector parameters that are relevant to the work undertaken in this thesis. 

In particular, this includes carrier transport properties and scattering mechanisms in HgCdTe, 

and n-on-p junction photodiode characteristics and performance indicators. 

 

Chapter 4 provides a brief summary of etching processes for removal of semiconductor 

material, in addition to features of ion implantation for doping modification. This establishes 

ICPRIE as the leading technology for physical etching of HgCdTe, as well as a viable 

alternative to ion implantation for controlled p-to-n (or n-to-n+) type conversion. The type 

conversion mechanisms are also discussed with reference to both plasma-induced and ion-

beam-milling (IBM) induced processes. 
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Chapter 5 investigates the plasma processing conditions using optical emission spectroscopy 

(OES). In particular, this chapter focuses on the relationships between the independent ICPRIE 

parameters and the plasma condition, which includes the composition and energies of the 

various ion, electron, and neutral radical species. This investigation is undertaken in an attempt 

to understand how the ICPRIE parameters control the plasma condition which, in turn, controls 

the etching and conductivity type conversion of the exposed material. 

 

Chapter 6 introduces the theory and calculations associated with the variable-magnetic-field 

Hall and resistivity measurements from which the quantitative mobility spectrum analysis 

(QMSA) technique is used to extract the carrier transport properties of the sample. This chapter 

presents a practical investigation of measured data obtained for the ICPRIE-induced n-on-p 

layers, and the application of QMSA for carrier transport characterization. In particular, this 

investigation focuses on the conditioning of the measured raw data in terms of asymmetry in 

raw Hall and resistivity voltages with reversed magnetic field polarity or current direction. 

 

Chapter 7 presents carrier transport characterisation results for p-to-n type layers, based on 

ICPRIE-induced type conversion of liquid phase epitaxy (LPE) grown vacancy-doped p-

Hg0.7Cd0.3Te starting material. This characterization was performed by variable-magnetic-field 

Hall and resistivity measurements of van der Pauw structures, and QMSA of the measured data 

to obtain the concentration and mobility of carriers in the type converted layer. Depth profiling 

was achieved by performing progressive wet chemical etch-backs of the samples between 

repeated Hall and resistivity measurements. Measurements were performed as a function of 

temperature in order to investigate the dominant carrier scattering mechanisms. 

 

The van der Pauw samples characterised in Chapter 7 were exposed to different ICPRIE 

conditions to investigate the effect of varying the independent ICPRIE parameters on the 

plasma-induced type conversion depth, mobility and concentration of electrons in the p-to-n 

converted layer, and the degree of surface and lattice damage. Relationships between these 

independent plasma parameters and the dependent carrier transport characteristics are identified, 

and likely causes of these relationships are discussed with reference to the relationships between 

the independent ICPRIE parameters and the condition of the plasma. 

 

Chapter 8 reports on the use of laser beam induced current (LBIC) measurements of van der 

Pauw samples to investigate the role of electrical non-uniformities on the conditioning of the 

Hall and resistivity data for the same samples. In this chapter, LBIC is also investigated as a 

nondestructive technique for determining the depth and carrier concentration of the p-to-n type 

layer. 
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In Chapter 9, the results of the carrier transport characterization work are applied to the 

fabrication of photodiode arrays. The process conditions for fabricating these photodiodes were 

based on the ICPRIE conditions identified as inducing n-on-p layers of suitable depth, electron 

concentration, and mobility to form the basis of a viable n-on-p junction photodiode. The 

complete fabrication procedure was based on that developed previously using the parallel-plate 

RIE tool, with the more advanced ICPRIE tool and new plasma conditions substituted to 

perform the junction formation step. Gated diode structures were used as the characterization 

tool so that the surface condition could be controlled to enable unambiguous evaluation of the 

junction performance. 

 

Chapter 10 contains a thesis summary and the conclusions of this work, with recommendations 

for future investigations. 

 

1.2 Infrared radiation 
 

The infrared (IR) band of the electromagnetic spectrum lies between the visible and millimeter-

wave regions, at wavelengths between 700nm and 1mm. It can be further divided into the near 

IR (NIR) from 700 nm - 1 µm, short wave IR (SWIR) from 1 - 2 µm, mid wave IR (MWIR) 

from 3 - 5 µm, long wave IR (LWIR) from 8 - 14 µm, and far IR (FIR) wavelengths longer than 

14 µm. These regions of the IR band are of particular interest for terrestrial remote sensing and 

imaging applications because they correspond to atmospheric transmission windows in which 

very low absorption of IR occurs. 

 

The IR region is of particular scientific and technological interest for many reasons. All objects 

at temperatures above absolute zero emit IR radiation, which enables imaging applications in 

the absence of visible light. The LWIR band corresponds to peak blackbody emission from 

objects at room temperature, which is of special interest for night vision and medical 

applications. The MWIR band corresponds to peak blackbody emission from objects at several 

hundred degrees Celsius, which is of special interest for defence applications involving imaging 

or tracking objects including hot engines or plumes. The MWIR range is also of interest for 

preventative maintenance applications, such as identification of relatively hot electrical or 

mechanical components. Due to the absence of cooling requirements, the NIR and SWIR ranges 

are of particular interest for lower-cost spectroscopic sensing applications in agriculture, process 

control, and medical diagnostics. 

 

The IR emission spectra of materials, including mechanical or electrical components, can be 

interpreted to determine absolute temperature and temperature differences. A number of gases 
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and liquids have a characteristic absorption spectrum in the IR region, which enables 

identification and detection of these substances by IR detectors. Many applications for infrared 

detectors are based on these phenomena, which are to be covered in more detail in the following 

sections. 

 

1.3 Infrared detectors 
 

Infrared detectors have many applications across a wide range of industries. The most basic 

detector form is a single element, while 2-D focal plane arrays (FPAs) of detector elements are 

preferred over scanning systems for two-dimensional imaging applications. Demand for 

decreased pixel size while maintaining high fill factors places pressure on fabrication processes 

for high-performance IRFPAs, which is to be discussed in Chapter 3. The following sections 

discuss applications, structures, and materials for IR detectors. 

 

1.3.1 Applications of IR detectors 
 

Defence and security applications are primary drivers of research into state-of-the-art detectors 

in which performance is critical. This is an important point when considering detectors based on 

HgCdTe, because funds to support the high cost of research and development into advanced 

IRFPAs based on the material are not commonly available from other industrial sectors. While 

defence and security funding drives the development of HgCdTe technology, the commercial 

and strategic defence value of these developments means that information is generally not 

shared freely. 

 

Examples of defence and security applications for IR detectors include: 

• Target acquisition, recognition, and tracking 

• Night vision 

• Search and rescue 

• Scanning individuals, crowds, or transport containers for threats 

• Monitoring building or vehicle perimeters 

 

Research is currently being performed into the use of IR detectors for medical applications such 

as: 

• Skin or breast cancer scans 

• Remote temperature measurement, with the additional capability of determining 

temperature distribution across the body 

• Identification/diagnosis of injured muscles or ligaments 
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IR detectors can be used for chemical analysis of liquids and gases, where spectral analysis of 

the emitted or absorbed IR spectrum can be used to identify a compound. Examples of such 

applications based on this capability include: 

• Measuring the sugar content of grapes, to identify the appropriate time for harvest 

• Measuring the glucose content of blood for clinical applications 

• Chemical analysis of soil to determine what nutrients are required, and to minimise 

fertilizer wastage 

• Monitoring of gas leaks 

• Determining the composition of distant objects in astronomy 

 

Remote IR spectroscopic imaging of broad areas can provide information for: 

• Agriculture, with applications including mapping of soil and vegetation composition 

• Geology, with applications including mineral and oil exploration 

• Meteorology, with applications including mapping of weather systems 

 

Applications for IR detectors in industry include: 

• Preventative maintenance by identifying “hot spots” on equipment 

• Reducing heat loss in buildings by identifying heat leaks 

• Screening processed food by identifying levels of bacteria 

 

Other miscellaneous applications of IR detectors include: 

• Remote bushfire detectors 

• Allowing firefighters to see through smoke 

• Enhanced night vision for drivers and pilots 

 

Development of IR detector materials and fabrication processes contributes to advancing IR 

detector technology for these and many other applications. 

 

1.3.2 Types of IR detectors 
 
Infrared detectors may be broadly classed as either thermal detectors or photon detectors, based 

on the fundamental means by which they generate a signal. Depending on the application, IR 

detectors may consist of a single detector element, linear array, or a 2-D array of elements. 

Examples of applications for single element IR detectors include those involving analysis of 

chemical composition. Imaging applications typically require 2-D arrays of IR detector 
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elements. The definitions for the various generations of these IRFPAs, inspired by HgCdTe, 

have been proposed by Rogalski [9, 10]. 

 

Linear scanning arrays of photoconductive elements are commonly accepted as the first 

generation of HgCdTe IRFPAs. These have been produced in large quantities for many years 

and are in widespread use today. The photoconductor device structure is discussed in Section 

1.3.2.2.1. 

 

The second generation is based on large, 2-D staring arrays of photovoltaic detectors, which 

have advantages over first generation devices including reduced power dissipation and better 

impedance matching to readout electronics [11]. These staring arrays are scanned electronically 

by readout integrated circuits (ROICs). Such detectors are now in high-volume production. In 

the case of HgCdTe detectors, second generation IRFPAs typically consist of 2-D photodiode 

arrays which are flip-chip bonded to silicon ROICs using indium bumps. The detector array is 

backside illuminated through the (typically) transparent CdZnTe substrate and then absorbed in 

the HgCdTe epilayer. Both first and second generation detectors are limited to being 

monochromatic detectors. False colour may be added to the IR image by assuming that the 

incident intensity can be used to estimate the temperature of objects in the image. The 

photodiodes fabricated in this thesis fall into this category, and are discussed further in Section 

1.3.2.2.2. 

 

Adding true colour to IR images is currently a research area of considerable interest, due to the 

potential for significant improvements in the discrimination of objects or substances based on 

the spectral content of the image. IR colour is of particular interest in a wide range of 

applications, including; identifying targets against a cluttered background, quantifying glucose 

content of blood, and discriminating skin or breast cancers from healthy tissue, to name just a 

few. 

 

The third generation of IRFPAs is not as well defined. This classification applies to IR systems 

that provide enhanced capabilities such as: 

• Larger number of pixels 

• Higher frame rates 

• Better thermal resolution 

• Multicolour functionality 

• Other on-chip signal processing functions 
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More specific examples of third generation IR detectors include  [12]: 

• High-performance, high-resolution cooled imagers with two- or three-colour bands 

• Medium to high-performance uncooled imagers 

• Very-low cost, expendable uncooled imagers 

 

Production of third generation devices has recently passed the demonstration phase. A specific 

example of current specifications for a third-generation HgCdTe IRFPA includes a 640×480 

array of MWIR devices grown by MBE on CdZnTe substrates, moving towards 720×1280 

arrays based on Si substrates. Cost reductions are a primary research goal for such devices [13]. 

In these third generation IRFPAs, adding the dimension of colour to IR images by gathering 

data in separate IR bands enables significantly greater functionality and capabilities [14]. There 

is also the potential for more advanced signal processing algorithms to further improve the 

sensitivity of the detectors. HgCdTe and quantum well infrared photodetectors (QWIPs) 

currently offer this multicolour technology in the MWIR and LWIR ranges, based on 

heterostructures comprising material of different cutoff wavelengths [12]. 

 

These advanced HgCdTe detector structures require deep and narrow trenches and very fine 

device features, which places increasing demands on dry etching process. ICPRIE technology 

has emerged as the leading technology for anisotropic etching of semiconductors [15]. 

Controlling the plasma-induced type conversion phenomenon during these etching processes 

has significant impact on the performance of the fabricated devices. 

 

A proposed fourth generation of hyperspectral detectors is currently under development at the 

University of Western Australia, where low-temperature MEMS technology has been developed 

which enables monolithic fabrication of tunable Fabry-Perot filters on each IR HgCdTe detector 

element. Plasma-induced type conversion is suitable for forming the IR detectors required for 

these devices, in addition to being required for micromachining the microspectrometers that 

filter the incoming radiaton. The air gap of these filters can be continuously tuned by applied 

charge or voltage on a pixel-by-pixel basis, allowing for hyperspectral imaging. This would add 

an unprecedented level of functionality to the IRFPA. However, the relatively high cost of 

developing the technology and lack of an identified “killer application” has hindered 

development [16]. 
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IRFPAs can be generally classified as either hybrid or monolithic, based on the connection of 

the detector elements to the electronic readout system. The basic element of the monolithic 

array is a metal-insulator-semiconductor structure, where some multiplexing is undertaken 

within the detector material itself, as well as in the external readout circuit. Typical monolithic 

structures are shown in Fig. 1.1. Hybrid structures involve fabricating the detector and 

multiplexers individually on different substrates, and then mating them together. Mating is 

typically performed by flip-chip bonding or loophole interconnection, as shown in Fig. 1.2. 

Advantages of the hybrid approach include the ability to individually optimize the detector and 

multiplexer, near 100% fill factor, and increased signal-processing area on the multiplexer chip. 

Disadvantages include difficulty in aligning the two arrays for mating, which is particularly 

significant for large arrays of small pixels, and is exacerbated by different coefficients of 

thermal expansion as the devices are heated or cooled. 

 

For hybrid IRFPAs, flip-chip bonding involves pressing the detector array together with the 

ROIC and using indium bumps to make electrical contact between each individual pixel and the 

underlying ROIC. Accommodation of loophole connection involves gluing the detector and the 

multiplexer chip together before detector fabrication. Ion implantation and ion beam milling 

(IBM) is used to form both the photodiodes and loophole connections. The loophole technology 

offers more stable mechanical and thermal features than the flip-chip hybrid architecture [12]. 

 

The high-density RIE process has potential advantages over the IBM process in fabricating 

these loophole structures. It can potentially be used to perform the junction formation step in 

addition to the etching process. Control of the type conversion process through the plasma 

process parameters can be applied to either minimise the type conversion process during etching 

steps, or accurately control the junction depth and doping of an intentional plasma-induced n-

on-p junction. This application is an ideal example of how better control and understanding of 

plasma-induced type conversion can be applied to improve the detector fabrication process. 

 

 
Fig. 1.1 – Monolithic device structures, after Ref. [17]. Structures include (a) all-silicon; (b) 
heteroepitaxy-on-silicon; (c) non-silicon (eg HgCdTe). 
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Fig. 1.2 – Hybrid device structures based on either (a) indium bump bonding or (b) loophole 
interconnection, after Ref. [9]. 

 

1.3.2.1 Thermal detectors 
 
Thermal detectors generate a signal based on some change in a physical property as a result of 

incident IR radiation. Examples of thermal detectors include thermocouples (based on 

thermoelectric power) and bolometers (based on a change in electrical conductivity). 

Characteristics of thermal detectors generally include a relatively slow and wavelength 

insensitive response, and relatively low signal-to-noise ratio. Advantages include high-

temperature operation and relatively low cost. 

 

There has been a relatively recent resurgence in development of thermal detectors due to their 

compatibility with high-volume silicon integrated circuit technology. This interest was 

rekindled in the 1990s after demonstration of very good imagery from large thermal detector 

arrays operating uncooled at TV frame rates. While thermal detectors may be fundamentally 

inferior to photon detectors in terms of detection and wavelength sensitivity, and speed of 

response, the performance of thermal detectors can be adequate for simple imaging applications 

at significantly lower cost. Micromachined silicon bolometers and pyroelectric detector arrays 

have been demonstrated with very good performance at uncooled temperatures [9, 18, 19]. 
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1.3.2.2 Photon detectors 
 
Photon detectors operate by electron-hole pair generation from incident IR photons. Included in 

the photon detector class are superlattices, quantum wells and quantum dots, and semiconductor 

IR detectors. They are generally characterized as having a fast and wavelength-dependent 

response, and often require cooling for optimum performance. Systems based on photon 

detectors are also typically more expensive than thermal detectors, primarily due to cooling 

requirements and the use of more exotic and technologically challenging materials. They are 

generally preferred to thermal detectors for many applications where performance is an 

important consideration. The bulk, weight, and expense associated with the cooling 

requirements are a major obstacle to more widespread use of IR photon detectors [9]. 

 

The photon detector class can be further divided by the nature of the interaction between the 

incoming photons and the photogenerated carriers. This includes intrinsic detectors, extrinsic 

detectors, and quantum well detectors [9]. Common IR detector materials and associated 

advantages and disadvantages of each type of detector are briefly covered in Section 1.3.3. 

 

Semiconductor IR photon detectors can be classified as either photoconductive or photovoltaic 

devices. The basic device structures are shown in Fig. 1.3 and discussed in the following 

sections. 

 

It should be noted that the n-on-p photodiode shown in Fig. 1.3 requires backside illumination 

through the substrate, since frontside illumination is blocked by the contact to the n-type region. 

Improved performance may also be achieved by more complex heterostructures, where layers of 

wider-bandgap material can reduce the influence of surface effects. In this thesis, only relatively 

simple device structures such as that shown in Fig. 1.3 will be considered. However, the 

fundamental characterization of the plasma-induced type conversion process in HgCdTe 

material can be readily applied to improve fabrication processes for more complicated 

structures. 
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Fig. 1.3 – Basic (a) photoconductor and (b) photodiode device structures. Incident photons generate 
electron-hole pairs, which (a) modulate the conductivity of the material, or (b) modulate the 
current through the junction. 

 

1.3.2.2.1 Photoconductors 
 
Photoconductors are essentially radiation-sensitive resistors, where incident IR radiation 

generates electron-hole pairs which modulate the conductivity of the material. Typically, 

constant current bias is required through the device, and modulation in conductivity results in a 

changing voltage signal across the device. A diagram illustrating the basic structure and 

operation of a photoconductor is shown in Fig. 1.3(a). The advantage of this structure is the very 

simple fabrication process. Disadvantages include increased power and cooling requirements, 

and relatively low array fill factor. 

 

First generation HgCdTe IR detectors are based on the n-type photoconductor. Typically the 

photoconductor thickness is chosen to be about 10 - 12 µm to provide a good balance between 

the signal absorption and thermal noise in the detector volume. Anodic oxide was developed as 

a surface passivation layer for HgCdTe photoconductors to reduce the surface recombination 

velocity and protect the surface from the environment. An issue associated with positive charge 

in the anodic oxide passivation was the formation of a surface accumulation layer, which tended 

to shunt current and reduce the detector responsivity. The device contact resistance was 
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typically small (10 - 15 Ω) compared to the HgCdTe material resistance (typically of the order 

of 60 Ω for early devices) [20]. 

 

More advanced HgCdTe photodetectors are based on the photovoltaic device structure, due to 

the advantages discussed in the next section. 

 

1.3.2.2.2 Photovoltaic devices 
 
The operation of photovoltaic devices is dependent on the built-in electric field on either side of 

the p-n junction of the device. Incident IR photons are absorbed by the material and generate 

electron-hole pairs. If these charged carriers have a long enough lifetime to diffuse to the built-

in electric field of the junction, they are swept across the junction to generate a photocurrent. 

This signal is measured in the external circuit via the contacts to each side of the junction. A 

diagram illustrating the basic structure and operation of a photovoltaic device is shown in Fig. 

1.3(b). 

 

Significant advantages of photovoltaic devices over the less complex photoconductors include: 

• Better impedance matching to readout electronics 

• Reduced power requirements 

• Reduced device heating due to not necessarily requiring a current or voltage bias 

• Relatively high fill factor in 2-D arrays 

 

Disadvantages include: 

• Lower yield due to increased device sensitivity to processing conditions and point 

defects 

• Higher cost due to device processing complexity and lower yields 

 

Second and third generation HgCdTe IR focal plane arrays (FPAs) are based on photovoltaic 

device elements. Fabrication of photovoltaic devices requires either epitaxial junction growth or 

type conversion of selected regions. Ion implantation is the established technology for type 

conversion to form planar junctions, and plasma-induced type conversion is a novel alternative 

that is the focus of this thesis. These devices and processes are discussed further in Chapter 2 

and Chapter 3. 
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1.3.3 Infrared photon detector materials 
 
HgCdTe is generally the preferred semiconductor material for IR photon detector applications in 

the MWIR and LWIR regions whenever performance is the primary concern. In these 

wavelength ranges, fundamental material properties such as absorption coefficient, electron 

mobility, and thermal generation rate of HgCdTe are superior to any other alternative IR 

sensitive material. In addition, the ability to make heterostructures with very good lattice match 

and relatively low dislocation density is especially important. The properties of HgCdTe are 

discussed in more detail in Chapter 2. However, the high cost and complexity of HgCdTe make 

a number of alternative IR detector materials preferable where performance is not a primary 

concern [21]. 

 

In the SWIR region, III-V semiconductors such as InGaAs, InAsSb, and InGaSb have typically 

dominated. The main motivation driving these alternatives to HgCdTe is the relative ease and 

lower cost of working with these materials. Technologies associated with these III-V materials 

are generally more advanced, however HgCdTe still has the previously discussed performance 

advantages. 

 

InSb photovoltaic detectors are widely used for ground-based SWIR astronomy. It is a relatively 

mature technology and relatively large bulk substrates are commercially available [22]. 

Extending to applications in the MWIR at cryogenic temperatures, InSb and HgCdTe array sizes 

and pixel yields are comparable, however HgCdTe is  typically preferred due to wavelength 

tunability and higher quantum efficiency [9]. For very large staring arrays of MWIR devices, 

such as those required for long-range airborne surveillance applications, InSb is typically 

preferred due to good performance and the relative ease of fabricating large arrays with 

sufficient pixel yield [11]. 

 

Quantum devices such as quantum well IR photodetectors (QWIPs) and quantum dot IR 

photodetectors (QDIPs) are also important IR detector alternatives [23, 24]. The GaAs/AlGaAs 

multiple quantum well is the most mature example of this technology [21, 25]. At operating 

temperatures greater than about 70 K, QWIPs cannot compete with HgCdTe photodiodes due to 

fundamental limitations associated with intersubband transitions. However, at lower 

temperatures the advantages of HgCdTe become less distinct due to issues associated with p-

type doping, Shockley-Read-Hall recombination, trap-assisted tunneling, and the surface and 

interface instability of HgCdTe material. QWIPs are especially competitive at low operating 

temperatures where bulk semiconductor devices operate for longer operating wavelengths 

(VLWIR) in terms of array size, uniformity, yield, and cost of the system [9]. 
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Extrinsic photoresistors based on Si or Ge are dominant in applications such as astronomy 

where detection is based on wavelengths longer than 20 µm [9, 26]. The major disadvantages of 

these devices are the low quantum efficiency and the requirement to operate at extremely low 

temperatures. 

 

Despite serious competition from alternative technologies and slower progress than expected, 

HgCdTe is unlikely to be challenged in the near future for high-performance applications, or 

applications requiring multispectral capability and fast response [9]. 

 

1.4 Chapter summary 
 
IR detectors have a wide variety of applications across a wide range of industries. Detectors 

based on HgCdTe material offer the highest performance for SWIR, MWIR and LWIR 

applications. However, HgCdTe is expensive and difficult to work with, which currently limits 

demand for HgCdTe IRFPAs. Advanced detector architectures place high demands on 

fabrication process technologies, particularly in dry plasma etching processes for improved etch 

anisotropy and high resolution device features. Ion implantation is preferred in established 

planar photodiode fabrication processes for accurate control of the junction depth and doping. 

 

ICPRIE processing has emerged as the preferred technology for performing the physical etching 

process required in IR detector fabrication, particularly for high-aspect ratio features. Plasma-

induced type conversion has also been demonstrated as a novel alternative to ion implantation 

for n-on-p junction formation. Advantages include not requiring a high-temperature anneal to 

activate dopants and repair damage, and minimal damage to the passivation layer which allows 

the surface to remain passivated at all stages in the fabrication process. This novel junction 

formation process has been previously demonstrated using a parallel-plate RIE tool. The more 

advanced ICPRIE tool has greater control of the plasma condition; however, photodiodes based 

on ICPRIE-induced junction formation have yet to be demonstrated. 

 

Control of the plasma-induced type conversion process is critical for both physical etching and 

junction formation processes. Dry etching processes for IR detectors typically seek to minimize 

the extent of type conversion and damage to exposed material. Knowledge of how to use the 

independent ICPRIE process parameters to precisely control both the physical etching and type 

conversion processes will enable ICPRIE to be used as a flexible technology for both 

applications. The major focus of this thesis is to investigate the ICPRIE-induced type 

conversion process for n-on-p junction formation, with control of the depth and doping in the p-

to-n type converted layer. In achieving this, it is also expected that conditions suitable for 
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minimizing the extent of plasma-induced type conversion will be identified for physical etching 

applications. 

 
 

1.5 Thesis objectives 
 
The main objectives of the work undertaken and reported in this thesis are as follows: 

 

• Use the ICPRIE tool to induce p-to-n conductivity type conversion in MWIR p-HgCdTe 

material, in conjunction with optical emission spectroscopy to investigate the associated 

plasma condition. 

• Investigate correlations between the independent ICPRIE process parameters and the 

carrier transport properties in the p-to-n type converted layer using quantitative mobility 

spectrum analysis of differential Hall and resistivity data. 

• Based on results of the carrier transport characterization work, identify ICPRIE process 

parameters which are suitable for n-on-p junction formation. In addition, identify the 

sensitivity of the p-to-n type conversion depth and carrier transport properties to each of 

the independent ICPRIE process parameters. 

• Fabricate, characterise and evaluate n-on-p junction photodiodes based on the ICPRIE-

induced type conversion process, using current-voltage and noise measurements. 

• Optimise the ICPRIE-induced junction formation process parameters to further improve 

the performance of the fabricated n-on-p photodiodes. 

• Use the identified relationships between the independent ICPRIE process parameters, 

plasma condition, and the carrier transport properties of the p-to-n type converted layer 

to better explain the type conversion mechanism. 
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Chapter 2 
2 HgCdTe material properties 
 

 

This chapter provides a summary of the material properties of HgCdTe that are relevant to the 

work undertaken for this thesis. The application of the plasma-induced type conversion process 

for n-on-p junction formation is of particular interest in this thesis, so the material properties 

affected by this phenomenon must first be established. 

 

The fundamental properties of HgCdTe that are discussed in this chapter include the energy 

bandgap, carrier concentration and associated doping processes, minority carrier lifetime, carrier 

mobility and associated scattering mechanisms, diffusion length, and absorption coefficient. All 

of these properties are critically important to the behaviour of the fabricated devices and the 

processes used to produce them. 

 

2.1 Physical properties of HgCdTe material 
 

HgCdTe has a number of unique properties that make it the preferred material for fabrication of 

high-performance IR detectors for applications in the SWIR, MWIR and LWIR bands. The 

single most important feature of HgCdTe is the ability to grow bandgap engineered layers of 

arbitrary complexity with minimal change in lattice constant across an energy bandgap range 

spanning the entire IR spectrum.  At present, the relatively high cost of the material and devices 

typically limit HgCdTe devices to applications where performance is critical. This high device 

cost is primarily due to difficulties in material growth and device processing, in addition to the 

cooling requirements of all IR detectors to obtain optimal performance from fabricated devices. 

A brief summary of the major features of HgCdTe material properties is provided below, where 

many of these fundamental properties are superior to any other IR detector material. Compared 

to alternative IR materials, the competitive advantages of HgCdTe are greatest for LWIR 

applications. Key properties of HgCdTe have been described in many works [1-6], and include: 

 

• Close lattice match of CdTe and HgTe allows for high quality material to exist over the 

entire composition range 0 ≤ x ≤ 1 (where x is the ratio of CdTe:HgTe), and for 

bandgap engineered structures to be epitaxially grown 
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• Hg1-xCdxTe is a ternary alloy, where x is the ratio of CdTe:HgTe. The direct bandgap of 

the material can be tuned between (at 77 K) 

-0.3 eV at x = 0 (HgTe) 

 1.6 eV at x = 1 (CdTe) 

This bandgap range corresponds to possible tuning of peak sensitivity values across a 

wide range, which includes the complete IR spectrum from 0.7 µm to beyond 25 µm 

• Common material compositions and the associated bandgaps include: 

 
x ratio (CdTe:HgTe)  Peak sensitivity range Application wavelength range 

(µm) 
0.2 LWIR 8-14 
0.3 MWIR 3-5 
0.4 SWIR 1-2 

 
• High quantum efficiency, which improves the sensitivity of the material to incoming 

radiation 

• High absorption coefficient, which allows HgCdTe detector structures to absorb a very 

high percentage of the impinging photons in a relatively thin layer of material. 

Reducing the detector thickness reduces the volume generation of thermal excess 

carriers that contribute to noise 

• Moderate dielectric constant, which is an advantage for matching to readout electronics, 

particularly when considering large staring arrays 

• Moderate index of refraction, which avoids a number of potential issues with optics 

• Moderate thermal coefficient of expansion, which avoids potential problems with 

bonding to large, silicon-based read out integrated circuits (ROICs) 

 

The disadvantages of HgCdTe are generally associated with significant difficulties in growth 

and processing of the material. These disadvantages are manifested in low yield and high cost of 

material and devices, and more specifically include: 

• Weak bonding of HgTe relative to CdTe 

• High sensitivity to physical and/or electrical damage 

• Limited availability of large, high-quality substrates 

• Passivation issues 

• Technological difficulties associated with material growth and device processing 

• Restrictions on information flow, primarily due to the strategic importance of the 

material for defence applications 
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Crystal growth of HgCdTe has historically been difficult due to the relatively high Hg vapour 

pressure [7]. This makes it difficult to control the stoichiometry and composition of the grown 

material [8]. Bulk growth methods were the first used to grow HgCdTe, including quench 

anneal, solid state recrystallisation (SSR), and Bridgman growth. 

 

Compared to these bulk growth methods, epitaxial techniques offered the capability to grow 

larger wafers with good lateral homogeneity and more complex composition and doping profiles. 

These epitaxial growth methods can be performed at lower temperatures, which allows for a 

reduction in the native defect density of the grown material [9]. Liquid phase epitaxy (LPE) is 

the most mature growth technology available today and is capable of producing very high 

quality HgCdTe epilayers  [10, 11]. 

 

Vapour phase epitaxy (VPE) techniques include metalorganic vapour phase epitaxy (MOVPE) 

[12-15] and molecular beam epitaxy (MBE) [16]. MBE is a more recent technology, and is the 

preferred growth method for HgCdTe due to advantages including precise control over the 

composition and doping profile, and ability to produce extremely flat layers. [17-20]. Reducing 

the defect density in MBE-grown material, compared to LPE-grown material, is currently one of 

the major challenges facing growers. It is also desirable to reduce the growth temperature while 

maintaining a reasonable growth rate in order to reduce the equilibrium Hg pressure, and reduce 

the defect density in the grown material [12]. Low temperature growth also means lower 

interdiffusion of multilayer structures that have abrupt changes in composition and/or doping. 

 

CdTe substrates were among the first used for successful epitaxial HgCdTe growth. It was 

found that the addition of about 4% ZnTe to CdTe resulted in a much better lattice match with 

MWIR and LWIR HgCdTe, and thus smoother surfaces and lower defect density in the grown 

material [21]. Growth on Si substrates with buffer layers such as CdTe is a current research area 

of significant interest due to the low cost and wide availability of large Si substrates. It is 

difficult to grow HgCdTe of acceptable defect density on Si due to the large (19%) lattice 

mismatch [22-26]. 

 

The following sections summarise a number of important HgCdTe material properties. Many of 

the measurements required to characterise HgCdTe materials are relatively straightforward to 

perform, however, they are generally very difficult to interpret correctly [27]. A number of 

studies characterizing HgCdTe have demonstrated the need to vary at least measurement 

temperature, in addition to looking at materials with a range of compositions with different 

doping levels, for a reasonable understanding of the fundamental properties and associated 

mechanisms  [3, 28]. An extensive review of the characterization measurements performed in 

industry for HgCdTe material and devices has previously been published, which summarises 
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and ranks the importance of the characterization techniques available to measure these 

properties [29]. 

 

2.2 Energy bandgap of HgCdTe 
 

The energy bandgap determines the cutoff wavelength of the material, and is related to the 

wavelength at which the detector has peak detectivity. This is therefore one of the first 

considerations when choosing the detector material composition for a particular application [30]. 

The bandgap represents the minimum energy required to excite an electron from the valence 

band to the conduction band. It is primarily dependent on the composition (CdTe:HgTe) of the 

material and the temperature. An empirically-determined expression for the Hg1-xCdxTe 

bandgap as a function of temperature and composition, valid over the full composition range 

and temperatures from 4.2-300 K, is given in Equation (2.1) [31]. 

 
 2 3 40.302 1.93 0.81 0.832 5.35(1 2 ) 10GE x x x x T−= − + − + + − × ×  (2.1) 
 
A refinement to this empirical relationship over the composition range 0.17 ≤ x ≤ 0.3 is given in 

Equation (2.2) [32]. This relationship is also illustrated in Fig. 2.1, which shows the bandgap 

dependence on temperature of Hg0.7Cd0.3Te, which is the material composition of primary 

interest in this thesis. 
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Fig. 2.1– Empirical model for dependence of bandgap on temperature in Hg0.7Cd0.3Te, after Ref. 
[32]. Plot includes the associated cutoff wavelength, calculated using Planck’s constant and 
assuming photons traveling in vacuum. 
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It has previously been shown that grading in the material composition, such as wide-bandgap 

capping layers or linear grading profiles, can improve the performance of HgCdTe photodiodes 

through the influence of built-in electric fields  [33, 34]. 

 

2.3 Carrier concentration 
 
The concentration of mobile electrons and holes in the material is a very important fundamental 

property for a number of reasons, and is discussed in this section for both intrinsic and extrinsic 

material. The extrinsic dopants that are commonly encountered for HgCdTe are also described. 

The properties of the p-n junction, which is the basis of the photodiodes fabricated for this thesis, 

are critically related to the carrier concentration profiles in the respective regions. 

 

2.3.1 HgCdTe material doping 
 
Intrinsic carrier concentration ni 
 
The variation of intrinsic carrier concentration, ni, with temperature and material composition is 

important when modeling a variety of material and device properties [1]. Based on Equation 

(2.2) for the energy bandgap of HgCdTe, the expression given in Equation (2.3) was proposed 

for the intrinsic carrier concentration of narrow-gap HgCdTe [35]. This expression was intended 

for material composition over the range 0.17 ≤ x ≤ 0.3, and temperature range 0 - 300 K. 

 

 
Fig. 2.2 – Theoretical intrinsic carrier concentration ni as a function of temperature for x=0.3 
material, based on Seiler’s bandgap relation [35]. 
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It should be noted that a number of different works have reported experimental results which do 

not accurately fit this expression, and other models have been proposed to obtain better fits in 

narrower composition and/or temperature ranges [1]. Figure 2.2 illustrates this widely-accepted 

theoretical dependence of intrinsic carrier concentration on temperature for MWIR Hg0.7Cd0.3Te 

material [35]. This figure also shows the extrinsic doping ranges that are commonly encountered 

for device-grade HgCdTe material. 
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Extrinsic semiconductors 
 
In an extrinsic semiconductor, carrier transport is dominated by either electrons or holes. This is 

achieved by doping the semiconductor with impurity atoms which act as either electron donors 

or acceptors in the crystal lattice, producing n-type or p-type material, respectively. Extrinsic p-

type doping by intentionally introducing a controlled density of Hg vacancies is also commonly 

encountered in HgCdTe. 

 

It is important to consider that the carrier concentration in extrinsic semiconductors is generally 

quoted as the net donor or acceptor concentration in excess of the background impurity of the 

opposite type. In heavily compensated materials, it is also important to know the type and 

concentration of background impurities, which can significantly influence the minority carrier 

lifetime and majority carrier mobility [36]. 

 

The extrinsic doping density is generally considered to be a fixed value which is independent of 

temperature. For a narrow bandgap semiconductor such as Hg0.7Cd0.3Te, the value of ni may 

become comparable to, or even greater than, the extrinsic doping density at moderate 

temperatures, as can be observed in Fig. 2.2. Common extrinsic doping levels for device quality 

material generally range from 1015 - 1017 cm-3. It is important to note that even at moderate 

temperatures, this means that extrinsically doped MWIR or LWIR HgCdTe material can behave 

intrinsically due to thermally-activated carriers. In addition to reducing thermally generated 

noise, this is another reason that HgCdTe photodiodes require cooling for high performance. 

 
p-type HgCdTe 
 
Common p-type dopants for HgCdTe include Hg vacancies, gold, silver, copper and arsenic 

[37]. For intentionally-doped material, if the ionised acceptor dopant concentration NA is much 

greater than the intrinsic carrier concentration ni, we can use the approximations given in 

Equations (2.4) and (2.5). With reference to Fig. 2.2, these approximations are not valid as the 
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density of intrinsic minority electrons approaches that of the p-type dopant, which begins to 

occur at about 200 K for p-Hg0.7Cd0.3Te with NA of approximately 1015 - 1016 cm-3. 

 p Ap N≈  (2.4) 
 

 
2

i
p

A

nn
N

≈  (2.5) 

 
High-performance HgCdTe photodiodes have been fabricated based on each of the previously 

mentioned p-type dopants. Achieving p-type As doping in HgCdTe has been particularly 

problematic, primarily due to the tendency of As to behave amphoterically in HgCdTe [38]. The 

low sticking coefficient of the As dopant further complicates VPE growth processes  [39, 40]. 

 

Most samples fabricated in this thesis were based on p-type Hg0.7Cd0.3Te with vacancy acceptor 

concentration NA = 1 × 1016cm-3. For this material, we can estimate the theoretical minority 

carrier electron concentration in the p-type material based on Equation (2.3) for intrinsic carrier 

concentration, using the approximation in Equation (2.5) for np. A plot showing this theoretical 

approximation for material with composition x = 0.3 and extrinsic doping is shown in Fig. 2.3. 

This plot also relates this minority carrier electron concentration for the material to the 

approximate proportion of total conductivity which is associated with these intrinsic electrons, 

by assuming that the minority electron mobility is 100 times that of the extrinsic holes [41]. At 

temperatures above about 200 K, thermally-generated electrons represent a significant 

contribution to the total conductivity of the material. 

 

 
Fig. 2.3 - Theoretical electron concentration as a function of temperature for p-type Hg0.7Cd0.3Te 
material assuming that NA=pp=1016 cm-3 dominates conductivity, and using the empirical model for 
ni from Ref. [32]. The σn: σp conductivity ratio is approximated by assuming that µn ≈ 100µp [41]. 
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The plot of Fig. 2.3 illustrates a critical point about this narrow-gap semiconductor with a high 

electron-to-hole mobility ratio; even for extrinsically-doped p-type HgCdTe, intrinsically-

generated electrons are expected to contribute significantly to total conductivity of the sample at 

moderate temperatures. This plot shows that at 200 K, intrinsic electrons are expected to 

contribute approximately 1% of total conductivity in a p-type sample, with this contribution 

increasing rapidly with temperature. In addition, p-type HgCdTe samples commonly have an n-

type surface inversion layer which can dominate the conductivity. These two issues are 

especially important to consider when performing carrier transport characterization of the 

samples, which is a major focus of this thesis. 

 
n-type HgCdTe 
 
Common dopants for extrinsically doped n-type HgCdTe material include In and I   [42-44]. In 

extrinsic n-type material, if the n-type dopant carrier concentration is significantly greater than 

the intrinsic carrier concentration ( D iN n  ), we can use the approximations given in 

Equations (2.6) and (2.7). 

 
 n Dn N≈  (2.6) 
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The high electron-to-hole mobility ratio means that at higher temperatures, the conductivity 

contribution from thermally-activated intrinsic minority carriers is not as significant an issue in 

n-type HgCdTe. However, a surface accumulation layer of electrons is typically associated with 

n-type HgCdTe, which complicates measurement of the n-type carrier concentration by basic 

single-magnetic-field Hall and resistivity measurements. These issues are discussed in more 

detail in Chapter 6. Typical values which have been reported for the surface electron 

concentration on bulk-grown n-Hg0.8Cd0.2Te, as determined by fitting to measured data 

assuming two dominant electron species, are of the order of 1012 cm-2 [3]. This is shown in Fig. 

2.4, with the plot for the corresponding electron mobility shown in Section 2.5. 

 

The surface electron concentration in cm-2 was found in this previous work to depend on the 

properties of the anodic oxide or anodic fluoride passivation layer. The issue remains of how to 

determine the thickness of this very thin layer of electrons, so that the volume carrier densities 

can be calculated for meaningful comparison between different samples. 
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Fig. 2.4 – Electron concentration in bulk-grown n-Hg0.8Cd0.2Te as a function of inverse temperature, 
assuming a two-electron model, after Ref. [3]. 

 
p-n junctions 
 
The p-n junction is the basis of the photovoltaic detector that is the focus of this thesis. 

Junctions are formed either by epitaxial growth of anisotype layers of material, or conductivity 

type conversion of material. Conductivity type conversion is investigated in detail in Chapter 4. 

At the interface between the n- and p-type regions, a high carrier concentration gradient exists 

due to the relatively high hole concentration in the p-type material, and high electron 

concentration in the n-type material. This results in diffusion of both holes and electrons across 

the interface. The properties and operation of p-n junctions have been discussed in many texts 

[45]. 

 

In addition to the values of carrier concentration in the respective regions, the junction 

properties are also strongly dependent on the grading of the junction. Models that assume that 

the junction is abrupt, with single values for carrier concentration and mobility throughout the 

respective regions, are generally less complex. This is an important consideration for the 

plasma-induced type conversion process, since we expect at least some degree of grading in the 

p-to-n type layer carrier concentration profile associated with the diffusion-related type 

conversion mechanism. 
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2.4 Minority carrier lifetime 
 
The minority carrier lifetime is an indicator of the average length of time a minority carrier can 

exist in the material before recombining with a majority carrier. This ultimately limits the 

magnitude and frequency response of the detector, with increased carrier lifetime typically 

being associated with reduced dark currents and improved signal-to-noise ratios in HgCdTe 

detectors [2]. A number of different recombination mechanisms exist in HgCdTe, with 

Shockley-Read-Hall (SRH) recombination, radiative recombination, and Auger recombination 

being dominant. The effective lifetime τeff in the material is a function of each of these 

recombination mechanisms, as given by Equation (2.8). 
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Shockley-Read-Hall recombination 
 
The Shockley-Read-Hall recombination mechanism is of particular interest because it is 

strongly dependent on the material quality, rather than being a fundamental mechanism like 

radiative and Auger recombination. This recombination mechanism results from thermal 

recombination through defect levels within the energy bandgap of the material. These traps are 

associated with defects and impurities present in the crystal. Two steps are involved in the SRH 

recombination process: trapping of a minority carrier at a recombination site, followed by 

recombination at the site with a majority carrier to produce phonons. 

 

Experimental studies of excess carrier lifetime in p-Hg0.775Cd0.225Te indicate that SRH 

recombination is the dominant mechanism at low temperatures, and plays a dominant role in 

limiting the lifetime of p-type samples [46]. The carrier lifetimes in p-type HgCdTe are strongly 

related to the acceptor concentration [4]. In MWIR HgCdTe, reported hole lifetimes vary from 

about 20 ns to 1µs. 

 

The SRH recombination rate can be controlled, and ideally minimized, during the growth and 

device fabrication processes. Minimising the density of trap levels in the electrical structure of 

the material is important for reducing the SRH recombination rate and thus increasing the 

minority carrier lifetime of the material. When considering material growth, the dislocation 

density in the material strongly influences the carrier lifetime, since dislocations are associated 

with recombination centres. In HgCdTe grown on lattice-matched CdZnTe, the dislocation 

density can be as low as ~ 5 × 104 cm-2. For HgCdTe grown on Si, the lattice mismatch results in 

a relatively high dislocation density of about 2 × 106 cm-2 for the best reported material, and is 
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associated with a corresponding reduction in minority carrier lifetime [47]. This motivates 

improvements to the growth process in order to minimize defect density. When processing 

material, minimizing the degree of process-induced damage is also desirable in order to 

minimize the associated SRH recombination rate. 

 

The dominant SRH recombination centre in p-type HgCdTe appears to be strongly donor-like, 

residing about 0.03 eV from the conduction band and relatively independent of composition in 

the range 0.2 < x < 0.6. The metal vacancy controlled lifetime has been found to vary in 

proportion to the vacancy density squared, so decreasing this vacancy concentration is expected 

to improve lifetime at low temperatures [48]. 

 

In n-type material, the effect of SRH recombination is usually more significant as the 

temperature is reduced: however, in good-quality n-type material lifetime is usually dominated 

by Auger or radiative recombination [2]. Considering the relevance of SRH lifetime to the 

ICPRIE-processed HgCdTe, it is reasonable to expect that an increase in the level of plasma-

induced damage should result in decreased SRH lifetime. 

 

For high-quality n-type HgCdTe, SRH recombination rate exhibits a mild temperature 

dependence over the extrinsic to intrinsic temperature range, varying typically by a factor of less 

than 2. Measured values for LWIR HgCdTe at 77 K are usually between about 2 - 20 µs and are 

independent of doping concentration for values less than 5 × 1014 cm-3. For MWIR material 

these values are typically longer at about 2 - 60 µs [48]. 

 
Radiative recombination 
 
The radiative recombination process is a fundamental mechanism that was first treated for 

semiconductors  by van Roosbroeck and Shockley [49]. This involves the decay of an electron 

in the conduction band to recombine with a heavy hole in the valence band, and results in the 

emission of a photon. The radiative recombination rate is strongly dependent on the band 

structure and carrier concentration in the material. It has been proposed that radiative 

recombination is not an issue in nonequilibrium situations due to photon recycling [50], and the 

majority of lifetime measurement techniques employed today are strongly nonequilibrium. 

Internal radiative recombination is particularly important for material with lower doping 

concentrations [48]. 

 
Auger recombination 
 
The Auger lifetime in HgCdTe is a key parameter in determining the upper limit on detector 

performance parameters such as quantum efficiency, dark current and noise. There are a number 

of different types of Auger recombination, with the most important for HgCdTe being Auger-1 
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and Auger-7 for n-type and p-type material, respectively. This plays a role in the choice of 

either p- or n-type material for the active region of a photodetector [51]. Refinements have been 

made to recombination models developed over two decades ago  [52, 53], which were severely 

limited by the available computing power and flawed assumptions [51]. 

 

The Auger recombination process involves a Coulomb interaction between two electrons (or 

holes) resulting in an excitation of one of the pair to a new energy within its band (Auger-1) or 

to a third band (Auger-7), followed by recombination which results in the loss of an electron-

hole pair. Measured Auger lifetimes are reported to vary widely in the range of 1 ns to 10 µs 

[54-56]. Auger-1 recombination was first investigated by Beattie and Landsberg [57] and 

summarized by Blakemore [58]. Auger-7 is a slightly more complicated process that involves 

two holes and an electron, and models have been proposed that provide reasonably good 

agreement with experiment [51]. 

 
Total lifetime 
 
The carrier lifetime reported for an experimentally determined carrier concentration should be 

interpreted with caution, since a number of investigations calculate carrier concentration based 

on single-field Hall measurements and assume that only a single carrier is present. This can 

potentially lead to assignment of an erroneously long minority carrier lifetime for a given 

apparent carrier concentration [42]. It should also be noted that the transient and steady-state 

excess carrier lifetimes may be significantly different, which has been attributed to minority-

carrier trapping. In an investigation of p-type Hg0.775Cd0.225Te, it was found that the transient 

lifetime was up to 16 times greater than the steady-state lifetime [59]. In addition to variations 

in material quality, this may help to explain the significant variation in reported lifetimes across 

the literature. 

 

The minority carrier lifetime is typically determined by measuring the rate of photoconductive 

decay. Other methods include steady-state photoconductivity, diode pulse recovery, and the R0A 

product of photodiodes [48, 59, 60]. However, it is typically not emphasized that these 

techniques yield equivalent results only when trapping effects are negligible [61], which is 

generally not true in p-type HgCdTe. The measured lifetime will strongly depend on the nature 

of the experimental method, the initial condition of the excess carriers, as well as the origin and 

quality of the original sample  [46, 51]. 

 

Despite these complications, it has been shown empirically that the lifetime is inversely related 

to the carrier concentration in the material, as shown in Fig. 2.5.  
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Fig. 2.5 – Measured minority carrier lifetime in bulk-grown n-type Hg0.8Cd0.2Te material, as a 
function of electron concentration, after Ref. [3]. 

 

In research to date, it has been found to be difficult to achieve relatively low levels of electron 

concentration in the RIE-induced p-to-n type converted layers. Improved control of the ICPRIE-

induced p-to-n type conversion process for HgCdTe should enable lower levels of electron 

concentration to be achieved in the type converted layer. Decreasing this carrier concentration is 

expected to favour longer minority carrier lifetimes in the material, and thus improve the 

performance of the associated devices. 

 

In LPE-grown n-type (n = 5-10 × 1015 cm-3) HgCdTe, Auger dominated lifetime has been shown 

to be the dominant recombination mechanism at temperatures above approximately 100-150 K 

[62, 63]. It has also been found that the growth method can influence the dominant 

recombination mechanism; with Hg-rich growth melts associated with lifetimes approaching the 

radiative limit, particularly at higher x compositions and higher doping levels. This is most 

likely due to a reduction in the density of recombination centres. 

 
In p-type material, it is more difficult to measure lifetime due to parasitic effects from n-type 

inverted surfaces. Such n-type surfaces are essentially unavoidable on p-type HgCdTe material, 

being caused either by interface impurities or an inverting surface potential. At higher extrinsic 

doping levels the Auger-7 recombination mechanism is dominant, while internal radiative 

recombination is more important at lower extrinsic doping levels [48]. 

 

Minority carrier lifetime is an important consideration for the photodiode dark current modeling 

that is presented along with the measured photodiode characterization results in Chapter 9, 
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particularly for diffusion and generation-recombination current. The effect of junction bias on 

minority carrier lifetime has not been reported, and more work is required for a better 

understanding of the temperature dependence of minority carrier lifetime [27]. In addition to the 

wide variation in reported values for lifetime, this makes it extremely difficult to obtain accurate 

estimates of lifetime for the expressions used for dark current modeling. When modeling dark 

currents, the use of a constant value for minority carrier lifetime with changing junction bias is a 

possible reason for difficulty in fitting the models to the measured dynamic resistance curves. 

 

2.5 Carrier mobility 

2.5.1 Definitions 
 
Mobility is an indicator of the ease with which mobile carriers move under an applied electric 

field. High carrier mobility is typically associated with high-quality material. Strictly speaking, 

there are a number of different types of mobility, which include Hall mobility and 

conductivity/drift mobility [45]. However, it is relatively difficult to measure the conductivity 

mobility of a carrier in a material, so general references to mobility are typically intended to 

refer to the Hall mobility. Mobility depends mainly on composition, temperature, material 

doping type and concentration, and the degree of compensation in the material. Furthermore, 

more complex influences on mobility are associated with the effects of inhomogeneities such as 

nonuniform doping, grain boundaries, and dislocation networks and precipitates [64]. 

 

It is intuitively expected that increasing the material temperature should result in increased 

lattice vibrations and carrier thermal velocity, and therefore also decrease carrier mobility due to 

more frequent collisions between carriers and the lattice. This argument for decreasing mobility 

with increasing temperature holds for high-quality bulk material. However, the temperature 

dependence of mobility is also strongly dependent on the impurity concentration, because 

carriers interact differently with ions (charged impurities) than with neutral atoms. Collisions 

with charged ions are more in the nature of an interaction with their surrounding electric fields. 

These interactions last for a shorter time when the carrier velocity is high. Therefore, at higher 

temperatures, the resistance offered by the ions to carrier motion can be expected to be lower 

with increasing temperature. The temperature dependence of mobility therefore depends on the 

dominant carrier scattering mechanisms [45]. 

 

Carrier mobility can be defined in terms of the fundamental properties of relaxation time and 

effective mass, as given in Equation (2.9)  [45]. 
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where cτ  is the average momentum relaxation time, and *

em  is the effective mass. 
 
Conductivity (or drift) mobility can also be described by Equation (2.10) [65] 
 
 c xvdx Eµ= − ×  (2.10) 
 
where vdx  is the drift velocity, and xE  is the applied electric field in the x direction. 
 
It is relatively difficult to directly measure this conductivity mobility. Instead, Hall mobility is 

calculated by measuring the voltage which is developed transverse to a known applied current 

under a known magnetic field, as given in Equation (2.11)  [66]. 
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where mτ  is the average momentum relaxation time. 
 
The Hall coefficient RH can be calculated from the measured Hall voltage using Equation (2.12). 

More detailed discussion of the Hall effect and the procedure for calculating carrier mobility 

and concentration is provided in Chapter 5. 
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where xJ  is the current density in the x-direction, yE  is the electric field in the y-direction, and 

zB  is the magnetic flux density in the z-direction. 

 

The Hall mobility differs from the conductivity mobility by the ratio of the average momentum 

relaxation times. However, in the analysis of experimental data, this ratio is often assumed to be 

equal to one, due to the difficulty in measuring these other fundamental properties. Depending 

on the relevant scattering mechanisms and temperature, this can produce up to about an 80% 

error in the carrier concentration [65]. 

 

2.5.2 Practical issues with measuring mobility in HgCdTe 
 
Ideally, any carrier species can be described by a temperature-dependent characteristic mobility. 

In such a model case, it should be relatively straightforward to identify a discrete value of 

mobility for a distinct carrier in a material at any given temperature. In the case of HgCdTe, 

carrier transport characterisation is rarely (if ever) straightforward. More specifically, the 
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spontaneous formation of an n-type surface layer and/or n-type interface layer means that we are 

generally considering at least a multilayer charge transport system. Carrier transport 

characterization of p-type HgCdTe is particularly difficult, primarily due to the high electron-to-

hole mobility ratio. Furthermore, only in thick layers of bulk material is it reasonable to expect 

that all carriers will share a discrete value of mobility; the carrier mobility tends to lower values 

at the surface and at interfaces, and this grading effect is more important as the layer thickness is 

reduced. 

 

Simple single-field Hall measurements of HgCdTe are generally not sufficient to accurately 

determine the carrier mobility, except perhaps in the case of thick layers of bulk n-type material. 

A two-electron model that attempted to fit the magnetic-field dependence of the specific 

conductivity and Hall coefficient for bulk-grown n-type material was proposed some time 

before more complex algorithms were used for multi-carrier fitting of general semiconductors 

[36]. It was not until the early 1990s that carrier transport characterization techniques were 

developed which were capable of accurately determining the carrier mobility in more complex 

HgCdTe systems [67-70]. 

 

Many reported investigations of carrier mobility in HgCdTe have used only single-field Hall 

measurements on thick layers of bulk-grown LWIR n-type HgCdTe, and even relatively 

recently published theoretical investigations and empirical models for HgCdTe carrier transport 

are based on these reported measurements. Relatively little reported data or good empirical 

modeling is available for carrier transport properties of MWIR material grown by more 

advanced epitaxial methods  [42, 47]. 

 

The n-on-p HgCdTe layers that are the focus of this thesis are among the most difficult carrier 

transport systems to characterise using available techniques. The previously published empirical 

models for carrier mobility in HgCdTe are a useful reference for the measured values in this 

thesis based on QMSA of variable-magnetic-field data. However, given the advances in material 

growth technology and measurement and analysis techniques that have occurred since these 

models were published, deviations from the literature are not unexpected. 

 

2.5.3 Majority carrier mobility in HgCdTe 
 
Determining the electron mobility in n-type HgCdTe is the least complex of the carrier transport 

characterization problems for HgCdTe. Due to the narrow material bandgap and high electron-

to-hole mobility ratio of about 100:1 to 200:1, the conductivity contribution from minority holes 

is generally negligible in n-type HgCdTe. The majority of previously published reports on 
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determining carrier mobility in HgCdTe have investigated electron mobility in bulk-grown 

LWIR n-HgCdTe, and many of the empirical models are based on outdated measurements. 

 

In order to perform carrier transport characterization of either n-type or p-type HgCdTe, it has 

been found necessary to account for the existence of an electron species that is not associated 

with the dominant bulk carrier, whether this be electrons or holes  [36, 71]. A number of 

explanations have been proposed for this carrier and/or anomalous Hall effects, including the 

generation of a surface inversion layer due to improper surface treatment [72-76], clustering of 

impurities of the opposite sign to the bulk material doping which form percolation channels  [73, 

77]. A number of papers which claim to observe “anomalous” Hall behaviour generally use 

single-magnetic-field measurements and provide an extremely limited description of the 

measurement and calculation procedure, which is discussed further in Chapter 6. 

 

Experimental studies of the electron mobility in Hg1-xCdxTe for composition range 0 < x < 0.33 

and electron concentration range 1015 < n < 1018 cm-3 have previously been reported, along with 

attempts to correlate the measured temperature dependence with theory [78]. This study suffers 

the aforementioned limitations of using only bulk-grown n-type material, with simple single-

electron models for determining mobility and carrier concentration from the measured Hall and 

resistivity data. A plot showing the dependence of electron mobility on the material composition 

at 77 K and 300 K is reproduced in Fig. 2.6 [78]. The same work also investigated material of 

different composition for much higher electron concentration (of the order of n = 9×1017 cm-3 at 

4.2 K), where the electron mobility was reported to be significantly lower for the higher electron 

concentration, in addition to observing a smaller change in electron mobility with changing 

material composition. This plot is reproduced in Fig. 2.7. 

 

A more recent published result for characterisation of majority carrier electron mobility as a 

function of composition is reproduced in Fig. 2.8 [47]. The measured electron mobilities plotted 

in this curve are significantly higher than those obtained for earlier studies on bulk-grown 

material. The electron concentration in this device-grade material is not quoted, but is expected 

to be of the order of n ≈ 1015 - 1017 cm-3. Electron mobility in this MBE-grown HgCdTe is 

consistent with values reported in earlier work based on thick bulk-grown layers. 
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Fig. 2.6 – Dependence of electron 
mobility on x composition for 
HgCdTe at 77 K or 300 K, after Ref. 
[78]. Dots are measured results, lines 
show theoretical models. 

Fig. 2.7 – Dependencies of electron mobility on 
composition for material with high electron 
concentration, after Ref. [78]. Dots are experimental 
results, curves show theoretical modeling. 

 

Fig. 2.8 – Electron mobility at 77 K for MBE-
grown Hg1-xCdxTe on CdZnTe. The solid line is 
the theoretical lattice scattering mobility, after 
Ref. [47]. 

Fig. 2.9 – Calculated electron mobility as a 
function of electron concentration for a 
number of temperatures, after Ref. [78]. 
Curves show results of empirical modeling. 

 
A model for the electron mobility as a function of electron concentration has also previously 

been proposed [78]. This is reproduced in Fig. 2.9. For any given carrier concentration, we can 

expect a lower value of electron mobility for material with a wider bandgap. 

 

A relatively early reported investigation of carrier transport in bulk-grown n-type material for 

compositions x = 0.21 and x = 0.29, with typical net donor density of ND - NA = 1 × 1015 cm-3, 

used a two electron model to fit the magnetic-field dependence of the specific conductivity and 

the Hall coefficient. Nominal bulk and secondary electron mobilities of 1.2 × 105 cm2/V.s and 4 

× 104 cm2/V.s at 77 K, respectively, were reported for the material with x = 0.21 [36]. This study 

used Hall bar samples and a passivation/insulation layer of native oxide and ZnS. It was found 
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that varying the HgCdTe layer thickness from 120 µm to 15 µm resulted in less than 2% 

variation in the measured electron mobility values. However, it should be noted that this is still 

significantly thicker than the layers encountered in the experimental work of this thesis. For the 

sample from this previous work with x = 0.29 measured at 77 K, this two-electron model 

returned approximate values of n1 = 1.3-2.8 × 1015 cm-3 and µ1 = 4-5 × 104 cm2/V.s in the bulk, 

and n2 = 9-53 × 1014 cm-3 and µ2 = 3-40 × 102 cm2/V.s for the secondary electron. These values 

are in reasonable agreement with the experimental carrier transport results obtained in this study 

and presented in Chapter 7. 

 

A previously reported empirical formula for the electron mobility at 300 K in Hg1-xCdxTe based 

on measurements of bulk-grown n-type material with ND-NA < 1014 cm-3 is given in Equation 

(2.13)  [79]. This was considered valid for 0.18 < x < 0.25. This proposed expression has 

significant limitations in assuming a single electron only, and based on material with electron 

concentration significantly lower than typically encountered in device-grade material. However, 

if we substitute x = 0.3 into Equation (2.13) it returns a reasonable value for electron mobility of 

approximately 6300 cm2/V.s, which is relatively close to experimentally obtained values in this 

thesis and other published works. 

 
 4 4 1

300
(8.754 10 1.044 10 )e K

xµ − − −= × − ×  (2.13) 
 
An empirical study of the relationship between mobility and HgCdTe composition has been 

previously reported [79], which has been found to agree with theoretical modeling [78]. This 

study was based on single-field Hall measurements of van der Pauw samples, using bulk-grown 

n-type material. This experimental data is reproduced in Fig. 2.10, and can be extrapolated to 

provide a useful reference for the experimental data obtained from QMSA of the ICPRIE-

processed samples in Chapter 7. 

 

 
Fig. 2.10 – Electron mobility in bulk-grown n-type material as a function of alloy composition based 
on single-field Hall measurements at 77K, after Ref. [79]. 
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Fig. 2.11 – Electron mobility as a function of temperature, calculated assuming two dominant 
electrons using measured data for bulk n-Hg0.8Cd0.2Te, after Ref. [3]. 

 
An empirical model that accounts for the second electron species has also proposed expressions 

for electron mobility in bulk-grown n-Hg0.8Cd0.2Te as a function of the measurement 

temperature [3]. The reported results are based on a fit to measured data which assumes two 

electron species, as reproduced in Fig. 2.11. When comparing these mobility curves to the 

experimental results measured for this thesis, it should be remembered that lower mobility 

values are expected for carriers in wider bandgap x = 0.3 material, which is the primary focus of 

this thesis. 

 

Discussion of hole mobility, either as a majority or minority carrier, generally refers to the 

heavy hole mobility. A number of works in the literature have also attempted to measure and 

model the light hole mobility  [42, 76]. The lower effective mass of light holes means that their 

contribution to total conductivity is even more difficult to measure than for heavy holes. Given 

the existing practical difficulty of characterizing the concentration and mobility of heavy holes 

in HgCdTe, light holes will not be considered in this thesis. 

 

Characterisation of the transport properties of holes in HgCdTe, even as a majority carrier in p-

type HgCdTe, is difficult due to the narrow bandgap and high electron-to-hole mobility ratio. 

Generally, a significant conductivity contribution from electrons, both as thermally-generated 

intrinsic carriers and in surface inversion layers due to fixed positive surface charge, makes it 
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difficult to extract the hole contribution to measured data [80]. Measurements of Hall properties 

of low-doped p-type material have extracted classical behaviour and reported values for hole 

mobility [71, 81]. A simple method for multicarrier analysis of homogenous p-type Hg0.8Cd0.2Te 

has been reported as a simple alternative to QMSA for approximating the mobility and 

concentration of both light- and heavy-holes, in addition to electrons [82]. 

 

A previous study investigating carrier transport characterization of LPE-grown p-type HgCdTe 

provides a very useful reference for the ICPRIE-induced n-on-p layers that are the focus of this 

thesis [83]. This work does not employ the multicarrier fitting algorithms which have recently 

been developed, and was not able to completely solve the problem of extracting hole mobility in 

the presence of significant contribution from surface electrons at all temperatures, and from 

thermally-generated electrons at higher temperatures. This issue is discussed further in Chapter 

6. 

 

2.5.4 Minority carrier mobility in HgCdTe 
 
Limited theoretical investigations have been performed into minority carrier mobility in p-type 

HgCdTe [46, 64, 71, 84]. For a given value of majority carrier concentration, it has previously 

been assumed that the electron mobility in p-type HgCdTe can been approximated by that of the 

electron mobility in n-HgCdTe [41, 85, 86]. As the net acceptor concentration is increased, the 

mobility of minority carrier electrons has been reported to decrease relative to that of electrons 

in n-type material. This has been attributed to the increasing influence of ionized impurity 

scattering [87]. However, it has been shown for GaAs that the electron mobility is lower in p-

type when compared to n-type material due to the action of heavy holes, which act as additional 

scattering centres [88]. A similar effect would be expected to apply to HgCdTe. 

 

2.5.5 Scattering mechanisms and carrier mobility 
 
The carrier mobility is dependent on the dominant scattering processes acting on carriers in the 

crystal lattice. When a force is applied to an electron, its acceleration can be described by a 

modified Newton’s law where the perfect periodic crystal potential is taken into account by an 

effective mass [65]. Decreased density of scattering centres is typically associated with 

increased carrier mobility values. 

 

Many carrier scattering mechanisms can contribute to limiting carrier mobility in HgCdTe, 

including; ionised impurity, polar and nonpolar optical, acoustic, dislocation, strain field, alloy 

disorder and neutral impurity [76]. For n-type HgCdTe, the dominant scattering mechanisms 

have been identified as ionized impurity scattering, alloy disorder, acoustic phonon and polar 
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optical phonon scattering [47]. Impurity-based scattering generally increases with decreasing 

temperature, while phonon scattering mechanisms which are dominant in good-quality material 

generally increase with increasing temperature. 

 

By comparing the results for samples processed under different ICPRIE conditions, this 

temperature dependence should enable a qualitative determination on the quality of the type 

converted n-type layers under investigation. For example, if the electron mobility in the 

ICPRIE-induced p-to-n type layer is relatively low and weakly dependent on temperature, it is 

most likely thin and/or degeneratively doped material. The dominant scattering mechanisms can 

be identified by analyzing the behaviour of carrier mobility with changing sample temperature. 

 
Impurity-based scattering 
 
Impurity-based scattering can be related to either ionized or neutral impurities in the material, 

each of which will behave differently with temperature. The degree of impurity-based scattering 

is associated with the concentration of impurities in the material. Such impurities include 

dislocations which are commonly associated with interfaces, and material defects associated 

with growth or subsequent material processing. 

 

Modeling the influence of dislocations on carrier transport in HgCdTe is a particularly difficult 

task, due to the complexity and relatively poor understanding of the properties of these 

dislocations. The majority carrier mobility for n-type semiconductors is generally sensitive to 

the dislocation density [89]. It has been reported that for good-quality material with low 

dislocation density (below 5 × 105 cm-3), dislocations should have no effect on majority carrier 

mobility, while for higher dislocation density this scattering mechanism is more important as 

the temperature is decreased and/or carrier concentration is reduced [47]. 

 

The anisotropic effect of dislocations on carrier transport is relatively well established for n-type 

GaAs, where the maximum effect occurs in the case of dislocation lines being normal to current 

flow and very little effect is found where the dislocation lines are parallel to current flow [76, 

90]. This anisotropic effect on mobility may be consistent with the observed asymmetry in the 

measured Hall and resistivity voltages for ICPRIE-processed HgCdTe van der Pauw samples, 

discussed in Chapter 6. However, another study that measured the Hall and resistivity properties 

of MBE-grown low-doped n-type HgCdTe, using Hall bars of varying alignment to visible 

cross-hatching, found no evidence of anisotropic conduction [91]. 

 

As previously mentioned, collisions between mobile charge carriers and impurities is due to the 

interaction with the surrounding electric fields. These interactions last for a shorter time when 

the carrier velocity is high. We know that increasing the sample temperature is expected to 
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increase the carrier velocity and thus reduce the resistance offered by the ions to carrier motion 

[45]. The influence of impurity-based scattering therefore decreases with increasing temperature, 

which can be contrasted with lattice-based scattering with neutral atoms. 

 

When considering plasma-processed material, it is desirable to minimize the extent of plasma-

induced damage to the crystal lattice that is expected to increase the degree of impurity-based 

scattering. If the temperature dependence of carriers in plasma-processed samples is consistent 

with significant impurity-based scattering, it is most likely necessary to adjust the plasma 

process parameters to reduce this damage. This could most likely be achieved by reducing the 

level of applied RIE power. 

 

In “well-behaved” bulk-grown n-type HgCdTe, it has been proposed that ionized impurity 

scattering is dominant at temperatures below about 40 K, based on the empirically determined 

Tm (where 0 ≤ m ≤ 1.5) temperature dependence of the mobility [36, 47, 92]. This scattering 

mechanism has also been shown to be most important for heavy holes in p-type HgCdTe, where 

the temperature dependence of mobility does not necessarily follow the simple T1.5 dependence 

of the Brooks-Herring formula [76]. 

 
Phonon scattering 
 
Phonon scattering is a fundamental scattering mechanism, which can be further divided into 

polar optical phonon scattering, acoustic phonon scattering, and nonpolar optical phonon 

scattering [76]. The acoustic phonons in a crystal can scatter carriers by two different and 

independent processes; deformation potential scattering and piezoelectric scattering. The 

temperature dependence of momentum relaxation time for acoustic phonon scattering is 

theoretically expected to follow T-1.5. Optical phonons also scatter carriers by the independent 

processes of deformation potential scattering (same as for acoustic phonons) and polar mode 

scattering. Polar optical scattering has been shown to be most important for heavy holes at 

temperatures approaching 300 K [93]. 

 
Temperature dependence of mobility 
 
By measuring the carrier mobility as a function of temperature we can theoretically determine 

the respective influences of impurity and lattice based scattering mechanisms. A number of 

works have attempted to study the temperature dependence of HgCdTe carrier mobility, and 

provide a useful reference for the analysis of the measured data in this thesis. A general 

empirical relationship for mobility in HgCdTe is shown in Equation (2.14), which approximates 

data measured over the composition range 0.2 < x < 0.6 [41]. This empirical relationship was 

determined by fitting to previously published Hall data for samples with a range of composition 
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values over a range of temperatures. Minority carrier diffusion length values were measured to 

calculate these expressions [72, 94]. 
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This empirically derived expression is plotted in Fig. 2.12 to illustrate how increasing the 

CdTe:HgTe ratio is expected to decrease the electron mobility in n-type material. The effect of 

lattice-based scattering mechanisms in decreasing electron mobility with increasing temperature 

is evident in Fig. 2.12. At temperatures below about 40 K, impurity-based scattering 

mechanisms become dominant and decrease the carrier mobility with decreasing temperature. 

As the density of impurity scattering centres increases, we expect to see their dominant 

influence extend to higher temperatures. 

 

The hole mobility is often roughly approximated by the electron-to-hole mobility ratio, which is 

generally considered to be µn/µh ≈ 100-200 [41, 76, 78]. This approximation is used because the 

high ratio of electron-to-hole mobility means that the hole contribution to total conductivity is 

insignificant in n-type material at all temperatures, and very small at intrinsic temperatures even 

in p-type material. Even with QMSA, this makes it very difficult to accurately extract the 

influence of holes on variable-field Hall and resistivity measurements. 

 
Fig. 2.12 – Theoretical electron mobility in bulk n-HgCdTe material [41]. 
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A review paper on hole mobility in p-type HgCdTe of various compositions and carrier 

concentrations has proposed the following scattering mechanisms to be dominant in different 

temperature regions: below 50 K by ionized impurity, strain-field and dislocation scattering; up 

to 200 K by ionized impurity, and above 200 K by ionized impurity and polar scattering [76]. 

This paper found that the mobility-limiting mechanisms for heavy hole mobility did not 

conform to a simple T1.5 relationship, due to a strong temperature dependence of the effective 

concentration of ionized impurities and Debye screening length [76]. It is noted that an 

interesting outcome of this thesis will be how to compare how hole mobility data to be extracted 

later in this thesis using the more advanced QMSA algorithm compares to the results of this 

review paper that was based on earlier methods for determining hole mobility. 

 

Significant advances in material growth technology have been made since the empirical 

relationship shown in Fig. 2.12 was determined. Furthermore, it is likely that the electrical 

properties of p-to-n type material obtained by plasma-induced type conversion will be different 

to those of thick layers of n-type as-grown material, since the growth technologies for 

introducing doping to n-type material are significantly different. 

 

2.6 Diffusion length 
 
Diffusion length of a minority carrier provides an indication of the average distance it will travel 

before it recombines. It is strongly related to the fundamental carrier lifetime and mobility, and 

the sample temperature. Longer diffusion length is associated with higher quality material, and 

can be related to the carrier lifetime by Equation (2.15). 

 
 1/ 2( )L Dτ=  (2.15) 
 
where /D kT qµ=  (in nondegenerate material) is the diffusion coefficient. 
 
The carrier diffusion length is a property which can be calculated from laser beam induced 

current (LBIC) or electron beam induced current (EBIC) measurement data [95]. LBIC is a 

nondestructive material characterization technique which raster scans a low-power focused laser 

beam over the sample surface and measures the electrical response of the sample to the incident 

laser at each point through ohmic contacts to the sample. This is useful because determining the 

carrier diffusion length from LBIC measurements is potentially a much simpler alternative to 

measuring the carrier lifetime and mobility by other methods such as transient decay 

measurements or variable-magnetic-field Hall and resistivity measurements. The LBIC 

technique is discussed further in Chapter 8. 
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Reported minority carrier electron diffusion lengths in p-type HgCdTe vary widely from 

approximately 4 µm to 100 µm. Minority carrier hole diffusion lengths in n-type material are 

generally more difficult to measure, and are usually reported to be shorter than electron 

diffusion length in p-type material [96]. 

 

The diffusion length is also important when considering lateral collection of carriers for a 

photodiode, since the effective collection area of a photodiode also includes regions where 

photogenerated carriers can diffuse to the junction from outside the photolithographically-

defined junction area. While the effective lateral collection length is generally not precisely 

equal to the minority carrier diffusion length, it is probably a very good estimate [3]. This lateral 

collection length Lopt can be estimated using Equation (2.16). 
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where QEJ is the quantum efficiency that is measured for a photodiode of finite radius RJ, and 

QE1D is the quantum efficiency of an ‘infinite area’ photodiode with no lateral collection. 

 

By plotting the square root of the measured QEJ for variable-area photodiodes as a function of 

1/RJ this should theoretically give a straight line with a slope of Lopt and an intercept of (QE1D)½. 

 

Diffusion of carriers outside the junction area (as defined by the photomask) must also be 

considered when investigating photodiode dark currents. Thermally-generated carriers in the 

vicinity of the junction are collected and contribute to diffusion current. In addition, depletion 

layer g-r current can originate both over the junction area and at the junction perimeter where 

the depletion region intersects the surface. The measured zero-bias dynamic resistance (R0A) 

values for variable-area photodiodes can be used to extract the lateral collection length for 

thermally-generated carriers, where the relationship between R0A and junction radius can also 

allow the dominant current mechanism to be identified. This relationship is given in Equation 

(2.17) [3]. 

 

 ( )
2

0

0 00

21 1 11 C i

J J g r bi Jdiff

L nWSe
R A R R A V RR A −

⎛ ⎞
= + + +⎜ ⎟

⎝ ⎠
 (2.17) 

 
where R0AJ is the measured R0A for the junction, R0Adiff is the R0A associated with the diffusion 

current of a infinite area photodiode, R0Ag-r is the R0A associated with the diffusion current of a 

infinite area photodiode, LC is the lateral diffusion length for thermally-generated carriers, W is 

the depletion layer width, A is the junction area, S0 is the surface recombination velocity, and Vbi 

is the built-in voltage of the junction. 
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2.7 Absorption coefficient 
 
The material absorption coefficient is an indicator of absorption of incident photons by the 

material to generate electron-hole pairs. A high absorption coefficient is generally desirable 

because it reduces the thickness of the material required to generate the required signal. 

Reducing the volume of material reduces the thermal generation of carriers, which contribute to 

noise in the detector. This theory relates to noise measurements performed on photodiodes 

fabricated in this thesis, which are presented in Chapter 9. 

 

For photon energy greater than the material bandgap, the absorption coefficient of HgCdTe is 

approximated by Equation (2.18) [97]. Different models are required for photon energies lower 

than the bandgap energy [5]. 

 

 1/ 2( ) ( )GE E Eα β= −  (2.18) 

where 5 (1 )(2.109 10 )
81.9

x
T

β +
= ×

+
 in cm-1eV-1/2 [98]. 

 

The absorption coefficient is also an important consideration for the LBIC measurements 

performed in this thesis. Due to the relatively short laser wavelength on which these LBIC 

measurements are based (1047 nm), and the high absorption coefficient of HgCdTe, almost all 

photogeneration of carriers occurs within a 1µm thick surface layer [95]. At the laser 

wavelengths currently available in the LBIC system at the UWA, the induced current maps may 

probe the entire epilayer thickness if this is not significantly greater than the minority carrier 

diffusion length, which is expected to be the case for the material investigated in this thesis. 

This also means that investigating a p-n junction using backside illumination at these incident 

wavelengths may require modification of the existing LBIC measurement setup. 
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2.8 Chapter summary 
 
HgCdTe is the leading semiconductor material for fabrication of IR detectors designed for high-

performance SWIR, MWIR and LWIR applications, due to a number of superior fundamental 

properties. However, it is also highly sensitive to growth and process-induced defects, resulting 

in typically low yields and high costs. A number of empirical models exist for fundamental 

HgCdTe material properties such as energy bandgap, carrier concentration and mobility, and 

lifetime. However, the material is relatively poorly understood when compared to many other 

semiconductors which are more widely used and much less costly. 

 

Control of the doping profile in the material can be achieved either during growth or by post-

growth processes. These processes include ion implantation, IBM and RIE. The ion 

implantation process is the most developed of these post-growth technologies in terms of 

accurate control of the type conversion depth and doping levels, but requires a post-implant 

anneal to activate dopants and ameliorate implant-induced damage. ICPRIE is capable of 

performing both physical etching and p-to-n conductivity type conversion. However, the 

application of plasma-induced type conversion is limited by the relatively poor understanding 

and control of the process. It is a desirable alternative to ion implantation and IBM for 

performing type conversion because it does not require a post-process anneal to activate dopants 

and ameliorate damage, and does not significantly damage the passivation layer. 

 

The narrow bandgap and high electron to hole mobility ratio in HgCdTe means that even in 

extrinsically-doped p-type material, significant contribution to conductivity is expected from  n-

type surface inversion layers and/or intrinsic electrons at high temperatures. This contributes to 

complications in performing carrier transport characterization of the material. It is also an 

important consideration for device operation. High quality bulk material is characterised by high 

carrier mobility and moderate doping levels, with temperature dependence of mobility being 

consistent with bulk scattering mechanisms.  
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Chapter 3 
3 HgCdTe IR detectors 
 
The ultimate aim of this thesis is to control the ICPRIE-induced p-to-n type conversion process 

for applications in HgCdTe detector fabrication. This chapter provides a summary of HgCdTe 

photodiode properties that are relevant to the work undertaken for this thesis. Characterising 

photodiode performance is a critical step in evaluating the novel fabrication process based on 

ICPRIE-induced type conversion. 

 

For characterization of photodiode performance, the current-voltage (I-V) and noise 

characteristics of devices are commonly measured. The behaviour of these properties with 

varying junction bias and temperature can be analysed to investigate the junction properties, and 

applied to refine the photodiode fabrication process. 

 

This chapter also establishes a practical and commercial context for the work performed for this 

thesis. A brief summary of major research groups involved in HgCdTe IR photodetector 

fabrication is provided, along with a description of a number of commercially available HgCdTe 

IRFPAs. For all of these state-of-the-art devices, high-density dry plasma processing is required 

for delineation or electrical isolation of device elements, and the plasma-induced type 

conversion phenomenon is an important consideration. Characterisation of the ICPRIE-induced 

junction formation process could be applied to benefit all of these fabrication processes. 

 

3.1 Properties of HgCdTe devices 
 
Knowledge of the fundamental HgCdTe material properties can be applied to design and model 

devices. The basic device which is the major focus of this thesis is the planar n-on-p junction 

photodiode. The device properties that determine the performance of a p-n photodiode are: 

• Geometry of the p-type and n-type regions 

• Carrier concentration in the p-type and n-type regions 

• Material quality (including defects and traps) 

• Surface passivation quality (including fixed charges and interface traps) 

The theoretical behaviour of p-n junction devices is discussed in the following sections, 

specifically focusing on the current-voltage and noise characteristics of a photodiode. This is a 

useful reference for the characterization work performed in this thesis. 
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3.1.1 Planar n-p junction photodiode 
 
The p-n junction is the basic element of a photodiode detector. The same principles are 

generally involved for both the n-on-p or p-on-n junction. The p-on-n configuration has 

generally been found to be associated with higher R0A than the n-on-p diode, particularly at 

longer wavelengths [1]. Planar photodiodes offer the advantage of simplicity over the 

alternative mesa isolated structures, in addition to reducing the exposed area which contributes 

to surface recombination and thus degrades device performance. Heterojunction structures have 

also been shown to be capable of higher performance than simple single-layer homojunctions, 

due to the ability to move the active region in the relatively narrow-gap material away from the 

surface and thus reduce surface dark current leakage [2]. 

 

Common fabrication methods for MWIR n-on-p photodiodes based on p-type starting material 

include; boron ion implantation into selected regions of p-type epilayers  [3, 4], or IBM-induced 

type conversion [5, 6]. To fabricate p-on-n structures from n-type starting material, ion 

implantation of arsenic is commonly used [7]. These ion implantation processes require a post-

implant anneal to activate the dopants and ameliorate implant-induced damage, which is of 

particular concern for heterostructures where this anneal can cause diffusion which eliminates 

the abrupt boundaries of each layer. RIE-induced junction formation is a novel alternative to 

these junction formation technologies that does not require a post-process anneal and does not 

significantly damage the passivation layer. It is also desirable because the same basic 

technology, although with differing process parameters, can be used for performing both etching 

and type conversion. 

 

3.1.2 Current-voltage characteristics 
 
The current-voltage (I-V) characteristics of a diode determine the behaviour of the device. 

Photodiode performance is limited by dark current mechanisms, which are related to both 

fundamental and other sources. They can also be correlated to the noise in the detector. Given 

knowledge of the behaviour of each type of dark current, the I-V curve can be analysed to 

isolate the contribution and likely sources of the various dark current mechanisms. If the dark 

current sources are not fundamental, this can provide information that can be applied to improve 

material growth technology and fabrication processes, which have an impact on photodiode 

performance. 
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Contributions to dark current can come from each region of the photodiode; the bulk, the 

depletion region, and the surface. The sources of dark current include [8]: 

• Thermally-generated current in the bulk and depletion region: 

o Diffusion current in the bulk p- and n-type regions 

o Generation-recombination current in the depletion region 

o Band-to-band tunneling current 

o Intertrap and trap-to-band tunneling 

o Anomalous avalanche current 

o Ohmic leakage across the depletion region 

 

• Surface leakage current: 

o Surface generation current from surface states 

o Generation current in a field-induced surface depletion region 

o Tunneling induced near the surface 

o Ohmic (or nonohmic) shunt leakage 

o Avalanche multiplication in a field-induced surface region 

 

By measuring the total photodiode dark current as a function of junction bias and measurement 

temperature, it is possible to fit models to the I-V curves in order to identify the contributions 

from particular mechanisms and regions. The dark current sources that typically limit the 

performance of high-quality photodiodes are; diffusion outside of the depletion region, g-r 

within the depletion region, and tunneling through the depletion region. Surface leakage current 

can be minimized by proper surface passivation, or controlled using guard ring structures, which 

were used for the measurements reported in Chapter 9. 

 

The dynamic impedance Rd(V) is determined from the slope of the I-V characteristics. This 

parameter is important because it determines the system noise at low background photon noise, 

and limits the signal injection efficiency between the detector and the ROIC [9]. 

 

Analysis of variable-area devices allows the contributions from surface and bulk current sources 

to be separated. More specifically, as the junction area decreases, the contribution to total dark 

current from surface leakage becomes more significant. With good surface passivation, this 

contribution should be significantly reduced. As applied to the work in this thesis, we are more 

interested in dark current contributions from the bulk which are related to the properties of the 

ICPRIE-induced junction, so that we can optimize the junction properties to achieve the best 

possible photodiode performance. 
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If the dark current of a device is dominated by diffusion of minority carriers to the junction, 

which is favoured at higher temperatures, the photodiode is said to be diffusion limited. Where 

the dark current is dominated by carriers associated with generation-recombination in the 

depletion region, the photodiode is g-r limited. If tunneling current is dominant, which is 

favoured at lower temperatures, the device is described as being tunneling limited. 

 

Generation of carriers within the depletion region generally has a weaker dependence on ni, and 

therefore also on temperature, than the thermal diffusion current. This difference allows g-r 

current to be distinguished from thermal diffusion current by fitting to the temperature-

dependent R0A curve. Where the depletion region intercepts the surface, there is often enhanced 

generation due to the presence of a high density of surface states, particularly if the surface is 

not properly passivated [10]. The use of a gated diode structure can control this surface 

condition to influence this effect, which has been used in this thesis to isolate the contribution 

from the junction rather than the surface. 

 

The existence of an electric field in the depletion region gives rise to trap-assisted tunneling 

(TAT) current [10]. This can occur by electrons transferring from the valence band to 

conduction band via two steps; tunneling from the valence band to a trap level, and tunneling 

from traps to the conduction band. These steps can involve two tunneling steps or both thermal 

and tunneling mechanisms. The level of TAT current is controlled by the state of the surface, 

and has a relatively weak dependence on temperature [11]. It has been shown for LWIR diodes 

that a model based on a thermal-tunnel process can explain the dependence of the TAT current 

on the junction bias  [12, 13]. This TAT current can be reduced by good surface passivation and 

reducing the trap density in the photodiode. With respect to the ICPRIE-based photodiode 

fabrication process, it is reasonable to expect that reducing the plasma-induced damage to the 

material through reducing the levels of RIE and/or ICP power will influence the trap density. 

 

Band-to-band (BTB) tunneling occurs when electrons in the valence band tunnel directly 

through the potential barrier of the p-n junction and enter the conduction band, leaving a hole in 

the valence band. A relatively small increase in the electron concentration in the n-type region is 

expected to result in a significant increase in BTB tunneling current. Increasing the reverse bias 

should also cause a relatively small increase in the BTB tunneling current. At larger values of 

reverse bias, the BTB tunneling current is expected to by more dominant. This tunneling current 

increases rapidly as the material doping is increased, or bandgap is decreased [10]. This is an 

important consideration for the ICPRIE-induced junction photodiodes considered in this thesis, 

since the formation of a relatively highly-doped n+ layer, probably associated with surface 

damage, is expected to favour BTB tunneling. 
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A number of previous works have used I-V characterization to evaluate the performance of 

HgCdTe photodiodes. Typical I-V characteristics of an HgCdTe MWIR n-on-p photodiode 

based on junction formation by boron ion implantation are shown in Fig. 3.1. This is a useful 

reference for evaluating the performance of the n-on-p photodiodes to be fabricated based on the 

ICPRIE-induced type conversion process. 

 

Another useful reference from the open literature includes I-V characterization results for mesa-

isolated MBE-grown P-on-n photodiodes [14]. These devices with 3.75 µm cutoff wavelength 

at 77 K were based on In-doped Hg0.65Cd0.35Te base layers with n = 2×1015 cm-3 and 2 µm thick 

As-doped cap layers with p = 1×1018 cm-3. The thickness of the base layers in this study was 

varied from 3-7 µm, on various buffer layers to reduce backside interface recombination. The 

typical I-V characteristics of these photodiodes measured at 140 K are reproduced in Fig. 3.2, 

with the temperature dependence of the associated R0A products shown in Fig. 3.3. 

 

 
Fig. 3.1 – I-V characteristics of an HDVIP detector, after Ref. [15]. This device has an n+/n-/p 
structure and is based on Au-doped MWIR HgCdTe. 

 
Fig. 3.2 – I-V characteristics of mesa-isolated MBE-grown P-on-n photodiodes with 3.75 µm cutoff 
(77 K), for different base-layer thicknesses and buffer layers, after Ref. [14]. 
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Fig. 3.3 – Theoretical limits to R0A product at 77 K for one-sided MWIR n+-p junction photodiodes 
as a function of acceptor concentration, after Ref. [16]. 

 
These dark current mechanisms and the expressions that have previously been developed to 

model their behaviour are discussed in Chapter 9 with reference to the measured results. These 

results were obtained from the photodiodes fabricated in this work using the new ICPRIE-

induced junction formation process. The dynamic resistance curves that are calculated from the 

measured I-V are an alternative way to represent the I-V data that is often easier to interpret for 

presenting the results. 

 

3.1.2.1 Dynamic resistance area product (RdA) 
 
The dynamic resistance is a method of determining the dark currents that limit device 

performance. The dynamic resistance area product at zero bias (R0A) is a particularly useful and 

widely comparable figure of merit for photovoltaic devices, as long as the detector field-of-view 

(FOV) and the temperature are consistent. The wide comparability of this performance indicator 

is a major advantage over others such as specific detectivity or noise equivalent temperature 

difference (NETD), where the reported figures can vary significantly with device area and 

details of the measurement conditions. 

 

The dynamic resistance Rd of the photodiode at a particular value of diode current and junction 

bias is the incremental diode resistance, as given by the following relation: 
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where I=f(V) is the current-voltage characteristic of the diode, and Vb is the bias voltage. 
 
If we assume a one-sided abrupt n+-p HgCdTe junction, the theoretical limits of the R0A product 

as a function of the doping concentration and cutoff wavelength can be modeled and compared 

with experimental data reported by other authors. A plot illustrating this dependence due to the 

respective influences of the various dark current mechanisms is reproduced in Fig. 3.4. This 

one-sided abrupt junction approximation is probably not sufficient to investigate the ICPRIE-

induced junctions to be considered in this thesis, since it is the properties of the p-to-n type 

converted region which are under investigation. 

 

For reference, the plots of R0A as a function of inverse temperature for two MWIR planar CdTe 

passivated diodes formed by ion implantation are shown in Fig. 3.4 and Fig. 3.5, based on 

previously published characterization results [4]. The photodiode areas are 500 µm × 500 µm 

and 50 µm × 50 µm, respectively. It should be noted that these photodiodes are based on PACE-

1 substrates and use e-beam deposited CdTe as a passivation layer. The solid curve following 

the experimental results is based on modeled expressions for dark currents [17]. Diodes of 

smaller junction area that are shown in these plots generally exhibit lower dynamic resistance, 

especially at lower temperatures, which is consistent with surface effects limiting the device 

performance. 

 

Fig. 3.4 – R0A as a function of temperature for 
CdTe-passivated 500 µm × 500 µm MWIR 
photodiodes formed by ion implantation and 
passivated by e-beam CdTe, from experimental 
results of [4] and modeling from Ref. [17]. 

Fig. 3.5 – R0A as a function of temperature for 
CdTe-passivated 50 µm × 50 µm MWIR 
photodiodes formed by ion implantation and 
passivated by e-beam CdTe, from experimental 
results of [4] and modeling from Ref. [17]. 
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Fig. 3.6 – Variation in R0A with inverse 
temperature, after Ref.  [14]. A, B, and C are 
different photodiodes from the same array. 

Fig. 3.7 – Fit of the diffusion-limited current 
model to measured diode data, compared to 
that expected for an ideal back interface, after 
Ref. [14]. 

 
Previous studies of mesa-isolated MBE-grown MWIR P-n photodiodes (where capital P denotes 

wider bandgap material) have reported the R0A as a function of inverse temperature to 

investigate the effect of varying the base-layer thickness and the type of buffer layer, as shown 

in Fig. 3.6 and Fig. 3.7 [14]. The MWIR photodiodes in this previous study had a cutoff 

wavelength of 3.4 µm, which is shorter than that of the planar n-on-p MWIR photodiodes which 

are the focus of this thesis. The increased variation in measured results and general decrease in 

R0A with decreasing temperature below about 100 K is not expected, and may be related to 

difficulties for this measurement setup in measuring dynamic resistance values above 

approximately 500 GΩ. The measured I-V curves for these devices are consistent with 

diffusion-limited performance down to 140 K. This work found that photodiode performance 

was improved by using a buffer layer to reduce the backside-interface recombination velocity, 

and reducing the base layer thickness from 7 µm to 3 µm [14]. 

 
Another previously reported example of the R0A performance of HgCdTe MWIR photodiodes 

is shown in Fig. 3.8. This is based on ion-implanted junctions and illustrates the dependence of 

R0A on both measurement temperature and the cutoff wavelength of the material. 

 

The previous examples of HgCdTe photodiode performance are based on established fabrication 

techniques, including ion implantation and IBM. Previous work at the UWA demonstrated 

equivalent high-performance based on the novel RIE-induced type conversion process, and a 

number of publications have reported the performance characteristics of these RIE-induced n-

on-p photodiodes [18-20]. These previously published performance results are the first 
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benchmark that should be met before the new ICPRIE-based fabrication process can be 

considered to be a viable technology. RoA plots as a function of inverse temperature for RIE-

induced n-on-p MWIR photodiodes with thermally- and MBE-deposited CdTe passivation are 

shown in Fig. 3.9 and Fig. 3.10 respectively [21]. The dynamic resistance as a function of 

junction bias for a typical photodiode from this array, and the fitted curves for the contributions 

from the dominant dark current mechanisms, is reproduced in Fig. 3.11. These characterisation 

results are included for comparison for the measured results from the new ICPRIE-induced 

photodiodes that are presented in Chapter 9. 

 

This review section has shown previously published characterization results for HgCdTe 

infrared photodiodes fabricated by other leading research groups using relatively well-

developed processes, based on junctions either grown by MBE or formed by type converting a 

region through ion implantation or exposure to IBM. The ultimate goal of this thesis is to 

fabricate infrared n-on-p planar photodiodes with performance equivalent to these results from 

other leading research groups, for the first time based on ICPRIE-induced junction formation. 

Based on p-type HgCdTe starting material with vacancy-doping of NA = 1×1016 cm-3, the target 

R0A value for the ICPRIE-induced photodiodes in this thesis is ~ 106 Ω.cm2 at 80 K. 

 

 
Fig. 3.8 – MWIR HgCdTe IRFPA performance, after Ref. [22]. 
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Fig. 3.9 – R0A as a function of inverse 
temperature for RIE-based photodiodes of 
variable area with cutoff wavelength at 77 K of 
4.6 µm, after Ref. [21]. Each curve is labeled 
with the junction diameter. 

Fig. 3.10 – R0A measured in the dark as a 
function of inverse temperature for RIE-based 
photodiodes with improved passivation, after 
Ref. [21]. 

 

 
Fig. 3.11 – Dynamic resistance as a function of junction bias for the same RIE-based photodiodes 
(as shown in Fig. 3.10), after Ref. [21]. 
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3.1.3 Noise 
 
Two different types of noise can be distinguished in a photodetector; radiation noise and internal 

noise [23]. The minimum signal that any given detector can discriminate is limited by noise in 

the detector. Radiation noise can be further divided into signal fluctuation noise and background 

noise. This background noise defines the theoretical limit to the photodetector performance, 

which is commonly described as the background limited infrared photodetector (BLIP) 

performance. The background noise associated with a particular application is an important 

consideration when setting the required specifications for the detector. Internal detector noise is 

of particular interest in process development and characterisation, since it can be reduced by 

improving the device fabrication process.  

 

The fundamental types of internal noise include: 

• Johnson-Nyquist (thermal) noise 

• Generation-recombination (G-R) noise 

• 1/f (mobility or flicker) noise 

 

The noise in the photodiode is inversely related to the dynamic resistance of the photodiode, 

previously discussed in Section 3.1.2.1. The noise current spectral density (in A√Hz) for an 

ideal p-n photodiode at zero bias can be modeled by Equation (3.1) [24]. This is the RMS sum 

of the thermal noise on the zero-bias resistance and the shot noise on the background 

photocurrent. 

 2
0(4 / ) 2N BI kT R e Q lwη= +  (3.1) 

 
where lw is the active area of the photodiode, QB is the incident background photon flux, and R0 

is the zero-bias dynamic resistance. 

 
1/f noise is believed to be caused by mobility fluctuations due to fluctuations in the relaxation 

times of different scattering mechanisms [25]. Hooge’s model considers fluctuations in the free 

charge carrier mobility and has generally been found to give the best fit to measured data [23, 

26, 27]. Excess noise in HgCdTe photodiodes normally takes the form of conventional 1/f noise, 

with a strong dependence on the reverse bias voltage [10]. An empirical model for the 1/f noise 

based on ion implanted n+-p MWIR HgCdTe photodiodes is given in Equation (3.2), and has 

been shown to be proportional to surface leakage currents [28]. 

 1/ 2
n li I fβα −=  (3.2) 

 
where α and β are empirical constants with values of 1 × 10-3 and 1, respectively, and Il is the 

leakage current. 
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The results of noise characterization of double-layer heterostructure photodiode planar (DLHP) 

p-on-n HgCdTe LWIR photodiodes have been published by other researchers, and can be 

compared to the measured data for the ICPRIE photodiodes presented in this thesis. Critical 

fabrication steps in the fabrication process for these devices include; MBE-growth of 

heterolayers, ion implantation of As followed by annealing to form the p-type region, and IBM 

to delineate and isolate the active device elements [29]. The noise spectrum measured by Bahir 

et al is shown below in Fig. 3.12 . 

 
Plots of the 1/f noise as a function of inverse temperature, extracted from reported data from ion 

implanted MWIR photodiodes, are reproduced in Fig. 3.13 and Fig. 3.14  [17], and provide a 

useful reference for comparison with the measured results in this thesis. These plots also 

illustrate how the temperature behaviour of the photodiode R0A and noise can be used to 

identify the dominant dark current mechanisms, and how the perimeter-area ratio can be used to 

investigate the contribution from surface effects. 

 
Fig. 3.12 – Low background noise spectrum at 80 K for DLHP LWIR HgCdTe photodiode, after 
Ref. [29]. 

Fig. 3.13 – 1/f noise for 500 µm × 500 µm n+-on-p 
MWIR photodiodes formed by ion implantation, 
from experimental results of Ref. [4] and 
modeling after Ref. [17]. 

Fig. 3.14 – 1/f noise at 1Hz for 50 µm × 50 µm 
n+-on-p MWIR photodiodes formed by ion 
implantation, from experimental results of Ref. 
[4] and modeling after Ref. [17]. 
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Fig. 3.15 – Relationship between the dark current and 1/f noise in a detector, after Ref. [17], based 
on experimental results of Ref. [4] (triangles) and Ref. [30] (circles). 

 
The fitted curves to the measured noise data for these planar diodes  has been achieved using 

Equation (3.3) and is illustrated in Fig. 3.15 [4]. 

 
 6 3/ 4 2 2 2 1/ 2[(1.5 10 ) (1 10 ) ]n diff shi I I− −= × + ×  (3.3) 
 
The first and second terms of Equation (3.3) represent the respective contributions to noise from 

thermal diffusion current and ohmic current through the shunt resistance due to dislocations in 

the base of the planar diodes. 

 

The effect of varying bias, temperature, and junction areas on the noise current do not need to 

be explicitly accounted for in the 1/f noise, because they have a corresponding effect on the dark 

current. 

 

A strong positive correlation between the 1/f noise and the dislocation density in the 

photodiodes has previously been reported. Dislocations contribute to the dark current of a 

photodiode (independent of the depletion region of the diode) by behaving like a resistor 

obeying Ohm’s law, where the resistance of a dislocation is a very sensitive function of the 

charge around its core. A significant noise source is therefore associated with fluctuations in 

trapping and detrapping that causes fluctuations in charge. The effects of this are more 

significant at lower temperatures [17]. Other work has also proposed a linear relationship 

between the 1/f noise power and the fraction of ionized Hg vacancies [31]. These results are 

consistent with the hypothesis that the specific components of the dark currents, rather than the 

total dark current, are important in determining the 1/f noise in a device. More specifically, the 

TAT current in HgCdTe photodiodes has been found to be strongly correlated to the 1/f noise, 

while little correlation was found with the G-R current component [32], as shown in Fig. 3.16. 
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Fig. 3.16 – Noise current at 1Hz as a function of dark current for a 300 µm diameter MWIR 
photodiode based on RIE-induced type conversion, after Ref. [32]. Measured at 77 K. Broken line is 
fit obtained from in= αIβ, solid line from in= αITAT

β. 

 

In this thesis, the investigation of the noise characteristics of the fabricated ICPRIE-induced n-

on-p photodiodes is based on procedures and device structures developed by Westerhout et al at 

the UWA [32]. Given the effectively identical device structures and measurement procedure, the 

results of the respective studies should provide a useful comparison of the RIE- and ICPRIE-

induced junction formation processes. 

 

3.2 HgCdTe photodetector device structures 
 
Chapter 2 provided a brief summary of some of the fundamental material properties which are 

relevant to the work performed in this thesis. These material properties are critical to the 

performance of fabricated devices, which are discussed in this section. In particular, this section 

will summarise a selection of common device structures used for HgCdTe photodiodes. This 

summary provides a reference for the novel and much simpler fabrication process based on 

ICPRIE-induced type conversion, which is to be developed in this thesis. 

3.2.1 Commercial device architectures and fabrication processes 
 
A number of different structures exist for commercially-available HgCdTe IRFPAs from major 

aerospace and defence research laboratories. These laboratories include Raytheon Vision 

Systems (U.S.A), DRS (U.S.A), Rockwell Scientific (U.S.A), Sofradir-LETI (France), BAE 

Systems (United Kingdom), SELEX (United Kingdom), and AIM INFRAROT-MODULE 

GmbH (Germany). 
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Teledyne Scientific and Imaging Company (formerly Rockwell Scientific Company) 
(U.S.A.) 
 
Teledyne is one of the leading producers of HgCdTe IRFPAs, and developed the double-layer 

planar heterostructure (DLHP) p-on-n diode architecture  [33, 34]. An example of typical results 

for MWIR devices based on this architecture is shown in Fig. 3.8. This plot compares the 

measured performance of two producible alternatives to CdTe for epitaxy (PACE) MWIR 

HgCdTe layers, and the theoretical performance. These IRFPAs were produced by Rockwell 

based on MBE-grown MWIR DLHJ HgCdTe/CdZnTe material [22]. The p-on-n junctions were 

formed by arsenic ion implantation and annealing, and either planar or mesa junctions were 

used depending on application. Passivation was achieved by CdTe or ZnS. The buried planar 

heterostructure makes the performance less dependent on passivation, since the junction 

interface is buried beneath wider bandgap material. 

 

At the time of writing, Teledyne Imaging Sensors produces IR detector FPAs based on the 

HAWAII-2RG ROIC. These detectors are 2048 × 2048 in format with an 18 µm pixel pitch. 

One of the issues involved in producing these large format detectors is the limited availability 

and high expense of high-quality large substrates, which was part of the motivation for 

development of the PACE process. 

 

Teledyne Imaging sensors also produces the PICNIC SWIR detector based on HgCdTe. These 

SWIR detectors are used for astronomy, and have the following specifications: 

• 256 × 256 array size 

• 40 µm pixel pitch 

• Pixel operability exceeding 99% 

 

These detectors are commercially available; however the high cost means that the demand is 

restricted to highly specialized and demanding applications. 

 
Raytheon Vision Systems (U.S.A.) 
 
Raytheon Vision Systems has developed the VIRGO-2k large format IRFPA, grown by MBE 

on 4” Si substrates with the following specifications: 

• 2048 × 2048 array size 

• 20 µm unit cell for SWIR applications 

• 25 µm unit cell for MWIR applications 

• Double-layer heterojunction (DJHJ) p-on-n structures 

• Pixel operability exceeding 99% 
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In the fabrication processes for these HgCdTe IRFPAs, ICPRIE using H2/Ar gas chemistry was 

used to etch deep, narrow trenches to delineate mesas, in addition to shallow CdTe passivation 

etching [35]. This required optimization of the ICPRIE process for etching high-aspect-ratio 

features with low damage, smooth and stoichiometric surfaces, and minimal modification of the 

electrical properties of the material. In this application of ICPRIE, plasma-induced damage or 

modification of the electrical properties of the exposed material is expected to degrade the 

performance of the fabricated devices. Details of the ICPRIE process conditions used for the 

device fabrication process are not disclosed in the open literature. 

 

Raytheon also produces the standard advanced dewar assembly II (SADA II) for thermal 

imaging applications in the LWIR, including night vision and IR search and track. This unit is 

based on a 4 × 480 array of photovoltaic HgCdTe detectors. 

 
DRS Technologies (U.S.A.) 
 
DRS Technologies has developed the high-density, vertically integrated photodiode (HDVIP) 

architecture. This diode-formation process involves etching a via through the HgCdTe by ion 

etching/implantation down to the underlying Si ROIC. The damage and associated lateral type 

conversion resulting from this via etch process is exploited to form an n--region associated with 

the background indium concentration. This background indium doping is deliberately 

introduced as a counter-dopant at a much lower level than the dominant p-type concentration. 

Devices have been demonstrated using both vacancy-doped and Au-doped starting material [15]. 

The HDVIP architecture is illustrated in Fig. 3.17. 

 

 
Fig. 3.17 – DRS Technologies HDVIP architecture, after Ref. [15]. 
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The HDVIP fabrication process could benefit significantly from better control provided by the 

ICPRIE-induced type conversion process, as it requires both physical etching and conductivity 

type conversion. Currently, the via etching to the substrate is performed by IBM, which also 

results in lateral p-to-n type conversion. After via formation, a 150 keV boron implantation step 

into the sidewalls is required to control the junction properties. The ICPRIE process is capable 

of performing the via etching step, and with a better understanding of the ICPRIE-induced type 

conversion process, could potentially form the junction in the same process step. This would 

simplify the fabrication procedure by replacing the ion implantation process. 

 
Sofradir and LETI/CEA (LIR) (France) 
 
Sofradir and LETI/CEA (LIR) (France) have worked together to develop state-of-the-art 

commercial HgCdTe detectors [36]. They identify that competing materials systems, such as 

InSb, are unable to match the performance of HgCdTe-based detectors at relatively high 

operating temperatures (90-110 K). The pixel pitch of third-generation IRFPAs produced by this 

research effort is the smallest available at 15µm. The fabrication process for these devices is 

critically dependent on dry etching of deep and narrow trenches by ICPRIE [37]. 

 

Sofradir produces the PLUTON LW IR detector, which is a second-generation scanning 

detector that offers similar specifications and performance to the Raytheon SADA II unit. They 

also offer the MARS series of staring IRFPAs for applications in the SWIR, MWIR, and LWIR. 

Each of these IRFPAs is based on a 320 × 256 format with 30 µm pixel pitch. The average pixel 

NETD is less than 20 mK for the LWIR detectors, and is approximately 10 mK for the MWIR. 

The larger format SCORPIO MW uses a 640 × 512 array with 15 µm pixel pitch. 

 
BAE Systems (U.K.) 
 
BAE systems (United Kingdom) produce HgCdTe IR detectors as part of space-based second 

generation assemblies. Specific examples of these IR detectors include the atmospheric infrared 

sounder (AIRS), which was developed for NASA’s Jet Propulsion Laboratory to be part of the 

Earth Observing System. This IR detector is used to measure data related to global water cycles 

with the goal of improving weather prediction and scientific understanding of climate change. 

AIRS uses IR hyperspectral imaging to passively measure temperature and humidity. BAE 

systems are also producing the space-based infrared system (SBIRS) assemblies, which include 

large area staring IRFPAs of 432 × 432 format, and 786 × 6 scanning chips. These IRFPAs are 

designed for SWIR/MWIR applications, in particular for the U.S. Air Force’s next-generation, 

space-based early warning system for detection of missile launches. Most of the technical 

details of the fabrication processes for these HgCdTe detectors remain proprietary secrets: 

however, researchers at BAE have published a technical paper on the effect of varying ICPRIE 

process parameters on the etching process [38]. 



Chapter 3 – HgCdTe IR detectors 

 70 

 

3.3 Chapter summary 
 
HgCdTe is the leading semiconductor material for fabrication of IR detectors designed for high-

performance SWIR, MWIR and LWIR applications, due to a number of superior fundamental 

material properties. However, it is also highly sensitive to growth and process-induced defects, 

resulting in typically low yields and high costs. A number of empirical models exist for 

fundamental HgCdTe material properties such as energy bandgap, carrier concentration and 

mobility, and lifetime. However, the material is relatively poorly understood when compared to 

many other semiconductors which are more widely used and less costly. 

 

Control of the doping profile in the material can be achieved either during growth or by post-

growth processes. These processes include annealing, ion implantation, IBM or reactive ion 

etching. The ion implantation process is the most developed of these technologies in terms of 

accurate control of the type conversion depth and doping levels, but requires a post-implant 

anneal to activate dopants and ameliorate implant-induced damage. ICPRIE is capable of 

performing both physical etching and conductivity type conversion. However, the application of 

plasma-induced type conversion is limited by the relatively poor understanding and control of 

the process. It is a desirable alternative to ion implantation and IBM for performing type 

conversion because it does not require a post-process anneal to activate dopants and ameliorate 

damage, and does not significantly damage the passivation layer. 

 

Junction photodiodes are the preferred device element for IRFPAs. The I-V and noise 

characteristics of these photodiodes describe the device performance, which is limited by 

various dark currents. Physical mechanisms that result in these dark currents include diffusion, 

trap-assisted and band-to-band tunneling, and generation-recombination. Each of these dark 

current mechanisms has a distinct dependence on temperature and junction bias, which can be 

modeled to identify the relative contribution of each mechanism to the total dark current. 

 

A number of IRFPA structures are available from a limited number of research laboratories; 

however, the demand volume for these devices is relatively low due to the high cost. Limited 

technical detail is generally available from these companies due to the proprietary and 

sometimes sensitive nature of the information. ICPRIE processing is a critical step in the device 

fabrication processes for these HgCdTe IRFPAs, however little information is available on how 

to control the associated plasma-induced type conversion process. The work performed in this 

thesis takes a large step towards addressing this gap in knowledge by providing the most 

comprehensive investigation of the ICPRIE-induced type conversion process to be published to 

date. 
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Chapter 4 
4 Etching and type conversion of HgCdTe 
 
Etching and/or type conversion processes are commonly required to fabricate HgCdTe 

photodetectors. This applies to device structures ranging from basic photoconductors to 

complex heterostructures for multicolour detection. ICPRIE has emerged as the industry 

standard for performing dry etching, primarily due to the capability of etching high-aspect-ratio 

features with smooth and stoichiometric surfaces, and good etch uniformity over large areas of 

exposed material. A significant research effort has been expended in optimising ICPRIE process 

conditions for etching applications. Most of this research has involved characterizing the 

properties of the physical etch, including etch rate, surface roughness, and etched surface 

stoichiometry. 

 

Development of dry etching processes for HgCdTe is particularly complicated. In general, this 

difficulty is primarily related to the need to balance the etch rates of the Hg, Cd, and Te 

components, in addition to the fact that the electronic properties of the material are highly 

sensitive to ion-induced modification. More specifically, exposure of HgCdTe to energetic 

particles, such as those associated with ion beam milling (IBM) or plasma processing, is known 

to result in p-to-n (or n-to-n+) conductivity type conversion [1]. This type conversion is 

generally undesirable when applying these dry etch technologies for device delineation and 

electrical isolation of device elements. 

 

Junction formation through RIE-induced p-to-n type conversion using H2/CH4 gas chemistry has 

been demonstrated as a novel technique for fabrication of high-performance HgCdTe n-on-p 

photodiodes, using either vacancy-doped or extrinsically-doped starting material, for either 

MWIR or LWIR applications [2, 3]. This plasma-induced junction formation technique is a 

novel alternative to the more mature technologies of ion implantation or IBM, having 

advantages due to not requiring a high temperature anneal or necessitating reapplication of the 

passivation layer after junction formation. Characterisation of photodiodes based on plasma-

induced type conversion has demonstrated bake-stable performance comparable to the best 

available results from more established junction formation techniques, as reviewed in Section 

3.1.2. 

 

However, previous development of the parallel-plate RIE-induced junction formation 

technology has not demonstrated how the electrical properties of the type converted material,  
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such as the degree of surface damage, p-to-n type conversion depth, carrier concentration and 

mobility, are related to the plasma process parameters. This information, if available, could be 

applied to control the junction properties and optimize the photodiode performance. 

Furthermore, the more advanced ICPRIE tool is capable of increased control over the plasma 

condition, and potentially greater control of the type conversion process than is possible using 

the parallel-plate RIE tool. Photodiodes based on high-density plasma-induced type conversion 

utilizing ICPRIE systems have not previously been demonstrated. 

 

This chapter provides a brief summary and discussion of etching processes; including: 

• Wet chemical etching 

• Ion beam milling 

• Parallel-plate RIE 

• Hybrid RIE processing (ECRRIE and ICPRIE) 

 

The significant findings of published works concerning the physical etch process, which can 

potentially be applied to achieving a better understanding of the general type conversion 

mechanism, are also included. This investigation presents a summary of how each independent 

RIE process parameter is related to changes in the properties of the exposed HgCdTe. 

Furthermore, a review of how each independent RIE process parameter is associated with the 

plasma characteristics is provided, in an attempt to establish cause and effect between the 

plasma condition and the etching and type conversion processes. More detailed discussions of 

the type conversion mechanisms are provided at the end of this chapter. 

 

4.1 Wet etching of HgCdTe 
 
Wet etching processes using Br2-based solutions have been used for a number of decades to 

etch HgCdTe [4-9]. The advantages of the isotropic wet etch process include: 

• Minimal damage to the etched surface 

• Relatively stoichiometric etched surface 

• Reasonable etch rates 

 

The disadvantages of wet etch processes include: 

• Isotropic etch profile 

• Relatively poor spatial uniformity of etch rate 

• Etch rate highly sensitive to factors including temperature and humidity 

• Toxic byproducts 
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The etch rate for a 0.1% Br2/methanol solution, commonly used to remove a thin layer to expose 

a fresh surface, is expected to be about 0.6 µm/min. For 1% Br2/HBr, commonly used for 

etching mesa structures, the etch rate is expected to be about 3.5 µm/min. These etch rates are 

based on a number of tests undertaken within our laboratory at the UWA using freshly prepared 

solutions at room temperature, and were found to vary by as much as 50% in different tests. The 

wet etch rate is highly sensitive to the temperature and age of the solution, in addition to the 

method of agitation during etching. Br2/methanol can not be used for applications where 

photoresist masks are present, since the methanol attacks the photoresist. In other cases 

Br2/methanol is generally preferred to Br2/HBr, since it leaves the surface relatively 

stoichiometric. 

 

A diagram to illustrate aspect ratio and the difference between isotropic and anisotropic etch 

profiles is given in Fig. 4.1. Isotropic wet etch processes are simply not capable of etching the 

high-aspect-ratio features required for current state-of-the-art HgCdTe IRFPAs. In particular, 

wet etching processes are not useful as the required etch depth approaches the delineation width. 

Dry etching processes, such as IBM and RIE, were developed to meet demand for such features. 

A comparison of the features etched by wet, dry, and a combination of the two is shown in Fig. 

4.2. Wet chemical etch processes remain important for broad area etching processes, such as 

wafer thinning. Dry etch processes are the major focus of this chapter. 

 
Fig. 4.1 – Aspect ratio and the difference between isotropic and anisotropic etch profiles. 

 

 
Fig. 4.2 – SEM images comparing the isotropy of (a) wet etched (b) dry and wet etched and (c) dry-
only etched features, after Ref. [10]. 
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4.2 Dry etching and processing of HgCdTe 
 
Dry etching technology is becoming increasingly important in HgCdTe IR detector fabrication 

processes. Dry etching techniques have primarily been applied to etch high-aspect ratio features 

for device delineation and electrical isolation, with requirements becoming increasingly 

challenging with continued demand for increasing array size, smaller device features, and 

decreased pixel pitch in IRFPAs [11]. State-of-the-art IRFPAs, that require 15 µm deep trenches 

for device delineation on a 30 µm pixel pitch, are an example that places demanding 

requirements on etch processes [10]. In this example, an isotropic wet etch process would 

laterally consume the entire pixel. Published research in this area has typically focused on 

physical aspects of the etch process including control of the etch rate, improving anisotropy, and 

minimizing surface roughness and damage. Dry etching technologies commonly used to etch 

HgCdTe include: 

• Ion beam milling 

• Plasma/reactive ion etching in basic and hybrid systems 

o Parallel-plate RIE 

o Electron cyclotron resonance (ECR) RIE 

o Inductively coupled plasma (ICP) RIE 

o Low energy electron enhanced etching (LE4) 

 

Previous research has investigated the use of these technologies on HgCdTe grown by various 

techniques and of various composition and doping, and is summarized in the following sections. 

The narrow bandgap and relatively weak bonding of Hg in the lattice makes HgCdTe material 

particularly sensitive to bombardment by energetic particles. The modification to the electrical 

properties of HgCdTe material exposed to energetic particles, associated with processes such as 

IBM and plasma processing, is a phenomenon which is not well understood. However, 

relatively little has been reported on the phenomena, particularly with regard to control of the 

type conversion process for junction formation applications. 

 

The primary focus of the work performed in this thesis is to investigate the plasma-induced type 

conversion which occurs in LPE-grown vacancy-doped Hg0.7Cd0.3Te under exposure to 

H2/CH4/Ar plasma in an ICPRIE tool. Consideration of published results concerning other dry 

processing technologies and similar material also provides important information which can be 

applied to this work. It is desired to determine the relationships between the ICPRIE plasma 

process parameters and the etching and type conversion processes. It is also desired to 

investigate the type conversion mechanism to improve understanding through parametric 

characterization of the plasma-induced type conversion process. 
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4.2.1 Ion beam milling of HgCdTe 
 
Ion beam milling (IBM) is a purely physical etch process, which involves accelerating inert ions 

at the sample to sputter material. The main advantage of this purely physical etch process is the 

high degree of anisotropy. Disadvantages of IBM include [6]: 

• Poor material selectivity 

• Relatively low etch rate 

• Redeposition of sputtered material on the sidewalls 

• Damage to the material/device due to the relatively high ion energy 

 

Argon ions are typically used to etch HgCdTe, typically with ion energy of 100-1000 eV. IBM 

commonly involves process pressures greater than 10 mTorr. This is generally above the energy 

threshold at which HgCdTe is electrically damaged [12]. Increasing the accelerating voltage in 

order to increase the etch rate will inevitably result in increased surface and lattice damage to 

the exposed material. 

 

It should be noted that the majority of previously published work concerning IBM-induced type 

conversion of HgCdTe is based on thick samples of bulk-grown LWIR HgCdTe material, and 

type conversion depths of the order of tens or hundreds of microns. This is contrasted with the 

focus of this thesis, which is based on LPE-grown MWIR HgCdTe starting material with 

epilayer thicknesses of the order of 10-20 µm, and type conversion depths of the order of 1 µm. 

However, the other published results should still provide information which can be applied to 

the work performed in this thesis. 

 

The IBM-induced type conversion process is also used to form junctions for n-on-p HgCdTe 

photodiodes, with MWIR and LWIR photodiodes based on MBE-grown HgCdTe achieving 

dynamic resistance area product (R0A) values at 77K up to 1 × 107 Ω.cm2 and 3 × 102 Ω.cm2 

respectively, representing state-of-the-art performance  [13, 14]. These devices used CdTe/ZnS 

passivation/insulation layers. The dynamic resistance was found to be significantly higher for 

devices based on starting material with compositional grading in the layer, with wider-bandgap 

composition at the substrate/epilayers interface. This R0A is similar to that achieved for devices 

based on RIE-induced junction formation, and is a useful reference for comparison with the 

performance of photodiodes based on ICPRIE-induced type conversion. 

 

A summary of the reported relationships between each of the independent IBM process 

parameters and the properties of the processed HgCdTe material is provided in the following 

sections. These independent parameters include: 
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• Sample temperature 

• Ion energy/accelerating voltage 

• Ion current 

• Process time 

 

These IBM parameters generally have a direct equivalent in RIE processing. The accelerating 

voltage associated with IBM is effectively equivalent to the DC bias of plasma processing. In 

plasma reactor tools, the DC bias is a relatively complicated function of the gas composition, 

pressure, and levels of applied power, as discussed in Section 4.3.2.3. The ion current associated 

with plasma processing is also a relatively complicated function of the gas composition, 

pressure, and levels of power applied to the plasma. The following sections present a summary 

of the reported associations between these independent IBM process parameters and the 

properties of IBM-processed HgCdTe. 

 

4.2.1.1 IBM: Sample temperature 
 
A number of papers have been published by researchers at Charles University (Czech Republic) 

on IBM-induced type conversion [15-18]. In addition to investigating IBM of HgCdTe, they 

have performed similar research on RIE of HgCdTe, summarized in Section 4.3.1. These works 

have been based on bulk-grown p-Hg0.79Cd0.21Te with two different nominal values of hole 

concentration at 77 K: either 1 × 1016 cm-3 or 5 × 1015 cm-3. A VEECO etching system 

accelerates neutralized Ar ions for milling times of 20 minutes, at ion energies 500-1000 eV, 

and a current density of 600 µA/cm2. Nominal sample temperature during IBM was varied from 

100-330 K. The samples were then cut in half and the cross-section polished and wet etched in 

1% Br2/methanol. Electron beam induced current (EBIC) measurements taken at 120 K, with 

the electron beam perpendicular to the cross section, were used to determine the junction depth. 

It would be very difficult to apply this measurement technique to very shallow p-n junctions, 

such as those formed in this thesis, since very precise sample alignment and high spatial 

resolution would be required to resolve the junction cross section. 

 

It has been reported that the n-on-p junction depth decreased with decreasing sample processing 

temperature [17]. No p-n junction was observed in samples exposed to IBM at 100 K, which 

suggests that at this temperature the IBM-induced type conversion was either avoided or 

restricted to a depth less than that which could be detected by EBIC measurements. At a process 

temperature of 130 K, the p-n junction depth was estimated to be 4 – 8 µm, being the 

approximate minimum depth which can be accurately resolved by EBIC. It is expected that the 

RIE process should follow a similar trend of reduced type conversion depth with decreasing 

temperature, particularly where Ar is included in the plasma gas mixture. It should be noted that 
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these junction depths were obtained for LWIR material, which is expected to undergo deeper 

type conversion for a given set of process parameters. 

 

It was also found that the physical etch rate under IBM remained practically constant in the 

processing temperature range from 100 – 300 K. As a comparison, the physical etch rate under 

ICPRIE processes performed for this thesis was observed to increase with increasing sample 

temperature in the temperature range of about 300–340 K, as discussed in Chapter 6. This result 

is expected, given that the RIE process involves a chemical etch component which is favoured 

by increased temperature, while IBM removes material purely by physical mechanisms. 

 

4.2.1.2 IBM: Ion current 
 
Some of the earliest reported work characterizing the IBM-induced type conversion process was 

performed by Ivanov-Omskii et al. This group published results on the dependence of the type 

conversion depth on the treatment parameters and material characteristics, and provide support 

for the hypothesis of chemical diffusion of Hg as the type conversion mechanism [19-22]. 

Neutralisation of the Ar beam was found to be necessary for significant IBM-induced type 

conversion to occur [23]. 

 

Mittal et al investigated the effect of IBM on bulk-grown LWIR n-type Hg0.8Cd0.2Te, using ion 

beam energy of 500 eV and current density 300-600 µA/cm2 [24, 25] This work was motivated 

by physical etching applications in the fabrication of photoconductor arrays. Hall depth profile 

studies were used to estimate the n-to-n+ type conversion depth and carrier transport properties. 

It was found that increasing the ion dose (product of beam current and etch time) results in an 

increase in n-type carrier concentration by 3  - 4 orders of magnitude over the (relatively low) 

base n-type carrier concentration values in the starting material of 2-4 × 1014 cm-3. For constant 

beam energy, it was found that the increase in carrier concentration tends to saturate with ion 

dose, and the converted depth keeps on increasing linearly with ion dose. 

 

4.2.1.3 IBM: Process time 
 
It has previously been reported that the IBM-induced junction depth increases linearly with time 

for depths up to about 10 µm, and approximately as the square root of time at greater depths 

[20]. Up to 4 µm, the junction depth was found to be proportional to milling time [26, 27]. This 

latter group investigated MWIR and LWIR material of varying p-type carrier concentration, and 

the results support a diffusion-based type conversion mechanism. For measurement of IBM-

induced junction depth, samples were cleaved and the EBIC profiles investigated. However, 

since an EBIC signal is generated by an electric field, these measured profiles do not necessarily 
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describe the n-on-p junction depth. These EBIC results also showed the junction depth in 

MWIR and LWIR material being very similar, which contradicts measurements by other 

methods which have found IBM- or plasma-induced type conversion depth to be significantly 

reduced as the CdTe:HgTe ratio is increased. 

 

More recent work by Chandra et al investigated IBM of SWIR and MWIR LPE-grown material, 

using both differential single-field Hall measurements and defect etches to determine junction 

depth. They found that the IBM-induced p-to-n type conversion depth was linearly related to the 

process time, and also strongly dependent on the composition and carrier concentration of the 

starting material [28]. However, it is very difficult to identify whether the junction depth has a 

square root or linear dependence on time when considering short processes, shallow junctions, 

and only a few data points. 

 

4.2.1.4 IBM: Ion energy/accelerating voltage 
 
For MWIR p-type HgCdTe exposed to H+ ions, increasing the ion energy has been found to 

significantly increase the type conversion depth, which is consistent with the increased 

implantation energy [29]. For similar irradiation at much lower current density using heavier 

Ar+ ions, the depth corresponding to the maximum electron concentration was found to be 

significantly closer to the surface, while the electron concentration in this type converted layer 

was found to be significantly higher (> 1018 cm-3).  

 

4.2.2 Plasma processing of HgCdTe 
 
In contrast to IBM processes, plasma etching involves a chemical component in addition to the 

physical etch mechanism associated with ion bombardment. A synergistic relationship between 

these chemical and physical etch processes exists, due to the physical process providing energy 

for the chemical reaction and assisting with desorption of the etch products. A number of dry 

etching processes are based on the chemical and physical action of ions in a plasma state. 

Plasma is the fourth state of matter, generated when a gas is ionized by heating to the point 

where colliding atoms have sufficient energy to become ionised. The defining characteristic of a 

plasma is the charge separation between ions and electrons giving rise to electric and magnetic 

fields which influence the motion of these charged particles [30]. A plasma consists of an equal 

number of positive and negative charges, in addition to atoms, molecules and free radicals, 

making it electrically neutral on average [31]. 

 

The lighter electrons in the plasma are able to move, which results in a high electric field region, 

known as the plasma sheath, between the plasma and the negatively charged electrode. 
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Positively charged ions which reach the boundary of the sheath are accelerated across it, 

towards the powered electrode on which the sample sits. The DC bias reaches an equilibrium 

value when the rate of arrival at the walls of electrons and positive ions from the plasma is equal 

[30]. 

 

Plasma etching of HgCdTe is generally based on H2/CH4/Ar gas chemistry. There are a number 

of different plasma-based dry etching technologies. The following sections include discussion 

and generally accepted definitions for plasma-based etch processes, including plasma 

processing, parallel-plate RIE, and high-density RIE. The high-density RIE tools include the 

ICPRIE configuration which is the focus of this thesis, and the ECRRIE configuration. 

 

4.2.2.1 Plasma etching 
 
Strictly speaking, plasma etching involves plasma processing at pressures greater than 100 

mTorr, and is a purely chemical etching process [6]. The basic configuration of the planar 

plasma etching system comprises a set of parallel plates of similar area, as shown in Fig. 4.3. 

The three steps of the plasma etching process are [6]: 

• Adsorption of the necessary species on the sample surface 

• Chemical reaction 

• Desorption of the etch products 

 

The advantages of the plasma etching process are: 

• Rapid etch rates 

• High selectivity 

 

While the disadvantages of plasma etching include: 

• Isotropy 

• Loading effects 

• Release of heat 

 
Pure chemical plasma processing by this strict definition is not commonly used to etch HgCdTe 

and is not covered in detail in this thesis. Any loose references to plasma processing are 

intended to refer to the RIE process, unless specified otherwise. 
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Fig. 4.3 – Plasma etching configuration. 

 

4.2.2.2 Reactive ion etching 
 
The RIE process is distinguished from the plasma etch process by the lower operating pressure, 

typically 10-100 mTorr, and anisotropy of the parallel-plate reactor [6]. In RIE processing, the 

area of the flat, powered electrode on which the wafer sits is much smaller than the other 

grounded electrode, which typically comprises the chamber walls, as shown in Fig. 4.4. The 

typical ion density is in the 109-1011 cm-3 range for the parallel-plate reactor [6]. The plasma 

density available using a 13.56 MHz RF capacitively coupled plasma is limited to about 1010 

electrons/cm3, and current density to about 1 mA/cm2 by the power dissipated in the electrode 

due to the high-energy ion bombardment and by the accompanying sputter erosion of the 

electrode [7]. 

 
The fundamental requirements of RIE are that the reaction must be exothermic, and the reaction 

products should be volatile. The process involves a combination of chemical activity of reactive 

species and physical sputtering by energetic ions (generally of energy above 50 eV). A synergy 

exists between the chemical reaction by which material is consumed, and the physical 

component associated with the physical bombardment of ions on the sample surface. The 

physical etch component assists the chemical etch process through supply of energy for the 

chemical reaction and assistance with desorption of etch products, in addition to removing 

material through physical sputtering. It is well known that physical sputtering alone is 

unsatisfactory for high-aspect-ratio pattern transfer in HgCdTe due to high levels of surface and 

lattice damage at the high ion energies required for reasonable etch rates [7]. 

 

Wafer temperatures during RIE processing may reach up to 600 K for high pressure and/or 

power conditions, with temperatures above about 420 K typically considered excessive for 

HgCdTe. Electron temperatures are of the order of 3-30 eV in the plasma bulk. Ion energies in 

the bulk are typically approximately 0.05 eV, and 10-500 eV after traversing the plasma sheath 

[6]. 
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Fig. 4.4 – RIE configuration. The powered electrode builds up a negative charge with respect to the 
plasma. 

 

Hybrid RIE tools have been developed which incorporate secondary plasma generation sources 

such as electron cyclotron resonance (ECR) or inductively coupled plasma (ICP), in addition to 

the primary parallel-plate power source. These hybrid tools are capable of increasing plasma 

density to the order of 1013 cm-3, being about two orders of magnitude greater than that possible 

in the parallel-plate reactor, and also enabling almost independent control over the ion current 

and ion energy [32]. The fundamentals underlying the RIE process are the same for both the 

parallel-plate configuration and ECR or ICP configuration, so discussion of the RIE 

mechanisms generally applies to all RIE configurations. These hybrid (high-density) RIE tools 

are described in the following section. 

 

4.2.2.3 High-density RIE tools 
 
High density plasma etching tools incorporate secondary power sources for plasma generation 

in order to obtain increased plasma density, in addition to essentially independent control of the 

ion energy and ion flux. Examples of these high-density plasma tools include inductively 

coupled plasma (ICP) and electron cyclotron resonance (ECR). The secondary power source 

and increased plasma density may allow for a reduction in substrate damage due to the lower 

ion energies required to sustain the plasma. For these reasons, the more advanced hybrid tools 

are generally preferred over parallel-plate RIE. The high-density plasma reactors are generally 

capable of operating at lower process pressures than the parallel-plate configuration [31]. 

 

The ECR system has the advantage of generating plasma which is truly remote from the sample, 

and generally leaves etched surfaces with decreased surface roughness. However, the current 

industry trend is towards the ICP system due to a number of advantages, including  [33]: 

• Improved plasma uniformity over a larger area 

• Easier scale-up to production 

• Lower set up and running costs 
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4.2.2.3.1 Inductively coupled plasma (ICP) 
 
ICPRIE has emerged as the industry standard for performing dry etching, primarily due to the 

capability of etching high-aspect-ratio features with low surface and lattice damage, and good 

etch uniformity over large areas of exposed material [33, 34]. The ICP source consists of coils 

around the reactor chamber through which power can be inductively coupled to the plasma. The 

frequency of this secondary power source is typically 13.56 MHz. The Oxford Instruments 

System 100 with ICP 180, with which the majority of the samples considered in this work were 

processed, uses both capacitively coupled (RIE) and ICP power sources at 13.56 MHz. The 

general ICPRIE reactor configuration is illustrated in Fig. 4.5. A scanning electron microscope 

(SEM) image of trenches etched in HgCdTe using an ICPRIE tool are shown in Fig. 4.6 to 

illustrate the capability of ICPRIE [10]. 

 
 

 
Fig. 4.5 – ICPRIE reactor configuration. 

 

 
Fig. 4.6 – SEM images of trenches etched using ICPRIE, after Ref. [10]. 
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For this thesis, HgCdTe samples have also been processed using a custom Unaxis Versaline ICP 

system at the US Army’s Night Vision Labs, Virginia. This Unaxis system consists of an ICP 

source at 2 MHz, and capacitively coupled (RIE) source at 40.68 MHz. The excitation 

frequencies of the independent sources have been modified to avoid potential issues related to 

beating. Reducing the ICP source frequency is expected to increase the H2 ionisation efficiency 

[35]. The system has also been modified by including a spacer in the chamber, which increases 

the chamber height and increases the capacity for in-situ measurement equipment, such as an 

ellipsometer. 

 

The independent ICPRIE process parameters include: 

• Gas composition (H2/CH4/Ar) 

• Process pressure 

• Pedestal temperature 

• RIE power 

• ICP power 

• Process time 

 

Each of these independent process parameters controls the actual condition of the plasma, and in 

turn determines the characteristics of the etching and type conversion processes. The ECRRIE 

system has essentially the same independent process parameters, where the level of applied 

ECR power replaces the applied ICP power. The characteristics of the plasma in the ECRRIE 

system are generally slightly different since the system typically operates at lower process 

pressure, higher secondary source excitation frequency, and creates plasma which is truly 

remote from the sample. 

 

4.2.2.3.2 Electron cyclotron resonance (ECR) 
 
The ECR source generates a high-density plasma by matching the frequency of a microwave 

field at 2.45 GHz with the electron cyclotron resonance frequency of the electron, in a constant 

magnetic field of 875 gauss. At the cyclotron resonance frequency, the electron gains energy 

during the whole rotation cycle and the energy gained is proportional to the time between 

collisions. This means that the ECR works only at low pressures, typically below 10 mTorr [7]. 

These resonant electrons are highly energetic, and cause ionization of the gas particles [6]. At 

these low pressures, the secondary ECR source allows for generation of high ion and electron 

densities up to about 1013 electrons/cm3 [36]. Compared to the parallel-plate RIE reactor, there 

is an increased fractional ionization and lower ion energy. The resonance may only occur in the 

magnetic cavity set up by the magnet poles, with the position of the sample being remote from 
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this zone. The level of power applied to the electrode on which the sample is mounted controls 

the drive of plasma particles towards the sample, and hence controls the DC bias. 

 

The ECR system was developed prior to the ICP tool for etching of high resolution and high-

aspect-ratio features. The major advantage of this system was overcoming the limitation of the 

capacitively-coupled RIE tool, in which decreasing the process pressure to improve the 

anisotropy of small features inevitably resulted in significantly increasing the substrate bias and 

thus plasma-induced damage. In the ECRRIE system, it is possible to maintain a low working 

pressure (0.1-10 mTorr) while independently applying a small RF bias to the substrate to 

achieve high-aspect-ratio etching with H2/CH4 plasma at low ion energies (~ 20 eV) [37]. 

 

It has also been shown that the ECRRIE system generally leaves a smoother etched surface 

when compared to the ICPRIE system [33]. This is primarily related to the difference in 

ionization efficiencies of each system, and is discussed further in Section 4.3.2.1. 

 

4.2.2.3.3 Low energy electron enhanced etching (LE4) 
 
Relatively little work has been published regarding this etching technique, which is reasonably 

similar to the ECR system. It is characterized by low electron energies (about 1-15 eV), and 

smooth, damage-free etching of HgCdTe [38]. This technology is not commonly encountered in 

the literature for HgCdTe etching, but has been previously reported to induce minimal 

conductivity type conversion. 

 

4.3 Review of plasma process conditions and associated 
effects on the etching and/or type conversion process 

 
Previous sections in this chapter have provided brief descriptions of the available wet and dry 

etching technologies. For the IBM process, a summary of the effect of varying the IBM process 

parameters on the properties of the exposed material has been provided in Section 4.2.1, based 

on previously published results in the open literature. This section focuses specifically on 

plasma processing, including the basic parallel-plate RIE system and the more advanced high-

density RIE tools. This includes a summary of developments in plasma processing technology, 

and reported results related to the effect of varying RIE process conditions on the plasma 

condition, and/or subsequent effects on the etching and type conversion processes. While 

relatively few of these previously published works were performed with the primary aim of 

investigating the plasma-induced type conversion process, or based on the ICPRIE tool, the 

reported results provide a useful reference for the experimental work performed in this thesis. 
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Before summarizing the reported effects on the physical and/or electrical properties of the 

processed material as a function of each independent process parameter, these relevant physical 

and electrical material properties are briefly discussed. It is desired to control and optimize the 

properties of the processed material, which include: 

• Physical etch rate 

• Etch anisotropy 

• RIE-induced damage 

• Surface residues/polymer deposition 

• Surface roughness 

• Conductivity type conversion 

o Type conversion depth 

o Carrier concentration and mobility in the type converted layer 

 

As previously discussed, when the aim of the plasma process is to perform physical etching, it is 

desirable to have control over the etch rate and anisotropy, while minimizing RIE-induced 

damage (including modification to the electrical properties of the material). However, if the RIE 

process is used to form a plasma-induced n-on-p junction, it needs have accurate control over 

the type conversion process to precisely target the junction depth and type-converted doping 

density, while minimizing the physical etch rate and leaving the surface smooth and 

stoichiometric. 

 

The plasma etch and type conversion processes are related to the plasma condition, which is a 

direct and complicated function of the independent plasma process parameters. The independent 

process parameters in the ICPRIE tool, most of which generally have a direct equivalent in other 

dry processing systems, include: 

• Gas  flows (H2, CH4 and/or Ar in sccm) 

• Process pressure (mTorr) 

• Sample temperature 

• RIE (DC bias) power (quoted as source power in W, or resultant DC bias in V) 

• ICP (or ECR) power (for high-density RIE tools) 

• Process time 

 

It should be noted that in contrast to the ICPRIE tool which has been used to process most 

samples prepared for this thesis, the parallel-plate RIE tool at the UWA is not supplied with 

argon, and the sample temperature can not be actively controlled during processing. 
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In the ICPRIE tool, these independent process parameters control the characteristics of the 

plasma condition, which can be investigated by Langmuir probe and/or optical emission 

spectroscopy (OES). The plasma condition can be characterised by: 

• Density and energy of the various ions, electrons, and neutral radicals in the plasma 

• Ion current 

 

The plasma condition is a complicated function of the independent plasma process parameters. 

Adding to the complexity of the characterization problem is the dependence of the material 

properties on the etching and type conversion processes. These etch characteristics are discussed 

in the following sections. 

 

4.3.1 Physical and electrical properties of RIE-processed material 
 
The performance of the etch process can be described in terms of the characteristics of the 

etched material, which is discussed in the following sections. Also included is a literature 

review, related to each of the independent process parameters and how they impact on etch rate, 

etch anisotropy, RIE-induced damage, surface roughness, polymer deposition, and conductivity 

type conversion. 

 

4.3.1.1 Etch rate 
 
The physical etch rate is the rate at which material is removed. In RIE processing, both the 

chemical and physical components act in synergy to contribute to the physical etch process. The 

relative balance of physical and chemical etch components is critical to both the total etch rate 

and etch anisotropy. The etch rate is dependent on the ion power density incident on the wafer, 

hence as ion energy is decreased it becomes necessary to increase the ion flux to maintain a 

reasonable etch rate [7]. As the aspect-ratio of the etched device features increases, the 

phenomenon of etch-lag becomes an important consideration, where the etch rate becomes 

strongly dependent on the trench width [39, 40]. 

 

When aiming to perform physical etching, a moderate etch rate is desired to achieve a balance 

between reasonable processing times, and accurate control of the total etch depth. When aiming 

to form junctions, it is generally desired to minimize the physical etch rate. 
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4.3.1.2 Etch anisotropy 
 
The etch anisotropy is defined by the ratio of the vertical etch component to the lateral etch 

component. In contrast to isotropic wet chemical etching, which is characterized by equal etch 

rates in each direction, dry etching is capable of anisotropic etching where the vertical etch rate 

is significantly greater than the lateral etch rate. There is increasing pressure to increase the 

aspect ratio of dry etched features in HgCdTe for advanced focal plane array fabrication. A 

number of phenomena are related to the etch anisotropy, including polymer deposition and etch 

lag. For example, polymer deposition during the RIE process can affect the etch anisotropy by 

countering the mask erosion and/or coating trench sidewalls. In plasma-processing of HgCdTe 

patterned with photoresist, the photoresist properties can significantly influence the DC bias and 

etch anisotropy [41]. 

 

4.3.1.3 RIE-induced damage 
 
In general, the term RIE damage is used to refer to a number of processing issues, including [6]: 

• Surface residues 

• Lattice displacement damage consisting of point defect complexes 

• Hydrogen passivation of dopants 

• Impurity implantation 

• Heavy metal contamination by sputtering of the electrode or other reactor materials 

• Mobile ion contamination 

• Surface roughness from micromasking and redeposition 

 

Damage in dry-etched compound semiconductors generally consists of either ion-induced deep 

level compensation, which degrades both the electrical and optical quality of the material, or 

stoichiometry changes to the near surface through preferential loss of one of the lattice elements 

[6]. In this thesis, the type conversion process and related issues including lattice damage and 

hydrogen passivation of dopants, which are generally considered a component of RIE damage in 

physical etching applications, will be treated in more detail in Section 4.3.1.6. 

 

4.3.1.4 Surface roughness 
 
Surface roughness is an important issue for both physical etching and type conversion 

processes, since the surface condition may be critical in limiting the device performance. 

Surface roughness in HgCdTe etching is typically attributed to a number of factors, including: 

• Preferential etching of HgTe as a result of the relatively weak bond strength and/or 

unbalanced etch chemistry 
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• Micromasking effects associated with polymer deposition from methyl radicals, 

particularly at high pressure, low temperature, and/or low RIE power conditions which 

do not favor desorption of the deposited residue 

• Ion-induced damage from high-energy ion bombardment, which is expected to be 

directly increased by increasing the level of RIE power 

 
To achieve a smooth etched surface morphology on compound semiconductors, there are 

several necessary conditions  [6]: 

• The native oxide must be removed quickly at the start of the process, since if the etch 

front breaks through nonuniformly, the roughness will be replicated in the etched 

semiconductor surface 

• There must be an equi-rate removal of material elements, which can only be achieved 

by adjusting the ion/neutral ratio and the ion flux and energy, since generally the etch 

products for elements have different volatilities 

• The masking material and substrate platen may also have a strong influence on the 

surface morphology through effects such as micromasking and altering the ion/neutral 

balance 

 

SEM images showing the surface roughness for two samples of different material composition 

for SWIR and LWIR applications, exposed to the same plasma process condition, are shown in 

Fig. 4.7. This illustrates the need for RIE conditions to be optimized for different material 

compositions. 

 

 
Fig. 4.7 – SEM images illustrating surface roughness as a function of material composition (a) x = 
0.22 and (b)  x = 0.4 for nominally identical plasma process parameters, after Ref. [10]. 
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4.3.1.5 Polymer deposition 
 
Polymer deposition is an important consideration for RIE processes involving CH4 chemistry. 

For certain regions of the plasma process parameter space, it has been found that an etch-

blocking polymer layer may be deposited on the sample and reactor surfaces. This polymer 

layer cannot be removed by common wet or dry etch processes [42]. Methyl radicals CH2 and 

CH are known polymer precursors from the CH4 injected into the plasma [43]. The deposition 

of this polymer on the sample surface is favored by conditions which increase the concentration 

of polymer precursors in the plasma, and/or inhibit desorption of these precursors from the 

surface. The changes to independent plasma process parameters which will typically favor the 

formation of a polymer layer include: 

• Increased CH4 proportion in the gas mixture (significant polymer deposition is typically 

observed for CH4:H2 proportions greater than approximately 1:3) 

• Decreased RIE power 

• Decreased chuck temperature 

 

More complicated relationships exist between polymer deposition and the process pressure and 

ICP power. For example, increasing the pressure is generally expected to reduce the mean free 

path of the plasma particles, and thus the component of physical sputtering which acts to desorb 

deposited polymer. However, the secondary effect of increasing the process pressure for H2/CH4 

plasma is to increase the proportion of hydrogen ions, which in turn generally increases the self 

bias and thus the acceleration of ions at the sample. Very few simple relationships between the 

independent process parameters and the plasma condition hold throughout the process 

parameter space. 

 

Controlled polymer deposition may be beneficial in improving etch anisotropy, as a result of 

compensating for photoresist erosion, and deposition on etched sidewalls where ion-assisted 

desorption is lower [10, 40]. 

 

Polymer deposition is also an important consideration for reproducibility in processing. Polymer 

deposition on the reactor walls and electrode can significantly change the actual plasma 

characteristics for a given set of independent process parameters. For example, as polymer 

residues build up on the reactor walls, the DC bias of the plasma may be affected by the change 

in the impedance of the matching network. For this reason, many modern HgCdTe high-density-

plasma etch processes do not include CH4 in the gas chemistry [44]. 
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4.3.1.6 Conductivity type conversion 
 
The plasma-induced p-to-n type conversion depths, and the n-type carrier transport properties in 

the p-to-n type converted layer, are the primary focus of this thesis. Relatively little has been 

published to date on how the plasma process parameters control the type conversion process [1, 

10]. For physical etching applications, it is generally desired to minimize (or ideally eliminate) 

the extent of modification to the electrical properties of the material. For controlled n-on-p 

junction formation, it is desired to achieve control of the p-to-n type conversion depth and the n-

type carrier concentration in that layer, by varying at least one of the independent process 

parameters. Furthermore, it is desired to minimize the extent of damage to the surface and 

lattice, which will have a major impact on the carrier mobility in those layers. Controlling this 

conductivity type conversion process while maintaining a good surface condition is the primary 

aim of this thesis. 

 

4.3.2 Independent ICPRIE process parameters and association with 
the etching/type conversion process 

 
Each of the previously discussed measures of etch performance, including plasma-induced type 

conversion, is dependent on the plasma condition. The relationships between the independent 

process parameters and the plasma condition are complex and not well understood. 

Understanding of the etch process is further complicated by the very large parameter space. In 

the following sections, a literature review of each of the independent process parameters is 

presented, in an attempt to identify the parameters to which the plasma condition and/or etch 

process is most sensitive. 

4.3.2.1 RIE: Gas chemistry 
 
Gases used for plasma etching of HgCdTe include H2, CH4, and Ar. N2 has also been shown to 

be a potentially useful addition to control polymer deposition. Helium plasma has been shown 

in other works to be useful in smoothing the surface of CdTe substrates [45], and has recently 

been applied to very low damage etching of HgCdTe [46]. Introducing these gases either 

upstream or downstream in the reactor chamber also affects the plasma condition. The role of 

each of these gases in material processing is discussed in the following paragraphs, followed by 

specific results from the open literature related to the effects of changing the gas composition. 

 

Of all the independent plasma process parameters, the gas composition is generally most critical 

in determining the plasma condition and resultant material processing characteristics. Results 

reported in the open literature for varying the process gases chosen, their relative compositions, 

and absolute flow rates, are summarized in this section. The process pressure is another 

independent plasma process parameter which must be considered very closely with the gas 
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composition, and is discussed in more detail in Section 4.3.2.2. The process pressure is a direct 

function of the absolute input flow rate of each process gas and the exhaust throttle position. 

 

The requirement to process other materials such as GaN, SiNx, InN, and polyimide in the same 

ICPRIE tool at the UWA, which was used to perform most of the HgCdTe processing in this 

thesis, presents potential cross-contamination issues which must be considered. Other process 

gases associated with processing these materials include Cl2 and CF4. These issues have been 

investigated by optical emission spectroscopy (OES), and are discussed in Chapter 5. 

 
Hydrogen 
H2 is dissociated in plasma into reactive H atoms, H+ ions, and H2

+ ions [35]. The reactive H 

atoms react with Te to produce the volatile etch product TeH2 [47]. H2 is typically introduced 

downstream from the other process gases flowing towards the sample in the reactor chamber, 

which was thought to minimize the formation of H+ ions, thus favoring the production of atomic 

H which is required for the reaction and volatilization of Te [44]. However, the results of a 

Langmuir probe study using an ECRRIE chamber with downstream H2 suggest that hydrogen 

ion formation may not be suppressed by downstream injection [35]. Atomic H has been 

associated with neutralization of the effects of donors and acceptors in III-V compounds 

through formation of passivating complexes [48]. 

 

Methane 

CH4 in plasma is dissociated into CH3, CH2 and CH radicals. CH3 reacts chemically with Cd and 

Te to produce volatile etch products Cd(CH3)2 and Te(CH3)2 [47, 49]. CH2 and CH are known 

polymer precursors [43], which under certain plasma conditions will result in polymer 

deposition on the surface, which is discussed in more detail in Section 4.3.1.5. CH4 is typically 

introduced downstream in the reactor chamber in order to reduce the effect of polymer 

precursors [47]. Frequent chamber cleaning is required when polymer-forming chemistries are 

involved, in order to reduce particle counts resulting from polymer film build-up on reactor 

chamber surfaces, and to maintain a reproducible chamber condition [6]. O2 plasma is typically 

used to etch these hydrocarbon residues from the reactor. 

 

Adding CH4 to the gas mixture has a complicated effect on the etched surface condition. It is 

expected to generally assist in chemical removal of Cd from the surface, and the polymer 

deposition may assist in keeping the photoresist intact and enabling greater control over the 

sidewall angle. It has been reported that although a H2/Ar gas mixture is sufficient to etch 

HgCdTe, the addition of CH4 improves the surface morphology [1, 50]. However, in certain 

regions of the parameter space, it may increase surface roughness as a result of micromasking 

[51]. 

 



Chapter 4 –Etching and type conversion of HgCdTe 

 94 

Polymer deposition associated with CH4 can have a positive effect by improving the trench 

sidewall anisotropy, or negative effects including formation of an etch-blocking layer. 

Controlled polymer deposition can counter the erosion of the photoresist mask during etch 

processes, which can improve the anisotropy of the etched sidewall profile [10]. If it is possible 

to achieve smooth etched surfaces and good sidewall profiles without using CH4, this would be 

desirable in order to avoid the associated complications. 

 

Argon 

Ar is associated with improved plasma uniformity and stability, as well as enhancing the 
physical component of the etch process through ion bombardment. It is typically injected 

upstream from other process gases in the chamber flowing towards the sample [7]. Argon ion 

bombardment plays an important role in the etching process through direct sputtering of 

HgCdTe elements, assisting in the desorption of etch products, and providing energy for 

chemical reaction activation on the surface [10]. It is also known to be associated with the type 

conversion process, with previous work having shown that p-to-n type conversion occurs under 

RIE using only Ar [1], in addition to the well-known IBM-induced type conversion process 

based on argon ions. This gas was not included in the gas mixture used in the RIE tool at UWA 

when developing the RIE-induced junction formation process [2]. 

 

Nitrogen 

Addition of N2 to the gas mixture with H2/CH4/Ar has been shown to be a novel means of 

reducing polymer deposition [52]. This is achieved via reactions between atomic N and the 

polymer precursors CH2 and CH and unsaturated hydrocarbons to produce volatile byproducts. 

It is well known that two requirements have to be satisfied for deposition of polymers from 

monomer gases: free radicals must be present at the surface for nucleation of the polymer seed, 

and unsaturated hydrocarbons (or higher order radicals) have to be supplied for growth of a film 

[43]. Eliminating the source of these hydrocarbons from the H2/CH4 plasma, namely CH2 and 

CH, should therefore eliminate polymer deposition.  An additional benefit of eliminating 

hydrocarbon polymer deposition is the relaxation of the requirement to condition the reactor by 

performing an O2 plasma clean to remove polymer from the reactor walls and ensure 

reproducible etching conditions. It is also possible that the presence of atomic N in the plasma 

affects the concentration of methyl radicals, but as long as the concentration of CH4 is much 

higher than that of CH3, the collision probabilities imply a net increase of CH3 from addition of 

N2. Atomic N will also react with H to produce NH3, resulting in a decreased proportion of H in 

the plasma [52]. However, despite these reported benefits, papers related to RIE of HgCdTe 

generally do not refer to inclusion of N2 in the gas mixture. 
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Reported results 

The feasibility of H2/CH4 metalorganic RIE of HgCdTe was originally reported by Semu et al. 

This parametric study investigated etch rate, surface anisotropy, and surface stoichiometry; with 

particular emphasis on varying H2/CH4 ratio and the HgCdTe composition [53]. In particular, 

they reported a self-induced etch stop mechanism for certain H2/CH4 compositions. When 

processing at H2/CH4 flows of 1150/0 sccm, a rough, white fluffy residue of CdTe was observed 

on the etched surface, which was removed by a dip etch in HNO3. On decreasing the H2/CH4 

ratio to 1150/300 sccm, changes to the etch process included [53]: 

• Surface residues no longer observed 

• Surface roughness significantly decreased 

• Aspect ratio increased from 0.5 to 0.9 

• Etch rate increased 

• Magnitude of DC bias increased from 70 to 80 V 

 

In other reported investigations, the effect of increasing the proportion of CH4 in the H2/CH4 gas 

mixture from zero to some threshold value (approximately 33% - 50%, depending on the level 

of RIE power and other factors) has generally been found to lead to: 

• A decrease in the degree of preferential etching of HgTe from the surface layer [47, 53, 

54]  

• An increase in the etch rate for CH4 concentrations up to some threshold [53, 55] 

• Decrease in or inhibition of the etch rate for increasing CH4 concentration beyond this 

threshold. The ratio at which this occurs increased with increasing RIE power (or DC 

bias) [1, 10, 53, 55] 

• An increase in the aspect ratio, as illustrated in Fig. 4.8 [10, 54] 

• A decrease in the surface roughness, at concentrations up to some optimum 

concentration threshold for smoothness, beyond which further increases in CH4 resulted 

in increased surface roughness [1, 37, 47, 55]  

• A decrease in the p-to-n type conversion depth [1] 

 
Fig. 4.8 – SEM image showing the effect of changing the CH4/H2 ratio on the sidewall angle, after 
Ref. [10]. 
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Stoltz et al have published the results of a number of parametric studies of high-density plasma 

processing of HgCdTe. In particular, these studies have investigated the effect of changing the 

proportion of H2 in the Ar/H2 gas mixture in an ECRRIE tool on the plasma condition using a 

Langmuir probe [35]. Ion current was initially found to decrease as the percentage of H2 was 

increased from 1 to 15%, then slowly began to increase at higher H2 concentrations. The 

observed changes in ion density and current suggest that the increased concentration of H2 

suppresses ionization, since the Ar ionization mechanism is more direct. However, the addition 

of H2 also seems to have a compensating effect on the ion current. The increase in ion current at 

H2 concentrations above 15% is likely to be due to light ions such as H+ (or perhaps H2
+) 

reaching the probe. This observation suggests that light ions may begin to dominate ion current 

at higher H2 concentrations, even though the overall ion density decreases. Increasing the H2 

concentration significantly changes the sheath potential, and therefore also the acceleration of 

positive ions towards the sample [35]. 

 

This same research group has also compared the ECRRIE and ICPRIE systems [33], focusing 

on the role of hydrogen in the etch process. They have reported that the lower frequency plasma 

excitation of the ICPRIE system was more effective in cracking H2, resulting in a relatively high 

hydrogen ion concentration when compared to the ECRRIE system. The increased surface 

roughness associated with HgCdTe surfaces etched using the ICPRIE system, when compared 

with the ECRRIE system, was attributed to the increased hydrogen ion concentration and the 

associated preferential etching of Hg from the surface. However, further developments to these 

process conditions, which involved reducing the process pressure to about 1 mTorr and reducing 

the H2 component of the H2/Ar gas mixture, have shown that similar surface characteristics can 

be achieved under both ICP and ECR processing [56]. 

 

Neyts et al investigated the effect of adding H2 to a capacitively coupled (electrodes of equal 

area) H2/Ar plasma, and found that profound effects on the plasma condition resulted [57]. They 

reported that in most cases, the electron density decreased with the addition of H2 to the gas 

mixture. This was explained by lower ionization rate of Ar, increased electron loss at the reactor 

walls, and ion-molecule reactions which dominate the discharge. However, at other pressures, 

adding H2 was actually found to increase the electron concentration. 

 

4.3.2.2 RIE: Process pressure 
 
The process pressure has a significant and complex effect on the plasma condition, and thus in 

turn the etching and type conversion processes. As the process pressure is increased from very 

low values, from about 1 mTorr, the number of gas particles in the chamber increases and, thus, 
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for fixed conditions, the plasma density also increases. As the process pressure increases further, 

the ionization efficiency begins to decrease and thus the rate of increase in plasma density with 

increasing pressure also decreases. The pressure value at which this saturation of plasma density 

occurs is strongly dependent on the gas composition, the applied level of ICP power (and to a 

lesser degree RIE power). The rate of increase in plasma density with increasing process 

pressure is typically greater at lower levels of ICP power. At higher levels of ICP power a roll-

off in plasma density with increasing process pressure may occur, due to the effects of increased 

recombination rate being dominant over the increase in ionization associated with the increased 

power. The change in ion density with pressure was found to be dependent on the gases used 

[35]. 

 

Reported results 

Laffosse et al performed a parametric study based on an ICPRIE reactor, using a H2/CH4/Ar gas 

mixture. This study found that as the process pressure was increased from 4 to 20 mTorr, the 

physical etch rate decreased from 183 to 101 nm/min. The electron density and electron 

temperature were also observed to decrease with a decrease in pressure, as measured by a 

Langmuir probe [58]. This conflicts with another parametric study based on the ICPRIE tool 

which found a roughly linear increase in etch rate with increasing process pressure from 3 to 

7mTorr: however, this other study was performed at relatively high ICP power (650 to 850 W) 

and did not report the working gases [32]. This example illustrates the complexity of the 

interrelationships between the process parameters. 

 

Other work by Pilkington et al using a different ICPRIE tool and process conditions found that 

as the process pressure was increased, the physical etch rate decreased. For a fixed H2/CH4/Ar 

flow of 27/5/30 sccm, ICP power of 480 W, and RIE power of 50 W, the physical etch rate 

decreased from 183 to 96 nm/min (0.016 to 0.003 µm/s) as the process pressure was increased 

from 45 to 135 mTorr. For these same fixed gas flows and level of ICP power, as the level of 

RIE power was decreased to 10 W a decrease was observed in both the absolute etch rate and 

the rate of decrease in etch rate with increasing pressure. This can be explained by considering 

polymer formation associated with CH4 in the gas mixture, if the dominant effect of increasing 

pressure was to significantly increase the formation of polymer from CH2 and CH, which 

inhibits physical etching [55]. Increasing RIE power assists in desorption of the deposited 

polymer etch-blocking layer. 

 

Stoltz et al investigated the effect of varying pressure in an ECRRIE reactor on the plasma 

condition. It should be remembered that the ICPRIE reactor is more efficient than the ECR 

source at cracking H2 due to the lower excitation frequency. It was found that as the process 

pressure was decreased, the sheath potential was also decreased. This is most likely a result of 
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the increased pressure resulting in decreased mean free path and Debye length. As a result, 

increasing the pressure also decreases the physical bombardment energy of ions in the plasma 

[35]. In an ECRRIE system at very low working pressure (0.1-1 mTorr), varying process 

pressure has been reported to have a complicated effect on both etch-rate and heating of the 

sample during processing [37]. 

 

In a study comparing dry etching using ICPRIE and ECRRIE reactor configurations it was also 

found that increasing the process pressure was typically associated with increasing surface 

roughness. This was most likely due to indirectly increasing the H+ concentration, in addition to 

favouring the chemical etch rate of the HgTe component [33]. Process pressures for ECR are 

typically of the order of 1mTorr, which is lower than those than can be sustained in ICPRIE 

chambers [59]. Studies based on varying pressure in ECRRIE tools may not observe a 

significant relationship between changing process pressure and the etch process due to the very 

low process pressures investigated. 

 

Belas et al (1996) performed a parametric study based on bulk-grown x=0.21 and x=0.28 

HgCdTe, processed using a parallel-plate RIE tool and either H2/CH4 or Ar gas chemistries [1]. 

In particular, they were among the first to characterise p-to-n type conversion depth as a 

function of varying RIE parameters. This type conversion depth was measured by electron beam 

induced current (EBIC) measurements of cleaved cross-sections. A significant difference 

between this study and the work performed in this thesis, besides the use of different plasma 

tools and material growth technology, is the significant difference in type conversion depths 

considered. Belas et al reported p-to-n type conversion depths of over 200 µm, being at least 

two orders of magnitude greater than the type conversion depths encountered in this thesis. The 

possibility of different type conversion regimes, given the large difference in junction depths, 

should be considered. 

 

For a fixed RIE process time of 10 min, Ar-only gas chemistry, and varying process pressure, 

the following observations were reported [1]: 

• Both the etch depth and p-to-n type conversion depth reached a maximum at about 100 

mTorr (over the pressure range 20-200 mTorr) 

• The p-to-n type conversion depth was slightly more sensitive than the etch rate to 

changing pressure 

 

It is difficult to present clear trends on the effect of changing process pressure in this section, 

since the effect of changing pressure on the plasma condition is strongly dependent on the 

values of other process parameters. However, in the parameter space under consideration, 

increasing the process pressure is generally expected to: 
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• Increase physical etch rate 

• Decrease sidewall angle 

• Increase surface roughness through preferential etching of HgTe component 

• Increase type conversion depth 

 

Based on these reported results, the best physical etching conditions are expected to involve low 

process pressure. For junction formation applications, low plasma process pressure is desirable 

to achieve a good surface condition for further processing: however, a compromise may be 

necessary to achieve sufficient junction depth for a good n-on-p junction. 

 

4.3.2.3 RIE: Power (DC bias) 
 
RIE power is also a complex variable to consider, particularly due to inconsistencies in the 

measurement method used in the literature. In some works, only the DC bias in volts is reported 

to indicate the level of applied RIE power. In this thesis, the level of RIE power is considered to 

be an independent variable, with the DC bias a directly related dependent variable. The level of 

RIE power (and associated DC bias) controls the ion bombardment energy and can greatly 

affect the damage in a sample being processed  [60-62]. 

 

The DC bias of the plasma relative to the grounded chamber walls is another measure of the 

plasma condition. A DC bias is set up as a result of relatively light electrons being accelerated 

towards the powered electrode, building up a negative potential with respect to the plasma. At 

equilibrium, this DC bias value has built to the point at which the repelling force of the charge 

built up at the electrode prevents further accumulation of electrons. The electric field set up by 

this DC bias also creates the plasma “sheath”, which is a region between the reactor walls and 

the plasma. The sheath is characterized by high electric field strength, which results in it being a 

volume which is virtually devoid of plasma particles. Positively charged ions from the plasma 

which reach the edge of the sheath are accelerated through this charge depleted region towards 

the negatively-charged, powered electrode. 

 

In some plasma etching systems, it is possible to set the DC bias between the plasma and the 

electrode, in addition to controlling the level of RF power. Some systems also set the DC bias as 

the independent variable, where the controller adjusts the level of applied RF power to achieve a 

given DC bias value. In this thesis, the DC bias is considered to be a dependent variable which 

is a function of the level of applied RF power, the gas chemistry, process pressure, and level of 

ICP power. In some cases the reported DC bias may not be a good metric of the plasma 

condition, since the method by which it is measured is not always reliable. In the Oxford 

Instruments system used to perform almost all of the processing in this thesis, the DC bias was 
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determined by measuring the voltage across a resistor through which the electron current from 

the plasma flows to ground. The DC bias value reported by the system was often very low and 

independent of plasma condition, probably due to an alternate leakage current path to ground 

which bypassed the resistor. In general, the DC bias is considered to reflect the acceleration of 

plasma particles towards the sample electrode. 

 

In ICPRIE processing for physical etching of MWIR HgCdTe, increasing the DC bias from 150 

to 350 V has been found to result in an increasing physical etch rate [32]. The relationship was 

shown to be approximately linear, which is consistent with an ion-assisted etch process. The 

other ICPRIE parameters such as the process gases and pressure were not specified, but most 

likely involved H2/Ar process gas at working pressure in the 1 to 10 mTorr range, which is 

similar to the conditions reported by NVESD researchers for similar etch processes [33]. 

 

Stoltz et al reported that the ion density in the ECRRIE plasma remained constant with 

increasing RIE power. This was measured using a Langmuir probe, with fixed Ar:H2 flows of 

80:20 sccm at 2 mTorr and 300 W ECR power. It should be noted that the experimental process 

pressure used in this ECRRIE reactor is lower than can typically be sustained in a parallel-plate 

RIE tool. However, the ion current was found to increase with RIE power, as the level of RIE 

power (and DC bias) greatly affects the plasma sheath, allowing greater sheath potential and 

therefore ion current [35]. 

 

Belas et al found that the etch depth was linearly related to the level of RIE power. This was 

based on parallel-plate RIE processing at fixed Ar-only gas composition, 20 mTorr process 

pressure, and process time of 10 minutes. In addition, they found that the p-to-n type conversion 

depth remained essentially constant at about 215 µm with varying RIE power [1]. This is an 

interesting result, given that increasing the acceleration of the ions towards the sample should 

increase the energy of the interstitial mercury (HgI) diffusing into the lattice, which could 

reasonably be expected to increase the diffusion rate of these interstitials into the material. This 

may be consistent with a dynamic relationship between the progression of the plasma-induced 

type conversion front into the material, and the physical etch front. It should also be considered 

that the type conversion depths in this earlier work are two orders of magnitude greater than 

those of interest in this thesis, so this linear relationship may not be applicable to both regimes. 

A similar linear relationship between the level of RIE power and the etch rate has also been 

reported in a parametric study based on an ICPRIE system  [58]. 

 



Chapter 4 –Etching and type conversion of HgCdTe 

 101

4.3.2.4 RIE: Secondary (ECR or ICP) power 
 
In addition to the capacitively-coupled (RIE) power source, high-density plasma tools are 

equipped with either ECR or ICP power sources which are capable of significantly increasing 

the plasma density without directly increasing the acceleration of ions towards the substrate. 

Both ECR and ICP configurations are considered in this section. It should be remembered that 

the ECR reactor configuration generally operates at significantly higher frequency, and 

generates a plasma which is truly remote from the sample. The ICP configuration is capable of 

better plasma and etch uniformity, and can be readily scaled up to larger wafer sizes [32]. 

 

For an ECRRIE system using H2/Ar chemistry, Stoltz et al found that the ion density generally 

increases with increasing ECR power from about 0 to 250 W. For further increases in ECR 

power over the range 250 to 450W, the ion density remained relatively constant, most likely due 

to power still being absorbed (and changing the plasma) without creating further ionization [35]. 

They report this as being due to another kinetic dynamic other than ionization, perhaps the 

dissociation of H2, since the energy associated with dissociation does not contribute to 

ionization. Over the same parameter space, it was reported that increasing the level of ECR 

power had very little effect on the sheath potential, which demonstrates that the plasma density 

and ion current can be increased without increasing the acceleration of ions towards the sample. 

This trend may not hold for the ICPRIE system, particularly at higher process pressures. This is 

because the ICP source is known to be significantly more efficient at cracking H2, and the H+ 

ion concentration has been shown to be strongly related to the sheath potential [33]. 

 

In practical investigations using an ICPRIE tool, increasing the level of ICP power was found to 

increase the etch rate and surface roughness at a decreasing rate [55]. This result was consistent 

with another ICPRIE-based study that varied the ICP power from 650 to 850 W at process 

pressures below 7 mTorr [32]. It is intuitively expected that increasing the plasma density 

should increase the ion flux, assuming all other plasma characteristics remain constant. 

 

4.3.2.5 RIE: Substrate temperature 
 
Active control of the substrate temperature is a feature which is not commonly found on the 

older parallel-plate RIE tools, including that used in the original plasma-induced junction 

formation process at the UWA. If active cooling of the sample during plasma processing is not 

possible, the actual sample surface temperature may increase significantly due to heating from 

the plasma during processing [63]. 

 

High-density plasma tools typically incorporate a heating element into the powered electrode, 

and backside He cooling pressure to dissipate heat transferred from the plasma to the sample. 
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Improved control of the sample temperature during processing is expected to improve control of 

the etch process and, in particular, should enable significantly greater control of the type 

conversion process if it is related to diffusion-based mechanisms. 

 

Major difficulties encountered when investigating the effect of sample temperature on the etch 

process include spatial nonuniformity in the temperature across the wafer, maintaining 

temperature control, and poor repeatability. After setting the table temperature and backside 

cooling pressure, the sample temperature is then still strongly dependent on heating from the 

plasma, and heating/cooling from the table. Furthermore, heat transfer is likely to be spatially 

nonuniform, particularly at the edges of the sample, due to the localized nonuniformity of the 

plasma and the nonuniform thermal coupling of the sample to the backside cooled table. 

 

Very little published work investigating the effect of substrate temperature on the type 

conversion process is available. It has been reported for the IBM process that decreasing the 

substrate temperature is associated with decreasing type conversion depth. It was proposed that 

p-to-n type conversion was almost eliminated at a substrate temperature below 100 K [17]. 

Junction depth in this experiment was determined by EBIC of cleaved cross sections of bulk 

HgCdTe after significantly longer milling processes (of the order of 20 minutes), with the depth 

of type conversion considered being significantly greater than that which has been encountered 

in this thesis. Research has also been published based on a practical investigation of the 

relationships between ECRRIE parameters used for physical etching applications in device 

delineation, and the performance of fabricated photodiodes. In this parametric study, the sample 

temperature during processing was held at 250 K, which is consistent with limiting the extent of 

ECRRIE-induced type conversion [59]. 

 

4.3.2.6 RIE: Process time 
 
Surprisingly little work has been reported on the effect of varying the plasma process time on 

the physical etch rate and type conversion depth. It generally seems to be assumed that the 

physical etch rate is constant with time. If the sample temperature increases significantly with 

processing time due to heating from the plasma, then this characterization may not be so simple. 

In particular, if the type conversion depth is strongly related to the sample temperature, it is 

potentially a complicated function of the process time. Belas et al found that by varying the 

process time of an Ar-only RIE process, the p-to-n type conversion depth increased 

proportionally by the square root of time, and the etch depth depended linearly on time [1]. 
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4.4 Conductivity type conversion mechanisms 
 
The plasma-induced p-to-n type conversion process is the primary focus of this thesis. Most of 

the earliest reports of conductivity type conversion in HgCdTe due to low energy argon ion 

bombardment are related to the IBM tool. While the previous sections focused on the 

relationships between the independent plasma process parameters and the properties of the 

exposed material, this section reviews the various hypotheses which have been proposed for the 

mechanisms of IBM- and/or plasma-induced p-to-n type conversion. The works based on IBM 

are summarised first, followed by investigations specifically focused on plasma-induced type 

conversion. 

 

Wotherspoon et al were among the first to report and patent p-to-n type conversion for HgCdTe 

processed using an IBM tool [64]. Early hypotheses for the type conversion mechanism 

observed under IBM were based on diffusion of interstitial mercury (HgI), liberated by ion 

bombardment [65]. Bahir et al proposed a more complete three-step type conversion 

mechanism, which consists of creation of extended defects, fast propagation of metal ions along 

them, accompanied by annihilation of metal vacancies, and recombination of defects. The type 

conversion depths encountered in that work were greater than 10 µm. The nondegenerate p-to-n 

type converted material with x = 0.2 was characterized as having electron concentration of the 

order of 1016 cm-3, and electron mobility higher than 105 cm2/V.s at 77 K, and a relatively long 

minority carrier lifetime [12]. 

 

Ivanov-Omskii et al also performed a number of early studies into type conversion of HgCdTe  

under IBM processes. Typical ion beam energy for these experiments was 1.2-1.8 keV [19, 20]. 

For both p-type and n-type HgCdTe, they investigated the effects of varying the IBM 

parameters on the type conversion depth for different HgCdTe composition and doping. They 

found the electron concentration in the samples exposed to IBM to be determined by the overall 

concentration of the background donor impurities and native donor defects. They proposed that 

the native donor defects are generated during the post-growth thermal annealing, and that the 

type conversion mechanism is primarily due to the chemical diffusion of HgI [20]. 

 

Holander-Gleixner et al published a number of papers regarding the type conversion 

mechanisms associated with annealing under Hg, ion implantation, and IBM. They also support 

the hypothesis for the type conversion mechanism being related to diffusion of HgI which 

annihilates acceptor vacancies, and reveals the lower concentration, background donor. This 

puts the electrical junction at the boundary between the high and low vacancy concentrations.  
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They proposed that the junction depth is determined by [66]: 

• Nature of the HgI source 

• HgI diffusion coefficient 

• Background Hg vacancy concentration 

• Annealing temperature 

 

They proposed that when excess HgI diffuses into HgCdTe, there is an initial reaction-limited 

regime where interstitials recombine with vacancies at the surface. The HgI concentration 

decays exponentially into the HgCdTe due to the finite recombination rate with vacancies. In 

this work [66], the junction drive-in rate was found to be linear with time in the initial reaction 

limited regime, followed by approximately square root time dependence. After a short time, the 

HgI and vacancy concentrations at the surface reach equilibrium at the Hg-rich phase limit, and 

excess HgI must then diffuse through the Hg-rich region to the vacancy-rich bulk to reach the 

recombination sites. Junction drive-in then becomes limited by the diffusion of HgI through the 

Hg-rich region. Therefore, the resistance of the material to further drive-in increases as the 

depth of the n-type region increases, and the drive-in rate then becomes proportional to the 

square root of time [66]. These hypotheses have also been supported in another paper [67]. It 

may be favourable for IBM or plasma-induced junction formation processes to operate in the 

linear junction drive-in regime for junction formation, so that the associated physical etch depth 

is increasing at a relatively lower rate. 

 

Berchenko, Bogoboyaschchyy, and Izhnin et al have collaborated to publish a number of papers 

on IBM-induced type conversion since 2001. This research developed from work performed by 

Ivanov-Omskii et al in the early 1990s. Results of these papers are also consistent with similar 

work performed by Belas et al. These papers are based on bulk-grown LWIR HgCdTe, and 

investigate type conversion under IBM and also anodic-oxide annealing. The hypothesis of 

Bogoboyaschyy et al for the type conversion mechanism is based on the “thermal spike” model, 

whereby the ions hit the surface to form a microscopic melt area which quickly crystallizes, 

resulting in the formation of a large number of point defects in the cation sublattice. Some of 

these defects annihilate each other, while others diffuse into the bulk of the crystal. This 

hypothesis also involves a very thin (5-7 nm) surface layer which is depleted of Hg and thus has 

p-type conductivity. This Hg deficiency is proposed to exist in the form of neutral Hg 

bivacancies, which have much weaker interaction with HgI than ionized single vacancies 

encountered in the bulk. The extended defects of the Hg-depleted damaged layer capture the HgI 

to form a near-surface n+ layer. The hypothesis of this very thin, Hg-depleted, p-type surface 

layer, proposed to form a barrier to further diffusion of HgI into the crystal, may be very 

significant in characterizing the IBM and RIE-induced type conversion processes [68]. 
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Berchenko et al also investigated IBM of extrinsically-doped (As or Sb) p-Hg0.8Cd0.2Te, and 

again proposed that the observed type conversion was related to diffusion of HgI, and formation 

of complexes between HgI and the extrinsic dopant atoms, resulting in p-to-n type electron 

concentration equal to that of the original p-type dopant density [69]. 

 

The same group also investigated LWIR p-Hg0.8Cd0.2Te under IBM and anodic oxide annealing, 

for both vacancy-doped and As-doped starting material. The vacancy-doped material was 

determined to have vacancy concentration of NA = 4.8 × 1015 cm-3 at 77 K, and As-doped 

material of doping density NAs = 2 × 1016 cm-3 at 77 K. These figures were obtained by single-

field Hall measurements. IBM conditions included ion energy of 500 eV, ion current density of 

0.1 mA/cm2, and milling time 5 minutes. They found that for the vacancy-doped material, deep 

p-to-n type conversion was observed under IBM exposure and also under anodic oxide 

annealing. For the As-doped starting material, deep p-to-n type conversion was only observed 

under IBM. Differential Hall measurements based on wet chemical etching were used to 

determine junction depth [70]. 

 

Izhnin et al published the first report of IBM-induced type conversion in Cu-doped p-HgCdTe. 

This paper suggests that the conductivity type conversion mechanism for this extrinsically 

doped material is based on diffusion of HgI, which is hypothesized to “kick out” Cu atoms from 

the cation sublattice [71]. Further work on Cu-doped material by Bogoboyashchyy et al found 

that IBM-induced p-to-n type conversion had occurred to a depth of about 10 µm. Incomplete p-

type reconversion was observed after several hours, due to the unstable nature of the Cu 

interstitial donor centres [72]. A subsequent paper by the same group investigated the effect of 

the HgCdTe alloy composition and temperature during IBM on the p-to-n type conversion 

depth, and proposed that the internal electric fields in the sample determine the junction depth 

[73]. 

 

The work of Haakenaasen et al is notable for studying the effect of IBM on MBE-grown MWIR 

material. For a given x-value, the n-on-p junction depth was found to increase with decreasing 

vacancy concentration [26, 27]. This work also supported the HgI-based hypothesis for IBM-

induced type conversion. It is important to note that the mechanisms of the type conversion 

process for MWIR MBE-grown material was not observed to be fundamentally different from 

that of LWIR bulk-grown material, on which the majority of published experimental works 

focused on the type conversion mechanism are based. 

 

Not all researchers agree with a diffusive barrier being involved in the HgI-based type 

conversion mechanism under IBM. Based on an investigation of SWIR and MWIR HgCdTe 

material of vacancy concentration in the range of about 3-10 × 1015 cm-3, it was reported that the 
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p-to-n type conversion depth increased linearly with the milling time. Furthermore, for a given 

set of IBM process conditions, the p-to-n type conversion depth for the SWIR material was 

found to be approximately 33% of that found for the MWIR HgCdTe. A linear decrease in type 

conversion depth was observed with increasing vacancy concentration. Given these linear 

dependencies (rather than square root), the authors support a type conversion mechanism based 

on interaction between the metal vacancies and an ion-induced lattice damage process, and rule 

out the existence of a diffusive barrier [28]. 

 

This group also reported that As-doped starting material behaved similarly to vacancy-doped 

HgCdTe, and found that a 96 hour anneal at 120 °C was sufficient to reverse IBM-induced p-to-

n type conversion of HgCdTe. It should be noted that this group determined junction depth by 

both defect etching of a cross section of the processed material, and differential single-field Hall 

measurements, which agreed to within 5%. They also considered junction depths between about 

10-70 µm, which are significantly greater than those encountered in this thesis. Linear fits were 

also based on three measured data points for each sample. It is extremely difficult to measure 

smaller junction depths with sufficient accuracy to discriminate between a linear or square root 

dependence [28]. 

 

Stability of the type conversion process under IBM or RIE is critical to the viability of these 

technologies for use in junction formation processes. Alternatively, if the type conversion and 

process-induced damage can be easily reversed, it is beneficial for etching applications. Belas et 

al have investigated the time relaxation of point-defects in p- and n-Hg0.8Cd0.2Te after IBM. 

They reported that for vacancy-doped, As-doped, and In-doped n-type material, conductivity 

type conversion occurred after exposure to IBM. This type conversion was observed to 

gradually reverse after annealing at 75 °C over 8 days. They also characterized the damaged n-

type surface layer formed after IBM processing, which was characterized by high n-type doping 

density (about 1018 cm-3) and low mobility (1 × 103 cm2/V.s) This damaged surface layer was 

found to influence the relaxation process [74]. 

 

If the IBM- and RIE-induced type conversion mechanisms are the same, the instability proposed 

by Belas et al does not agree with bake-stability tests performed by White et al on n-on-p 

photodiodes based on H2/CH4 RIE-induced junction formation [75]. For these photodiodes, 

performance was maintained or slightly improved after baking under vacuum at 80 °C for one 

week. However, this improvement in photodiode performance was most likely due to a more 

significant improvement in the surface passivation condition that is known to limit performance 

of these photodiodes. It is not known conclusively what effect annealing under vacuum would 

have on the p-to-n type layer properties alone, but the junction was not observed to degrade. It is 
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not known whether the bake will cause junction drive-in, which would most likely improve the 

junction performance. 

 

Diffusion of HgI and annihilation of Hg vacancies has also been proposed as a significant 

component of the type conversion that occurs in ion-implantation processes [76]. An 

investigation based on transmission electron microscopy (TEM) has also been used to 

investigate p-to-n type conversion by ion implantation which supports the HgI-based type 

conversion mechanism [77]. TEM is not commonly used for HgCdTe due to the extreme 

difficulty in preparing very thin cross sections of such a structurally-weak material, in addition 

to the complications associated with the modifications to the HgCdTe properties that are 

introduced by the sample preparation process. 

 

The effect of annealing on the doping profile induced by exposure of MWIR HgCdTe to Be ion 

implantation processes has also previously been reported. Annealing at 150 °C under nitrogen 

ambient was found to significantly decrease the electron concentration of the thin surface layer 

of high electron concentration. It was proposed that this thin n+-type layer was related to ion-

induced damage. Furthermore, it was found that a 20 minute anneal resulted in junction drive-

in, which was proposed to be due to migration of HgI. SIMS measurements found that little 

diffusion of Be occurred during this anneal [78]. This result may also be related to previously 

published work which reported that the generation of HgI during ion implantation processes was 

strongly dependent on the atomic mass and preferred lattice position of the incident ions [79]. 

 

Compared to the number of works investigating the IBM-induced type conversion mechanism, 

relatively few are available which are based on RIE processing. If this hypothesis for the IBM-

induced type conversion mechanism based on the annihilation of acceptor vacancies is complete 

for all dry-etch induced type conversion, the maximum p-to-n type carrier concentration is 

limited to the background donor concentration of the starting material. Carrier transport 

characterization of H2/CH4 plasma-processed material has found the p-to-n type carrier 

concentration to be greater than the background donor concentration [75, 80, 81]. Furthermore, 

IBM-induced and plasma-induced type conversion have been observed in extrinsically-doped 

starting material. These results suggest that the HgI-based type conversion mechanism is not 

sufficient to explain the conductivity type conversion occurring under plasma processing. 

Reports specifically related to plasma-induced type conversion mechanisms are summarized in 

the following paragraphs. 

 

Dvurechenskii et al were among the first to report the inversion of conductivity of HgCdTe 

films subjected to a plasma treatment [82]. A more detailed parametric study of the RIE-induced 

type conversion process was performed by Belas et al, the results of which were summarized in 
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Section 4.3.2. This study investigated H2/CH4 RIE processing, and Ar-only RIE processing, and 

supported the HgI-based type conversion mechanism for RIE-induced type conversion [1]. 

 

Kim et al reported on ECRRIE processing of Hg0.7Cd0.3Te. A particularly interesting result of 

this study was the reported n-to-p type conversion of the solid state recrystallisation (SSR) 

grown material under low power conditions of ECR power of 150 W and DC bias -20 V. They 

found that a sample processed under the same conditions, with higher DC bias of -40 V, 

remained n-type. They propose that this n-to-p type conversion can be explained by considering 

that at the lower DC bias value, the dominant effect of the plasma process is hydrogen 

passivation and deficiency of Hg at the surface, while at the higher DC bias value, the 

interdiffusion of liberated Hg is dominant [83]. It should be noted that the doping of their bulk 

grown n-type starting material is relatively low at n = 3-5 × 1014 cm-3. No other work by any 

other research group has reported similar type conversion behaviour under plasma processing, 

but the ion energies and flux involved in this work were much lower than commonly 

encountered. 

 

Baylet et al performed a parametric study on H2/CH4/Ar plasma using an ECRRIE tool, many 

results of which have been summarized in Section 4.3.2 [10]. They also report results of Hall 

measurements on van der Pauw samples which have been exposed to ECRRIE. The starting 

material for these samples was x = 0.23 material with p-type doping between 4-10 × 10 16 cm-3. 

Hall measurements were performed on these samples at 77 K and 300 K, under 1000 gauss and 

5000 gauss magnetic fields. Basic Hall analysis of these plasma processed samples for starting 

material with p = 1 × 1017 cm-3 shows n-type doping with very low mobility. Repeating these 

Hall measurements after a chemical etch-back expected to remove 350 nm of material shows 

that this n-type layer was completely removed by this first wet etch-back. In comparison, the p-

to-n type converted layer of the sample fabricated from starting material with p-type doping 

density 4 × 1016 cm-3 and exposed to the same plasma conditions, is between 350 nm and 700 

nm deep. This result shows that for the given plasma process parameters, the p-to-n type 

converted layer depth of plasma processed HgCdTe material is expected to increase with 

decreasing p-type doping density. This is also consistent with the work of Chandra et al based 

on IBM processing  [28, 84]. 

  

Belas et al also investigated the stability of the RIE-induced type conversion process based on 

H2 or Ar plasma chemistry. For bulk-grown n-type Hg0.79Cd0.21Te material exposed to H2 or Ar 

RIE processing for etch times between 3-20 minutes, it has been shown that after storing at 

room temperature for 2-3 days, the electrical conductivity at 77 K is reduced to about half the 

value measured immediately after RIE processing. This relaxation has been proposed to be due 

to release and diffusion of HgI captured on defects inside the sample during RIE [85]. 
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White et al performed an investigation into the stability of n-on-p photodiodes formed by RIE-

induced type conversion, and the associated type conversion mechanisms. In addition to the 

previously proposed HgI-based type conversion mechanism, the results of this work were 

consistent with incorporation of H from the RIE process being part of the RIE-induced type 

conversion mechanism [75]. The proposed model involved three mechanisms for incorporation 

of hydrogen; one associated with lattice damage and HgI diffusion, a second involving 

neutralization of acceptors by hydrogen, and a fast diffusing but neutral H species. This was 

based on SIMS measurements of RIE-processed material using H2/CH4 chemistry, and 

supported by analysis of Hall measurements. Further work found that the n-on-p photodiodes 

based on this junction formation method were bake-stable, with performance actually improving 

after a vacuum bake. This improvement was most likely due to improvements in the surface 

passivation rather than any change in the junction properties [86]. 

 

The role of hydrogen in passivating defects during plasma exposure has also been proposed 

based on the performance of LWIR HgCdTe photodiodes. These diodes were formed by boron 

ion implantations and post-implant annealing, followed by exposure to H2 plasma in an ECR 

reactor at 500 mTorr process pressure and 500 W ECR power for 30 min. The R0A values of the 

diodes were reported to increase after hydrogenation [87]. 

 

A more recent study of the effect of hydrogenation under H2 ECR plasma has been presented 

based on SIMS, lifetime, and Hall and resistivity measurements. This work has supported the 

role of H2 plasma in passivating scattering centres and recombination centres. The stability of 

the carrier transport and lifetime properties was investigated under baking and storage 

conditions, and found that further investigation was required. An association was drawn 

between enhanced H2 incorporation under ECR conditions of increased sample temperature and 

increased sample bias, which was also associated with improved stability of the properties in the 

type converted layer [88]. This may be related to the reasons that work based on Ar ion milling 

has found the type conversion to spontaneously reverse, while the H2/CH4 RIE-induced type 

conversion has been reported to be stable. This is consistent with a fundamental difference in 

the mechanisms of long-term stable type-conversion based on the passivation effect of hydrogen 

[89]. 

 

It should be noted that very little is known about the type conversion process for As-doped 

HgCdTe. It has been demonstrated to occur under RIE of MWIR HgCdTe  [90, 91]. It has also 

been shown that p-to-n type conversion of As-doped material can be reversed by annealing 

under nitrogen at process-compatible temperatures in the range 120 - 140 °C. It was proposed 

that the type conversion mechanism for As-doped material subjected to a damaging etch 
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involves the formation of a complex by the nonequilibrium flux of metal interstitials, or even 

another impurity that is present in appropriate concentrations. This complex is then broken up 

by the elevated temperature anneal, resulting in a n+-p- junction architecture [91]. 

 

4.5 Chapter summary 
 
Dry etch technologies for HgCdTe have developed to meet demand for creating device features 

of increasing aspect ratio. In addition to physical etching, these dry etch technologies are known 

to modify the electrical properties of the material, which more specifically includes p-to-n 

conductivity type conversion. This type conversion has been observed for intrinsically and 

extrinsically doped p-type HgCdTe, grown by a number of methods. Little is known about how 

to control this type conversion process, particularly under RIE. This control may be either 

desired to minimize type conversion when aiming to perform physical etching, or tailor the 

associated n-on-p junction properties in a novel photodiode fabrication process. 

 

The IBM-induced type conversion process has relatively few process variables to consider. It 

has been found that increasing the sample temperature during processing is generally associated 

with increased type conversion depth, while having little impact on the physical etch rate for 

temperatures below 300 K. Increasing the ion current has generally been associated with 

increasing both the physical etch rate and the depth of type conversion. The effect of the IBM 

process time has been more complicated, with researchers proposing an initial reaction limited 

regime where the junction drive-in rate was linear, and then an Hg-rich phase limit, resulting in 

a square root time dependence. 

 

It should be noted that the bulk of previously published work which investigated IBM-induced 

type conversion was based on bulk-grown LWIR material, and type conversion depths of the 

order of tens of microns. For a given set of IBM or RIE process conditions, it has generally been 

reported that increased type conversion depth is expected for starting material of lower carrier 

concentration and/or lower CdTe:HgTe ratio. This means that for a given set of process 

conditions, the type conversion depth for MWIR material is expected to be less than would be 

obtained for LWIR material. In addition, type conversion depths have been reported to be 

generally greater for extrinsically-doped material when compared to vacancy-doped material, 

although little has been reported on this possible trend. 

 

The most widely-accepted hypothesis for the IBM-induced type conversion mechanism is based 

on ion bombardment liberating interstitial Hg, which diffuses into the material to annihilate 

acceptor vacancies and reveal background n-type doping. When considering extrinsically-doped 

material, a mechanism known as “kick out” has been proposed, whereby the interstitial Hg 
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displaces and substitutes for the metal acceptor atoms in their respective lattice positions. More 

detailed models based on “thermal spike” have also been described. It has also been proposed 

that the IBM-induced type conversion may be reversed, either spontaneously or at accelerated 

rates by baking at moderate temperatures. However, the performance of n-on-p photodiodes 

based on IBM-induced type conversion has been shown to be bake stable. 

 

The RIE-induced type conversion process has significantly more process variables to consider, 

particularly for the hybrid high density tools which incorporate a secondary plasma power 

source. 

 

The gas mixture is potentially the most complicated of these parameters. Plasma-induced type 

conversion has been reported under H2/CH4 gas mixtures and Ar-only gas mixtures. Increasing 

the proportion of H2 has been associated with increased type conversion depth, in addition to 

increased surface roughness and increased depletion of Hg from the etched surface. The effect 

of increasing the CH4 component from low levels to about 30% has been reported to increase 

the physical etch rate: however, it has also been shown to increase polymer deposition up to a 

threshold value, where the deposited polymer blocks etching. In the high density plasma tools, 

smooth surfaces have been reported based on H2/Ar chemistry only. 

 

Increasing the process pressure has been found to have a complicated effect on both the etch 

rate and type conversion depth, which is strongly dependent on the gas composition. For 

mixtures including CH4, increasing the process pressure has been reported to often decrease the 

etch rate, most likely due to increased pressure favouring formation of methyl radicals 

associated with polymer deposition rather than etching. In other cases based on H2/Ar, 

increasing process pressure has been found to increase the physical etch rate, most likely due to 

the dominant effect being associated with the increased plasma density and ion flux. 

 

Reducing the substrate temperature for an Ar-only RIE process has been previously reported to 

decrease the plasma-induced type conversion depth. 

 

Increasing the level of RIE power has generally been found to increase the acceleration of ions 

at the powered electrode and thus also increase the physical etch rate, however, little is known 

of the effect on the plasma-induced type conversion depth. Increasing the level of ICP or ECR 

power has been found to generally increase the ion density, which is associated with an increase 

in physical etch rate. The increase in ICP power may have a secondary effect of increasing the 

relative concentration of hydrogen ions in the plasma, which potentially favours increased type 

conversion depth. 
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These previously reported results may be used as a reference for the measured experimental 

results obtained by varying the independent ICPRIE process parameters in the following 

sections of this thesis. However, no conclusive trends have previously been established in the 

literature for how any of these independent process parameters will affect the p-to-n type 

conversion process. Achieving this is particularly difficult due to the large parameter space 

associated with these multiple variables, and compounded by difficulties in performing the 

carrier transport characterization required to obtain these properties for associated samples. 
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Chapter 5 
5 Optical emission spectroscopy of ICPRIE 

processing 
 
The plasma state can be characterised by a number of properties, which includes the density and 

energies of the electrons, ions, and neutral radicals in the discharge, in addition to the plasma 

potential and angular distribution of the plasma particles. The plasma condition is controlled by 

the independent process parameters, but is also a dynamic function of the chamber condition 

and interaction with the chamber and sample surfaces. The relationships between the 

independent ICPRIE process parameters and the plasma condition are complex and difficult to 

accurately predict, so it is very useful to directly monitor the plasma condition to enhance 

understanding of the etching and type conversion processes. Optical emission spectroscopy 

(OES) is a powerful diagnostic tool for investigating the plasma condition. 

 

The ICPRIE tool used for HgCdTe sample processing in this thesis is also used to process other 

materials, including GaN, InN and SiNx, using Cl2 or CF4 based gas mixtures. The effect of 

residues in the reactor chamber on the plasma condition is an important consideration for 

H2/CH4/Ar processing of HgCdTe, particularly when investigating the sensitive and complex 

phenomenon of conductivity type conversion. 

 

In this chapter, OES has been used for three major purposes. First of all, it has been monitored 

as a function of changing certain ICPRIE process parameters, to investigate the effect of 

changing these parameters on the actual plasma condition.  Parametric investigations of 

H2/CH4/Ar plasma used to process HgCdTe are of special interest in this case. The measured 

OES during plasma cleaning processes is also discussed with respect to the chamber condition 

to investigate the influence of potential contaminants. Finally, the OES associated with 

H2/CH4/Ar ICPRIE of HgCdTe has been monitored to investigate the dynamic relationships 

between the plasma and the sample and reactor surfaces. This OES investigation provides depth 

to the investigation of the relationships between the changing plasma process parameters and 

the physical etching and type conversion processes. 
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5.1 Optical emission spectroscopy of plasma 
 
Plasma is the fourth state of matter. It is loosely described as a gaseous assembly of electrons, 

ions, and neutral molecules, with unique properties associated with the associated 

electromagnetic fields and the collective interaction of the particles [1]. The overall objective of 

plasma diagnostics is to deduce information about the state of the plasma from practical 

observations of physical processes and their effects. This is a particularly difficult challenge due 

to plasma properties being fundamentally different to other states of matter. 

 

OES is a powerful plasma diagnostic tool, and is capable of investigating the plasma condition 

without perturbing the mechanisms of the discharge. This advantage can be contrasted with the 

Langmuir probe that can be used to investigate the plasma condition by directly sensing the 

particle fluxes but, in doing so, the probe also interacts with the plasma. In the ionization 

processes, some electrons are excited to higher energy levels, and others fall to lower energy 

states and emit photons. Each element has a characteristic spectrum that is dependent on the 

atomic structure, with many of the energy transitions corresponding to photons of optical 

wavelengths. 

 

One of the most serious hindrances in quantitative OES is the reduction in the measured 

emission from plasma due to absorption of photons by atoms or molecules in the outer layers of 

the plasma. If this absorption is severe, the plasma is “optically thick”, and the true number of 

radiators is not represented by the measured intensity [2]. 

 

Atoms and ions of the working gas and trace impurities emit radiation from the plasma when 

transitions of electrons occur between the various energy levels of the atomic or molecular 

particles [1]. This radiation is in the form of spectral lines. For neutral atoms and simpler atomic 

systems with only a few electrons, the spectral system is relatively well known. Examples 

include hydrogen and oxygen, which have strong characteristic lines at well-known wavelengths. 

However, for the highly ionised heavy ions that occur in hot plasmas, these spectra are 

significantly more complicated. This is a potential problem for the Ar-based plasmas considered 

in this thesis. The radiation intensity depends on the nature of the excited states, with the 

strongest emission generally observed for atomic transitions. In addition to investigating the 

elements of the working gas of the plasma, OES can also be used to investigate the volatile etch 

products of the sample or residues from the reactor walls, which can be ionized in the plasma. 

 

OES measures the intensity of photons with optical wavelengths emitted from the plasma, 

where the intensity at any given wavelength is related to the density of the emitting species. An 

issue that OES shares with many types of spectroscopy is the overlap in emission wavelengths 
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between many different elements or molecules. It can be difficult to determine which of a 

number of potential source elements may be responsible for a particular OE line. 

 

The physical behaviour of mixed-gas plasma is not a simple superposition of what could be 

observed from separate plasmas of each individual component. Interrelationships exist between 

the particles associated with each gas. It has previously been reported that the addition of inert 

gases such as Ar can provide better control of the electron temperature in the plasma [3]. This 

electron temperature is important because it influences the production of active species in the 

plasma by inelastic collisions. 

 

The role of hydrogen in mixed gas plasmas is also known to affect not only the fundamental 

parameters and bulk properties of the plasma, but also how energy is coupled and transported 

through the discharge and how that energy interacts with the sample [4]. Charge transfer 

between sample elements in a neutral-atomic state and argon ions is recognized as an important 

mechanism for populating specific energy levels of particular analyte ions in spectra from ICP 

[5]. In discharges containing both argon and hydrogen, there are a wide variety of reactions 

between numerous ion, electron and radical species, and modeling or predicting the effect of 

changing the Ar/H2 ratio of the working gas on the plasma condition is extremely complicated 

[6]. 

 

Analysis of H2-based plasma is generally of significant interest due to the wide range of 

materials that are processed using this gas chemistry either for etching or deposition. A previous 

study has used both OES and Langmuir probe measurements to investigate the plasma 

characteristics in a capacitively-coupled very-high-frequency (VHF) hydrogen plasma [7]. 

Although the plasma behaviour in the reactor configuration used for this previously published 

work may be different to that of the ICPRIE, some of the general trends identified may be 

applicable in this thesis. This previous work found that increasing the process pressure typically 

decreased the electron temperature and ion bombardment energy. Reduced electron temperature 

and ion bombardment energy are likely to favour a reduced level of electrical damage to the 

exposed material in processing of HgCdTe, however this effect is likely to be countered by the 

associated increase in flux of these particles. 

 

Monitoring the contribution from argon to the OES can be difficult due to the numerous 

characteristic lines, particularly in the range of about 700-800 nm. Hydrogen plasma OES is 

relatively simple to monitor, with strong characteristic peaks at 434 nm, 486 nm and 656 nm. 

OES from methane and associated methyl radicals are also difficult to interpret due to the 

molecular band structure, with a characteristic line for CH expected at 431.4 nm [8]. It is also 

undesirable to generate CH4 plasmas due to polymer deposition on sidewalls and the sample. 
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Independent research projects at the UWA involve ICPRIE processing of GaN using Cl2/Ar 

plasma, and are performed in the same reactor that was used to process the HgCdTe samples in 

this work. Previous studies based on mass and Auger electron spectroscopy have found that 

atomic and molecular chlorine species interact with the reactor surfaces, leaving Cl-based 

residues including Al2Si2O10Cl3 due to reactions with anodized Al electrodes and quartz 

discharge tubes [9]. During Cl2-based plasma processes, these residues can deplete the plasma 

of chlorine radicals. In subsequent ICPRIE processes using other process gases such as O2 or H2, 

this Cl-based residue may affect the plasma condition by depleting the plasma of these radicals 

and/or desorption into the plasma. 

 

A Verity Instruments Inc. Spectrograph Model SD1024D was used to measure the OES from 

the plasma at wavelengths between 200 and 800 nm in 0.5 nm increments. The optical system of 

this instrument is based on a 1024 element CCD array specifically designed for multi-channel 

spectroscopy. The detection saturation limit for this tool is at an intensity of 50,000 arbitrary 

units. 

 

An in-depth investigation of the OES associated with H2/CH4/Ar plasma processing of HgCdTe 

is beyond the scope of this thesis. There were no reports found in the open literature which 

specifically address ICPRIE of HgCdTe that can be compared to the results discussed in this 

chapter. The information provided in this chapter is primarily intended to illustrate the 

complexity of the relationships between the independent plasma process parameters and the 

actual condition of the plasma, in addition to providing a starting point for a potentially 

rewarding investigation of identifying the relationships between these independent process 

parameters, the plasma condition, and the etching and type conversion processes. 

 

5.2 Chamber condition and cleaning 
 
The plasma condition is a sensitive and complicated function not only of the independent 

ICPRIE process parameters, but also the chamber condition. This can be influenced by factors 

including residue from previous processes and the recent history of process conditions, which 

can potentially leave an “imprint” on the chamber and RF matching networks [10].  

 

The reactor chamber should undergo plasma cleaning before each ICPRIE processing session to 

ensure that the chamber is clean and the initial conditions before sample processing are as 

consistent as possible. The three-step plasma cleaning process that is standard procedure for the 

tool used at the UWA is summarized in Table 5.1 [11]. 

 



Chapter 5 – Optical emission spectroscopy of ICPRIE processing 

 123

Table 5.1 – Three-step plasma cleaning process to remove contaminant residues. 

Gases Gas flows (sccm) Pressure 
(mTorr) 

Temp 
(C) 

RIE/ICP 
power (W) 

Time 
(min) 

1. Ar 80 4 24 25/800 6 
2. Ar/H2 80/20 5 60 25/800 6 
3. Ar/O2 80/20 42 60 25/800 6 

 
It should be noted that the level of ICP power used to clean the reactor chamber is significantly 

higher than that which is practical for etching HgCdTe without inducing significant damage and 

surface roughness. Increased levels of ICP power are associated with increased ion density and 

increased chemical etch rates, which is desirable for removing contaminants. Monitoring the 

OES during plasma cleaning processes for peaks associated with contaminants is useful to 

identify the species present in the plasma, and whether the plasma clean has been successful in 

reducing them. 

 

The Ar plasma clean is performed to “loosen” chamber residues. The chemical component 

associated with the Ar/H2 cleaning step is intended to reduce potential contaminants including 

Te, Hg, and/or Cl. Finally, the O2 plasma is known to remove hydrocarbon polymers from the 

chamber, in addition to anodizing the Al reactor surfaces to assist in protection against Hg. 

 
The OES measured for the three-step cleaning process following a solvent scrub of the ICPRIE 

reactor surfaces are shown in Figs. 5.1 to 5.6. The dotted curves associated with the left hand 

axis show the OES at the start of the cleaning process, while the solid curves associated with the 

right hand axis (different scales) show the reduction in certain peaks over the duration of the 

cleaning process. The plots of OE intensity as a function of time show the changes in OE 

intensity for selected individual peaks which were observed to change significantly.  

 
Fig. 5.1 – Ar-only plasma: OES associated with a plasma cleaning process. The upper curve 
associated with the right-hand axis (on different scale) shows the reduction in certain peaks over 
the 6min duration of the cleaning process. 
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Fig. 5.2 – Ar-only plasma: evolution of selected lines from the Ar plasma clean, most likely 
associated with contaminant residues on the reactor surfaces. Intensity plotted on log scale. The 
source elements associated with each line are unknown. 
 

 
Fig. 5.3 – Ar/H2 plasma: OES associated with a plasma cleaning process of 6min duration. 
 

 
Fig. 5.4 – Ar/H2 plasma: evolution of selected lines from the plasma clean. Characteristic H lines 
(dotted). The 252 nm line may be associated with Cl2 or Hg. 
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Fig. 5.5 – Ar/O2 plasma: OES associated with a plasma cleaning process following a Ar/O2 plasma 
clean. The characteristic line for O at 777 nm is difficult to resolve due to overlap with emission 
lines associated with Ar. The peak at 309 nm may be associated with OH or Al. 
 

 
Fig. 5.6 – Ar/O2 plasma: evolution of selected lines from the plasma clean. The 657 nm line is 
characteristic for H, and the 309 nm line is most likely associated with OH or Al. 

 
The numerous peaks in OES between about 700 - 800 nm observed for Ar plasma are difficult 

to analyse, since Ar has many sharp characteristic lines in this range. For the Ar-only cleaning 

plasma, decreases in the emission intensity from the 252 nm and 289 nm lines were consistently 

observed over the length of the process. The intensities of these lines changed during both the 

Ar-only and Ar/H2 cleaning plasma, so they are most likely associated with the physical action 

of Ar ions sputtering residue from the reactor walls. Potential candidates for these residues 

include CF2 (252 nm), Cl2 or Hg (254 nm), and/or SiCl (287 nm). 

 

The OES of the Ar/H2 cleaning plasma was found to be dynamic, with significant changes in the 

emission intensity from the 434 nm, 486 nm, and 657 nm lines that are characteristic for H. This 

shows that the hydrogen ion density is not a constant during the cleaning process. The changes 

in the emission intensity of these wavelengths were inversely related to the intensity of the 252 
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and 289 nm lines. The behaviour of the characteristic H lines in the cleaning plasma was 

influenced by the recent processing history; the plots shown in Fig. 5.3 and Fig. 5.4 were 

measured after a solvent scrub of the chamber. For OES measured after a full plasma cleaning 

cycle, the changes in emission line intensity were generally less significant and less complex. 

 

The OES measured during the Ar/O2 plasma clean in this example, as shown in Fig. 5.5 and Fig. 

5.6, was initially observed to involve a broad peak. This broad emission peak was commonly 

observed each time the first oxygen plasma was run after a solvent scrub of the chamber, was 

rapidly reduced, and was not observed in the OES again until CH4 plasmas or solvent residues 

(from manual cleaning) were reintroduced to the reactor. After an additional plasma cleaning 

cycle, significant changes in emission intensity were typically observed only from the 309 nm 

line. This 309 nm line is most likely associated with OH or Al particles that may become 

volatile in chemical reactions with O radicals. Again, understanding this behaviour is beyond 

the scope of this thesis, but this relatively basic study was useful in indicating that proper 

chamber cleaning and conditioning was required to ensure a stable and reproducible plasma 

condition for sample processing. 

 

The causes of the observed differences in the OES for plasma cleaning processes related to 

different processing histories, despite nominally identical ICPRIE process parameters, are 

extremely complex and beyond the scope of this thesis, so they are not investigated further here. 

However, the measurements discussed in this section have shown that regular plasma cleaning 

and plasma conditioning prior to sample processing should allow for stable and reproducible 

process plasma, which is a critical prerequisite to achieving consistent results in plasma etching 

and/or plasma-induced type conversion processes. 

 

5.3 Processing plasma OES 
 
The ICPRIE process parameters that are expected to have a significant influence on the plasma 

condition are the H2/CH4/Ar gas composition, process pressure, and levels of ICP and RIE 

power. The OES can be monitored to investigate how these independent parameters control the 

plasma condition. 

 

Hydrogen is expected to play a significant role in the plasma-induced type conversion process, 

and is associated with a less complex OES than Ar or CH4. The characteristic emission spectra 

associated with Ar and CH4 species are broad and/or complex, and commonly overlap with 

other important lines. The OES from H2-only plasma has been investigated to provide an 

indication of the sensitivity of the plasma condition to various independent ICPRIE process 
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parameters. Following discussion of the OES associated with H2-only plasma, the behaviour of 

a mixed-gas H2/CH4/Ar plasma is investigated both with and without HgCdTe samples present.  

 

5.3.1 Plasma processing without HgCdTe samples 
 
Hydrogen-only plasma 

The OES of H2-only plasma was investigated as a function of the level of ICP power, for 

various combinations of fixed process pressures and fixed levels of RIE power. An example of 

measured OES as a function of ICP power is shown in Fig. 5.7. The emission intensity of the 

three characteristic lines known to be associated with H species (434 nm, 486 nm, and 656 nm) 

for a variety of ICPRIE process parameters is shown in Fig. 5.8. These OES were sampled as 

soon as the plasma condition was observed to be relatively stable. 

 

The relatively low frequency of ICP excitation is particularly efficient at cracking H2 molecules, 

compared to ECR sources operating at microwave frequency. An investigation based on 

Langmuir probe measurements has previously reported that reducing the process pressure of 

ICPRIE processing can greatly reduce the hydrogen ionization, as discussed in Section 4.3.2 

[12]. This reduced hydrogen ionization has been associated with improved surface morphology 

of etched HgCdTe, since for this compound the physical bombardment associated with Ar 

controls the removal of Cd, while hydrogen radicals chemically react with Hg and Te. The 

lower frequency excitation of the ICP source enables greater ion energy and higher probability 

of ion interactions with other ions, neutral atoms, and neutral molecules. Hotter ions are 

associated with increased cracking of molecules, and molecular and atomic ionization. 

Compared to ECR sources, ICP produces hot ions and cold electrons, which is the opposite to 

ECR plasma [12]. 

 
This parametric investigation found that within the ICPRIE process parameter space that was 

measured for this H2-only plasma, the intensity of any given line in the OES was most sensitive 

to the level of applied ICP power. At relatively low process pressure of 5 mTorr, increasing the 

ICP power resulted in increased OE intensity at a decreasing rate. The saturation limit of the 

detector was reached at relatively low levels of ICP power, which prevented further 

investigation. The OE intensity was generally found to be more sensitive to changing pressure 

and/or RIE power in the region of parameter space where the ICP power was low. 
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Fig. 5.7 – Hydrogen-only plasma: measured OES with changing levels of ICP power. Fixed process 
pressure of 40 mTorr and fixed RIE power of 100 W. H lines labeled. 

 

 
Fig. 5.8 – Hydrogen-only plasma: OE intensity of each characteristic H line as a function of ICP 
power. Curves are plotted for four different combinations of pressure and RIE power, which were 
held nominally constant over the range of ICP power. Plotted on logarithmic intensity scale. 
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Fig. 5.9 – Hydrogen-only plasma: OE intensity of each characteristic H line as a function of ICP 
power. Curves are plotted for four different combinations of pressure and RIE power, which were 
held nominally constant over the range of ICP power. Plotted on linear intensity scale. 

 
A Langmuir probe investigation of H2/Ar ECRRIE plasma at 2 mTorr has previously reported 

that the ion density is relatively insensitive to increasing the DC bias power [13], which is 

consistent with the results shown in Fig. 5.8 and Fig. 5.9 that were obtained using OES of the 

ICPRIE plasma at low pressure. The Langmuir probe has the advantage of being able to 

measure the ion current in addition to the ion density, but is not able to separate the 

contributions from different species. 

 

Increasing the level of RIE power was generally observed to increase the emission intensity. At 

low levels of process pressure, the peak sensitivity of the OES to increasing RIE power was 

observed at moderate levels of ICP power. However, at higher process pressure, the effect of 

increasing the level of RIE power was most significant at lower ICP power. The parallel-plate 

RIE system typically operates at higher pressure than hybrid systems that incorporate the more 

efficient ICP source, therefore changing the level of RIE power is expected to have a more 

significant effect on the hydrogen ion density in the RIE system compared to the hybrid system 

with ICP. This would be an important consideration for any parametric study comparing RIE-

induced type conversion with ICPRIE-induced type conversion.  

 

When increasing the pressure from 5 mTorr to 40 mTorr, the emission intensity of all lines was 

generally observed to increase. The increase in OE intensity with increasing pressure was 

dependent on the level of ICP power. This difference illustrates the nonlinear relationships 

between changes in the ICPRIE process parameters and the plasma condition. Based on this 

observation, changing the process pressure can be expected to have a more significant effect on 

the composition of hydrogen species in the plasma when operating at moderate levels of ICP 

power. 
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It is difficult to construct empirical models for the effect of changing the ICPRIE process 

parameters on the plasma condition, due to the complex interrelationships between the 

numerous ICPRIE process parameters. The OES is useful for obtaining a qualitative indication 

of the relative densities of certain ions and radicals, but it does not show the acceleration of 

these particles at the sample. The general relationships observed between the process parameters 

and the condition of this relatively simple hydrogen-only plasma should be a useful guide for 

predicting the effect of changing the H2/CH4/Ar ICPRIE plasmas on the actual plasma condition, 

and in turn enable better understanding of the effects on the plasma-induced type conversion 

process. 

 

Mixed-gas H2/CH4/Ar plasma 

The more complicated mixed-gas H2/CH4/Ar plasma has also been investigated as a function of 

varying process pressure, with all other ICPRIE process parameters held constant. An example 

of the complete OES measured at 8mTorr is shown in Fig. 5.10, with the behaviour of 

characteristic H lines with changing process pressure shown in Fig. 5.11. The change in 

emission intensity for all other peaks in the OES that were observed to vary significantly with 

changing process pressure is shown in Fig. 5.12. It has also been reported that the ratio of the 

intensity of the 656 nm and 486 nm characteristic lines for hydrogen can provide an indication 

of the electron temperature in the plasma  [2, 7], which is included in Fig. 5.11. 

 

 
Fig. 5.10 – H2/CH4/Ar plasma: OES measured at 8 mTorr under applied RIE/ICP power 40/175 W. 
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Fig. 5.11 – H2/CH4/Ar plasma at 8mTorr under applied RIE/ICP power of 40/175 W: emission 
intensity of characteristic hydrogen lines with changing pressure. All other ICPRIE process 
parameters held constant. Ratio of 657 nm : 486 nm lines indexed to right-hand axis. 
 

 
Fig. 5.12 – H2/CH4/Ar plasma: emission intensity of other lines observed to change significantly 
with changing pressure. Most of these lines are associated with Ar. 

 
The behaviour of the OE intensity of characteristic H lines with changing process pressure was 

observed to be uniquely different to that observed for lines associated with other elements in the 

plasma. The results are consistent with the previous measurements of the hydrogen-only plasma, 

which measured the OES at 5 mTorr and 40 mTorr. These OES show that the effect of changing 

the process pressure on the composition of hydrogen species in the plasma is complex. 

Hydrogen is of special interest because it is known to affect the plasma potential, and thought to 

have an important role in the plasma-induced type conversion process for HgCdTe. 

 

Based on these observations, the peak absolute concentration of hydrogen ions in the plasma is 

expected to occur at approximately 15 mTorr in this region of parameter space. The role of 
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hydrogen in both the type conversion and the chemical etch processes is expected to be 

important. It is interesting that the OE intensity characteristic of argon ions was observed to 

decrease significantly with increasing process pressure from 5 mTorr to 80 mTorr. This means 

that the balance of hydrogen and argon ions is expected to change significantly with pressure; 

with argon ions dominating at low process pressures, and increased ratio of hydrogen ions to 

argon ions dominating at higher process pressures. This should significantly change the balance 

between the chemical and physical etch processes, with physical etching being favoured at low 

process pressure. This result is consistent with reported studies on the condition of plasma-

etched HgCdTe surfaces (as discussed in Section 4.3), which have found that ICPRIE 

processing at low pressure is typically associated with stoichiometric surfaces, contrasted with 

the Cd-rich etched surfaces commonly found after ICPRIE at higher pressures. The association 

with the type conversion process is likely to be more complex. 

 

5.3.2 H2/CH4/Ar plasma processing of HgCdTe 
 
The previous sections have investigated the OES of plasma without any HgCdTe sample present. 

During plasma processing of HgCdTe, it is reasonable to expect that volatile etch products from 

the sample can potentially affect the condition of the plasma. The OES was measured during 

sample processing and conditioning to investigate the stability of the plasma, both in terms of 

evolution with etch time and repeatability of the plasma condition for nominally identical 

ICPRIE settings. For OES measured while processing HgCdTe, the intensity of peaks related to 

etch products from the sample was strongly dependent on the area of the exposed material. An 

example of an OES measured during H2/CH4/Ar processing of an HgCdTe sample is shown in 

Fig. 5.13. This is only intended to illustrate the general shape of the OES, with the actual peak 

heights being strongly dependent on the ICPRIE conditions and the area of exposed HgCdTe. 

 

To investigate the dynamic plasma condition, OES were monitored during processing of 

HgCdTe samples of about 1 cm2 in area, with no surface coating of photoresist or CdTe. Prior to 

HgCdTe sample processing, the chamber was manually scrubbed, and plasma cleaning and 

conditioning processes were run, in order to eliminate contaminants associated with processing 

of other materials. By comparison with the OES measured from the conditioning plasma 

without the HgCdTe samples present, emission lines at 228, 254, 310, 326, and 365 nm were 

identified as being associated with the sample. The change in these lines and the major 486 nm 

and 657 nm lines associated with hydrogen are shown in Fig. 5.14. These samples were 

processed consecutively using the same ICPRIE process parameters, with one sample processed 

for the longer time of 90 s compared to 45 s. The ICPRIE process parameters for these samples 

include H2/CH4/Ar flows of 60/5/106 sccm at 15 mTorr, 70 °C electrode temperature with 10 

Torr backside He cooling, and 40/175 W RIE/ICP power. 
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Fig. 5.13 – Typical OES measured during H2/CH4/Ar ICPRIE of HgCdTe sample. 

 
 

 
Fig. 5.14 – Optical emission intensity from selected lines for two nominally identical sets of ICPRIE 
process conditions. The dotted curves are for the second plasma process of 90 s duration. HgCdTe 
wafers of similar area. 

 
The intensity of the monitored OE lines for consecutive plasma processes is consistent with 

good reproducibility of the plasma condition. The intensity of the 486 and 657 nm lines 

associated with atomic H is observed to change with process time, with a slight increase 

observed initially, followed by a gradual decrease in intensity with increasing process time. This 

may be related to consumption of H radicals in chemical reactions with the HgCdTe sample 

and/or reactor surfaces. 
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Energy transitions for atomic Hg are associated with the 254 nm and 365 nm lines, which are 

both observed to initially increase, then tend towards a constant level with time. The 326 nm 

line, most likely associated with Cd, follows a similar trend. This is consistent with desorption 

of etch products from the sample. The increase in intensity with processing time may be partly 

due to sample heating from the plasma contributing to increased physical etch rate. This 

nonlinear behaviour over relatively short process times may be important when considering 

process times for etching or plasma-induced type conversion applications, particularly for short 

processes, since it can potentially be applied to identify changes in the etch rate or rate of 

progression of the type conversion front. The intensity of these lines was similar but not 

identical for the two samples, which may also be related to the slight difference in the area of 

the exposed wafers. 

 

5.4 Chapter summary 
 
OES has been used to investigate the plasma condition during plasma cleaning process cycles 

and H2/CH4/Ar processing plasmas. Monitoring the OES during plasma cleaning has shown that 

characteristic lines that are most likely associated with hydrocarbons and/or other residues from 

previous processing runs are reduced over the course of the clean. It has also been shown that 

performing these plasma cleans prior to processing samples is important to ensure that the 

chamber condition, and thus plasma condition, is stable and consistent when processing samples. 

 

For H2/CH4/Ar plasmas associated with etching and/or type conversion of HgCdTe, the OES 

has been monitored as a function of varying the ICPRIE process parameters. The level of ICP 

power, process pressure, and level of RIE power have been shown to influence the 

concentration and composition of various ion and radical species in the plasma. The enhanced 

ionization efficiency of the ICP source, compared to the capacitively-coupled configuration, for 

plasma generation has been confirmed to significantly increase the ion density of the plasma 

compared to the traditional parallel-plate reactor. Increasing the level of ICP power has been 

found to significantly increase the ion density, with the sensitivity of the ion density to this 

change in ICP power being dependent on the process pressure and RIE power. 

 

Increasing the process pressure of H2/CH4/Ar plasma has been shown to have a complex effect 

on the relative concentrations of hydrogen and argon ions. From moderate process pressure 

(greater than approximately 10 mTorr), increasing the pressure was observed to significantly 

decrease the emission intensity of characteristic Ar lines, while the intensity of emission lines 

associated with H remained relatively constant. This is expected to increase the influence of the 

chemical etch component relative to the physical component associated with argon ion 
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bombardment, and is consistent with the rough and Cd-rich surfaces typically observed after 

ICPRIE at high pressure. 

 

It has also been confirmed that volatile Hg and Cd etch products from H2/CH4/Ar ICPRIE of 

HgCdTe can be observed in the OES. This information can potentially be applied to identify end 

points for etch processes, and may provide a qualitative indication of the etch rate. Further 

investigation is required to develop OES as a practical tool for diagnostics of plasma processing 

of HgCdTe. 
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Chapter 6 
6 Hall and resistivity analysis – theory and practice 
 
Carrier transport characterization of semiconductors is typically based on measurement of Hall 

and resistivity voltages under the influence of an applied magnetic field. For most materials, 

single-magnetic-field measurements and calculations are sufficient to obtain accurate values for 

the mobility and concentration of the dominant carrier species. For samples with multicarrier 

conduction, variable-magnetic-field Hall measurements are necessary to enable the 

contributions from each carrier to be deconvolved. Quantitative mobility spectrum analysis 

(QMSA) of variable-magnetic-field Hall and resistivity measurements is the best technique 

currently available for carrier transport characterization of samples with multicarrier 

conduction. It is critical that the raw Hall and resistivity data meets certain conditioning 

requirements if the parameters calculated from this data are to be considered physically 

reasonable. 

 

Significant issues that complicate carrier transport characterization of HgCdTe include thermal 

generation of intrinsic carriers, formation of surface n-type layers, and the very high absolute 

electron mobility. Published works often report carrier transport properties for HgCdTe based 

on only single-magnetic-field Hall measurements, and/or without describing the measurement 

or calculation procedures used to obtain the carrier mobility and concentration values. When 

investigating carrier transport in HgCdTe, variable-magnetic-field measurements are essential 

and obtaining measured data that meets conditioning requirements is often very difficult. 

 
The test structure can also significantly influence the accuracy of the measured Hall and 

resistivity data. The theoretical influence of sample geometry on the accuracy of the measured 

Hall and resistivity data has been investigated in a number of works [1-3]. However, when 

applied to HgCdTe, practical issues related to the geometry and sample homogeneity are even 

more important than usual. 

 
This chapter focuses on the fundamentals of Hall and resistivity measurements, which are first 

described for the case of a single direction of applied current for a fixed magnetic field strength 

and polarity, followed by how these measurements are affected by reversing the applied current 

and/or magnetic field direction. This discussion is extended to variable-magnetic-field Hall and 

resistivity measurements, including a full description of the procedure and calculations required 
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to obtain the conductivity tensors that are needed by the QMSA algorithm, which transforms the 

conductivity tensors into a mobility spectra representation. 

 

Measured variable-magnetic-field Hall and resistivity data from the n-on-p HgCdTe samples 

that are the focus of this thesis are then used to illustrate the practical difficulties in applying 

this theory to real HgCdTe samples. 

 

A number of studies have evaluated the performance of QMSA in characterizing a variety of 

different carrier transport systems involving a wide range of different materials and device 

structures. Various implementations of the QMSA algorithm that are in existence have not yet 

been widely reviewed and compared. There has also been a limited body of published research 

which has investigated how the QMSA output may be influenced by the details of the 

measurement and calculation procedure, in addition to the practical limitations of QMSA in 

evaluating complex carrier transport systems where the conditioning of the raw data may stretch 

the limits of what can be considered acceptable for analysis. The final section of this chapter 

discusses how changing the magnetic field set for these measurements can potentially affect the 

mobility spectra output of two different implementations of the QMSA algorithm. 

 

6.1 Hall effect 
 
Carrier transport characterization is typically based on the Lorentz force that acts on a moving 

charge in a magnetic field, resulting in the well-known Hall effect. We can define a carrier as a 

collection of holes or electrons whose mobilities are sufficiently close together that they can be 

considered to be the result of the same conduction mechanism/channel [4]. The Lorentz force is 

defined as that exerted on a charged particle in a magnetic field, as illustrated in Fig. 6.1, and 

related to the other parameters by Equation (6.1). The Lorentz force always acts in a direction 

perpendicular to both the velocity of the particle and the direction of the magnetic field. 

 ( )q= + ×F E v B  (6.1) 
 
where F is the Lorentz force acting on the particle, E is the electric field, B is the magnetic field 

in Tesla (Wb/m2), q is the particle charge, and v is the instantaneous velocity of the particle. 
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Fig. 6.1 – The Lorentz force and the Hall effect. 

 
The Lorentz force deflects mobile charged carriers across the material, until this transverse force 

is balanced in equilibrium by the electrostatic force set up by the separation of deflected 

carriers. The transverse voltage associated with these carriers is the Hall voltage, as related by 

Equation (6.2). 

 H
IBV
nqt

=  (6.2) 

 
 
where VH is the Hall voltage, I is the current, n is the density of mobile charges, and t is the 

thickness of the material. It is often useful to eliminate the thickness terms and consider this 

expression in units of volts per thickness unit. 

 
The Hall voltage can be used to calculate the Hall coefficient RH using Equation (6.3). In a 

simple single carrier system, the Hall coefficient can be used to directly calculate the carrier 

concentration and mobility. 

 1H H H
H

V t V VR
BI JB qnvB nq

= = = =  (6.3) 

 
 
The resistivity voltage drop Vρ can also be measured to allow the carrier mobility and 

concentration to be calculated. In the simplest case, carrier transport system consists of a single 

carrier species, characterised by discrete values for mobility and concentration. For a single-

carrier system, it is possible to extract the carrier mobility and concentration from a single-field 

measurement of the Hall voltage and resistivity voltage using Equations (6.4) to (6.6). 

 

 
V wt

l
ρρ =
I

 (6.4) 

 

 1

H

n
qR

=  (6.5) 
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 HR
µ

ρ
=  (6.6) 

 
where Vρ is the resistivity voltage drop along the z-axis, w and l are the width and length of the 

sample respectively, and I is the applied current. 

 

These simple equations assume a Hall bar structure and consider only a single carrier, and form 

the basis for analysis of more complicated samples with multi-carrier conduction. The Hall and 

resistivity voltage measurement procedure is discussed in the following section. 

 

6.2 Hall and resistivity measurements 
 
Either Hall bar or van der Pauw sample configurations can be used for Hall and resistivity 

measurements. The Hall bar configuration requires fabrication of a structure with precise 

contact placement, but simplifies the subsequent calculations to determine the average 

resistivity and Hall coefficient. In contrast, we can use any closed lamina with four contacts to 

perform van der Pauw measurements. A number of restrictive assumptions are required before 

van der Pauw calculations can provide valid results. 

 

An alternative to the Hall bar measurement configuration was developed by van der Pauw [1, 

5]. Van der Pauw theory states that for a closed lamina of any shape with four contacts on the 

periphery, the Hall coefficient and sample resistivity values can be calculated based on averages 

of the Hall and resistivity voltages taken between various contacts. This offers advantages over 

the Hall bar configuration by requiring fewer contacts and avoiding the need to fabricate a 

measurement structure. This theory can also be applied to fabricated structures, which generally 

improve the symmetry and accuracy of the measured voltages. 

 

This section discusses the measurement of Hall and resistivity voltages, and the associated 

calculations required to determine the Hall coefficient and average resistivity values. 

Conditioning requirements on these measured voltages are also discussed. In this thesis, the van 

der Pauw sample configuration was used for consistency with similar work previously 

performed within the research group [6, 7], in addition to being better suited to differential 

measurements based on isotropic wet etch-backs. 

 

6.2.1 Resistivity voltage measurements 
 
Resistivity voltage measurements of a van der Pauw sample involve passing current through 

adjacent contacts and measuring the voltage developed across the opposite contact pair, as 

shown in Fig. 6.2. Four pairs of resistivity voltages should be measured at both positive and 
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negative magnetic field polarity: one pair for each possible combination of adjacent contacts for 

each current direction. The contacts that the resistivity voltage is measured across should be 

aligned parallel to the direction of applied current bias. The resistivity data must be checked to 

investigate internal consistency, ohmic quality of the contacts, and sample uniformity [8]. If 

resistivity measurements are taken in the presence of a magnetic field, this creates additional 

complications in the interpretation of the measured voltage. The theory published by van der 

Pauw states that resistivity measurements are only strictly valid in the absence of a magnetic 

field [1]; furthermore, this theory also assumes that only a single carrier species is present. 

 

The resistivity voltage measurement configuration for a general van der Pauw structure is 

shown in Fig. 6.2. It should be noted that in the van der Pauw publications, the sample contacts 

were numbered in a counter-clockwise order, however, the published National Institute of 

Standards and Technology (NIST) (USA) and Lake Shore Cryotronics (USA) guides for 

performing these measurements use a clockwise convention. The configuration and 

nomenclature for resistivity voltage measurements in this thesis are summarised in Table 6.1, 

which is consistent with the procedures published by NIST and Lake Shore [8, 9]. 

 

The following discussion is with reference to the measurement configurations and nomenclature 

shown in Fig. 6.2 to Fig. 6.4. To help eliminate any spurious voltage components from 

measured resistivity voltages, it is useful to repeat measurements with the bias current in the 

opposite direction, as shown in Fig. 6.3. Ideally, reversing the current direction should result in 

an equal and opposite voltage drop measured between the same contacts. The most likely cause 

of asymmetry in measured resistivity voltages with reversed current direction is nonohmic 

contacts, which can be checked by ensuring linear I-V curves are measured through the sample 

contacts. The Hall voltage associated with the resistivity bias current should be equal and 

opposite with reversed current direction, but since it drops perpendicular to the measurement 

contacts, it still should not contribute to the measured voltage V34. The NIST standard for 

acceptable asymmetry in resistivity voltages with reversing current is arbitrarily defined as 5% 

(and preferably less than 3%). If measurements are outside this tolerance, then the source of the 

error should be identified, and results based on these measurements should be interpreted with 

caution [8]. 
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Table 6.1 – Description of van der Pauw resistivity measurements taken at each magnetic field 
point. The contact numbering is illustrated in Fig. 6.2.  Each resistivity voltage should be averaged 
with reversed magnetic field polarity prior to subsequent calculations. 

Voltage 
designation 

Current in 
contact 

Current out 
contact 

Voltage + 
contact 

Voltage – 
contact 

V1 1 2 3 4 
V2 2 1 3 4 
V3 2 3 4 1 
V4 3 2 4 1 
V5 3 4 1 2 
V6 4 3 1 2 
V7 4 1 2 3 
V8 1 4 2 3 

 

 
Fig. 6.2 – Illustration of measurement of resistivity voltage V1. Current is injected into contact 1 
and out of contact 2, with the measured voltage taken across contacts 3 and 4. 

 
Fig. 6.3 – Measurement of resistivity voltage 
V2; reversed current direction compared to V1. 

Fig. 6.4 – Resistivity measurement V1 repeated 
for reversed magnetic field polarity. 
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In Fig. 6.2, the measured voltage is ideally only due to the resistivity of the material, shown as 

voltage VR12. However, if the sample contacts are not precisely aligned and symmetrical, and/or 

the material properties are not uniform throughout the x-y plane, the Hall voltage associated 

with the applied current with component in the x-direction (VH12x) will be included as a spurious 

component of the measured resistivity voltage V34. When the current direction is reversed, as 

shown in Fig. 6.3, the total measured voltage should still be equal and opposite with reversed 

current direction, since both the real resistivity voltage and this spurious Hall component are 

equal and opposite with reversed current direction (unless the contacts are nonohmic). This 

means that any spurious Hall component of the total measured resistivity voltage can not be 

eliminated by averaging with reversed current direction [3]. 

 

The measurement of the same resistivity voltage measurement at reversed magnetic field 

polarity is illustrated in Fig. 6.4. The voltage drop associated with the material resistivity is 

ideally unaffected by reversing the magnetic field polarity. However, the Hall voltage associated 

with this applied current should be of equal magnitude and opposite direction. If the x 

component of this Hall voltage is included as a spurious component of the measured resistivity 

voltage V34, the resistivity voltages will not be equal with reversed magnetic field polarity. 

 

This spurious Hall voltage component of resistivity measurements is well-known in general 

theory for Hall and resistivity measurements [3]. However, the especially high electron mobility 

in most bulk n-type HgCdTe means that this problem is far more significant than typically 

encountered in other materials, and often does not seem to be sufficiently appreciated in 

published works. Furthermore, the published standard procedures for averaging the resistivity 

measurements and applying geometric factors are not entirely clear in stating the order in which 

averaging and application of the geometric factor (discussed in Section 6.2.3) should be 

performed. It is essential to average the resistivity measurements with both reversed current 

direction and reversed magnetic field polarity prior to applying any correction factor for 

geometry. If the measured resistivity voltages are only averaged with reversed current direction, 

any spurious voltage component due to the Hall effect associated with the applied current will 

not have been eliminated. 

 

The well-known condition of positive magnetoresistance states that as the magnetic field 

increases, the real resistivity voltage should increase monotonically. If a single carrier species is 

dominant, the magnitude of any spurious Hall component in the measured resistivity voltage 

will also increase, but the sign of this contribution may be opposite to the real resistivity 

voltage. In extreme cases, the contribution from the spurious Hall component may be greater 

than the real resistivity drop, which can result in the measurement of a voltage that is consistent 
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with negative magnetoresistance. This is illustrated by some of the measured data obtained from 

the n-on-p HgCdTe samples discussed in Section 6.4. 

 

6.2.2 Hall voltage measurements 
 
Hall voltage measurements are taken by applying a fixed current through opposing contacts, and 

measuring the Hall voltage developed normal to the current flow across two contacts, as 

illustrated in Fig. 6.5. To accurately measure the voltage purely due to the Hall effect, the 

measuring contacts should be aligned exactly perpendicular to the direction of applied current. 

If the contacts are not properly aligned, a voltage due to material resistivity will contribute to 

the measured Hall voltage. The conventions and nomenclature for Hall voltage measurement 

configurations are given in Table 6.2. The associated current bias and voltages across the van 

der Pauw sample for reversing current directions and reversing magnetic field polarity are 

shown in Figs 6.5 to 6.7. 

 

With reference to the measurement of Hall voltage VH1 illustrated in Fig. 6.5, the coordinate 

axes x and y have been aligned with the ideal directions of the applied current I13 and the 

measured Hall voltage V42. The actual Hall voltage associated with the applied voltage VH13 is 

ideally measured between contacts 4 and 2, while the voltage drop due to material resistivity 

VR13 should not contribute to the measured voltage V42. 

 

The measured Hall voltage is expected to be equal and opposite with reversed current direction. 

The Hall voltage measured for a particular current direction and magnetic field should be equal 

to that measured through the same contacts for equal and opposite current and equal and 

opposite field. Possible causes for differences between these two voltages include nonohmic 

contacts, difference in the magnitude of magnetic field with reversed polarity, and/or sample tilt 

relative to the magnetic field. 

 
Table 6.2 – Hall voltage measurement nomenclature, consistent with the procedures published by 
Keithley, NIST and Lake Shore [10]. 

Voltage 
designation 

Current in 
contact 

Current out 
contact 

Voltage + 
contact 

Voltage – 
contact 

VH1 1 3 4 2 
VH2 3 1 4 2 
VH3 2 4 1 3 
VH4 4 2 1 3 
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Fig. 6.5 – Typical measurement configuration Hall voltage VH1 for a van der Pauw sample.  

 

Fig. 6.6 – Hall measurement VH2 which 
involves reversing the direction of the applied 
current used to measure VH1. 

Fig. 6.7 – Hall voltage measurement VH1 with 
reversed magnetic field polarity. 

 
 
The following discussion is with reference to the measurement configurations shown in Figs 6.5 

to 6.7. If we reverse the direction of the applied current for a Hall measurement, the carriers 

should be deflected in the opposite direction and, thus, the measured Hall voltage should be 

equal and opposite. The voltage drop due to the material resistivity, which will contribute to the 

measured Hall voltage if the measuring contacts are not aligned perpendicular to the direction of 

current flow, should also be equal and opposite. The measurement for reversed current direction 

is illustrated in Fig. 6.6. This means that even if the contacts are misaligned, the measured Hall 

voltage will be equal and opposite with reversed current direction if the contacts are ohmic. 
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Ideally, the measured Hall voltage should be equal and opposite with reversed magnetic field 

polarity. With reversed magnetic field polarity, the real Hall voltage associated with the applied 

current will change polarity, while the voltage due to the material resistivity will remain 

unchanged. This allows for any spurious component of the measured Hall voltage due to the 

material resistivity to be eliminated by averaging the measured Hall voltages with reversed 

magnetic field. This situation is illustrated in Fig. 6.7. The contribution to the measured Hall 

voltage from this spurious resistivity component is more significant for material dominated by 

carriers of low mobility and/or conductivity, where real resistivity voltages are high and Hall 

voltages are low. The importance of this spurious component of the measured Hall voltage is 

primarily related to contact misalignment rather than the sample uniformity. It is less significant 

for highly conductive samples with high carrier mobility, due to the much higher ratio of Hall 

coefficient to the material resistivity. 

 

6.2.3 Calculation of average resistivity and the Hall coefficient 
 
Once the sets of resistivity and Hall voltages have been measured for each possible combination 

of contact pairs, the average Hall coefficient and resistivity of the sample can be calculated. The 

discussion in this section includes how these calculations are extended to variable-magnetic-

field measurements. The conventions for Hall and resistivity voltage measurements and 

calculations are consistent with the Keithley Model 7065 Hall Effect Card manual [10]. Refer to 

Table 6.1 and Table 6.2 for the resistivity and Hall voltage designations. In these calculations, 

raw voltage measurements should have already been averaged for both directions of magnetic 

field polarity for each value of magnetic field strength. 

 

In order to calculate the average resistivity of a van der Pauw sample, geometrical factors must 

be calculated based on the ratios of the resistivity voltages measured between different pairs of 

adjacent contacts, as illustrated in Fig. 6.8. Resistance ratios QA and QB are calculated based on 

the similarity of the resistance measured between each pair of adjacent contacts for each 

geometric half of the sample as defined in Equations (6.7) and (6.8). Geometrical factors fA and 

fB are based on sample symmetry, calculated from the two resistance ratios QA and QB using 

Equation (6.9). The relationship between these Q values and the sample configuration are 

shown in Fig. 6.8. If the sample is perfectly symmetrical and uniform, QA = QB = 1. As Q 

diverges from 1 and/or the difference between QA and QB increases, it reflects poor symmetry 

and/or uniformity in the sample. These geometric factors can then be used to calculate the 

average sample resistivity using Equations (6.10) and (6.11). As discussed in Section 6.2.1, it is 

essential to average the measured resistivity voltages with reversed magnetic field polarity prior 

to calculating the geometrical factor for the sample, otherwise the figure is likely to be 

significantly in error due to any spurious Hall component in the measured resistivity voltage. 
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Two values of average sample resistivity are calculated using Equations (6.10) and (6.11). Each 

resistivity value is effectively an “average” for each half of the van der Pauw sample. 
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where Aρ and Bρ are resistivities in .cmΩ , ts is the sample thickness in cm, V1-V8 are the 

measured resistivity voltages, and I is the current through the sample. 

 

If ρA and ρB are not within 10% of each other, the sample is deemed not sufficiently uniform to 

determine resistivity [9]. Without perfect contact alignment, it is particularly difficult to achieve 

this level of measurement uniformity for n-type HgCdTe. The average resistivity for the sample 

is then obtained by averaging Aρ and Bρ as given by Equation (6.12). 

 
2

A B
avg

ρ ρρ +
=  (6.12) 

 

 
Fig. 6.8 – Illustration of the resistance ratios QA and QB.  
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The Hall coefficient RH for a van der Pauw sample also uses the average of the Hall voltages 

measured between different contact pairs and with reversed current direction, as given in 

Equations (6.13) and (6.14). 

 ( )
7

1 2
5 10

.HC H HR V V
B I
×

= −  (6.13) 
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.HD H HR V V
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where RHC and RHD are Hall coefficients in cm3/C, ts is the sample thickness in cm, B is the 

magnetic field in Gs, I is the applied current, and VH1-VH4 are the measured Hall voltages. 

 

RHC and RHD should be within 10% if the sample is sufficiently uniform [9]. If so, the average 

Hall coefficient for the sample is given by Equation (6.15). 
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Once the average resistivity and Hall coefficient for the sample have been calculated, we can 

obtain the average Hall mobility and carrier concentration for the sample using Equations (6.16) 

and (6.17). 
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These basic equations are generally considered sufficient to characterise simple single carrier 

samples. For more complex systems, such as those considered in this thesis, these simple 

equations form the basis of more complex expressions required to extract the carrier transport 

properties of multi-carrier samples. These more complex expressions are discussed in the 

following sections. 

 

6.3 Characterisation of multi-carrier samples 
 
The previous sections have discussed the Hall and resistivity measurements and properties at a 

single value of magnetic field strength. It has been shown that measurements must be averaged 

with reversed magnetic field polarity to eliminate spurious components that may be included in 

the measured Hall and resistivity voltages. Such spurious components of measured data can lead 

to significant error in the reported properties. Furthermore, these single field measurements are 
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only capable of providing an “average” value for the Hall and resistivity properties of the 

sample. For carrier transport characterization using single-magnetic-field measurements to be 

useful, only one carrier can be present in the homogenous sample. 

 

For characterization of single-carrier systems, RH is expected to be independent of magnetic 

field. For multi-carrier systems, the measured Hall voltage at a particular magnetic field will 

comprise the superposition of the contributions from each individual carrier species. If the 

carrier mobility and concentration values are calculated using the basic equations given in 

Section 6.2, they will represent an average or effective value for the contribution to total current 

from each of the carriers in the sample. This is generally not acceptable for HgCdTe. 

 

A number of terms should be defined prior to the following discussion. We have previously 

defined a carrier to be a collection of either holes or electrons whose mobilities are sufficiently 

close together so that they may be considered to be the result of the same conduction 

mechanism/channel. A multi-layer structure refers to a sample in which there exist different 

regions of physical space in which carriers can contribute to conductivity, where carriers are 

physically separated. Multilayer structures may be either intentionally or unintentionally 

created. Examples of intentional multilayer structures include p-n junctions and heterojunctions. 

Examples of unintentional multilayer structures include surface/interface accumulation or 

inversion layers, and parasitic parallel conduction through substrates or donor layers [4]. 

 

We must also consider mixed conduction in a single layer, where there are multiple carriers in 

the same physical space. Mixed conduction is particularly common in narrow-bandgap 

semiconductors such as HgCdTe. It is often due to intrinsic carriers, particularly at high 

temperatures. It may also occur in cases of carriers existing in different quantum well energy 

levels, and when both heavy holes and light holes co-exist within the same physical layer [11]. 

 

While it is necessary that samples are isotropic in all x-y-planes for calculations based on the 

Hall effect to be valid, there is no such requirement in the z-direction. Layered structures can be 

analysed, as long as they are uniform in any given x-y plane. The measured Hall and resistivity 

values provide the 2-D areal density of carriers, which can only be converted to more useful 

volume densities by scaling for the layer thickness in which the carriers are physically located. 

The Hall and resistivity measurements alone provide no information about the thickness of any 

layer. An example of a multilayer and mixed conduction sample that is uniform in the x-y plane 

is shown in Fig. 6.9. In this example, the sample is uniform in any x-y plane, and it is noted that 

the thicknesses are not drawn to the scale expected after plasma-induced type conversion. The 

n-type surface is characterised by electrons of low mobility and high concentration, and 

significant mixed conduction occurs in the underlying p-type epilayer. 
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Simple models capable of calculation of the approximate individual contributions from simple 

two- or three-carrier systems have been available for many years [12]. One of the first papers to 

identify the need for variable-magnetic field measurements for carrier transport characterization 

of HgCdTe identified significant conductivity contributions from two distinct electron species in 

n-type LWIR and MWIR HgCdTe [13]. They proposed that the most likely source of this 

second electron species was a second valley in the conduction band, or the existence of bulk 

inhomogeneities. The macroscopic uniformity of the samples was established, but microscopic 

inclusions of either metal or p-type material could not be ruled out. 

 

A similar technique for modeling two electron species in n-HgCdTe was also presented in 

unpublished work by Nelson (1982) at Loral Infrared and Imaging Systems (MA, U.S.A.) [14]. 

Other groups have also used this two electron model for n-HgCdTe, however they contend that 

the second electron is associated with the material surface condition [15, 16]. These examples 

show that even for relatively simple HgCdTe samples, multicarrier analysis is a critical 

consideration. Other simple, practical methods have also been proposed for multicarrier 

characterization, but they involve restrictive assumptions and provide limited accuracy [17].  

 

More flexible models for multicarrier transport characterization are typically based on variable-

magnetic-field measurements and the analysis of conductivity tensors, which relate the current 

density components in each direction to the electric field in each direction. The generalized 

expression for current density is based on Ohm’s law, as given in Equation (6.18). 

 xx xy

yx yy

σ σ
σ σ

=

⎛ ⎞
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J σE

σ
 (6.18) 

 

 
Fig. 6.9 – Typical multilayer and mixed conduction profile for samples analysed in this thesis.  
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The expressions for the elements of the conductivity tensor σ  are defined by Equations (6.19)  

and (6.20). 

 x xx x xy yJ E Eσ σ= +  (6.19) 
 
 y yx x yy yJ E Eσ σ= +  (6.20) 
 
 
Assuming isotropic conduction, from sample symmetry we can use Equations (6.21) and (6.22) 

to simplify the analysis. 

 
 xx yyσ σ=  (6.21) 
 
 xy yxσ σ= −  (6.22) 
 
Based on this assumption and simplification, we can obtain the expressions for the components 

of the conductivity tensor xxσ  and xyσ  given by Equations (6.23) and (6.24) in terms of the 

Hall coefficient and sample resistivity, calculated from the magnetic-field-dependent voltage 

measurements [18]. 
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The major advantage of the conductivity tensor representation is that the total conductivity is the 

sum of the contributions of the m individual carriers, as given by Equation (6.25) and (6.26). 
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After we obtain the conductivity tensors for the sample from the Hall and resistivity 

measurements, it is theoretically possible to extract the individual contribution of each carrier by 

fitting to the basis functions for each possible carrier species. 
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The basis functions ˆ xxσ  and ˆ xyσ  for these conductivity tensors are described by Equations 

(6.27) to (6.30). They are the normalized contributions to the overall conductivity tensor 

components for each of the m different carrier species. This derivation shown here is a 

simplified approach, and more complete treatments can be found in a number of texts [4, 19-

22]. Essentially, these basis functions are ideal, normalized expressions for a single carrier, and 

are primarily useful as tools for analysis [4]. 
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The basis functions ˆ ( , )xx i Bσ µ  and the conductivity tensor component xxσ  (which is the sum 

of the scaled and shifted basis functions for each carrier present) have the following properties 

[4]: 

• Strictly positive. This is because negative resistance in the direction of current flow 

does not make classic physical sense. 

• Strictly decreasing with increasing magnetic field. This is because increasing the 

magnetic field strength must increase the deflecting force on mobile charged carriers 

and therefore must decrease the sample conductivity. This is known as positive 

magnetoresistance. 

• Under zero magnetic field, 0( 0)xx Bσ σ= = , is the total conductivity of all carriers. 

• The maximum slope of the ˆ ( , )xx i Bσ µ  curve occurs at 
1

i

B
µ

= . 

• The maximum possible slope of  xxσ  is 0
,max 0.ln(10) 1.15. /

2xx decadeσσ σ= − ≈ −   

 

The basis function ˆ ( , )xy i Bσ µ  and the conductivity tensor component xyσ  have the following 

properties [4]: 
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• Basis functions ˆ ( , )xy i Bσ µ  are strictly positive for a hole species, or strictly negative 

for an electron species. If both holes and electrons are present in the sample, the total 

conductivity tensor component xyσ  (which is the sum of the ˆ ( , )xy i Bσ µ  for each 

carrier present) may (or may not) change sign with variable magnetic field. 

• The maximum possible magnitude of xyσ  is half of the total zero-magnetic-field 

conductivity 0

2
σ

. If this condition is violated, then the sample is exhibiting significant 

anisotropic conductivity. 

• The maximum magnitude occurs at 
1

i

B
µ

= , which also corresponds to the magnetic 

field at which the ˆ ( , )xx i Bσ µ  basis function has its maximum slope. These features are 

exploited by analysis techniques to extract carrier mobility. 

• The maximum possible slope of ˆ xyσ  is 0
0.ln(10) 0.57. /

4
decadeσ σ− ≈ −  

 

It is difficult to determine the mobility and concentration of any individual carrier species that is 

contributing less than approximately 1-5% of the total conductivity from all carrier species in 

the sample. Such carriers are typically disregarded, because experimental error in voltage 

measurements can result in small perturbations in the measured voltages that could incorrectly 

be interpreted as a carrier of low conductivity. 

 

There are two families of techniques for extracting the properties of multiple carriers from 

variable-magnetic-field Hall and resistivity measurements: multi-carrier fitting (MCF) and 

mobility spectra analysis (MSA). MCF takes the measured conductivity tensors and 

mathematically fits a given number of basis functions to the experimental data. Assumptions 

required for the MCF procedure include prior definition of the number and type of carriers, and 

a discrete value of mobility for each carrier. The fit to experimental Hall and resistivity data is 

not necessarily unique and may be physically meaningless, however it is in principle very 

accurate. This technique is fundamentally limited in that if these prior assumptions are not 

physically correct or accurate, neither are the results [4]. MCF reports the discrete mobility and 

concentration for each identified carrier. 

 

The MSA technique does not require apriori assumptions about the carriers present [18, 23-25]. 

The mobility spectra representation of carrier transport properties shows a continuous plot of 

conductivity as a function of mobility. Peaks in the n-type or p-type mobility spectrum represent 

carrier species present in the sample. This approach generates a unique solution to the mobility 

spectra in the form of envelopes for the possible mobility spectra. It gives a reasonable value for 
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the number of carriers, without prior assumptions about this number. However, in providing an 

envelope for possible values it is not as quantitatively accurate, and it is not possible to obtain a 

perfect fit to the actual experimental Hall and resistivity data [11]. 

 

To overcome the difficulties of both of these previous approaches, a hybrid approach known as 

hybrid mixed conduction analysis (HMCA) was developed by Meyer et al involving both the 

MSA and MCF [25]. In this hybrid approach, the envelope mobility spectrum approach is used 

first to obtain the number of carriers and the approximate mobility and conductivity of each 

carrier. Then, these approximate values and number of carriers can be input to the MCF 

procedure to obtain quantitatively accurate values for the mobility and carrier concentration. 

This procedure eliminates the prior assumptions required for the MCF procedure and provides 

quantitatively accurate values: however, since MCF is used to fit the experimental data, the 

output is in the form of discrete values of mobility as opposed to continuous mobility spectra. 

 

HMCA was developed further to obtain the technique of quantitative mobility spectrum analysis 

(QMSA) [11, 19]. The algorithm is based on the iterative fitting procedure of Dzuiba and 

Gorska [24], with the hole and electron mobility spectra constrained to be non-negative at all 

iteration steps. The QMSA technique can be applied to any carrier transport system, and outputs 

semi-continuous mobility spectra which show quantitatively accurate values for the conductivity 

and mobility of each of the carrier species present in the sample. Furthermore, QMSA is the 

only analysis procedure which can provide information on the mobility distribution for a given 

carrier species. The accuracy of the QMSA procedure is limited by practical experimental issues 

including sample non-uniformity, sample contact problems, and experimental errors. 

 

To determine the profile of resistivity or mobility in layered samples, Hall and resistivity 

measurements can be performed as a function of sample thickness [12]. This is known as 

differential Hall profiling. Variation of the sample thickness can be achieved through either 

physical thinning of the structure by wet chemical etch-back, or by electrical modulation of the 

active thickness by applying a voltage (or charge) to deplete mobile carriers from the surface 

layer. The chemical etch backs can be performed by growing and then removing an anodic 

oxide layer, or directly etching the material. Differential profiling is not possible if changing the 

sample thickness is expected to change the transport parameters of the remaining layers. This is 

not expected for the samples considered in this thesis. 

 

In the following sections, issues related to accurate measurement of variable-magnetic-field Hall 

and resistivity voltages are illustrated using measured data from two different HgCdTe samples 

with different ICPRIE-induced n-type properties in the type converted layer. These samples 

were chosen as representative of other samples that had similar carrier transport properties. The 
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fabrication process for these van der Pauw samples is discussed in Chapter 7 prior to discussion 

of the QMSA results. 

 

6.4 Measured variable-magnetic-field Hall and resistivity data 
 
This section discusses the conditioning of variable-magnetic-field Hall and resistivity data 

measured for two ICPRIE-processed van der Pauw samples. The QMSA results for the same 

samples are discussed in the following chapter. These examples are used to illustrate how 

spurious components of the measured Hall and resistivity voltages can cause the appearance of 

anomalous magnetoresistance or Hall properties. In this case, anomalous refers to nonclassical 

behaviour with changing magnetic field and/or measurement temperature. These spurious 

components of measured voltages are primarily caused by imprecise contact alignment, 

inhomogeneity in the electronic properties of the sample, and nonuniformity in the layer 

thicknesses. These uniformity issues are significantly greater for HgCdTe samples than in most 

other materials, due to the impact of a number of factors including multiple carrier species, high 

electron mobility, and the influence of surface and other interfaces. 

 

Magnetic field points for each set of voltage measurements were evenly spaced on a logarithmic 

scale for magnetic flux density up to 12 Tesla. These measurement sets were taken at both 

positive and negative magnetic field polarity. Ideally, resistivity voltage measurements should 

be equal with reversed magnetic field polarity, and Hall voltage measurements should be equal 

and opposite with reversed magnetic field polarity. These are two of the major conditioning 

requirements investigated in this section. 

 

An additional conditioning requirement for measured Hall and resistivity data is uniformity 

across the sample, which can be confirmed by comparing measured voltages between each 

“side” of the sample and each “half” of the sample. This corresponds to the geometric factors 

previously given by Equations (6.7) to (6.9) and illustrated in Fig. 6.8. The resistivity values 

calculated for each geometric half of the sample were checked to ensure they were within 10% 

of each other. It was also checked that the resistivity increased monotonically with increasing 

magnitude of applied magnetic field. 

 

As discussed in Sections 2.3 and 2.5, the carrier concentration and carrier mobility of each 

carrier species in the layers are also generally strongly dependent on temperature, particularly in 

high-quality material. As a result, the conditioning of the raw Hall and resistivity data is also 

dependent on temperature, which can be a useful qualitative indicator of the properties and 

uniformity of the material. For example, in high-quality n-type HgCdTe, Hall voltages 

measured at low temperature are expected to be significantly greater than those measured at 
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higher temperatures, because the extrinsic electron mobility generally increases with decreasing 

temperature at practical measurement temperatures. 

 

The focus of this section is intended to be the measured Hall and resistivity data, rather than the 

plasma-induced type conversion process. The representative samples from which the measured 

results in the next section were obtained are n-on-p HgCdTe layers formed by ICPRIE-induced 

type conversion under different ICPRIE conditions. The ICPRIE conditions for the van der 

Pauw samples discussed in this section are summarised in Table 6.3. It should be remembered 

that in this section, it is the measured Hall and resistivity data that is of interest, rather than the 

plasma-induced type conversion process. A cross-section of the sample structure is shown in 

Fig. 7.1. The fabrication process for these samples is discussed in Chapter 7, which summarises 

the carrier transport characterisation for all ICPRIE-processed samples exposed to varying 

ICPRIE process conditions that were examined in this thesis. 

 

All plasma-processed samples investigated in this thesis were found to have a thin p-to-n type 

converted surface layer, as indicated by electrons of low mobility and relatively high 

concentration. Each sample has a very similar base layer of p-type starting material unaffected 

by the plasma process. The distinguishing feature between the two representative samples is the 

significance of the contribution to total conductivity from the bulk p-to-n type converted layer 

between the damaged n-type surface and the underlying p-type bulk, with this general type 

converted profile illustrated in Fig. 6.9. This bulk p-to-n type converted layer is characterised by 

electrons of relatively high mobility and moderate concentration. For samples in which the 

ICPRIE-induced type conversion depth was shallow (<0.1 µm), the contribution to conductivity 

from this bulk n-type layer was less significant. For other ICPRIE conditions known to cause 

deeper type conversion, the total conductivity was dominated by the bulk electron species in the 

p-to-n type converted layer. 

 

Table 6.3 – ICPRIE process conditions associated with type conversion of the representative van 
der Pauw samples chosen for investigation in this section. 

Sample Time 
(s) 

Pressure 
(mTorr) 

H2/CH4/Ar 
flow (sccm) 

Temp 
(°C) 

RIE power 
(W) 

ICP power 
(W) 

VDP03 120 80 60/10/106 70 100 250 
VDP06 120 8 60/10/106 70 100 250 
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6.4.1 Mixed conduction from both surface and bulk electrons in the 
ICPRIE-induced p-to-n type converted layer 

 
Sample VDP06 was characterised by QMSA as having significant conductivity contributions 

from both an n-type surface layer and an n-type bulk region, to be discussed in Chapter 7. At 

low temperatures, the conductivity of the n-type surface layer, characterised by electrons of high 

concentration and low mobility, is comparable to that of the bulk n-type layer. The properties of 

the surface electrons depend only weakly on temperature, while the bulk electron mobility 

changes significantly with temperature. 

 

Initially, an example of data for sample VDP06, measured at 300 K, will be discussed. This is 

because in MWIR p-type HgCdTe at this relatively high temperature, significant conduction is 

associated with thermally-generated intrinsic electrons, regardless of the extrinsic doping type in 

the layer. Measured variable-magnetic field Hall and resistivity data obtained from sample 

VDP06 at 300 K before wet etch-backs are shown in Figs 6.10 to 6.12. The bias current used for 

all of these measurements was 10 µA. 

 

The sets of Hall and resistivity voltages VH1-VH4 and V1-V8 are summarised in Table 6.1 to 

Table 6.2. All of the plots in this section use a logarithmic scale on the x-axis, which is 

consistent with the logarithmic scale on which the mobility distribution of the carriers in the 

sample typically varies. For measurements taken at positive magnetic field polarity, measured 

voltages are shown as points. For measurements taken at negative polarity, lines are shown. For 

each resistivity voltage set, the plots of points and lines associated with the positive and 

negative magnetic field polarity, respectively, should ideally overlap. This condition is 

commonly violated, most likely due to a spurious Hall component in the measured resistivity 

voltages, as previously discussed in Section 6.2.1. For resistivity voltages measured at the same 

field and same polarity but different current direction, the measured voltages should be equal 

and opposite. This condition is generally met by all samples, because the thermally-evaporated 

sample contacts are generally ohmic. 

 

For Hall voltage measurements, the lines for each of the four Hall voltages measured at negative 

magnetic field should be equal and opposite to the points measured under positive magnetic 

field polarity. In addition, the lines plotted for negative magnetic field should overlap the points 

measured for the Hall voltage measurement taken at positive magnetic field and reversed 

current direction, ie. VH1(+B)=VH2(-B) and VH3(+B)=VH4(-B). 

 

It should be stressed that the lines shown in Figs. 6.10 to 6.36 are from data that was measured 

with the same magnetic field spacing as the points shown. In each of these plots, the points 

shown are always for measurements taken at positive magnetic field polarity, while the lines 
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shown are always for measured data taken at negative magnetic field polarity. At each magnetic 

field point, eight resistivity voltages and four Hall voltages are measured, as discussed in detail 

in Section 6.2. 

 
Fig. 6.10 – Sample VDP06: Resistivity voltages V1-V4 measured at 300 K before wet etch-backs. 

 

 
Fig. 6.11 – Sample VDP06: Resistivity voltages V5-V8 measured at 300 K before wet etch-backs. 
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Fig. 6.12 – Sample VDP06: Hall voltages VH1-VH4 measured at 300 K before wet etch-backs.  

 
As the measurement temperature is decreased from room temperature to moderate temperatures 

(approximately 125 K), the mobilities of the bulk electron and bulk hole species associated with 

lattice-based scattering mechanisms in the bulk n-type and p-type layers, respectively, is 

expected to increase. The concentrations of these extrinsic carriers are expected to remain 

essentially constant, as discussed in Section 2.3. The change in temperature is not expected to 

significantly affect the mobility or concentration of electrons in the degenerate p-to-n type 

converted surface layer. Decreasing the measurement temperature is also expected to 

significantly decrease the concentration of thermally-activated intrinsic electrons in the 

underlying p-type layer, since fewer electrons will have sufficient energy to be promoted to the 

conduction band. The combined effect of these changes with changing sample temperature 

associated with each carrier species on the average sample resistivity is therefore expected to be 

complicated. 

 

The variable-magnetic-field resistivity and Hall voltages measured for this same sample at 

moderate temperature of approximately 125 K are shown in Figs. 6.13 to 6.15. In these and 

subsequent plots it is important to note the scales for the measured voltages, in order to 

appreciate the difference in the relative magnitudes of the Hall and resistivity voltages. 
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Fig. 6.13 – Sample VDP06: Resistivity voltages V1-V4 measured at 125 K before wet etch-backs. 

 
Fig. 6.14 – Sample VDP06: Resistivity voltages V5-V8 measured at 125 K before wet etch-backs. 

 
Fig. 6.15 – Sample VDP06: Hall voltages VH1-VH4 measured at 125 K before wet etch-backs. 
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At 125 K, the difference between the resistivity voltages measured at positive and negative 

magnetic field polarity is greater than at room temperature for resistivity voltages V3, V4, V7, 

and V8. This is most likely because the anisotropy in the sample properties in a plane and 

direction along an axis between contacts 2 and 3 (which should also be parallel to a line 

between contacts 4 and 1) is greater than the anisotropy in the properties along the 

perpendicular axis associated with the current flow required to measure the other resistivity 

voltages V1, V2, V5, and V6. If we looked only at the resistivity curves for negative polarity in 

V7 and V8 (or positive polarity for V3 and V4), we could incorrectly report negative 

magnetoresistance at higher magnitudes of magnetic field. By averaging with reversed magnetic 

field polarity, the spurious voltage component due to an unbalanced Hall voltage, which is 

smaller than the real resistivity voltage, can be eliminated. 

 

After decreasing the measurement temperature further to 25 K, the raw resistivity and Hall 

voltages are shown in Figs. 6.16 to 6.18. At this low measurement temperature, little change is 

expected in the mobility and concentration of electrons in the degenerate p-to-n type converted 

surface: however, the mobility of electrons in the bulk p-to-n type converted layer is expected to 

increase. Holes in the p-type base layer are essentially frozen out. 

 

 
Fig. 6.16 – Sample VDP06: Resistivity voltages V1-V4 measured at 25 K before wet etch-backs. 
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Fig. 6.17 – Sample VDP06: Resistivity voltages V5-V8 measured at 25 K before wet etch-backs. 

 

 
Fig. 6.18 – Sample VDP06: Hall voltages VH1-VH4 measured at 25 K before wet etch-backs. 

 
If the conductivity of this sample was dominated by bulk electrons in the p-to-n type converted 

layer, we would typically expect significant changes in the Hall voltages and resistivity voltages 

with changing temperature due to the dominant lattice-based scattering mechanisms associated 

with bulk electrons. In this case, relatively small changes were observed in the measured 

resistivity voltages compared to those measured at 125 K. 

 

After these measurements were taken at temperatures from 300 K to 25 K, as presented in Figs. 

6.10 to 6.18, a wet chemical etch back using 0.1% Br2/methanol was performed to remove a 

layer 0.1 µm thick. The QMSA results after this etch-back showed that the low-mobility surface 

electrons were removed, while most of the relatively high-mobility electrons remained. This wet 

etch-back was also expected to produce some degree of thickness non-uniformity in the 

remaining n-type layer. 
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6.4.1.1 After removal of damaged p-to-n type converted surface layer 
 
After a short wet chemical etch-back was performed on the previously described sample 

(VDP06), the Hall and resistivity measurements were repeated. At room temperature, 

conductivity should still be dominated by intrinsic electrons in the underlying p-type layer, so a 

large change in the average resistivity of the sample was not expected. The measured resistivity 

and Hall data at 300 K for sample VDP06 after a 0.1 µm etch-back removed the degenerate p-

to-n type converted surface layer are shown in Figs. 6.19 to 6.21. The voltages measured in this 

section are also normalized to a 10 µA bias current. 

 
Fig. 6.19 – Sample VDP06: Resistivity voltages V1-V4 measured at 300 K after a 0.1 µm wet etch-
back. 
 

 
Fig. 6.20 – Sample VDP06: Resistivity voltages V5-V8 measured at 300 K after a 0.1 µm wet etch-
back. 
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Fig. 6.21 – Sample VDP06: Hall voltages VH1-VH4 measured at 300K after a 0.1µm wet etch-back. 

 
A direct comparison of Fig. 6.16 and Fig. 6.17 to Fig. 6.19 and Fig. 6.20, respectively; indicates 

that the resistivity voltages at 300 K were observed to be similar to those obtained prior to 

removing the surface electrons using a wet chemical etch-back.. This is consistent with the total 

sample conductivity at room temperature being dominated by thermally-generated intrinsic 

electrons. However, the consistency between the geometric halves of the sample is less uniform 

(see Fig. 6.21), which is most likely due to some degree of non-uniformity in the thickness of 

the remaining p-to-n type converted layer introduced by the etch-back. 

 

Compared to the measurements taken before removing the surface electron layer (Fig. 6.12 and 

Fig. 6.21), a significant change in the Hall voltages at 300 K was observed. After the etch-back, 

the Hall voltage passes through a maximum at magnetic field strength of about 3 T, then 

decreases with further increase in magnetic field strength. This behaviour is an excellent 

example of a multi-carrier effect, which arises because the negative Hall voltage that dominates 

at relatively low field strengths is associated with the relatively high mobility bulk electrons, 

and saturates at relatively low magnetic fields. At higher magnetic field strengths, and with the 

low mobility electrons now removed by the etch-back, the contribution from the increasing and 

positive Hall voltage associated with the low-mobility holes is now observed in the net Hall 

voltage of the sample. 

 

The measured results at a decreased temperature of 125 K are shown in Figs. 6.22 to 6.24. 

 



Chapter 6 – Hall and resistivity measurements – theory and practice 

 165

 
Fig. 6.22 – Sample VDP06: Resistivity voltages V1-V4 measured at 125 K after a 0.1 µm wet etch-
back. 

 
Fig. 6.23 – Sample VDP06: Resistivity voltages measured V5-V8 at 125 K after a 0.1 µm wet etch-
back. 

 
Fig. 6.24 – Sample VDP06: Hall voltages VH1-VH4 measured at 125 K after a 0.1 µm wet etch-back. 
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As the temperature was decreased from 300 K to 125 K, the concentration of the thermally-

activated intrinsic electrons becomes insignificant. The mobility of extrinsic electrons in the 

bulk n-type layer induced by ICPRIE should increase, while their concentration remains 

effectively constant, and therefore the net result should be an increase in the conductivity 

contribution from this carrier species. The Hall voltage associated with these bulk extrinsic 

electrons is therefore expected to increase significantly. The net change in average sample 

resistivity with decreasing temperature will be due to a combination of two temperature-

dependent mechanisms: a decrease in the resistivity of the bulk p-to-n type converted layer (due 

to increased electron mobility), and an increase in resistivity of the bulk p-type layer (due to 

decreased thermally-activated intrinsic electron concentration). The apparent negative 

magnetoresistance that is observed in Figs. 6.22 and 6.23 at negative magnetic field polarity for 

measured resistivity voltages V1 and V2, and positive polarity for V5 and V6, is associated with a 

spurious Hall voltage component in the opposite direction to the real resistivity drop. This 

spurious component arises due to spatial non-uniformity in the thickness and/or uniformity of 

the bulk n-type layer, which is more significant at this lower measurement temperature because 

of an increase in the Hall voltage associated with the high-mobility electrons in the bulk p-to-n 

type converted layer. 

 

After decreasing the measurement temperature further to 77 K, the resistivity and Hall voltages 

are shown in Figs. 6.25 to 6.27. 

 

 
Fig. 6.25 – Sample VDP06: Resistivity voltages V1-V4 measured at 77 K after a 0.1 µm wet etch-
back. 
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Fig. 6.26 – Sample VDP06: Resistivity voltages V5-V8 measured at 77 K after a 0.1 µm wet etch-
back. 

 
Fig. 6.27 – Sample VDP06: Hall voltages VH1-VH4 measured at 77 K after a 0.1 µm wet etch-back. 

 
With decreasing temperature, the magnitudes of the measured Hall voltages were observed to 

increase. This was due to the increase in bulk electron mobility in the p-to-n type converted 

layer, while the extrinsic electron concentration in this layer remains approximately constant. 

The difference in the temperature dependencies of hole and electron mobility will influence the 

shapes of the magnetoresistivity and Hall voltage curves at different temperatures. The negative 

magnetoresistance that was observed in V1, V2, V5, and V6 at 125K (see Figs. 6.22 and 6.23) 

was not observed at the lower measurement temperature of 77K, most likely because the 

average resistivity voltages increase in comparison to the Hall voltages at high magnetic fields. 

 

The measured resistivity and Hall voltage curves obtained after decreasing the temperature 

further to 25K are shown in Figs. 6.28 to 6.30. 
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Fig. 6.28 – Sample VDP06: Resistivity voltages V1-V4 measured at 25 K after a 0.1 µm wet etch-
back. 

 
Fig. 6.29 – Sample VDP06: Resistivity voltages V5-V8 measured at 25 K after a 0.1 µm wet etch-
back. Note negative-magnetoresistance observed in V5 and V6 at high magnetic field strengths. 

 
Fig. 6.30 – Sample VDP06: Hall voltages VH1-VH4 measured at 25 K after a 0.1 µm wet etch-back. 
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With a further decrease in the measurement temperature to 25 K, the mobility of both the bulk 

extrinsic electrons and holes generally increase compared to the 77 K case, so at the lower 

temperature, both these carriers are “swept out” at a lower magnetic field strength. The effect of 

this is observed as a significant increase in the resistivity voltages at high magnetic field 

strength. The turning point in the Hall voltage curves is no longer observed at this low 

measurement temperature because the hole species in the underlying epilayer is “frozen out”, 

and therefore does not contribute a significant Hall voltage to counter the Hall voltage 

associated with the bulk extrinsic electron species in the p-to-n converted layer. 

 

6.4.2 Conductivity dominated by bulk electrons in ICPRIE-induced 
p-to-n type converted layer 

 
In this sub-section, the measured Hall and resistivity data for a van der Pauw sample (VDP03) 

that was found by QMSA to consist of an ICPRIE-induced p-to-n type converted layer with a 

dominant contribution to n-type conductivity from the extrinsic bulk electron species compared 

to the surface electrons in the degenerate n-type surface layer. This contrasts with sample 

VDP06 discussed in the previous section, in which the conductivity contribution from the 

surface and bulk electrons was similar. 

 

In almost all practical ICPRIE processing applications, it is highly desirable to minimise the 

extent and proximity to the junction of the damaged and degenerate p-to-n type converted 

surface layers, where the low mobility and high concentration of electrons degrade performance 

of any practical device. An exception to this is using plasma-induced type conversion to obtain 

low contact resistance, for example on n-type photoconductors [26]. For junction formation 

applications, achieving a p-to-n type converted bulk layer characterised by high mobility 

electrons of low-to-moderate concentration is desirable. These high-mobility electrons are also 

associated with low resistivity voltages and increased Hall voltage magnitude, which makes 

accurate measurement of resistivity voltages for these high-quality n-type layers more prone to 

the inclusion of a significant spurious Hall component, particularly at low temperatures. In the 

n-on-p layers that were characterised in this thesis, this suggests that poorly conditioned 

resistivity data at low temperatures was in some cases indicative of the existence of a relatively 

deep and high-quality bulk p-to-n type converted layer.   

 

At a high temperature of 300 K, the raw Hall and resistivity data is again consistent with 

thermally-generated intrinsic electrons dominating the total sample conductivity. The measured 

Hall and resistivity data for sample VDP03 at 300 K is shown in Figs. 6.31 to 6.33. All 

measured voltages are again normalized to a bias current of 10 µA. 
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Fig. 6.31 –Sample VDP03: Resistivity voltages V1-V4 measured at 300 K before wet etch-backs. 

 
Fig. 6.32 – Sample VDP03: Resistivity voltages V5-V8 measured at 300 K before wet etch-backs. 

 
Fig. 6.33 – Sample VDP03: Hall voltages VH1-VH4 measured at 300 K before wet etch-backs. 
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As expected, the raw resistivity and Hall voltages measured at room temperature for this sample 

VDP03 were relatively similar to those obtained from the previous sample VDP06, which had a 

more significant contribution from surface electrons. At this relatively high temperature, the 

thermally-activated intrinsic electrons in the thicker base layer of p-type material are expected 

to have similar concentration and mobility to electrons in the “bulk” layer of the ICPRIE-

induced p-to-n type region. 

 

The measured data for this sample VDP03 after decreasing the temperature to 77 K are shown 

in Figs. 6.34 to 6.36. 

 
Fig. 6.34 – Sample VDP03: Resistivity voltages V1-V4 measured at 77 K before wet etch-backs. 
 

 
Fig. 6.35 – Sample VDP03: Resistivity voltages V5-V8 measured at 77 K before wet etch-backs. 
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Fig. 6.36 – Sample VDP03: Hall voltages VH1-VH4 measured at 77 K before wet etch-backs. 

 
For this sample VDP03, which exhibits significant conductivity from bulk extrinsic electrons, 

the magnitudes of the Hall voltages are much greater than the resistivity voltages, particularly at 

magnetic field strengths above 5 T. As previously discussed, this makes accurate measurement 

of the resistivity voltages more difficult due to the relatively large spurious Hall component. As 

observed in Figs. 6.34 and 6.35, in this case it has resulted in apparent negative 

magnetoresistance in all resistivity voltages at high magnetic field strengths. 

 

Any imperfection in the sample, such as imprecise contact alignment or sample geometry, or 

spatial nonuniformity in carrier concentration or mobility in any x-y plane, will cause an 

unbalanced Hall voltage component to add a spurious component to the measured resistivity 

voltages. In the present case, this spurious component of the measured resistivity voltages is 

actually significantly larger than the actual voltage drop due to material resistivity, particularly 

at higher magnetic field strength. This causes the appearance of anomalous magnetoresistance. 

 

Further results measured at temperatures below 77 K, and after wet etch-backs, are not 

presented because they do not provide additional information, but were generally observed to 

include increased anomalies in the conditioning of measured data, including negative 

magnetoresistance. The QMSA results for mobility and concentration of the high-mobility bulk 

electron as a function of temperature, obtained from the measured data, were consistent with 

theory and the results obtained prior to the wet etch-back. This was achieved despite the 

measurement temperature and wet etch-back also significantly affecting the conditioning of the 

measured Hall and resistivity voltages at higher magnetic field strengths. This is a clear 

demonstration of the robustness of the QMSA procedure. 
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The properties of the carriers present in the sample can significantly influence the conditioning 

of the measured data. When the total conductivity is dominated by high-mobility carriers, it is 

more difficult to obtain well-conditioned resistivity measurements under an applied magnetic 

field. This difficulty is exacerbated by nonuniformity in the layer thickness and/or spatial 

uniformity of the carrier concentration or mobility throughout the layers. The mobility spectra 

associated with the samples discussed in this section, as obtained from QMSA, are discussed in 

Chapter 7. Despite this difficulty and apparently ill-conditioned results at high magnetic fields, 

QMSA generally returns consistent results. 

 

These results illustrate a number of important points for carrier transport characterization of 

HgCdTe. Firstly, it is critical to average any measured Hall and resistivity voltages with 

reversed magnetic field polarity, even if only attempting single-field Hall measurements. A key 

point that often appears to be missed in published results is that with reversed current direction, 

resistivity data can appear symmetrical even if it includes a significant spurious Hall 

component. This spurious Hall component can be removed by averaging with reversed magnetic 

field polarity, unless the spurious component is very large compared to the real resistivity 

voltage, as is prone to occur when the bulk p-to-n type converted layer dominates the 

conductivity and is not perfectly symmetrical and/or uniform in the x-y plane. Secondly, good 

data can be extracted via QMSA from magnetoresistivity curves that appear to violate 

assumptions of positive magnetoresistance and/or symmetry with reversed magnetic field. 

 

6.5 Influence of practical measurement and calculation 
procedure on results 

 
The measured resistivity and Hall data, in addition to the mobility spectra output from QMSA, 

is also potentially sensitive to the finer details of the measurement procedure. These practical 

details include the number and distribution of the magnetic field points in each variable-field 

measurement, the maximum magnetic field, and which implementation of QMSA is used to 

analyse the measured data; such details are rarely given in reported works. 

 

The D-QMSA implementation, which was used for this thesis and in previous work by 

researchers at UWA, allows for an arbitrary number of magnetic field points in the 

measurement set, with no limit to the maximum magnetic field. This can be contrasted with i-

QMSA from Lake Shore Cryotronics (U.S.A.), which limits the conductivity tensor inputs to 30 

points with a maximum magnetic field of 10 T. It is possible to measure at magnetic fields 

greater than 10 T, and then work around this limitation by scaling the magnetic fields in the 

conductivity tensors prior to input for i-QMSA. The mobility spectra output can then be scaled 

again to obtain the true mobility values [27]. 
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A new, and yet to be published, implementation of the QMSA procedure is currently under 

development within the MRG at UWA [28]. This Brute Force (BF) QMSA implementation uses 

a different method to fit the measured data which takes advantage of the increased speed of 

modern computer processors. It has only recently been made available to analyse the measured 

data in this thesis. It is currently significantly slower than the D-QMSA and i-QMSA algorithms 

and it was therefore not practical to repeat the QMSA of all the measured data using the 

developmental version. It shows great promise as a significant improvement to the currently-

available implementations of QMSA. 

 

In this section, the effect of varying these practical details on the measurement set used to 

generate the QMSA output is discussed. This includes both the D-QMSA and BF-QMSA 

implementations, which also tests the consistency and robustness of this technology. 

 

6.5.1 Number and spacing of variable-magnetic-field points in 
measurement 

 
The maximum magnetic field strength and the distribution of the magnetic field values at which 

measurements are taken can potentially affect the output from QMSA of the measured Hall and 

resistivity data. As an example to illustrate this point, Hall and resistivity measurements were 

taken for sample VDP03 at the same temperature (77 K) using different sets of variable-

magnetic-fields for measurements. One measurement set was taken at 61 different non-zero 

magnetic field strengths, evenly spaced on a log scale up to 12 T. The second set used only 14 

magnetic field points that were not evenly spaced on a log scale. The second measurement set 

was performed on the sample immediately after the first was completed while the temperature 

remained stable. The electron mobility spectra obtained from D-QMSA and BF-QMSA of the 

same measurement sets are compared in Figs. 6.37 and 6.38, respectively [28]. 
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Fig. 6.37 – Electron mobility spectra obtained for sample VDP03 measured at 77 K, based on D-
QMSA of two different measurement sets. These involved either 61 or 14 magnetic field strengths. 
 

 
Fig. 6.38 – Electron mobility spectra obtained for sample VDP03 at 77 K, based on BF-QMSA of 
two different measurement sets. These involved either 61 or 14 magnetic field strengths. 

 
Using the D-QMSA implementation, the semi-continuous mobility spectra obtained from 

QMSA from the different measurement sets of the same sample at the same temperature are 

slightly different. This is most likely related to interpolation between measurement points that is 

involved in the D-QMSA algorithm. The mobility spectra associated with the more widely-
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spaced measurement set of 14 magnetic field strengths is substantially similar to the spectra 

associated with 61 field strengths. However, the mobility spectra associated with only 14 field 

points can be interpreted to show four distinct peaks, centred at approximately 3×103, 10×103, 

25×103 and 40×103 cm2/V.s. This compares to just two peaks from the 61 field measurement at 

approximately 3×103 and 25×103 cm2/V.s, where the higher mobility peak is significantly 

broader than any observed in the 14-field measurement. The broader spacing between 

measurement points in the 14 point set allows the D-QMSA algorithm to interpolate fits to 

numerous sharp peaks. This provides an indication of the degree of uncertainty we should 

expect from the mobility spectra, in addition to exercising caution in literally interpreting peaks 

to accurately represent a discrete carrier species. For this reason, the “weighted-average” 

representative values and indicators of mobility spread used to display the QMSA results in 

Chapter 7 are proposed as a more useful plot for displaying carrier transport properties as a 

function of temperature. This is discussed further in Section 7.1. 

 

The BF-QMSA algorithm does not interpolate between measurement points. The mobility 

spectra obtained for these measurements using BF-QMSA shown in Fig. 6.38 were not 

significantly affected by the number, or the distribution, of the sets of variable-magnetic-field 

measurement points. The peaks from this implementation are sharper than the peaks from the D-

QMSA implementation, which may or may not more accurately describe the physical situation. 

If we assume a diffusion-based type conversion mechanism, it is reasonable to expect a 

reasonably smooth distribution of electron mobility, as observed from the BF-QMSA 

implementation. The BF-QMSA implementation appears to be more robust in providing a 

consistent result for two measurements of the same sample at the same temperature, but with a 

different selection and spacing of data points. After calculating weighted-average representative 

values for mobility and concentration, the outputs of the different algorithms were found to be 

very similar. This will be discussed in more detail in Section 7.1. 

 

6.5.2 Maximum magnetic field strength 
 
As previously discussed in Section 6.3, QMSA essentially fits the basis functions associated 

with each carrier to the features in the conductivity tensors in order to calculate the mobility 

spectra. The strongest feature of the basis functions for any given carrier occurs at the magnetic 

field at which the mobility value is the reciprocal of the magnetic field strength in Gauss. This 

means that for carriers with mobility less than the reciprocal of the maximum magnetic field 

strength, the conductivity peak is resolved with lower accuracy. Hole mobility in HgCdTe is 

generally in the range 102-103 cm2/V.s, and the mobility of electrons in degenerate n-type 

surface layers typically measured in the literature to be of the order of 103 cm2/V.s. For 

maximum accuracy in resolving the properties of these carriers within the same sample, 
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magnetic field strength of at least 10 T is required for a carrier with mobility of 103 cm2/V.s, as 

discussed in Section 6.3. 

 

Despite this, values of carrier mobility and concentration are regularly reported for carrier 

species where the maximum magnetic field in the measurement set is less than that required for 

maximum accuracy in determining the mobility of the carrier species. Most published research 

involves magnetic fields less than 2 T, since higher magnetic fields require significantly more 

expensive superconducting magnets that consume liquid helium. 

 

Based on the measured data from sample VDP06 at 77 K, conductivity tensors were input to 

each implementation of QMSA, both with and without measurement points at magnetic fields 

above 2 T. The difference in the mobility spectra output from D-QMSA is illustrated in Fig. 

6.39. 

 

 
Fig. 6.39 – Electron mobility spectra from sample VDP06 at 77 K, based on conductivity tensors 
from D-QMSA with or without data in the magnetic field range from 2 - 12 T. 
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Fig. 6.40 – Electron mobility spectra from sample VDP06 at 77 K, based on conductivity tensors 
from BF-QMSA with or without data in the magnetic field range from 2 - 12 T. 

 
The D-QMSA implementation recognizes the limitation in accuracy when determining the 

mobility of carriers with mobility below the reciprocal of the maximum magnetic field strength 

of the measurement set. Consequently, the algorithm allocates a single discrete value of 

mobility for all carriers with a mobility below 1/Bmax. For carrier species of higher mobility, the 

mobility spectra output generally agree reasonably well regardless of the maximum magnetic 

field strength in the measurement set, with the exception of the sharp single peak in the spectra 

associated with a measurement set involving magnetic fields up to a maximum of 2 T. The 

mobility spectra associated with conductivity tensors up to 12 T is more likely to accurately 

place the low mobility peak. This example illustrates how the maximum magnetic field strength 

limits the accuracy with which relatively low mobility carriers can be resolved. 

 

The BF-QMSA implementation again appears to give more robust results, with the mobility 

spectra based on measurement sets at up to either 2 T or 12 T being very similar. More 

specifically, it appears to give a very consistent result for the low-mobility electron based on a 

lower maximum magnetic field strength. This implementation consistently places the mobility 

of this electron species at slightly less than 103 cm2/V.s based on measurement points at up to 

either 2 T or 12 T, which is the same value reported by the D-QMSA implementation based on 

the measurement set at up to 12 T magnetic field strength. 

 

Based on these examples, it appears that the BF-QMSA implementation is more robust than the 

D-QMSA implementation, in addition to being better able to discern the properties of low-

mobility carriers based on measurement sets at relatively low values of maximum magnetic 

field. Despite the details of the mobility spectra from D-QMSA being sensitive to the number 
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and spacing of magnetic-field measurement points, if weighted-average values for the broad 

peaks in conductivity are taken for each identified species, then the results tend to be relatively 

consistent. This procedure for calculating representative values for mobility and concentration 

of an identified carrier species from weighted-average sums is discussed in Chapter 7. 

 

As previously mentioned, the developmental version of the BF-QMSA implementation that was 

available could not practically be used to process the bulk of the raw Hall and resistivity data 

because the algorithm was not sufficiently fast to process the data in a reasonable time. 

However, this algorithm has been shown to produce more accurate and robust results, and 

should be investigated further in future work. 

  

6.6 Chapter summary 
 
In this chapter, the theory associated with carrier transport characterization has been discussed. 

This includes basic Hall theory, van der Pauw theory as an alternative to a Hall bar structure for 

calculating average Hall and resistivity properties for a sample, and variable-magnetic-field 

measurements to obtain sufficient data to isolate the contributions from multiple carrier species. 

The more advanced conductivity tensor concept was also discussed, which was applied first in 

multicarrier fitting, then mobility spectrum analysis, to hybrid mixed conduction analysis 

(which employed elements of both MCF and MSA). QMSA is a further development of these 

techniques that is currently the most advanced tool available for carrier transport 

characterisation. 

 

Variable-magnetic-field measurements of Hall and resistivity voltages are essential for 

investigating multilayer and/or mixed-conduction samples. The plasma-processed HgCdTe 

samples considered in this thesis are an example of such a complex carrier transport system. In 

this analysis, the proper conditioning of the raw Hall and resistivity data is critical in 

determining whether the output of the analysis is valid. 

 

The narrow bandgap, high electron-to-hole mobility ratio, and high absolute electron mobility 

contribute to making it a particularly difficult material for carrier transport characterization. The 

narrow bandgap and high electron-to-hole mobility ratio means that thermally-activated intrinsic 

electrons in p-type MWIR HgCdTe layers tend to dominate conductivity at temperatures down 

to approximately 200 K. The high absolute electron mobility in n-type material results in the 

Hall voltages typically being much larger than the true resistivity voltage. This makes HgCdTe 

exceptionally sensitive to imperfections in contact alignment and/or the uniformity of the 

electronic properties of the sample, resulting in significantly greater spurious Hall components 

of measured resistivity voltages than would be encountered in any other material. This is 
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generally not observed by checking the symmetry in resistivity voltages with reversed current 

direction, and makes it essential to check symmetry with reversed magnetic field polarity, then 

average with reversed polarity to eliminate the spurious Hall component if it is not too large 

compared to the real resistivity component. 

 

Measurements obtained from two ICPRIE-processed n-on-p HgCdTe samples have been used in 

this chapter to illustrate a number of important practical issues associated with carrier transport 

characterization of HgCdTe. The first of these samples had a significant contribution to total n-

type conductivity in the type converted layer from both surface and bulk extrinsic electrons, and 

measured results were compared before and after the layer of surface electrons was removed by 

wet chemical etch-back. The second sample had total conductivity in the type converted layer 

dominated by an extrinsic bulk n-type carrier, and the symmetry of resistivity voltages with 

reversed magnetic field was very poor at lower temperatures where the bulk extrinsic electrons 

dominate conductivity. This included apparent negative magnetoresistance in resistivity 

voltages at high magnetic fields. Despite this, the QMSA results were consistent with expected 

results over changing temperature and with wet chemical etch-backs. 

 

The effect of varying the number, spacing, and maximum values of magnetic-field strength for 

the measurement points that are input to QMSA has been investigated using two different 

implementations of QMSA. The BF-QMSA implementation was found to be insensitive to the 

number and spacing of magnetic field data points, in addition to providing more consistent and 

accurate values for carriers with mobility that extends beyond the range to which the maximum 

magnetic field point has peak sensitivity to the carrier properties. When this algorithm is fully 

developed and the iteration speed is improved, it offers significant improvements on the D-

QMSA implementation. However, the output of D-QMSA was substantially consistent with the 

results of BF-QMSA. 

 

For practical carrier transport characterization of HgCdTe, particularly n-type material, it is 

critical to fabricate van der Pauw or Hall bar structures that are photolithographically defined. 

Without precise and symmetrical geometry, it is difficult or impossible to accurately measure 

resistivity and/or Hall voltages on HgCdTe samples. With careful sample preparation, QMSA is 

a robust method for carrier transport characterisation of extremely complex systems. 
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Chapter 7 
7 Carrier transport characterization of ICPRIE-

processed HgCdTe 
 
It is known that exposing p-type HgCdTe to H2/CH4/Ar plasma generally results in p-to-n 

conductivity type conversion. The multicarrier transport properties of these n-on-p samples are 

particularly difficult to characterise, as discussed in previous chapters. It has previously been 

shown that the p-to-n type converted profile is generally expected to involve a very thin surface 

layer of electrons characterised by low mobility and high concentration, and an underlying n-

type bulk containing electrons of relatively high mobility and moderate concentration. The 

electron mobility and concentration in this bulk n-type layer are expected to be graded from the 

degenerate surface, through to the underlying p-type starting material that is unaffected by the 

plasma processing. 

 

Following the discussion of the raw Hall and resistivity data in the previous chapter, this chapter 

investigates the QMSA results for carrier mobility and concentration for each carrier species in 

ICPRIE-induced p-to-n type converted layers. For the n-on-p photodiode fabrication process, it 

is desirable to form an ICPRIE-induced n-on-p junction of the order of 1 µm deep, with 

electrons of high mobility and moderate concentration of approximately 1016 cm-3. The exposed 

surface should also remain smooth and stoichiometric after the plasma-induced type conversion. 

 

A number of samples have been fabricated under a variety of different ICPRIE conditions for 

plasma-induced type conversion. Characterisation of the samples has been carried out with 

varying temperature from 20 to 300 K to investigate carrier scattering mechanisms. Differential 

profiling through progressive wet chemical etch-backs between measurements was used to 

investigate the depth profile of the carriers within the type converted layer. 

 

This chapter can be divided into three major sections. The first describes the fabrication process 

for the n-on-p van der Pauw samples. The second section presents and discusses the carrier 

transport properties of each ICPRIE-processed van der Pauw sample, as determined by D-

QMSA of variable-magnetic-field Hall and resistivity measurements. In this second section, the 

samples have been divided into two categories; those with significant n-type conduction only 

from a very thin layer of surface electrons, and those with an additional contribution from bulk 

electrons in an n-type converted layer. The mobility and concentration of holes in the base p-

type starting material have also been characterised to compare with expected results, and 
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evaluate the performance of the QMSA technique. The third section attempts to identify and 

explain any correlation between the independent ICPRIE process parameters under which each 

sample was processed, and the carrier transport properties of each associated ICPRIE-induced 

n-type layer. 

 

7.1 Sample fabrication and measurement procedure 
 
The starting material for all samples was LPE-grown vacancy-doped p-type Hg0.7Cd0.3Te 

purchased from Fermionics Corporation (CA, U.S.A.). Each starting wafer had nominally 

similar vacancy concentration of 1×1016 cm-3 and hole mobility of approximately 400 cm2/V.s at 

77 K. The manufacturer specifications for each starting wafer are shown in Table 7.1. The small 

differences in vacancy concentration and/or residual donor density between different starting 

wafers could potentially affect the type conversion process, but are not expected to have a 

significant influence [1, 2]. 

 

HgCdTe starting wafers were cleaved into squares approximately 5 mm × 5 mm in area for each 

sample. A standard hot organic cleaning process was used to remove organic residues prior to a 

30s wet etch-back in 0.1% Br2/methanol to expose a fresh and stoichiometric surface for plasma 

processing. A number of practical issues were identified in the procedure for ICPRIE processing, 

which are discussed in the following paragraphs. 

 

The freshly cleaned and etched HgCdTe sample was mounted on a 4 ” Si carrier wafer for 

processing in the ICPRIE tool. A batch of Si carrier wafers of the same thickness and 

conductivity was purchased in the course of the project to be used for all ICPRIE processing: 

however, there was a slight variation in the properties of the Si carrier wafers used for early 

samples. It should be noted that the properties of the carrier wafer can potentially affect the 

condition of the plasma, but the effect is not expected to be significant. No work directly related 

to HgCdTe processing has reported such an effect: however, for Cl2/Ar processing of GaN it has 

been reported that the difference in GaN etch rates between samples mounted on either Si or Ge 

carrier wafers can vary by as much as 50% [3]. 

Table 7.1 – Summary of HgCdTe starting wafer properties for van der Pauw samples, as specified 
by supplier. 

Wafer ID Dopant x λco 
(µm) 

thickness 
(µm) 

p (77K) 
(cm-3) 

µh(77K) 
(cm2/Vs) 

98894 vacancy 0.3 5.2 20 1.1×1016 400 
99149 vacancy 0.3 5.2 20 1.1×1016 400 
98333 vacancy 0.3 5.3 22 9.7×1015 420 

 



Chapter 7 – Carrier transport characterization of ICPRIE-processed HgCdTe 

 185

It should also be noted that no surface coating of photoresist or CdTe was present on the 

HgCdTe wafers during the ICPRIE-induced type conversion process for van der Pauw samples. 

It is possible that the sample dimensions and photoresist pattern of ICPRIE-processed samples 

may impact the type conversion process in a similar fashion to the phenomenon of physical 

etch-lag [4, 5]. It is also possible that for samples processed with photoresist on the sample 

surface, particles from the photoresist may interact with the plasma to alter the local plasma 

condition around exposed regions of HgCdTe. This should be considered when comparing the 

carrier transport properties of broad areas of exposed material to other samples where the 

plasma processing involves a CdTe or photoresist mask. 

 

The sample was placed slightly off-centre on the Si carrier wafer, since the etch rate can 

potentially vary across the electrode area and is expected to be more uniform outside of the 

electrode centre. Early samples were placed on a thin layer of Apiezon H vacuum grease at 

room temperature, and carefully pressed down using a soft cleanroom bud tip around the edges. 

Other samples were mounted by heating the Si carrier wafer and Apiezon on an 80 °C hotplate 

to melt the grease, which made the grease layer thinner and more uniform. It is important to 

minimize the extent of grease beyond the edges of the sample, since contaminants may outgas to 

the plasma, and/or cause localized effects in the plasma condition around the sample [6]. High 

levels of RIE or ICP power, increased pressure and/or stage temperature will increase sample 

heating, which may result in damage to the HgCdTe and/or baked-on photoresist. The 

uncertainty in sample temperature during ICPRIE is discussed in Section 7.3.1. 

 

The Si carrier wafer with the HgCdTe sample in place was loaded into the ICPRIE process 

chamber through the loadlock. With the sample in place, the process chamber was pumped out 

for approximately 5 minutes to allow extra time for the vacuum grease to outgas, and to 

improve the chamber base pressure. This base pressure for ICPRIE was between 2-5×10-7 Torr. 

 

Early samples were exposed to low power (50 W) O2/Ar plasma for 30 s prior to the type 

conversion step. Prior to commencing this ICPRIE project, other researchers at the UWA found 

that this pre-process O2/Ar plasma clean prevented the formation of a surface residue during 

H2/CH4 RIE processing of HgCdTe. It is believed that this residue is due to hydrocarbons 

associated with CH4 processing. Laser beam induced current (LBIC) measurements were used 

in this work to confirm that the O2/Ar plasma clean did not affect the electrical properties of the 

sample, which is discussed in Chapter 8. Work by other researchers has also reported that O2 

plasma does not induce conductivity type conversion in HgCdTe [7]. However, O2/Ar plasma is 

expected to form an oxide layer on the surface, which could potentially affect the subsequent 

type conversion process, and compromise reproducibility. 
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In previous work, the RIE process conditions under which this surface residue had been 

observed involved relatively high CH4 concentrations in the gas mixture, and/or high process 

pressure. In the work performed in this thesis, a polymer residue was not observed despite 

eliminating the O2/Ar plasma clean prior to H2/CH4/Ar ICPRIE processing. The samples that 

were exposed to this oxygen plasma clean prior to H2/CH4/Ar processing are marked in the 

sample summary in Table 7.2. Regular O2 plasma cleans of the chamber are expected to prevent 

polymer re-deposition from becoming a problem, as discussed in Chapter 5. 

 

After the plasma-induced type conversion process, photolithography was used to define van der 

Pauw cross structures on the HgCdTe sample. Ideally point contacts should be used in van der 

Pauw configurations to minimize contact errors [8]. However, the error associated with using 

large pads is expected to be small, and is significantly outweighed by the benefits of enabling 

pressed indium to the thermally-evaporated Cr/Au contact pads to be used for bonding out 

samples for measurements that need to be repeated after each wet chemical etch-back. The 

relatively broad arms of this structure are necessary for differential measurements by isotropic 

wet etch-backs, where lateral etching would quickly consume thin arms or point contacts. A 1% 

solution of Br2/HBr was used to perform the mesa etch of the HgCdTe down to the CdZnTe 

substrate to define the van der Pauw cross structure. The van der Pauw structure used, including 

the expected type converted profile, is shown in Fig. 7.1. 

 

 
Fig. 7.1 – Sample structure and typical type converted profile expected after ICPRIE exposure. 
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It should be noted that the method used to make contact to the sample is very important in 

obtaining good Hall and resistivity measurement data. A number of other published works use 

soldered indium contacts at the corners of van der Pauw samples. The high temperature required 

to solder indium is likely to modify the electrical properties of the HgCdTe in the vicinity of the 

contact and induce electrical damage to the material. This means that carrier transport 

characterization of HgCdTe samples in other works involving soldered or pressed contacts is 

expected to involve significant spurious contributions to measured resistivity and Hall voltages, 

as previously discussed in Chapter 6. 

 

The samples in this work were bonded out using soft indium wire, very thin gold wire, and 

silver epoxy. For each of the four sample contacts, the end of a length of gold wire was lightly 

pressed to a small piece of soft indium cut from the wire. This soft indium was then carefully 

pressed to the thermally-evaporated sample contact. Next, the sample was placed in the sample 

holder and held in place using a thin layer of Apiezon N cryogenic vacuum grease. Silver epoxy 

was used to bond the other end of the gold wire to the sample holder pins. It was important to 

leave some slack in the wire to avoid breakage or sample lifting during cooling in the 

measurement system. 

 

The sample was fixed in the small zone of uniform magnetic field inside an Oxford Instruments 

superconducting magnet for measurements. The cryostat was surrounded by vacuum, with a 

liquid helium dewar connected to a transfer tube, which enabled stable cooling to about 20K. 

Keeping the cryostat sample space clean and free of condensation was found to be critical in 

achieving low temperatures and good temperature control. 

 

Control and data acquisition functions for the measurements were performed by a personal 

computer with custom C++ software. At each measurement point, the magnetic field was set 

and a brief settling time allowed for the magnetic field to stabilize. A Keithley scanner model 

705 equipped with a Hall effect card model 7065 was used to set crosspoints to direct the bias 

current from a Keithley 220 current source, and measure the voltage across the other sample 

contact pair using a Keithley 706 digital voltmeter. The set of magnetic field strengths for these 

measurements were the same for each sample: 61 field strengths at up to 12 T, at both positive 

and negative magnetic field polarity. The maximum field strength of 12 T is significantly higher 

than is commonly reported in the literature, and allows for improved accuracy in resolving low-

mobility carriers. 

 

Differential measurements are required to investigate the depth profile of the carriers within the 

type converted layer. After variable-magnetic-field Hall and resistivity measurements were 

performed as a function of temperature on each sample, a wet chemical etch-back in 0.1% 
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Br2/methanol solution was performed to remove a layer of material. The first etch-back for all 

samples was expected to remove 0.1 µm of material. Subsequent wet chemical etch-back depths 

for each sample were chosen based on interpretation of previous Hall and resistivity 

measurements to estimate the remaining p-to-n type converted layer thickness. 

 

It was considered that an electro-chemical effect may compromise the etch-back uniformity 

with the Cr/Au contacts exposed. It may have been possible to mask the contacts with 

photoresist and perform the etch-back in Br2/HBr, however, this may have compromised the 

surface condition. The contacts and sample surface after Br2/methanol etch-backs were 

investigated under microscope and using a Dektak profilometer, and no significant 

nonuniformity at the contact edges was observed. 

 

There are potential alternatives to this wet etch-back process. The first of these is anodic oxide 

growth, in which a very thin and accurately controlled layer of oxide can be grown and then 

removed. However, this technique can not be used when metallic contacts have been deposited 

(which was critical for achieving good ohmic contact to the van der Pauw sample), and is 

limited to etch depths of the order of angstroms rather than microns. This technique was 

attempted during this project on early samples with no success. 

 

The other potential alternative involves the deposition of a capacitive plate across the sample 

surface, and application of a voltage or charge to deplete the surface layer. This method is not 

compatible with the Hall and resistivity measurements that were required, because the plate 

would potentially disturb the measurement system even with no applied voltage. 

 

7.2 QMSA results by sample 
 
In this chapter, mobility spectra from QMSA are presented to enable quantitative results to be 

compared for the carrier transport properties in the p-to-n type converted layer of each ICPRIE-

processed sample. The results that have previously been published in earlier research at UWA 

for the original RIE-based process are a useful reference and benchmark for the ICPRIE-based 

process developed in this thesis [9, 10]. The ICPRIE process conditions associated with each 

van der Pauw sample that was fabricated and characterised in this thesis are summarized in 

Table 7.2. 
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Previous work based on the parallel-plate RIE tool used identical RIE conditions for each 

sample, and varied the HgCdTe composition and doping type [10, 11]. This earlier work also 

used wet chemical etch-backs and, in all cases, the first etch-back performed on the RIE-

processed samples was expected to remove a layer of HgCdTe approximately 0.6 µm thick. 

This etch-back was found to remove the entire p-to-n type converted layer for MWIR or LWIR 

vacancy-doped HgCdTe exposed to these RIE conditions. Only in the LWIR Au-doped samples 

exposed to H2/CH4 RIE was the p-to-n type converted layer found to remain after the first wet 

etch-back of 0.6 µm. 

 

In this thesis, a reference sample was fabricated using the same RIE tool and fabrication 

procedure used by other researchers at UWA, and nominally similar LPE-grown, vacancy-

doped, MWIR HgCdTe from Fermionics Corporation (sample VDP01). This was done to 

establish repeatability of the earlier experiments, and as a reference for the new ICPRIE-based 

type conversion process. The results are discussed in Section 7.2.1. 

 

Table 7.2 – ICPRIE process conditions associated with type conversion of each van der Pauw 
sample. The samples are grouped and approximately ranked in order of decreasing average 
conductivity. Samples labeled with * were exposed to 30 s O2 plasma clean prior to H2/CH4/Ar 
plasma-induced type conversion. 

 Sample Time 
(s) 

Pressure 
(mTorr) 

H2/CH4/Ar 
flow (sccm) 

Temp 
(°C) 

RIE power 
(W) 

ICP power 
(W) 

VDP01(RIE) 120 100 40/10/0 24 100 0 
VDP02 30 80 60/10/106 70 100 250 
VDP03 120 80 60/10/106 70 100 250 
VDP04* 120 80 60/10/106 70 100 250 
VDP05* 120 8 60/10/0 70 100 250 

Su
rf

ac
e 

an
d 

bu
lk

 e
le

ct
ro

ns
 

VDP06* 120 8 60/10/106 70 100 250 

        

VDP07 30 15 60/5/106 70 50 125 
VDP08 30 40 60/10/106 20 100 250 
VDP09 30 80 106/16/0 20 100 250 
VDP10* 120 15 60/10/0 10 150 250 
VDP11* 120 15 60/10/106 10 150 250 
VDP12* 120 15 60/10/106 10 100 0 

Su
rf

ac
e 

el
ec

tr
on

s o
nl

y 

VDP13* 120 15 60/10/106 10 25 250 
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For all ICPRIE-induced n-on-p samples measured in this thesis, the first wet chemical etch-back 

was for a shorter duration (10 s) than that used in previous work investigating RIE-induced type 

conversion (60 s). This shorter etch-back was found in all cases to remove at least the plasma-

induced surface electron layer, and in many cases involving shallow n-on-p junctions was also 

found to completely remove the entire p-to-n type converted layer. The n-type layer was 

characterised by electrons of low mobility and high concentration with a relatively weak 

dependence on temperature, which is consistent with the results of the previously published 

RIE-based study. These properties are consistent with degenerate material that is dominated by 

impurity-based scattering in the thin type converted surface layer. The properties of the 

underlying p-type bulk material were found not to be affected by exposure to plasma, and in all 

cases this underlying bulk p-type material comprises the majority of the total sample thickness. 

 

The van der Pauw samples in this work exposed to H2/CH4/Ar ICPRIE can be roughly divided 

into two groups based on the existence, or not, of a layer of bulk plasma-induced n-type material 

between the damaged n-type surface layer and the underlying p-type bulk. This bulk n-type 

layer is characterised by electrons of relatively high mobility and moderate concentration, with 

temperature dependence consistent with lattice-based scattering mechanisms. The concentration 

and mobility of the electrons in this layer is believed to be graded from the degenerate n-type 

surface through to the bulk p-type layer [9, 10, 12]. Samples with deep type conversion resulting 

in bulk n-type conduction are grouped at the top of the Table 7.2, while samples where the only 

significant contribution to n-type conductivity comes from a damaged surface layer are grouped 

at the bottom of the table. For some samples, this distinction is difficult to make, since a small 

contribution from electrons in the type converted layer which fall into an intermediate category 

between surface and bulk is observed. 

 

The results that are presented in this section are based on the n-type and p-type mobility spectra 

that are obtained from QMSA of many sets of variable-magnetic-field Hall and resistivity data. 

It is not practical to present the hundreds of semi-continuous mobility spectra that have been 

obtained for the thirteen successfully characterised samples as a function of both temperature 

and wet etch-back depth. It has also been found that the mobility of bulk electron species in p-

to-n type converted HgCdTe is typically graded, which makes it difficult to analyse the 

temperature-dependence of carrier species with the third dimension of temperature added to the 

mobility spectra plots. In this work, a weighted-average representation for carriers is used to 

simplify analysis, as discussed in Section 7.2.1. 

 

For reference, a van der Pauw sample (VDP01) was processed in the parallel-plate RIE tool 

using the process conditions which are known to be suitable for n-on-p junction formation with 

properties associated with high-performance photodiodes in MWIR and LWIR HgCdTe. The 
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results obtained for this reference sample are useful as an indicator of whether the samples 

processed under different plasma process conditions in the ICPRIE system exhibit carrier 

transport properties which are consistent with high-performance photodiodes. These results are 

useful as a benchmark for ICPRIE-processed samples. Examples of mobility spectra typical of 

samples with “deep” ICPRIE-induced type conversion are discussed in Section 7.2.1. The 

electron mobility spectra typical of only shallow type conversion are discussed in Section 7.2.2. 

The relationships between the ICPRIE conditions and the carrier transport properties in the p-to-

n type converted layers are then discussed Section 7.3, including the likely physical 

explanations for the causes of these relationships. 

 

The changes to the plasma-induced type conversion process that were expected from changes to 

each of the ICPRIE plasma process parameters have already been discussed in Chapter 4, based 

on physical theory and the literature review of dry etching. It should be noted again that it was 

not practical to create and follow a structured design of experiments for this section, as several 

hundred samples would be required at a minimum to investigate the eight independent ICPRIE 

process parameters. This experiment was complicated further by the absence of accurate prior 

knowledge of how these parameters affect the ICPRIE-induced type conversion process, and 

without a starting set of ICPRIE conditions that were known to induce p-to-n type conversion. 

 

For example, it would be straightforward to have chosen to investigate the level of RIE power, 

which is expected to have a simple and direct effect on the type conversion process, while fixing 

each of the other ICPRIE conditions. However, without knowing appropriate values for these 

other parameters, such an investigation would have yielded little result. For this reason, the 

results obtained in this investigation are discussed and analysed by ICPRIE parameter, rather 

than in the sequential order in which they were processed. 

 

The first van der Pauw samples that underwent ICPRIE-induced type conversion were found by 

QMSA of Hall and resistivity measurements to exhibit n-type conductivity with only limited 

contribution from bulk electrons. This sequence included VDP13 to VDP10, which were 

processed at similar low temperature (10 °C) and the same time (2 min) that was used for the 

earlier RIE-based photodiodes, while the levels of RIE and ICP power were varied significantly 

to little absolute effect on the plasma-induced type conversion depth. The levels of RIE and ICP 

power were initially chosen for investigation because they were expected to have a significant 

and relatively direct influence on the type conversion process. The process pressure was 

relatively low (15 mTorr) for these samples, as lower pressure was known to typically favour a 

stoichiometric and smooth etched surface. 
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It was then decided to increase the sample temperature during ICPRIE processing in an attempt 

to increase the extent of plasma-induced type conversion, based on previously published work 

that had identified a significant reduction in the extent of conductivity type conversion in ion 

milling experiments at reduced temperature [13]. Increasing the sample temperature during 

processing is typically not desirable because it favours desorption of Hg from the etched surface. 

In addition, it is also well-known that the p-n junction stability in HgCdTe may be compromised 

at temperatures approaching 120 - 150 °C. The sample temperature for sample VDP06 was 

therefore increased from 10°C to 70°C during ICPRIE processing, with the aim of increasing 

the extent of conductivity type conversion and inducing a bulk electron species. This change 

achieved this aim, which identified that the plasma-induced type conversion process was more 

sensitive to the sample temperature than the levels of RIE or ICP power, in the parameter space 

investigated. 

 

Next, it was desired to briefly investigate the sensitivity of the type conversion process to the 

inclusion of Ar in the process gas mixture. Ar is commonly included in modern ICPRIE 

processes, but was not available in the earlier RIE-based photodiode fabrication process. This 

gas is expected to improve the plasma stability and increase the physical component of the etch 

process, as discussed in Section 4.3.2.1. Sample VDP05 was processed without Ar in the gas 

mixture, but otherwise under nominally identical ICPRIE process conditions to VDP06. The 

bulk electron species was still observed in the mobility spectra, but any difference in ICPRIE-

induced type conversion depth was smaller than the resolution of the wet etch-backs. However, 

based on differential measurements between wet etch-backs, the plasma-induced type 

conversion depth was still less than 1 µm, which is typically not sufficient to produce a suitable 

junction for high-performance photodiodes. 

 

It was next decided to investigate process pressure, which was significantly increased from 8 to 

80 mTorr for sample VDP04. This was expected to increase the type conversion depth through 

increased ion flux on the sample releasing a higher density of interstitial Hg. However, it was 

also expected to significantly increase the physical etch rate and modify the surface 

stoichiometry, which was not desirable for producing planar photodiodes with good surface 

passivation. This change was successful in achieving a significant increase in the conductivity 

contribution from the bulk electron species, and an increase in the plasma-induced type 

conversion depth as measured by differential profiling through wet etch-backs to over 1 µm  in 

depth. These process conditions were then chosen to fabricate the photodiode array D1, to be 

discussed in Section 9.3.1. The etched recesses for each photodiode in this array were in excess 

of 1 µm (compared to less than 0.1 µm in the original RIE-based process), and the relatively 

poor performance of these photodiodes was likely to be related to the poor surface passivation 

over the steep sidewalls of each recess. 
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In these samples, Apiezon grease was used to improve the thermal contact between the sample 

and the backside-cooled wafer. As the type conversion depth had been found most sensitive to 

the temperature, it was desired to increase the temperature further for the next sample in order to 

increase the type conversion depth. However, it was not possible to increase the heating of the 

platen greater than 70 °C. The Apiezon grease was not used for this next sample (VDP03) in 

order to increase the sample temperature and eliminate any potential issues that may have been 

associated with introducing the grease to the plasma chamber. However, a significant different 

was not observed in the n-type mobility spectra for this sample and it was not possible to 

accurately measure the maximum sample temperature during processing. 

 

It is desirable to decrease the ICPRIE process time for junction formation, as this will directly 

reduce the depth of the etched recess. Given the dynamic relationship between the progression 

of the plasma-induced type conversion front, and physical etching of type converted material, it 

was hypothesized that the reduction in the ICPRIE-induced type conversion depth with reduced 

process time would be relatively small. For the next van der Pauw sample (VDP02), the process 

time was reduced from 2 minutes to 30 seconds. The change in the carrier transport properties in 

the type-converted layer was not conclusive, with similar bulk and surface electron species 

observed and inconclusive differential results from the wet etch-backs beyond 0.4 µm in depth. 

However, substantially similar ICPRIE-induced type conversion was achieved from a 

significantly shorter process time. This demonstrated that the plasma-induced type conversion 

depth was less sensitive to process time compared to temperature in this region of parameter 

space, which was a positive result due to the reduction in the depth of the etched recess, while 

maintaining sufficient junction depth to induce a bulk electron species. 

 

The next changes made were to reduce the process temperature to 20 °C and eliminate Ar from 

the ICPRIE gas mixture for a second time (VDP09). It was hypothesized that these changes 

would reduce the plasma-induced type conversion depth, but also favoured a reduction in 

physical etch rate. Carrier transport characterisation of this sample confirmed this, with only a 

surface electron species observed. In the following sample VDP10, the process pressure was 

halved from 80 to 40 mTorr and Ar was included in the process gas mixture. It was not known 

what effect these changes would have on the type conversion depth, as both parameters have 

complex relationships with the hydrogen ion composition in the plasma and the overall density. 

The net effect was little change in the carrier transport properties of the van der Pauw sample. 

 

The final van der Pauw sample (VDP07) was processed at reduced pressure of 15 mTorr and 

increased temperature back to 70 °C. The increase in temperature was expected to significantly 

increase the type conversion depth, while it was not known how the change in process pressure 
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would affect the plasma-induced type conversion process. The reduced pressure was again 

expected to improve the surface stoichiometry. The n-type mobility spectra were again found to 

be dominated by the surface electron species, however, some contribution from an electron with 

low-moderate mobility and temperature dependence was observed. This result was not 

conclusive, but was consistent with reducing the process pressure causing a reduction in plasma-

induced type conversion depth in this region of parameter space. 

 

In Section 7.3, these results are analysed and discussed with respect to each ICPRIE process 

parameter. Ideally, a conclusive study of each parameter would have been conducted by design 

of experiments, but such an investigation would require a minimum of several hundred van der 

Pauw samples. The samples have been broadly grouped into those with significant conductivity 

from an ICPRIE-induced p-to-n type converted bulk electron species, and those with only a 

surface electron observed in the mobility spectra. The results of the analysis of these results 

were applied to refine the ICPRIE conditions for photodiode fabrication, discussed in Chapter 9. 

  

7.2.1 Significant conductivity from ICPRIE-induced p-to-n type 
converted bulk layer 

 
Prior to considering the carrier transport properties of the ICPRIE-induced type converted layers, 

it is important to establish a reference for suitable properties for n-on-p junction formation based 

on the previously developed RIE process. This also serves to confirm that the previously 

published procedure is repeatable. As part of this current work, a van der Pauw sample was 

processed in the original parallel-plate RIE tool using process conditions that were known to 

result in n-on-p junctions suitable for high-performance HgCdTe MWIR photodiodes. The RIE 

tool and fabrication and measurement procedures used for this van der Pauw sample were 

identical to those used by previous researchers who developed the photodiode fabrication 

process [9]. These process conditions are regularly used in this RIE tool by other researchers at 

the UWA to fabricate high-performance HgCdTe photodiodes for other investigations. 

 

As previously discussed in Chapter 6, the mobility spectra output from QMSA of variable-

magnetic-field Hall and resistivity measurements show a semi-continuous distribution of 

conductivity as a function of mobility. This is useful at a single measurement temperature to 

accurately represent the carrier transport properties of the sample, and does not restrict 

identified carriers to a discrete mobility value. For type converted samples, this discrete 

representation is unlikely to accurately describe extrinsic electrons associated with the 

diffusion-based type conversion process. However, if we are looking at how these properties are 

changing with temperature or want to compare the properties of different samples, it is much 

easier to interpret and compare discrete values of mobility and concentration for these carriers. 
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Other works have presented 3-D plots of mobility spectra as a function of temperature, but these 

are difficult to interpret [14]. 

 

In this work, broad peaks in each 2-D mobility spectra have been interpreted for assignment to a 

distinct carrier species, for which discrete values of mobility and concentration can be 

calculated. These electron species have been broadly described as “surface” or “bulk”, and for 

some samples at some temperatures, an additional conductivity peak has been observed at 

intermediate mobility values. These intermediate-mobility carriers often merge with the peaks 

of surface and/or bulk electrons at high temperatures, and it is difficult to provide a physical 

explanation for their existence. The semi-continuous n-type mobility spectrum obtained for the 

RIE-processed reference sample VDP01 at 77 K is shown in Fig. 7.2. This plot also shows the 

representative values that have been calculated from the broad peaks in the mobility spectra 

using Equations (7.1) to (7.4). The low mobility peak was interpreted as being associated with a 

surface electron, and the mobility was not observed to change significantly at measurement 

temperatures below 200 K. 

 

 
Fig. 7.2 – Electron mobility spectra obtained at 77 K from D-QMSA of RIE-processed sample 
VDP01. Discrete large points above the broad peaks show the representative values of mobility and 
concentration that were calculated for the underlying peaks. The bars on these points represent the 
spread in mobility values assigned to each point. 
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This semi-continuous n-type mobility spectrum shown in Fig. 7.2 was interpreted to contain 

three significant peaks that have been assigned to three distinct electron species; e1, e2 and e3. 

This interpretation also involved inspection of the mobility spectra obtained at other 

measurement temperatures, because the number of distinct peaks at each measurement 

temperature was not always the same. For example, the broad mobility peak for the bulk 

electron species (e3) that has been assigned to a single representative value could be interpreted 

as two separate peaks, but at other measurement temperatures this distinction was not evident. 

The bars shown on the plot are not error bars: they are used to indicate the standard deviation in 

the range of mobility values assigned to each discrete peak, as to be discussed in the following 

paragraphs. 

 

Minimum and maximum mobility bounds for each peak identified in the mobility spectra were 

used in Equations (7.1) to (7.3) to calculate the discrete representative values for mobility and 

concentration, in addition to weighted-average standard deviation in the mobility values 

associated with each peak [15]. 
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From these values, a weighted standard deviation value is calculated using Equation (7.4) to 

indicate the spread of mobility values associated with the discrete representative values. It 

should be emphasized that the bars on the large points in Fig. 7.2 are not regular error bars. 
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The value given in Equation (7.4) for the spread in mobility values associated with the ith 

representative carrier is a standard deviation from the weighted average value of mobility 

calculated with Equation (7.3), weighted by the number of carriers. An increased value of δi 

indicates a broader peak in the mobility spectra. The bounds for the µi,min and µi,max are moved 

with changing temperature to adjust to reasonable values for the bulk electron at a particular 

measurement temperature. 
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QMSA calculates sheet concentration values, which are often difficult to accurately convert to 

volume concentrations due to uncertainty in the thicknesses of the layers with which each 

carrier is associated. The differential measurements by wet etch-backs can be interpreted to 

obtain an approximation of the maximum thickness of the layer in which the carriers removed 

by the etch-back exist. This may provide approximations for volume concentration values that 

can be compared between carrier species and samples. 

 

Tracking the conductivity peaks associated with each individual carrier species through 

measurement temperature is sometimes difficult. For example, at low measurement 

temperatures, the peaks associated with the three identified electron species shown in Fig. 7.3 

are relatively well separated. As the measurement temperature increases, the peaks of identified 

species may overlap due to the different scattering mechanisms that dominate transport of each 

carrier. In addition, increasing temperature may activate carriers that were not previously 

present in significant concentrations, and the peaks associated with these carrier species may 

also overlap with others. This complicates the analysis of the carrier transport properties with 

temperature. 

 

After-obtaining weighted average representative values for mobility and concentration for each 

carrier species, they were then plotted as a function of temperature. For reference sample 

VDP01, the carrier transport properties of electron species calculated using these expressions 

are shown in Figs. 7.3 to 7.5. These plots show the mobility, sheet concentration, and sheet 

conductivity, respectively, for each electron species identified in the sample. 

 

 

Fig. 7.3 – RIE-processed sample (VDP01): weighted-average electron mobility as a function of 
temperature. 
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Fig. 7.4 – RIE-processed sample (VDP01): sheet electron concentration as a function of 
temperature. 

 
Fig. 7.5 – RIE-processed sample (VDP01): n-type sheet conductivity associated with each 
representative carrier species. 

 
The measured n-type mobility spectra of the H2/CH4 RIE-processed reference sample as a 

function of temperature have peaks consistent with three electron species. This repeats a 

previously reported experiment by other researchers and agrees with the results obtained from 

those samples and measurements [9]. The dotted line shown in Fig. 7.3 follows the T-1.5 curve 

which has been proposed for the approximate temperature dependence of lattice-based phonon 
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scattering mechanisms, based on empirical data for high-quality n-type HgCdTe [16]. The 

weighted-average electron mobility measured for this RIE-reference sample shown in Fig. 7.3 

was used as the benchmark for the mobility of “bulk” electrons in the other ICPRIE-processed 

samples, and is included on subsequent plots for reference. 

 

ICPRIE-processed sample VDP02 was identified as undergoing “deep” p-to-n type conversion 

for the given set of ICPRIE conditions. The n-type carrier transport properties of sample VDP02, 

obtained before and after a 0.1 µm wet etch-back using Br2/methanol, are shown in Figs. 7.6 to 

7.11.  

 

Fig. 7.6 – ICPRIE-processed sample VDP02 as-processed (before wet chemical etch-back): n-type 
weighted-average electron mobility as a function of temperature. 

 
Fig. 7.7 – ICPRIE-processed sample VDP02 after 10 s (0.1 µm) wet etch-back: weighted-average 
electron mobility as a function of temperature. Only bulk electron species are observed. 
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Fig. 7.8 – Sample VDP02 as-processed: sheet electron concentration as a function of inverse 
temperature. 

 

 
Fig. 7.9 – Sample VDP02 after 10 s (0.1 µm) etch-back: sheet electron concentration as a function of 
inverse temperature. Only bulk electron species are observed. 
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Fig. 7.10 – ICPRIE-processed sample VDP02 as-processed: n-type sheet conductivity associated 
with surface and bulk electron species. 

 
Fig. 7.11 – ICPRIE-processed sample VDP02 after 10 s (0.1 µm) etch-back: n-type sheet 
conductivity associated with bulk electron species only.  

 

The n-type mobility spectra obtained for sample VDP02 can be interpreted as indicating two 

extrinsic electron species associated with the ICPRIE-induced type conversion process. A 

surface electron is identified that is characterised by relatively low mobility and weak 

temperature dependence, and high electron concentration. For the RIE-processed sample 

VDP01, three distinct peaks in the n-type mobility spectra were consistently observed with 

changing temperature. They were interpreted as a surface and bulk species, in addition to a 

species with intermediate mobility that was more difficult to classify. This is consistent with 

decreasing level of damage and/or decreasing electron concentration with increasing type 

conversion depth. 
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Prior to a wet etch-back, the bulk electron identified in this sample (VDP02) has relatively high 

mobility (2 × 104 cm2/V.s at 80 K) and moderate concentration (< 1016 cm-3). The mobility of 

this bulk electron approaches a T-1.5 dependence at high temperatures, consistent with bulk 

phonon scattering mechanisms. The temperature-dependent mobility of this bulk electron is 

similar to that observed for the p-to-n type layer associated with the reference from the 

established RIE-based plasma process conditions. The properties of the surface electron of this 

sample are similar to those extracted from all other ICPRIE-processed samples. 

 

The thermally-activated intrinsic electron species is expected to have similar mobility to the 

bulk electron in the type converted layer. At temperatures above approximately 200 K, the 

significant contribution of this thermally-activated intrinsic electron in both the relatively thick 

underlying p-type layer, and the type converted layer, results in a significant increase in the 

sheet conductivity of the “bulk” electron species. 

 

After the 10 s wet chemical etch-back of sample VDP02, which is expected to remove a layer of 

about 0.1 µm thickness, the conductivity peak associated with the bulk electron in the extrinsic 

p-to-n type converted layer is still present in the n-type mobility spectrum of this sample, while 

the low-mobility peak is no longer observed. The associated plots are shown in Figs. 7.7 to 7.9. 

This confirms that the electrons characterised by low mobility and high concentration were 

located in a thin layer at the surface. If the bulk electron mobility and concentration are graded 

from the surface, it is expected that the electrons of lower mobility and higher concentration 

would be removed first by wet etch-backs. The weighted-average mobility of this bulk electron 

was measured to be slightly higher (3 × 104 cm2/V.s at 80 K) than was measured before the etch-

back, which is consistent with increasing electron mobility in the type converted layer with 

increasing depth. 

 

All of the samples in the top half of Table 7.2 were identified as exhibiting a significant 

conductivity contribution from a bulk extrinsic electron species in the ICPRIE-induced p-to-n 

type layer. For each of these samples, the mobility of these bulk electrons in the p-to-n type 

converted layer was very similar, and the sheet concentration and conductivity of these bulk 

electrons was of the same order of magnitude. The plots measured for these other samples are 

not reproduced in this thesis because they are similar to those presented for sample VDP02, and 

do not provide additional insight. The representative values for the mobility, sheet concentration, 

and sheet conductivity of the bulk and surface electron species are summarised in Section 7.4 in 

Table 7.3. Without accurate knowledge of the thickness of the layer in which each carrier 

species is traveling, it is not possible to directly compare the sheet concentrations of different 

carriers or for different samples. 
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Obtaining good Hall and resistivity data for all of these samples with progressive wet etch-backs 

was very difficult, particularly after the second etch-back beyond 0.1 µm. Based on the average 

Hall properties of these samples at greater etch-back depths, it is concluded that the ICPRIE-

induced type conversion depth did not extend beyond a depth of approximately 1µm under any 

of the ICPRIE conditions investigated in this work. 

 

This was a surprising result given that a number of other studies based on parallel-plate RIE (or 

IBM) have reported deep (> 10 µm) type conversion after exposure. However, these studies 

were generally based on LWIR material, which is expected to undergo deeper type conversion 

for a given set of RIE or IBM process conditions, as discussed in Sections 4.3 and 4.4. The 

results of this ICPRIE study are consistent with the type conversion depths reported for the 

parallel-plate RIE tool. This investigation has also found that it is difficult to use H2/CH4/Ar 

ICPRIE to induce junctions deeper than (~ 1 µm) in MWIR vacancy-doped HgCdTe while 

keeping the process parameters within ranges that will also maintain a good surface condition 

and low etch rates. Despite difficulty in this thesis in using ICPRIE to induce n-on-p junctions 

deeper than ~ 1 µm, for many samples associated with different ICPRIE conditions the electron 

mobility and concentration values extracted using QMSA are consistent with the earlier work 

based on the parallel-plate RIE tool, which is known to be high-quality n-type material. 

Obtaining this high-quality n-type material by ICPRIE-induced type conversion is expected to 

be associated with forming high-performance n-on-p photodiodes. 

 

7.2.2 Significant n-type conductivity only from surface electrons 
 
Unlike the group of samples with relatively deep p-to-n type conversion (~ 1 µm), the group for 

which only shallow p-to-n type conversion was observed did not exhibit carrier transport 

properties in the ICPRIE-induced p-to-n type layer that were suitable for junction formation. 

Carrier transport characterization of these ICPRIE-processed samples revealed n-type 

conduction only from a very thin plasma-induced p-to-n type layer that was entirely removed by 

a 0.1µm etch-back. In this surface layer, significant extrinsic n-type conductivity was observed 

from only low-mobility electrons of degenerate concentration. 

 

Results obtained from sample VDP08 were chosen as representative of samples with only a very 

thin ICPRIE induced n-type layer (< 0.1 µm) including a high density of low-mobility extrinsic 

electrons. The n-type mobility spectra obtained from measurements of sample VDP08 are 

shown in Figs. 7.12 to 7.14. For samples with only shallow type conversion and relatively low 

n-type conductivity, the hole contribution could be resolved in the variable-magnetic-field Hall 

and resistivity data and QMSA was able to determine the hole carrier mobility and 

concentration. This was not possible in the samples with significant contribution from a bulk 
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electron species because the hole contribution to the total conductivity was too small to resolve 

from the total. The hole contribution to sheet conductivity is also included in Fig. 7.14. The 

mobility and concentration of the holes in the underlying p-type layer that was extracted using 

QMSA for a number of samples is discussed in Section 7.2.3. 

 

For these samples, the volume concentration and conductivity values can also be estimated for 

the carriers, since the entire p-to-n type layer was removed by the first wet etch-back, expected 

to remove approximately 0.1 µm of material. This could generally not be done with sufficient 

accuracy for the samples with deep p-to-n type conversion, because the conditioning of the raw 

Hall and resistivity data after wet etch-backs was not adequate for reliable QMSA output. This 

was primarily due to non-uniformity in the wet chemical etch-rate across the van der Pauw 

structure, and exacerbated by the high mobility of the bulk electron species, as discussed in 

Chapter 6. 

 
Fig. 7.12 – Sample VDP08: weighted-average electron mobility spectra as a function of temperature. 
 

 
Fig. 7.13 – Sample VDP08: sheet electron concentration as a function of inverse temperature. The 
approximate minimum volume concentration is based on the 0.1 µm etch-back removing the entire 
p-to-n type converted layer. 
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Fig. 7.14 – Sample VDP08: sheet conductivity of electrons and holes as a function of temperature. 

 
The previous plots shown in Figs. 7.12 to 7.14 were obtained from measurements of sample 

VDP08. A number of other samples were identified in Table 7.2 as being associated with a p-to-

n type converted layer of similar depth and carrier transport properties; more specifically, being 

less than approximately 0.1 µm deep and involving electrons of high concentration and low 

mobility. The measured carrier transport properties of this surface electron species in each van 

der Pauw sample are summarised in Section 7.4 in Table 7.3. The carrier sheet concentration 

values can not be directly compared without accurate knowledge of the thickness of the layer in 

which the carriers are traveling. 

 

Further work and more samples are required to support any reliable conclusions that could be 

drawn that might further resolve differences between the type-converted layers of these similar 

samples. However, this is a significant step forward in understanding the type conversion 

process, and the similarities between these samples with shallow type conversion are discussed 

with reference to the associated ICPRIE process conditions in Section 7.3. The difficulty in 

obtaining deep p-to-n type conversion was a challenge in this thesis due to the primary aim of 

forming n-on-p junctions; however, it is a positive result for physical etching applications in 

which this type conversion is an unwanted side-effect. This might mean restricting the extent of 

ICPRIE-induced type conversion to a point at which it did not significantly impact on the 

photodiode performance, or to a very thin layer which could potentially be removed by a post-

process low-damage He plasma [17]. 
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7.2.3 Mobility spectra for holes in underlying p-type layer 
 
All of the van der Pauw samples that were characterised in this thesis were based on similar p-

type starting material. Even after the ICPRIE-induced p-to-n type conversion process, this p-

type base layer still comprises the majority of the sample thickness (~ 95%) for the wide variety 

of ICPRIE process conditions that were used in this work. The conductivity of this p-type layer 

is known to generally be small compared to the p-to-n type converted layers induced by 

exposure to plasma, due to the high electron-to-hole mobility ratio. The conductivity 

contribution from holes in this layer is also small compared to that from thermally-activated 

intrinsic electrons in the p-type material at temperatures above approximately 200 K. 

 

One of the key features of QMSA is the capacity to identify the carrier transport properties of 

carriers with a relatively small contribution to total conductivity. The detection limit of this 

technique for accurate resolution of low-conductivity carriers is generally considered to be 

approximately 5% of the dominant carrier [9]. In this thesis, samples with greater extent of 

plasma-induced p-to-n type conversion, in terms of both depth and the conductivity contribution 

from electrons in the p-to-n type converted layer, QMSA was generally not able to resolve the 

contribution from the holes in the underlying p-type layer until at least some of the type 

converted layer was removed by a wet etch-back. However, for samples with a lesser extent of 

p-to-n type conversion and/or after wet etch-backs to remove the type converted layer, the 

extracted hole mobility and concentration were consistent with the expected properties. 

 

The mobility and concentration of holes extracted from measurements of sample VDP12 both 

before and after a wet etch-back are shown in Figs. 7.15 to 7.17. The values for volume 

concentration of holes in Fig. 7.16 are calculated using the approximate p-type layer thickness 

of 20 µm. The extracted hole mobility and concentration (at 80 K approximately 400 cm2/V.s 

and 1016 cm-3, respectively) calculated over the full temperature range after the wet etch-back to 

remove the p-to-n type converted layer are consistent with the expected values based on the 

manufacturer specifications and carrier scattering theory. The hole properties are expected to be 

similar for all samples, and similar hole mobility and concentration were also obtained for 

measurements of other samples after wet etch-backs to remove the p-to-n type converted layer 

that otherwise dominates the total conductivity of the sample. 
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Fig. 7.15 – Measured hole mobility as a function of temperature with progressive wet etch-backs. 

 

 
Fig. 7.16 – Measured hole concentration as a function of temperature with progressive wet etch-
backs. Volume concentration is calculated from the sheet values based on a p-type layer thickness 
of 20 µm. 
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Fig. 7.17 – Measured hole sheet conductivity as a function of temperature, obtained from the 
measurement after the p-to-n type layer was removed by wet etch-back. 

 
The differences in the hole mobility and concentration values obtained before and after the wet-

chemical etch-back, particularly at lower temperatures, are due to the type converted layers 

shunting the measurement current. When this type converted layer is removed, the true 

contribution from the hole species can be resolved. 

 

Similar plots for hole transport properties in the underlying p-type layer were obtained from 

QMSA of all other ICPRIE-processed samples. The extracted mobility and concentration values 

were consistently closer to the expected values when the hole contribution to total conductivity 

was more significant. The bias current used for Hall and resistivity measurements tended to be 

shunted by the highly-conductive p-to-n type converted layer, since this current path also avoids 

the potential barrier presented by the effective n-p-n junction that must be traversed for 

conduction through the underlying p-type material. The thickness of the p-type layer was 

between 16 - 20 µm for all samples, which is significantly greater than the p-to-n type layer 

thickness of approximately less than 1µm. 

 

As previously discussed, accurate carrier transport characterization of holes in p-type HgCdTe 

is generally a difficult problem. There are a limited number of works in the open literature that 

have presented such a detailed experimental investigation of hole properties in HgCdTe, 

involving magnetic field strengths up to 12 T and including temperature dependence over 20-

300 K. The results in this section have shown that QMSA of variable-magnetic-field Hall and 

resistivity measurements is an accurate and robust technique for characterizing these low-

mobility holes, even when contributing a relatively small percentage of the total sample 

conductivity in the presence of high-mobility electrons. 
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7.3 Effect of varying ICPRIE process parameters on the p-to-n 
type conversion process 

 
One of the primary aims of this thesis was to investigate the relationships between the ICPRIE 

plasma process parameters and the type conversion process. In this section, each independent 

ICPRIE parameter will be related to the carrier transport properties in the p-to-n type converted 

layer, in order to try to identify how each respective ICPRIE process parameter is related to the 

p-to-n type conversion process. These independent process parameters include: 

• Sample temperature 

• H2/CH4/Ar gas flow rates 

• Process pressure 

• RIE power 

• ICP power 

• Process time 

The plasma characteristics that ultimately control the etching and type conversion processes, as 

discussed in Chapter 5, include: 

• Density and energy of various ions, electrons, and radical species in the plasma 

• Acceleration and ion angular distribution of these particles at the sample 

The relationships between any particular independent process parameter, the plasma condition, 

and the etching and type conversion processes are complex. This makes it difficult to present a 

clear and concise discussion of how each independent ICPRIE parameter is related to the type 

conversion process, particularly without having characterised the impractically large number of 

samples that would be required to properly characterise the ICPRIE process parameter space. 

The effect of changing any given independent ICPRIE process parameter on the plasma 

condition may be strongly dependent on the region of parameter space we are considering. For 

example, the effect of increasing the level of ICP power on the plasma condition is likely to be 

significantly different at either high or low levels of process pressure. A key priority is to 

identify which of the ICPRIE parameters produces the greatest change in the plasma-induced 

type conversion depth. 

 

7.3.1 Temperature 
 
The sample temperature is the most difficult of the ICPRIE process parameters to measure 

accurately, because sample heating from the plasma during exposure is expected to result in a 

dynamic temperature gradient between the actively-cooled electrode and the hot plasma. The 

use of Apiezon grease to improve thermal contact between the sample and the carrier wafer 

further complicates the matter. The heat transfer of the system is shown in Fig. 7.18. 
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Fig. 7.18 – Illustration showing heat transfer during processing. Not to scale. He backside cooling 
pressure is applied through holes in the electrode directly to the backside of the carrier wafer 

 

 
Fig. 7.19 – Dynamic relationship between the progression of the type conversion front and material 
etching. 

 

Previous works have proposed that increasing the sample temperature during plasma-etching is 

expected to: 

• Increase the chemical etch rate by providing additional energy for chemical reaction 

• Increase the physical etch rate by providing additional energy for particles to escape the 

surface 

• Increase the diffusion rate of particles into the sample, which will also increase the type 

conversion depth if, as expected, the type conversion is related to diffusion of interstitial 

Hg 

 

The plasma-induced type conversion depth is therefore expected to be a trade-off between 

increased etch rate, which acts to reduce the type conversion depth by removing type converted 

material, and the increasing diffusion rate of interstitial Hg, which is expected to increase the 

rate of progression of the type conversion front. This situation is illustrated in Fig. 7.19, where 

the final type conversion depth is a dynamic function of the rate of progression of the type 

conversion front over the physical etch rate. 
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Based on the experimental data set obtained in this work, the sample temperature during 

ICPRIE appears to be the most critical variable in controlling the plasma-induced type 

conversion process. Significant absolute variation in the depth of the p-to-n type converted layer 

was not observed in samples processed at low temperature (~ 20 °C), despite various 

combinations of varying the level of RIE power from 25 W – 100 W, level of ICP power from 0 

to 250 W, and Ar flow rate from 0 to 106 sccm. It is believed that the variation of these other 

process parameters did have a significant relative effect on the depth and carrier transport 

properties in the p-to-n type converted layer; however the changes in type conversion depth in 

this low temperature regime were smaller than the differential measurements by wet etch-back 

were able to resolve. 

 

The p-to-n type converted layers induced by H2/CH4/Ar ICPRIE exposure at high temperature 

(70 °C, either with or without Apiezon grease for improved thermal contact) were generally 

found to be thicker than 0.1 µm. All samples for which a significant contribution from a bulk 

electron species was measured were processed at this higher temperature. Of these samples, 

significant variations in the other process parameters, including the process pressure, time, and 

Ar in the gas mixture, were not associated with significant changes in the carrier transport 

properties of the p-to-n type converted layer. Only one sample (VDP07) processed at high 

temperature did not exhibit a bulk electron in the type converted layer. However, the ICPRIE 

process conditions for this sample also included short time, low levels of RIE and ICP power, 

and low pressure; all of which are expected to favour only shallow type conversion. 

 

7.3.2 Gas composition 
 
The effect of including Ar in the gas mixture has been of particular interest in this work, as 

discussed in Section 4.3.2. Modern high-density plasma etching processes typically involve the 

use of H2/Ar gas mixtures. The use of H2/CH4 is commonly reported in HgCdTe etching recipes 

based on the parallel-plate RIE tool, as the CH4 was found to be necessary to chemically etch 

the Cd component at the relatively high process pressures that are necessary to strike plasma in 

capacitively-coupled reactors. Including CH4 also was reported to assist in controlling the etch 

anisotropy and associated sidewall angle. However, the polymer deposition associated with CH4 

is undesirable due to chamber cleaning requirements, compromising the process repeatability, 

and complicating the etch process. It was found that at the lower process pressures at which 

plasma can be sustained in the hybrid ICPRIE or ECRRIE configuration, including CH4 was not 

necessary for a smooth etched surface. 

 

For the samples investigated in this work, a consistent relationship between the inclusion of Ar 

and the ICPRIE-induced type conversion depth was not observed. Two samples were processed 
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under almost identical conditions, at high temperature and low pressure, but either with or 

without Ar in the gas mixture (VDP06 and VDP05). Both of these samples were found to 

include both surface and bulk electrons in the p-to-n type layer. QMSA revealed n-type 

conductivity associated with low mobility electrons with weak temperature dependence, in 

addition to relatively high mobility electrons with temperature dependence consistent with bulk 

scattering mechanisms. For the sample processed without Ar in the gas mixture (VDP05), the 

electrons in the surface p-to-n type converted layer exhibited slightly higher mobility compared 

to the sample exposed to plasma with Ar in the gas mixture (VDP06), and slightly lower sheet 

concentration. This may be consistent with a lower degree of surface damage, but could also be 

consistent with a thicker damaged layer of similar quality. After a 10 s (0.1 µm) wet etch-back, 

QMSA of measured data for both samples no longer revealed low-mobility surface electrons, 

while contribution from the high-mobility bulk electrons remained. After a further 30 s (to a 

total of 0.4 µm) wet etch-back, the measured data did not meet conditioning requirements for 

QMSA, most likely due to a nonuniform wet etch profile. However, the average Hall and 

resistivity data for each sample after this second etch-back was not consistent with a significant 

contribution from extrinsic electrons, so little if any p-to-n type converted layer is likely to 

remain. 

 

Two other samples (VDP11 and VDP10) were also processed under almost identical ICPRIE 

conditions, with the exception of including Ar in the gas mixture. However, the conditions 

associated with these samples included both low temperature and low pressure, in addition to 

the highest level of RIE power investigated (150 W). For these two samples, the p-to-n type 

conversion depth was less than 0.1 µm for samples processed either with or without Ar in the 

gas mixture. For sample VDP11 processed with Ar, n-type conductivity was dominated by a 

low mobility electron of high sheet concentration. For sample VDP10 processed without Ar, the 

mobility of the surface electron was slightly higher with slightly stronger dependence on 

temperature. The increased mobility and stronger temperature dependence is consistent with a 

thicker and/or higher quality n-type layer. However, at this very shallow type conversion depth, 

it is difficult to resolve possible differences in the thickness of the type converted layers using 

wet etch-backs. 

 

The process pressure is expected to be strongly related to the effect of including Ar in the gas 

mixture for a number of reasons. Increasing the process pressure is expected to increase the 

relative concentration of H+ ions in the plasma, which is, in turn, expected to increase the 

plasma potential and thus acceleration of ions towards the sample [18]. However, increasing 

pressure also decreases the mean free path of the ions, which is expected to generally decrease 

the velocity of the bombarding ions. Thus, for a fixed Ar concentration in the gas mixture, 

changing process pressure may significantly change the effects of including Ar on the etching 
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and type conversion processes. The level of RIE power is also expected to significantly change 

the effect of including Ar in the gas mixture. At increased RIE power, the acceleration of ions 

and thus bombardment energy is increased. Therefore, at higher levels of RIE power, etching 

and type conversion processes are likely to be more sensitive to the Ar concentration. 

 

Based on the results obtained in this work, it appears that the effect of including Ar in the gas 

mixture may be more sensitive at higher pressure. This may be due to the dominant effects of 

significantly increased plasma potential at higher pressure, which in turn increases the 

acceleration of the heavier Ar+ ions towards the sample, and in turn increases the rate of 

liberation of interstitial Hg, in addition to the diffusion energy of those interstitials. More data 

from a greater number of samples exposed to a variety of ICPRIE conditions is needed to draw 

reliable conclusions. 

 

7.3.3 Pressure 
 
The process pressure is expected to have an extremely complicated effect on the plasma 

condition and, therefore, also a complicated relationship with the p-to-n type conversion process. 

The primary effects of increasing the process pressure from very low pressure (1 – 2 mTorr) to 

moderate pressure (approximately 10 – 100 mTorr) are expected to include: 

• Increased number of gas molecules in the chamber 

• Increased ion density in the chamber 

• Decreased mean free path of the plasma particles 

 

A trade-off exists between the net effect on the physical etch rate, because increasing the 

pressure will decrease the mean free path of each ion, but will also generally increase the ion 

density. Depending on the gas composition and power levels, increasing the pressure will also 

have a secondary effect in changing the relative concentrations of ions in the plasma. In 

particular, increasing the process pressure has generally been found to increase the relative 

concentration of H+ ions. An increased proportion of H2 in the gas mixture has previously been 

associated with increased p-to-n type conversion depths. If increasing the process pressure is 

associated with a particular change in the type conversion process, this makes it difficult to 

isolate whether the physical mechanism of the relationship is due to the secondary effects of 

changing pressure on the H+ concentration, bombardment energy of ions, or changing etch rate. 

 

The experimental results at low process temperatures were consistent with increasing process 

pressure being associated with increased type conversion depth. However, physical etch rates at 

relatively high pressure (above approximately 40 mTorr) and relatively high RIE and/or ICP 

power (above approximately 100 W RIE power or 250 W ICP power) were too high to be 
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practical for planar junction formation, and the etched surface was found to be rough and Cd-

rich. It is important to establish a suitable balance between the temperature and pressure to 

achieve sufficient type conversion depth for n-on-p junction formation, with upper limits on 

these parameters imposed to maintain the surface condition and minimise the physical etch rate. 

 

For samples processed at high temperature (70 °C), the pressure was not found to significantly 

change the type conversion depth within the low resolution of differential profiling, despite 

varying the process pressure from 8 mTorr to 80 mTorr, and varying Ar flow from 0 to 106 

sccm. However, it was found that the etched surfaces of samples processed at high temperature 

and high pressure appeared very rough. The etch rate is also significantly greater for the samples 

processed at high pressure, which is undesirable for junction formation. Processing at lower 

pressure is desired to improve the etched surface condition, reduce polymer formation 

associated with methane in the gas mixture, and reduce the etch rate. 

 

7.3.4 RIE power 
 
As previously discussed in Section 4.3.2.4, the level of RIE power is directly related to the 

acceleration of the plasma particles towards the sample. This is generally expected to be a 

relatively straightforward means of controlling the etch rate and/or type conversion depth. 

Increasing the level of RIE power is expected to: 

• Increase the acceleration of plasma particles towards the sample 

• Slightly increase the plasma density 

This is expected to result in: 

• Increased kinetic energy imparted to sample particles 

• Roughly linear increase in physical etch rate 

• Increased acceleration of ions at sample surface 

• Increased dc bias developed between the plasma and grounded chamber walls 

If the type conversion mechanism is related to the diffusion of interstitial Hg liberated by impact 

of ions from the plasma, then the increase in kinetic energy of plasma particles is expected to 

increase the energy of the interstitial Hg, which should result in increased type conversion depth. 

The increased ion acceleration will also increase the rate at which ions arrive at the sample, 

which should also increase the ion dose for a fixed exposure time, which should also act to 

increase the rate of liberation of interstitial Hg. However, this increase in type conversion depth 

may be offset by the increased physical etch rate, as shown in Fig. 7.19. 

 

Of the plasma conditions investigated in this work, sample VDP13 was processed at the lowest 

level of RIE power (25 W), and at low temperature and pressure. It was found that the p-to-n 

type converted layer was removed by the first 0.1 µm wet etch-back. This sample had a negative 
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Hall coefficient with the smallest magnitude of all samples investigated, and smallest sheet 

conductivity contribution from n-type carriers, which is consistent with the smallest extent type 

conversion in terms of depth and/or concentration. 

 

Samples VDP11 and VDP10 were processed at the highest level of RIE power (150 W), and 

were also processed at low temperature (20 °C). The p-to-n type converted layers for both 

samples remained less than approximately 0.1 µm. The higher level of RIE power is expected to 

result in increased p-to-n type conversion depth: however, the effect of the low process 

temperature is probably more significant in inhibiting the extent of plasma-induced type 

conversion. The mobility of the surface electrons of these samples exposed to higher levels of 

RIE power was slightly lower than that of the other samples: however, more samples would be 

required to determine if the increased RIE power increases the level of plasma-induced damage 

to the electrical properties of the surface. Lower surface electron mobility is most likely 

associated with a thinner and/or more highly damaged layer. 

 

7.3.5 ICP power 
 

The level of ICP power is directly related to the plasma density. Increasing the level of ICP 

power is expected to increase the absolute ion density, as well as changing the relative ion 

concentrations in the plasma. It is also expected to increase the electron temperature and energy 

of each ion, without increasing the acceleration of the plasma particles towards the sample. 

 

This parameter is particularly important to the process developed in this thesis. It is the source 

of the major advantage of the ICPRIE system over the established parallel-plate RIE tool, by 

enabling control of the plasma density without directly affecting the acceleration of plasma 

particles at the sample. It is hypothesized that this additional control of the plasma condition 

will enable better control of the plasma-induced type conversion process, and thus potentially 

improved n-on-p photodiode performance. 

 

For samples processed at high temperature, low to moderate pressure, and short time, increasing 

the level of ICP power from 125 W (for sample VDP07) to 250 W (VDP02) resulted in a 

significant increase in the type conversion depth. Comparison of these two samples provided 

particularly useful information because the difference in type conversion depth was resolved by 

the differential Hall measurements after a wet etch-back. For the sample processed at lower ICP 

power (VDP07), only relatively low mobility electrons were observed in the n-type mobility 

spectra, and after a 0.1 µm etch-back, no significant n-type contribution to conductivity was 

originally observed. For the sample processed at higher ICP power (VDP02), n-type 

conductivity was dominated by high mobility bulk electrons, which were still observed in the 
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mobility spectra after a 0.1 µm wet etch-back. However, the sample that underwent deeper type 

conversion also involved higher process pressure of 40 mTorr compared to 15 mTorr. This 

increase in p-to-n type conversion depth and greater contribution from high mobility electrons 

may be a result of the increase in H+ ion composition in the plasma, and/or the increased ion 

dose associated with the increased plasma density. 

 

7.4 Chapter summary 
 

Varying the ICPRIE process conditions to which p-type vacancy-doped Hg0.7Cd0.3Te material is 

exposed has been shown to affect the plasma-induced type conversion depth, and the mobility 

and concentration of electrons in the p-to-n type converted layer. For all samples processed in 

this work, exposure of vacancy-doped Hg0.7Cd0.3Te to H2/CH4/Ar ICPRIE plasma has been 

found to induce a thin p-to-n type converted layer, less than 0.1 µm thick, and characterised by 

electrons of low mobility and high concentration. For samples processed under appropriate sets 

of ICPRIE conditions, a deeper underlying p-to-n type converted layer has also been observed, 

which is characterised by electrons of high mobility and moderate concentration. The properties 

of electrons in this bulk layer were consistent with those characterised for the established RIE-

induced junction formation process. 

 

An important contrast with the earlier RIE-based type conversion process is the relative 

difficulty in obtaining plasma-induced type conversion to a depth greater than ~ 0.1 µm. A 

summary of the results for each sample is shown in Table 7.3. The reported values for type 

conversion depth are based on differential measurements after wet chemical etch-backs. It is 

difficult to directly compared sheet values for carrier concentration and conductivity associated 

with these carriers without discovering a more accurate method of determining the thickness of 

the layers in which each carrier is traveling. 

 

The sample temperature during ICPRIE was found to be the most important independent 

process parameter in determining the carrier transport properties of the p-to-n type converted 

layer. None of the van der Pauw samples that were processed at the lower temperature of 20 °C 

were found to contain bulk extrinsic electrons, with the complete plasma-induced p-to-n type 

converted layer being removed by a light wet etch-back expected to remove only 0.1 µm of 

material. The carrier mobility was correspondingly low, and the electron concentration in this 

layer was consistent with degenerate material. For these samples processed at low temperature, 

other ICPRIE process parameters including the pressure, Ar flow, RIE power and ICP power 

were varied significantly, without affecting the type conversion depth or carrier transport 

properties to a degree that could be resolved by the differential profiling using wet etch-backs. 
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Table 7.3 – Summary of plasma-induced type conversion process associated with all ICPRIE-
processed van der Pauw samples measured at 77 K. 
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The other independent ICPRIE process parameters have also been found to affect the ICPRIE-

induced type conversion depth and the carrier transport properties in the p-to-n type layer. 

Increased process pressure, process time, and applied RIE power have all been directly 

correlated with increased type conversion depth and the formation of a bulk n-type layer beyond 

that of the surface n-type layer that was observed for all ICPRIE-processed samples. The effects 

of varying these parameters on the plasma-induced type conversion process may be easier to 

resolve for p-to-n type conversion depths of greater magnitude than were encountered in this 

thesis, which in all cases were found not to exceed 1µm. 

 

Considering the application of ICPRIE for physical etching applications, performing this carrier 

transport characterization work has also identified how the ICPRIE process parameters can be 

varied to reduce the p-to-n type conversion depth. Based on these experimental results, 

minimizing the sample temperature during etching is expected to decrease the extent of 

modification to the electrical properties of the exposed material. In addition, reduction in the 

level of process pressure, process time, and the level of RIE power are all expected to inhibit the 

plasma-induced type conversion process. 

 

The QMSA technique has been found to be successful in characterizing the carrier transport 

properties of these complex samples. The properties of multiple carriers have been extracted 

from variable-magnetic-field Hall and resistivity measurements, including the mobility and 

sheet concentration of relatively low mobility holes contributing as little as 5% of total 

conductivity. This information can not be accurately determined using alternative methods such 

as simple Hall measurements. 

 

The work presented in this chapter has also found an appropriate set of ICPRIE process 

parameters associated with samples identified as undergoing deep p-to-n type conversion that 

are expected to induce an n-on-p layer with suitable properties for producing high-performance 

n-on-p photodiodes. These results have been applied in the photodiode fabrication process 

presented in Chapter 9. It should also be emphasized that no other published work has 

performed such a detailed parametric study of the plasma-induced type conversion process, nor 

used a more advanced method for carrier transport characterization. This preliminary study has 

identified which ICPRIE process parameters are most likely to yield productive results from 

further investigations. 
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Chapter 8 
8 Laser beam induced current measurements 
 
Laser beam induced current (LBIC) is a useful nondestructive characterisation technique for 

investigating the electrical properties of HgCdTe. It involves raster scanning a low-power 

focused laser beam over the sample surface. If photogenerated electron-hole pairs are able to 

diffuse to an electric field, such as that associated with a junction or electrically-active defect, 

they will be separated and generate a lateral photovoltage. The signal associated with this effect 

is measured as LBIC through two remote contacts to the sample. 

 

LBIC is most useful as a qualitative tool for evaluating the uniformity of the electrical 

properties of HgCdTe. In this chapter, LBIC measurements of the van der Pauw samples have 

been used to investigate the relationships between the LBIC data and the conditioning of the 

measured variable-magnetic-field Hall and resistivity data. The conditioning of this data is 

dependent on the uniformity of the electrical properties of the sample. 

 

LBIC has also been investigated as a means of determining HgCdTe junction depth and quality 

using only two remote contacts to the wafer, rather than contacts to each p- and n-type region 

for each device. This capability is especially useful for large arrays of junctions, where 

thousands or millions of contacts would be required to investigate the properties of each 

junction by characterisation techniques such as current-voltage measurements. Modeling has 

shown that interpretation of the features of the LBIC profile should theoretically allow for the 

junction depth to be determined, in addition to providing an indication of the material quality. 

The ability to characterise arrays of photodiodes using a simple measurement involving only 

two remote contacts is highly desirable. 

 

In this chapter, the LBIC profiles of planar n-on-p junctions formed by ICPRIE-induced type 

conversion have been investigated as a function of varying the ICPRIE conditions. The carrier 

transport characterisation results presented in Chapters 6 and 7 have shown quantitatively and 

reliably that the ICPRIE-induced junction properties are sensitive to changing process 

conditions, and have been compared to the results obtained using LBIC. 
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8.1 Laser beam induced current measurements 
 
The LBIC technique was used in this thesis to complement the carrier transport characterisation 

work based on QMSA of Hall and resistivity measurements that has previously been discussed 

in Chapters 6 and 7. Significant developments to the LBIC technique for applications in 

HgCdTe photodiode arrays were previously published by Bajaj et al, who investigated LBIC for 

qualitative identification of electrically-active defects and inhomogeneities in pre-processed 

material, in addition to studying the uniformity of two-dimensional arrays of p-n junction 

photodiodes [1-4]. 

 

Previous work over the past two decades has investigated LBIC of HgCdTe for general 

characterisation applications. Research by Redfern et al at the UWA endeavored to extend this 

technique for quantitative photodiode characterisation, which is a very difficult problem due to 

the complexity of the required modeling in addition to difficulty in isolating the relationships 

between the measured signal and various device and material properties [5]. LBIC has also been 

reported as a means of qualitative photodiode characterisation to investigate the effects of ECR 

H2 plasma hydrogenation on LWIR HgCdTe photodiodes [6]. The following discussion in this 

chapter is only intended to provide a basic level of understanding of the associated theory, and 

for a complete understanding of the technique the previously mentioned references should be 

consulted. 

 

An illustration of the typical set-up for LBIC measurements is shown in Fig. 8.1. The incident 

laser beam is stepped incrementally across the sample to obtain 2-D induced current maps. An 

alternative to LBIC that can also be used to obtain similar information is electron beam induced 

current (EBIC), performed in a scanning electron microscope (SEM) [7]. The EBIC method has 

disadvantages of complexity and expense, in addition to producing charge build-up in insulating 

layers. It is also considered a destructive characterisation technique for HgCdTe due to the low 

damage threshold [5]. 

 
Fig. 8.1 – Cross section illustrating typical configuration for LBIC measurements. 
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The laser beam must have photon energy in excess of the energy bandgap of the material to 

generate electron-hole pairs. If the photogenerated carriers are not able to diffuse to an 

electrically active region, they will recombine without contributing to the LBIC signal at that 

point measured through the nominally-shorted contacts. These contacts are typically placed on 

either side of the wafer area under investigation. In contrast, if the photogenerated carriers are 

able to diffuse to and be separated by a built-in electric field, a current will be measured in the 

external circuit [8]. This lateral photoeffect was so named since it occurs parallel to the plane of 

the junction. Such a built-in field might be associated with an electrically active defect or a p-n 

junction. These separated carriers seek to recombine over all possible current paths, including 

that through the external circuit. The magnitude and direction of the current measured through 

the external circuit will be a function of the built-in electric field that separates the carriers, 

resistance of the return current paths for recombination, and the position of the incident 

radiation. 

 

There are two types of features in a semiconductor that are of special interest, which will 

generate an LBIC signal through built-in electric fields. These are electrically active defects, or 

an intentionally-created device structure such as a p-n junction. An LBIC signal can also be 

brought about by non-uniformities in doping or composition. When using LBIC to investigate 

material quality, the uniformity of the LBIC map can be investigated to qualitatively identify 

any electrically active defects or non-uniformities that may be present. LBIC measurements of 

device structures can be investigated to determine the device properties, including the properties 

of a p-n junction. 

 

Characterisation techniques for HgCdTe p-n junction photodiodes are typically based on 

measurements of the I-V characteristics, which require contact to both the n-type and p-type 

regions of the device. LBIC is an alternative characterisation technique with advantages of 

requiring only two contacts for an arbitrary number of junctions in an array, and being possible 

to be performed at an earlier stage in the photodiode fabrication process, and thus being more 

efficient in early identification of defective arrays. The disadvantages of the LBIC technique in 

photodiode characterisation include the extreme difficulty in extracting quantitative results for 

p-n junction properties, including junction depth, carrier concentration, and performance. 

Despite a significant research effort, practical application has been limited to a qualitative 

indicator of uniformity in material and junction properties [9, 10]. 
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Fig. 8.2 – LBIC measurement set-up for different cases of laser illumination position for an n-on-p 
junction: 1) more than several minority carrier diffusion lengths from the junction 2) in the p-type 
region in the vicinity of the junction 3) in the n-type region. The unitless graph shows the general 
shape of the expected LBIC line profile through a junction cross section. 

 
The previously published research efforts to develop LBIC for quantitative photodiode 

characterisation of arrays of n-on-p junction MWIR HgCdTe photodiodes were based on a 

measurement configuration with remote contacts to the p-type bulk. In this case, remote means 

more than approximately 20 diffusion lengths from the junction edge, which was previously 

proposed as a sufficient distance to eliminate this variable from the analysis [5]. The LBIC 

profiles through the n-on-p junctions were investigated. The measurement configurations for 

this case are shown in Fig. 8.2 for different cases of illumination position, along with the typical 

LBIC profiles expected from these measurements. The features of the LBIC line profiles 

through the junctions that were of special interest are the peak-to-peak magnitude, decay of the 

curve away from these peaks, and the symmetry of the profiles [5]. 

 
With reference to Fig. 8.2, the LBIC signal at any given measurement point is a function of the 

position of the laser illumination with respect to the junction, and the material and junction 

properties. When the laser illumination is far from the built-in field of the junction (or any 

electrically-active defect), as in case 1, the photogenerated carriers recombine without being 

measured by the external circuit, resulting in zero measured LBIC signal. 
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As shown by case 2 in Fig. 8.2, when the point of illumination approaches a few minority 

carrier diffusion lengths of the junction, some photogenerated minority electrons in the p-type 

bulk are able to diffuse to the junction and are swept into the n-type region. The excess 

photogenerated electrons in the n-type region and excess holes in the p-type region induce a 

local forward bias condition for the junction. The separated carriers then seek to recombine via a 

return current that is distributed over all possible parallel return current paths, which also 

includes through the remote contacts. Due to the relatively high resistance of the return path 

through the remote contacts compared to local recirculation within the material, the proportion 

of photogenerated carriers that are actually measured as LBIC is typically small. 

 

The peak magnitude in the LBIC signal occurs when the laser is incident in the vertical 

depletion region, which is associated with peak collection efficiency of the photogenerated 

carriers by the junction and thus the maximum lateral photovoltage. 

 

The most complex situation occurs when the laser is focused on the surface of the n-type well in 

the p-type bulk, as shown by case 3. Similar to the case for the photogenerated carriers diffusing 

to the junction from the p-type side, the carriers are swept apart by the junction to become 

excess majority carriers in the respective regions, seeking to redistribute in the respective 

regions and recombine via all possible return current paths. This results in two oppositely 

directed circulations of return current. The asymmetry of this charge distribution is dependent 

on the position of the laser in the n-type region and the geometry of the junction edges and 

contacts. At the junction edge the peak magnitude of LBIC signal occurs due to both maximum 

collection efficiency by the junction and maximum lateral charge asymmetry between the 

remote contacts. As the laser is scanned from the edge through the junction, the asymmetry of 

the oppositely directed return current distributions is decreased. 

 

A special case occurs when the laser is incident at the geometrical mid-point of the junction, 

where the diffusion of excess minority carriers to the junction and their subsequent separation is 

perfectly symmetric about the illumination point, and thus no charge imbalance is measured 

through the remote contacts. As the laser scans further across to the other geometric half of the 

junction, the polarity of the excess charge distribution, and thus the LBIC signal seen by the 

remote contacts, is reversed. This causes the bipolar characteristic of the LBIC profile as it is 

scanned across a p-n junction. 

 

The photocarrier spreading length (Ls) is a parameter that has been proposed as useful for 

investigating LBIC. This parameter essentially quantifies the rate at which the induced forward 

bias of the junction changes with position, and is a function of various material parameters 

including the conductivities of both the n- and p-type regions, the thickness of each region, and 
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the reverse bias saturation current of the junction [11, 12]. This parameter should not be 

confused with diffusion length, and a more detailed discussion is provided in the references 

provided in the PhD work of Redfern [5]. For the purposes of this thesis, it is sufficient to 

assume that longer photocarrier spreading lengths are typically consistent with improved 

junction quality and better surface condition. 

 

The shape of the LBIC profile through the junction region is related to the ratio of device length 

to photocarrier spreading length [13]. When the photocarrier spreading length is very short 

compared to the junction length, the shape of the LBIC profile exhibits a hyperbolic sine 

dependence on position, from which the photocarrier spreading length can theoretically be 

extracted. If not, as is typical of good-quality junctions, the LBIC profile through the junction 

tends to a linear relationship and Ls can not be extracted. 

 

The shape of the decay away from the peaks of the LBIC profile in the p-type region ideally 

follows an exponential curve that is primarily related to the minority carrier diffusion length. 

Other causes of more rapid decay include high surface recombination velocity and/or shallow 

junction depth [13]. This is an example of why it is very difficult to isolate the contributions 

from numerous unknown material and device properties to the limited features in the LBIC 

profile. 

 

The peak magnitude of the LBIC signal can be strongly dependent on the contact position and 

device dimensions, so it is not a reliable qualitative measure unless the geometry of the samples 

is identical [13]. It is also dependent on other material and device properties including surface 

effects, photocarrier spreading length, and device leakage, which makes it very difficult to 

isolate the contributions from these parameters to the measured signal. 

 

Analysis of the features of LBIC profiles is critically dependent on the measurement geometry, 

including contact and device layouts. Modeling has been performed for one-dimensional and 

two-dimensional approximations that are dependent on the use of long and parallel strip 

contacts and square junction wells, and symmetry in this geometry is critical for useful analysis. 

 

The contact position is also critical in this analysis. The extreme case of close contacts, which is 

the measurement configuration used for the van der Pauw samples that were also quantitatively 

characterised by QMSA of Hall and resistivity measurements, is illustrated in Fig. 8.3. This 

involves contacts on the junction, which is where they are practically required to be for the Hall 

and resistivity measurement procedure. For laser illumination very close to the contact edges, 

the metal-semiconductor work function typically contributes to the measured LBIC signal. 

However, in the case of the n-on-p samples being considered in this thesis, the LBIC signal due 
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to the n-on-p junction is expected to be significantly greater than the LBIC response associated 

with the ohmic contacts. The modeling that has been developed in previous work towards 

quantitative analysis of photodiodes is dependent on the use of remote contacts. However, 

measurement based on close contacts can be more sensitive to the junction properties, 

specifically including the junction depth [5]. 

 

In this thesis, it would be highly desirable to be able to analyse the profile features of LBIC 

measurements of ICPRIE-induced junctions to obtain a qualitative indication of junction depth, 

in addition to the electron concentration and lifetime in the p-to-n type converted region. In 

addition, it should be relatively simple to use LBIC measurements to qualitatively investigate 

the spatial uniformity in the electrical properties of the van der Pauw samples, which can be 

correlated to the measured data both to investigate possible causes for anomalous Hall and 

resistivity behaviour and to investigate the depth and carrier transport properties of the ICPRIE-

induced p-to-n type surface layer. 

 
The magnitude of the actual LBIC signal through the remote contacts is typically of the order of 

nA to µA. This current signal is input to a transimpedance preamplifier, through to a lock-in 

amplifier prior to input to the analog-to-digital card in the PC. The voltage input range for the 

ADC is ±10 V. Control and data acquisition functions are performed by the PC and custom 

LabVIEW software that was created by the author during the early stages of this research 

project. 

 

 
Fig. 8.3 – LBIC measurement profile cross section for the extreme case of close contacts. 
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8.2 LBIC of van der Pauw samples 
 
A number of the van der Pauw samples that were exposed to ICPRIE plasma for carrier 

transport characterisation were also investigated by LBIC in conjunction with the variable-

magnetic-field Hall and resistivity measurements. LBIC is particularly useful for qualitative 

evaluation of the uniformity in the electrical properties of HgCdTe. This uniformity is necessary 

to meet the conditioning requirements for valid variable-magnetic-field Hall and resistivity 

measurements. Differential measurements of these van der Pauw samples were performed using 

wet chemical etch-backs to investigate the depth profile of the carrier transport properties. 

 
In the following sections, the LBIC results obtained from measurements of n-on-p HgCdTe van 

der Pauw cross samples, which are illustrated in Fig. 7.1, were also investigated by variable-

magnetic-field Hall and resistivity measurements (as discussed in Chapters 6 and 7). The 

measurement structure is shown in Figs. 7.1 and 8.4. This section examines the 2-D LBIC maps, 

which show the spatial uniformity in the electrical properties of the samples, and also the line 

profiles between the contacts which can be qualitatively interpreted to investigate the n-on-p 

junction properties. 

 

8.2.1 Measured results for van der Pauw samples 
 
Sample VDP03 was processed under nominally identical plasma process conditions to Sample 

VDP04. The ICPRIE-induced p-to-n type converted layer of sample VDP03 was characterised 

by QMSA to exhibit electron concentration and mobility that is suitable for an n-on-p junction 

photodiode, consistent with the results shown in Section 7.2.1. The measured LBIC maps at 

300K and 80K are shown in Figs. 8.4 and 8.5, respectively. The 300 K measurement was taken 

at ten times the preamplifier gain of the 80 K measurement, and is normalized to the 80K 

measurement gain. In these grey scale maps, positive current direction is shown as white and 

negative current as black. The same plots associated with LBIC measurements taken after wet 

etch-backs of 0.1 µm and further 1 µm of this sample are shown in Figs. 8.6 and 8.7, 

respectively. The magnitude of the measured LBIC is normalized to equal amplifier gain of the 

measurement system, however direct comparison of magnitude is not necessarily valid with 

progressive etch-backs, because the contact resistance may change slightly.  

 

The line profiles associated with each LBIC measurement shown in Figs. 8.5 to 8.7 with 

progressive wet etch-backs are directly compared in Fig. 8.8. 
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Fig. 8.4 – Sample VDP03: LBIC map 
measured at 300 K with contacts to left and 
right. The LBIC cross section profile is taken 
through the line shown. Sample dimensions 
are shown in Fig. 7.1, with the outline of the 
mesa-etched cross structure shown. LBIC 
profile in A.U. 

Fig. 8.5 – Sample VDP03: LBIC map 
measured at 80 K with contacts to left and 
right. 
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Fig. 8.6 – Sample VDP03: LBIC map 
measured at 80 K after the first etch-back 
(0.1 µm). 

Fig. 8.7 – Sample VDP03: LBIC map 
measured at 80 K after a second wet etch-
back (1 µm). 
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Fig. 8.8 – Sample VDP03: measured LBIC line profiles through the contacts measured at 80K with 
progressive wet etch-backs. Normalised to amplifier gain. The peaks of the line profile measured 
for the as-processed sample are clipped due to saturation of the DAQ input. 

 

The uniformity across the 2-D LBIC maps is related to the spatial uniformity of the plasma-

induced type conversion depth and the electrical properties of the material in each layer. Before 

the wet etch-backs, at both 300 K and 80 K, the electrical properties across the n-on-p layers 

appear on inspection to be relatively uniform. However, on the linear scale on which the maps 

are presented, the LBIC response associated with unintentional non-uniformities will only be 

observed if it is significant compared to that from major electrical features such as junctions or 

metal contacts. In this case, the sample also appeared relatively uniform on a logarithmic scale 

for induced current, which is not shown. 

 

The bipolar LBIC profile taken between the measurement contacts is consistent with the 

existence of an n-on-p junction. The peaks of this profile are located at the contact edges, and 

the metal contacts block the laser from direct photogeneration of carriers in the HgCdTe. The 

peak-to-peak LBIC magnitude is increased by at least an order of magnitude as a result of 

decreasing the sample temperature from 300 K to 80 K, which is primarily due to an increase in 

the junction built-in voltage that separates the photocarriers to generate the LBIC signal. The 

photocarrier spreading length is also significantly increased at lower measurement temperature, 

which is primarily due to increased minority carrier lifetime and thus diffusion length. This 

increase in spreading length is consistent with a good n-on-p junction [13]. 

 
It is also useful to interpret these LBIC maps with reference to the variable-magnetic-field Hall 

and resistivity measurements. Significant asymmetry in the measured resistivity voltages for this 

sample was observed (as discussed in Section 6.4.2), most likely due to asymmetry in the 

sample and contact geometry, and/or non-uniformity in the depth or electrical properties of the 

plasma-induced p-to-n type layer. The asymmetry in the LBIC profiles, in terms of peak 
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magnitude and shape, is consistent with spatial non-uniformity in the depth and/or carrier 

transport properties in the p-to-n type layer. It is difficult to determine from LBIC whether the 

cause of the asymmetry is related to spatial non-uniformity in the thickness of the p-to-n type 

converted layer, and/or electrical properties of the layer. 

 

As shown in Chapter 7, the first 0.1 µm wet etch-back of all ICPRIE-processed samples 

removed the surface electron species that is characterised by high electron concentration and 

low mobility. Removing this layer is expected to have two opposing effects on the LBIC profile. 

Reducing the thickness of the n-type layer on the underlying p-type is expected to reduce the 

peak LBIC magnitude and spreading length of the carriers. However, since the layer of surface 

electrons removed was degenerate, this etch-back is expected to also reduce the recombination 

rate at the surface, which should also be associated with increased spreading length and/or peak-

to-peak LBIC magnitude. However, no significant differences in the spreading length 

(associated with the profile shape between the peaks in the LBIC profile) extracted from the 

profiles obtained from the measurement before and after this wet etch back of the surface are 

observed. This is consistent with the LBIC profile being dominated by the properties of the 

underlying p-to-n type converted “bulk” material, rather than the damaged and highly-doped n-

type surface. 

 
The LBIC response measured for this sample before the wet etch-back exceeded the input limit 

of the data acquisition (DAQ) board in the PC, so this response is saturated in the plot. This was 

done to investigate the response from features with a weaker response than the peak at the 

contacts, such as unintentional non-uniformities in the doping or p-to-n type layer thickness, 

which would have otherwise been too small to observe compared to the peak response at the 

contacts. 

 

After the second etch-back that was expected to remove approximately 1µm of material, the 

LBIC peak magnitude and the spreading length were reduced by more than an order of 

magnitude. This is consistent with removal of most, if not all, of the p-to-n type layer. It should 

also be noted that in the right “arm” of the cross structure shown in Fig. 8.7, the peak LBIC 

signal is now insignificant compared to that at the contact to the left arm. This is most likely due 

to a higher wet etch rate in the right arm area resulting in removal of a greater thickness of the 

p-to-n type converted layer. The Hall and resistivity measurements after the second wet etch-

back (discussed in Section 6.4.2) did not conform to conditioning requirements for QMSA, and 

were also not consistent with any p-to-n type layer remaining. The spatial non-uniformity of the 

LBIC map after this second wet etch-back is consistent with the poor conditioning observed in 

the measured Hall and resistivity data. 
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LBIC was also used to investigate a number of other ICPRIE-processed van der Pauw samples. 

The results obtained were largely similar to those presented in this section based on sample 

VDP03. These similarities included: 

• The spatial uniformity of the 2-D LBIC maps obtained from as-processed (before wet 

etch-back) samples appeared to be relatively good 

• The LBIC profiles between the contacts were bipolar, being consistent with a n-on-p 

junction 

• After the first (approximately 0.1 µm) wet etch-back, non-uniformity was typically 

observed in the 2-D LBIC map measured at 80K. More specifically, the peak 

magnitudes and profile shape at and away from each measurement contact were 

asymmetric. At 300K, where thermal generation of intrinsic electrons in the underlying 

p-type material reduces the built-in field of the n-on-p junction, the LBIC profiles did 

not appear to change significantly after the wet etch-back. This is consistent with non-

uniformity in the rate of the etch-back across the sample surface resulting in non-

uniform n-on-p junction depth across the sample. The effect on the LBIC profile of 

thickness non-uniformity of this p-to-n type converted layer is expected to be magnified 

if the carrier concentration in this layer is also graded in the type converted region, 

which means that the thicker areas of n-type material will also involve higher average 

electron concentrations. This result is consistent with the cause for the asymmetry in the 

measured Hall and resistivity voltages obtained from the same samples. 

• After further wet-etch backs, the degree of non-uniformity in the 2-D LBIC maps 

measured at 80K generally appeared to increase further. This is consistent with further 

wet etch-back progression creating increased variation in the spatial non-uniformity of 

the thickness of the remaining p-to-n type converted layer. This can also be associated 

with the typically increased difficulty in obtaining Hall and resistivity data that 

conforms to the required assumptions from the same samples. 

• Comparing the LBIC profiles taken between the contacts for van der Pauw samples 

exposed to different ICPRIE process conditions, differences were observed in the peak-

to-peak LBIC magnitudes and the profile shape between the peaks. Based on the results 

obtained from differential Hall measurements for the samples investigated, the peak-to-

peak LBIC magnitude and photocarrier spreading length were typically increased for 

the samples with a “bulk” p-to-n type converted layer. Further investigation that is 

beyond the scope of this thesis is required for conclusive results. 
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8.3 LBIC profiling of n-on-p junctions using remote contacts 
 
A significant research effort has previously reported development of the LBIC technique for 

quantitative photodiode characterisation, based on measurement through remote contacts [5]. 

Theoretical modeling was performed to show that by measuring LBIC through contacts that are 

at least several diffusion lengths from the edge of the junctions, the contact position is 

eliminated as a variable from the analysis. Given the number of variables related to the junction 

properties in the analysis of the LBIC profile, this is very important for quantitative evaluation 

of the junction properties. 

 

As part of the work performed for this thesis, LBIC has been used to investigate ICPRIE-

induced n-on-p junctions by measurements on both van der Pauw samples designed for Hall 

characterisation, in addition to samples with remote strip contacts. The sample layout used for 

this investigation is shown in Fig. 8.9. Each sample involves five pairs of junctions that have 

been sequentially exposed through photoresist masks, one pair at a time, to five different sets of 

ICPRIE conditions for junction formation. Examples of a typical 2-D LBIC map which covers 

an area including five junctions, and the line profiles through n-on-p junctions associated with 

this custom sample structure are shown in Figs. 8.10 and 8.11, respectively. 

 

For the five junctions associated with different ICPRIE conditions in these plots shown, the 

measured profiles for the second junction of each pair was found to be similar but not identical. 

For LBIC measurements taken prior to wet etch-backs, the variation in the measured peak-to-

peak magnitude and spreading length for junctions exposed to the same plasma was significant 

compared to the variation observed between junctions exposed to very different ICPRIE 

conditions. QMSA results have shown with reliable and quantitative accuracy that the depth and 

carrier transport properties in these p-to-n type converted layers are significantly different, due 

to the significant differences in the ICPRIE plasma process conditions used to form them. This 

means that in these cases, the LBIC profiles for each junction measured through remote contacts 

do not appear in most cases to be a reliable or sensitive indicator of the junction properties. 

 

Fig. 8.9 – Sample layout for LBIC investigation of n-on-p junction properties using remote contacts. 
Each of the five pairs of junctions (1a and 1b to 5a and 5b) is formed by exposure to different 
ICPRIE conditions while the other junctions are masked by photoresist. 
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A number of other samples were fabricated based on the same sample geometry and different 

sets of ICPRIE process parameters. Examples of the variations in ICPRIE process parameters 

that were investigated are summarised in Table 8.1. Each sample (L1, L2, L3) has five pairs of 

n-on-p junctions. Each pair of junctions was formed by exposure to a particular set of ICPRIE 

conditions (eg for sample L3, junctions 1a and 1b were exposed to H2/CH4/Ar ICPRIE at 

40mTorr and 50°C). The 2-D LBIC map and line profiles associated with junctions 1a to 5a 

from sample L3 are shown in Figs. 8.10 and 8.11, respectively. The LBIC profiles measured for 

junctions 1b to 5b are not shown because they are very similar to those obtained for 1a to 5a, 

which is consistent with the type conversion process forming ICPRIE-induced n-on-p junctions 

with similar properties across the wafer. This is also consistent with the LBIC measurement 

producing consistent results for junctions with similar properties. Note that junctions 5a and 5b 

were exposed to the standard parallel-plate RIE conditions that are used for plasma-induced 

junction formation at UWA [14]. The LBIC results from other samples are not reproduced 

because they do not provide additional insight. 

Table 8.1 – Summary of ICPRIE process parameter sets associated with samples fabricated for 
LBIC measurements through remote contacts. Each sample has five pairs of ICPRIE-induced n-on-
p junctions. 

Sample 
Junction Time 

(s) 

Pressure 

(mTorr) 

H2/CH4/Ar 

flow (sccm) 

Temp 

(°C) 
RIE power (W) ICP power (W) 

L1 1 180 15 60/10/106 20 75 750 

L1 2 180 15 60/10/106 20 75 500 

L1 3 180 15 60/10/106 20 75 1000 

L1 4 180 15 60/10/106 20 75 500 

L1 5 180 15 60/10/106 20 75 750 
        

L2 1 180 15 60/10/106 20 75 250 

L2 2 180 15 60/10/106 20 25 250 

L2 3 180 15 60/10/106 20 100 250 

L2 4 180 15 60/10/106 20 50 250 

L2 5 180 15 60/10/106 20 75 250 
        

L3 1 60 40 60/10/106 50 50 250 

L3 2 60 100 60/10/106 20 50 250 

L3 3 60 40 60/10/106 20 50 250 

L3 4 60 80 60/10/106 20 50 250 

L3 5 (RIE) 60 100 54/10/0 20 100 250 
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Fig. 8.10 – Sample L3: LBIC map measured at 80 K for n-on-p junctions associated with different 
ICPRIE process conditions. Showing junctions 1a to 5a. Not to scale. Junction areas 300×300 µm 
(physical area shown by boxes). Orientation of remote contacts is illustrated in the figure outside 
the scan area, at distance of approximately 2 mm from junction edges. 

 

 
Fig. 8.11 – Sample L3: LBIC line profiles through each junction from the map shown in Fig. 8.10. 
Each n-on-p junction has been formed under exposure to different sets of plasma-process 
conditions. Includes junctions exposed in the parallel-plate RIE tool using established junction 
formation process. 

 

Physical etch rates were measured using an optical profilometer based on the etched recesses in 

the junction areas of sample L1. The physical etch rates in this case were found to increase at an 

approximately linear rate from 0.3 to 0.5µm/min with increasing ICP power from 500W to 

1000W, with all other ICPRIE process parameters held constant. Investigation of physical etch 

rates is beyond the scope of this thesis and has been reported in works by other researchers. 
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However, the etch rate is useful as a widely comparable indicator of the plasma condition. 

Furthermore, this etch rate imposes upper limits on ICPRIE process parameters for inducing 

planar n-on-p junctions without unacceptably deep recesses. The junction recess depth for the 

established H2/CH4 RIE-based photodiode fabrication process is approximately 0.1µm after a 

two minute process. The etch rate associated with the ICPRIE process is significantly greater 

than RIE primarily due to the significantly higher plasma density created by the ICP power 

source. 

 

In each case, despite significant variation in the ICPRIE process parameters under which each 

junction was formed, the variation in the measured LBIC profile features from the as-processed 

samples were relatively small. This small variation is a promising result, since for high-quality 

junctions it is expected that the majority of photocarriers are collected and swept apart by the 

junction. In this case, it is expected that the LBIC profile will be insensitive to variation in 

parameters including junction depth and carrier concentration [5]. More significant variation 

was observed in the LBIC profiles measured from the van der Pauw samples which used 

extremely close contacts, and further work is required involving investigation of many more 

samples exposed to a variety of ICPRIE process conditions, in conjunction with reliable and 

quantitative data from QMSA, to further develop the LBIC technique into a quantitatively 

useful characterisation method. 

 

8.4 Chapter summary 
 

LBIC has been shown to be a useful technique for qualitative evaluation of the spatial 

uniformity in the electrical properties of HgCdTe n-on-p layered structures. When investigating 

ICPRIE-induced n-on-p layers, using close contacts directly to the surface of the p-to-n type 

converted layer, the localized nonuniform features in the 2-D LBIC maps, and asymmetry of the 

line profiles between the contacts, have been associated with non-uniformity in the thickness 

and/or electrical properties of the remaining p-to-n type converted layer. This observation 

supports the hypothesis that the primary cause of the nonideal asymmetry in the measured Hall 

and resistivity voltages measured from the same samples, as discussed in Chapter 6. 

 

Samples have also been fabricated for LBIC measurements with remote ohmic contacts to 

investigate the properties of the ICPRIE-induced n-on-p junctions. Modeling in other published 

work has established that the use of remote contacts eliminates the contact position as a variable 

from the analysis of the LBIC profiles. For the samples that were measured through remote 

contacts in the practical work performed for this thesis, the LBIC profile features were found to 

be weakly related to variations in the ICPRIE conditions (primarily in changing levels of RIE 

and ICP power) used to induce the n-on-p junctions. 
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Further investigation of this LBIC technique, in conjunction with quantitative results based on 

Hall and resistivity measurements, is required to determine if the LBIC technique is a reliable 

method of investigating the junction properties. The results obtained in the practical study 

presented in this chapter have demonstrated that the LBIC technique shows promise as a 

relatively cheap and simple method for obtaining a qualitative indication of the relative depth 

and/or electron concentration of HgCdTe n-on-p junctions.  
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Chapter 9 
9 Photodiode fabrication and characterisation 
 

The carrier transport characterization work presented in Chapter 7 has enabled the identification 

of conditions for H2/CH4/Ar ICPRIE induced-type conversion which result in the formation of 

an n-on-p junction of suitable depth, with n-type carrier concentration and mobility in the type 

converted region, that are suitable to form a high-performance HgCdTe-based n-on-p planar 

photodiode. In this chapter, various ICPRIE process conditions have been substituted into the 

novel photodiode fabrication process that was previously developed by the MRG based on the 

parallel-plate RIE tool. 

 

The photodiodes fabricated and characterised in this chapter are based on vacancy-doped p-type 

Hg0.7Cd0.3Te and were passivated with MBE-grown CdTe. Gated photodiode structures were 

used to control the surface band bending so that the relative influence of the surface and bulk on 

the photodiode performance could be investigated. These photodiodes are the first to be 

demonstrated based on ICPRIE-induced type conversion. 

 

The photodiode current-voltage (I-V) characteristics determine the device performance and can 

be interpreted to investigate the junction properties. Dark current modeling has been used to 

identify the sources of dark current in these photodiodes as a function of junction bias and 

measurement temperature. Measurements of noise spectra have also been performed to evaluate 

the performance of the fabricated ICPRIE-based photodiodes. A positive correlation is evident 

between increased noise and increased dark current in the devices. 

 

The information obtained from the I-V and noise measurements can be applied to compare the 

performance of the ICPRIE-photodiodes to those based on the original RIE-based junction 

formation process. These device characterization results have also been used to evaluate 

whether changes to the ICPRIE conditions for junction formation have been successful in 

improving photodiode performance. After the first array of photodiodes was investigated, two 

additional photodiode arrays were also fabricated and characterised, using different ICPRIE 

conditions that were chosen to improve the photodiode performance. 
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9.1 ICPRIE-induced photodiode fabrication process 
 
Starting material for the fabricated photodiodes was LPE-grown Hg0.7Cd0.3Te purchased from 

Fermionics Corp. (U.S.A.), with nominal values for cutoff wavelength λco = 5.2 µm and vacancy 

concentration p = 1 × 1016 cm-3 specified by the manufacturer. This material is very similar to 

that used in this work for carrier transport characterization, and also that used in the original 

development of the plasma-induced junction formation process based on the parallel-plate RIE 

tool [1-3]. 

 

The junction formation process is shown diagrammatically in Fig. 9.1, and was the same basic 

process as that used in the earlier RIE-based photodiode fabrication work [1-3]. This also 

illustrates the differences between this novel plasma-induced junction formation process and the 

standard process flows for similar photodiodes based on ion implantation or IBM. These 

process flows illustrate up to the point prior to the deposition of the insulation layer and 

metallization, which are identical for either process. It is evident that the fabrication procedure 

based on the plasma-induced junction formation process is significantly simpler than the 

standard process based on ion implantation. 

 

 
Fig. 9.1 – Photodiode fabrication process flows comparing the plasma-induced type conversion 
process with junction formation based on ion implantation or IBM. 
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The first step in the photodiode fabrication process used in this work was thinning of the 

HgCdTe epilayer to approximately 10 µm by wet chemical etching in 0.1% Br2/methanol 

solution. This epilayer thickness is expected to provide a good balance between the photocarrier 

signal generated by absorption, and noise due to thermal carrier generation. After the wet etch 

the sample was immersed in DI water for transfer to the MBE chamber in order to minimize 

exposure to atmosphere. A 100 nm thick CdTe passivation layer was then deposited by MBE by 

Richard Sewell, using process conditions that are routinely used to grow this passivation layer 

in the previously developed RIE-based photodiode fabrication process at UWA [1, 4]. 

 

The active areas for ICPRIE-induced p-to-n type conversion were photolithographically defined, 

and opened by a brief wet etch through the CdTe using a 1% Br2/HBr solution. The lack of etch 

selectivity may slightly overetch the underlying HgCdTe. The photoresist layer was then 

stripped with acetone, and the sample mounted on a Si carrier wafer for ICPRIE-processing by 

the same method used for the van der Pauw samples discussed in Chapter 7. If the photoresist is 

used as the mask for the plasma-induced type conversion step, it is often baked on around the 

edges of the window in the photoresist to define the junction, and this baked-on photoresist 

cannot be removed by solvents. Furthermore, using photoresist as the mask for the junction 

formation step creates an additional variable in the junction formation process and may 

influence the localized condition of the plasma through volatilization of particles from the 

photoresist. 

 

The photodiodes in each array were circular, with a junction diameter of either 410 µm (labeled 

by number with prefix ‘A’) or 300 µm (labeled ‘B’). Comparison of the I-V characteristics of 

photodiodes of different junction areas can potentially provide an indication of the relative 

influence of surface and bulk effects, but more diode areas would be required for this type of 

study. Such an investigation is beyond the scope of this thesis. 

 

Exposure to H2/CH4/Ar ICPRIE plasma was then used to induce the n-on-p junctions, using the 

CdTe passivation layer as a mask. The CdTe is also etched during the junction formation 

process, so the physical plasma etch rate must be monitored to ensure that sufficient CdTe 

passivation remains after ICPRIE processing. This passivation layer is not replaced after 

ICPRIE-induced junction formation. The junction formation step will also physically etch a 

recess in the exposed HgCdTe. It is desirable to design the ICPRIE conditions to minimize the 

total physical etch depth for both the CdTe passivation layer, and the recess in the HgCdTe. In 

the RIE-based process, the depth of the etched recess is approximately 0.1 µm. After junction 

formation, the type-converted surface was briefly exposed to atmosphere during transfer to a 

vacuum chamber for deposition of the ZnS insulating layer. 
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Fig. 9.2 – Cross section of complete gated photodiode structures with a ZnS insulation layer. 

 

A 200 nm thick insulation layer of ZnS was deposited on the sample by thermal evaporation. 

The sample was held at 50 °C for 3 hours throughout this thermal deposition process. Windows 

were then wet etched to define metallization areas for gates and contacts to the p-type and n-

type regions; through the ZnS using HCl, then through the CdTe using Br2/HBr. Finally, 50 Å / 

1500 Å Cr/Au was thermally evaporated onto the sample for ohmic contacts. The sample was 

then mounted on a chip carrier and manually bonded out using silver epoxy and thin gold wire. 

The complete process sheet is given in Appendix B. A cross section of the gated photodiode 

structures is shown in Fig. 9.2 [5]. 

 

Samples were loaded into a vacuum dewar for I-V and noise measurements. In these cryostats 

the samples were under vacuum of approximately 1×10-6 Torr, and sample temperature could be 

controlled from 77 to 300 K using liquid nitrogen and a temperature controller. A cold shield 

was in place so that measurements could be performed in the dark, or zero field of view (FOV). 

Frontside illumination was not possible due to the metal contact to the n-type regions, and the 

backside of each diode was blocked by the chip carrier. 

 

9.2 Dark current modeling 
 
A number of previously published works have described dark current models for photodiodes, 

which highlight the contributions from each of the dark current mechanisms. This modeling also 

provides quantitative values for a number of material and device parameters. Each of the dark 

current mechanisms has a distinct relationship with the junction and material properties, which 

also can be related to temperature. Published dark current models typically account for diffusion 

current, g-r current, TAT current, and BTB tunneling current [6-13]. By fitting these models to 

the measured I-V characteristics of fabricated photodiodes, the influence of each dark current 

mechanism can be related to the junction properties and performance. 
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Ideally, the photodiode should be perfectly passivated and the dark current should be directly 

related to the bulk junction properties, and not influenced by energy band bending at the surface. 

Surface passivation of HgCdTe photodiodes is typically the factor that limits performance, and 

is still an area for improvement that is the subject of intensive research. The surface band 

bending can be controlled by applying a gate voltage (or charge) to influence the contribution 

from these potential surface dark current mechanisms, which allows the contribution from the 

bulk to be isolated. Gated photodiodes have been used for the ICPRIE-formed MWIR 

photodiodes measured in this chapter, with the dark current modeling closely following the 

procedure used by other UWA researchers [5, 14, 15]. 

 

The expressions for the dark current mechanisms involve many variables related to the material 

and device properties. The expression for the built-in voltage and depletion region width are 

given in Equation (9.1) and (9.2), respectively [16]. The expression for the built-in voltage 

assumes an abrupt junction, which is probably not entirely accurate for these plasma-induced 

junctions but is expected to provide as adequate approximation, given the uncertainty in the 

other variables. The expression for the junction depletion width assumes that the semiconductor 

material is not degenerate on either side of the junction, which is a reasonable assumption for 

the expected doping levels. 
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where Vbi is the built-in field of the junction, ND is the donor concentration in the n-type region, 

NA is the acceptor concentration in the p-type region, W is the depletion layer width, and Vd is 

the diode bias voltage. 

 

The electric field in the bulk depletion region E  is given by the expression in Equation (9.3) 

[15]. The TAT and BTB tunneling currents are strongly dependent on the electric field in the 

depletion region. Tunneling is less likely for material with a wider bandgap and/or increased 

depletion width. The dependence of tunneling on the depletion region width is implicit in the 

expression for electric field, where decreased depletion layer width is associated with increased 

electric field. 
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The expressions for the dark current density associated with the diffusion, g-r, TAT, and BTB 

tunneling mechanisms are given by Equations (9.4) to (9.8), respectively [6, 7, 9-11]. The units 

for these current density expressions are in A/cm2. 

 
Bulk diffusion current density 
 
The diffusion current density in the bulk is given by Equation (9.4). 
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 (9.4) 

 
where s0 is the back surface recombination velocity, τ is the minority carrier lifetime,  and d is 

the thickness of the p-type region. It should be noted that there is significant uncertainty in each 

of these variables. Furthermore, the lifetime and surface recombination velocity are expected to 

change significantly with measurement temperature. 

 

The alpha values ( nα  and pα ) for scaling electron and hole diffusion current are modeled to 

apply to a contact interface located a distance d from the depletion region, and are used to adjust 

for the influence of surface recombination. If the distance from the edge of the depletion region 

to the interface is much more than a diffusion length, the influence of the surface recombination 

velocity is significantly reduced, and α tends to a value of 1. If not, α (and therefore diffusion 

current) is increased as the surface recombination velocity increases relative to the ratio of 

diffusion length to the carrier lifetime. In device-quality HgCdTe, diffusion lengths are typically 

of the order of tens of microns, and thus d < L. 

 

The diffusion current is relatively insensitive to the properties of the depletion region, unlike the 

other dark-current mechanisms. It is typically dominant in forward bias and can be distinguished 

from g-r current by the ni
2 dependence on temperature, rather than ni. This expression, used to 

model diffusion current, is based on the assumptions that we have a 1-D photodiode in the dark 

(zero optical photogeneration), and that low-level injection conditions prevail. 

 
Bulk trap-assisted tunneling current density 
 
The trap-assisted tunneling current density is given by Equation (9.5). 
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where M is the transition matrix element between the trap level and the conduction band, and Et 

is the trap level relative to Ev. Since no value for M has been reported for HgCdTe, in this work 

the reported value for silicon is used as an approximation (√1023 V-2cm3). Other studies of 

HgCdTe have used the same approximation  [7, 17, 18]. 

 

The TAT current mechanism is typically dominant in reverse junction bias, particularly at small 

values of reverse bias, and is commonly the dominant dark current mechanism in HgCdTe 

photodiodes [19]. It has also been identified as a less-important dark current mechanism in 

forward bias [20]. It is strongly dependent on the electric field across the junction and the 

location of the trap level in the energy gap. Increasing the trap level in the model is associated 

with a significant increase in the TAT current density, particularly at higher magnitudes of 

reverse junction bias. It should be remembered that changing the trap level will also affect the g-

r current density. A trap level located at the midpoint of the energy bandgap has generally been 

found to give a good fit to I-V curves measured for MWIR HgCdTe photodiodes. Increasing the 

trap density in the bulk also results in a significant increase in the TAT current density, however 

unlike the relationship with the trap level, this increase in dark current is not amplified at more 

negative values of reverse junction bias. For good quality material, this bulk trap density should 

be significantly lower than the carrier concentration in the material. 

 
Bulk band-to-band tunneling current density 
 
The bulk BTB tunneling current density is given by Equation (9.6). 
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The BTB tunneling mechanism involves direct tunneling across the depletion region from the 

valence band to the conduction band, without any intermediate trap state, so it is typically less 

important than the TAT mechanism. It is generally only significant at high values of reverse 

junction bias, since it requires the energy bands to overlap. BTB tunneling is also more 

significant as the x value is reduced due to the narrower bandgap. 

 
Bulk generation-recombination current density 
 
The bulk g-r current density is given by Equation (9.7). 
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In this expression for g-r dark current, the integral f(b) can be approximated by the piecewise 

expression given in Equation (9.8). For large values of reverse bias, the limit for f(b) can be 

used to avoid numerical error in the approximation. This expression for g-r also includes values 

for minority carrier lifetimes, which may vary with temperature and junction bias. 

 

 

2 1/ 2 2 1/ 2 2

2

2 1/ 2 2 1/ 2 2

1/ 2 1/ 2

0 0

0 0

(1 ) arctan[ (1 ) / ] 1
( ) / 1

( 1) arctan[ ( 1) / ] 1

where 2 cosh
2

and ( ) /

n p p n

p n n p

bi

b b b
f b b

b b b

p n
b

n p

q V V kT

α β
α β

α β

τ τ θβ
τ τ

θ

−

−

⎧ − − <
⎪= =⎨
⎪ − − >⎩

⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎝ ⎠⎝ ⎠ ⎝ ⎠
= −

  

   

 (9.8) 

 
The expression for g-r current density in Equation (9.7) is only valid for bias voltages less than a 

few kT/q, and assumes that the carrier lifetime in the depletion region is τ0. For large reverse 

bias, this component becomes directly proportional to the depletion width, and the expression 

for the corresponding dynamic resistance is approximately independent of the applied junction 

voltage [10]. The g-r current density is strongly dependent on the location of the trap level in the 

energy bandgap, in addition to the depletion layer volume from which this dark current 

originates. 

 

Increased g-r current is associated with increased depletion layer volume and trap levels closer 

to the mid-point of the energy gap. It has been found to be relatively important for MWIR 

photodiodes based on plasma-induced type conversion at temperatures in the range 77 - 125 K 

[21]. 

 
Total bulk dark current 
 
The total diode dark current is obtained by integrating each of the individual dark current 

density components over the junction area, which is relatively straightforward if we assume a 

simple 1-D approximation. However, since this is not realistic for the photodiodes considered in 

this thesis, we can modify the current density expressions for the 3-D devices being considered 

to obtain a better approximation. This can be done by accommodating the significantly different 

properties of the bulk and surface. To account for dark current generated in the bulk region, the 
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current density equations can be integrated over the entire junction area A, as given by Equation 

(9.9) [15]. Difficulty in measuring the junction depth, and the extent to which plasma-induced 

type conversion may extend laterally outside the junction area defined by the mask, can lead to 

significant uncertainty in the calculated junction area. This expression assumes that the junction 

area can be approximated by a cylinder, and includes the walls of this cylinder and the depletion 

region in the material, but excludes the surface. 

 2 2A r rdπ π= +  (9.9) 

where r is the circular junction radius and d is the junction depth. 

 

If we assume that the junction properties are uniform throughout the bulk, the total dark current 

originating in the bulk can be approximated by Equation (9.10). The dark current originating 

from the surface, or more specifically the small region in the vicinity of the junction intersecting 

the surface, can be considered to be the excess dark current over that approximated by Equation 

(9.10) [15], as discussed in the following section. 

 
 ( )diff g r tat btbI J J J J A−= + + +  (9.10) 
 

9.2.1 Modeling surface effects on dark current 
 
The previous expressions for current density related to each of the bulk dark current 

mechanisms do not account for surface effects, which are particularly important for tunneling 

currents. The surface band-bending may significantly affect the depletion layer width and 

electric field at the surface, which in turn is expected to strongly affect the TAT and BTB 

tunneling current density in this region. The multiplication factors αtat and αbtb can be introduced 

to account for this effective electric field at the surface, as given in Equations 9.11 and 9.12, 

respectively [15]. These expressions scale the electric field by these electric-field-enhancement 

factors, compared to the case without surface band bending. This scaled electric field at the 

surface is dependent on temperature, gate bias, and/or or insulator charge, but not junction bias. 

 
 btb btbα=E E  (9.11) 
 
 tat tatα=E E  (9.12) 
 
The values for these constants are not necessarily the same for the TAT and BTB tunneling 

mechanisms because the region (surface or bulk) where the current is generated may be 

different. The difference in the value for each mechanism is useful as an indicator of the relative 

importance of each mechanism. Considering these multiplication factors independently, an 

increased multiplication factor is indicative of increased influence of the surface sources 

compared to the bulk. These modified values for the electric field at the surface can then be 
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inserted into the expressions for the dark current density associated with each mechanism, as 

given in Equation (9.13) and (9.14). 
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To include the effects of the surface-modified dark current contributions from TAT and BTB 

tunneling currents, we can add these components to the bulk contribution previously calculated. 

 
 , ,( ) ( )total diff g r tat btb bulk tat S btb S SI J J J J A J J A−= + + + + +  (9.15) 
 
where AS is the area of this surface dark current region. 
 
The expressions for modeling the total dark current include many fitting variables, the values of 

which often involve a large degree of uncertainty. As used in previously published work, four 

new multiplication values are introduced in the modeling used in this thesis to account for the 

modulation of the surface band bending [5, 22]. These are required to obtain enough freedom to 

achieve a better fit to the measured data. Given the extreme complexity of the problem, it is 

unreasonable to expect this modeling to provide any more than a rough qualitative indication of 

the relative contribution of each dark current mechanism and the influence of the surface. This 

modeling is useful to provide an indication of whether changes to the ICPRIE-induced junction 

formation conditions have resulted in increased or decreased tunneling current, and the results 

can provide information that can be used to refine the ICPRIE process conditions in order to 

optimize the photodiode performance. It is also desirable to investigate the physical causes of 

changes to tunneling currents, such as, for example, increased degree of plasma-induced 

electrical damage to the p-to-n type converted region. 

 

9.2.2 Temperature dependence of R0A 
 
The various dark current mechanisms also have distinctive temperature dependencies. Plotting 

the R0A values as a function of inverse temperature can be interpreted to assist in identification 

of the dominant dark current mechanisms over various temperature ranges. These expressions 

involve a number of material and device parameters, most of which are unknown and have a 

complicated dependence on temperature. In particular, there is a large degree of uncertainty in 

the minority carrier lifetimes. An approximation for the carrier mobility values is provided by 

the experimental carrier transport characterization results presented in Chapter 7, which have 

been input to the modeling in this chapter. 
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For comparison to the performance of the ICPRIE-induced photodiodes that are developed in 

this thesis, an example of measured R0A as a function of temperature for two LWIR HgCdTe 

photodiodes from the open literature is reproduced in Fig. 9.3 [23]. These are back-illuminated 

double-layer heterojunction (DLHJ) mesa photodiodes, fabricated using an established process. 

Mesa-isolated diodes are expected to be more sensitive to the surface condition than planar 

diodes due to the increased surface area of exposed material. This plot does not explicitly show 

the temperature dependence of the diffusion and tunneling dark current mechanisms. The good 

photodiodes (A) from that sample were reported to be diffusion limited to a lower temperature 

than the relatively poor tunneling-limited photodiodes (B). Similar performance analysis has 

also been reported for LWIR and MWIR photodiodes based on IBM-induced junction formation 

[13] and ion implantation [24]. 

 

Qualitatively, the temperature dependence of the R0A associated with diffusion current is 

dominated by the term ( ) 1
2

in T
−

. It is also dependent on the ratio of mobility to lifetime, 

which is a relatively complex function of temperature. The temperature dependence of the R0A 

associated with g-r current is dominated by the term ( ) 1
in T − , and again is influenced by the 

carrier lifetime. The temperature dependence of the tunneling mechanism is strongly dependent 

on the electric field across the depletion region, which is in turn a complicated function that is 

very sensitive to the value of ni. If we assume that the modeled equation for ni is reasonably 

accurate, then the shape of each of these curves should provide a reasonable indication for the 

temperature behaviour of the respective dark current mechanisms. 

 
Fig. 9.3 – Temperature dependence of R0A data from two nominally identical LWIR 30 µm pitch 
diodes from the same array at 78 K and zero FOV, after Ref. [23]. 
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9.2.3 Gated photodiode measurements 
 
Gated photodiodes can be used to investigate the influence of the surface on photodiode 

performance. A cross section of the gated photodiode structure used for this thesis is shown in 

Fig. 9.2, and a top view photo of the photodiodes is shown in Fig. 9.5 [5]. By applying a voltage 

or charge to the gate, the surface band bending can be controlled, which most significantly 

influences tunneling currents at the surface. Devices that are not perfectly passivated are not 

expected to achieve flat band conditions at the surface, and the resulting enhanced tunneling is 

expected to degrade the device performance. The gate bias can be used to control the surface 

condition from accumulation, through flat band, to depletion, as illustrated in Fig. 9.4. The 

operation of gated photodiodes on HgCdTe has been discussed and developed in a number of 

works [5, 15, 25, 26]. It should be emphasised that the successful design, fabrication, bonding, 

and measurement of these gated photodiode structures is a very challenging body of work in 

itself, and these procedures were developed as part of another postgraduate research project at 

the UWA which was focused on passivation and noise issues [5]. 

 

Measured results have previously been published for LWIR gated photodiode samples based on 

the traditional RIE-based fabrication process, with the plot of dark current as a function of 

junction and gate bias shown in Fig. 9.6 [15]. The reported RdV characteristics measured show a 

rapid decrease in dynamic resistance in the reverse junction bias regime at 80 K. This feature is 

indicative of junction breakdown, most likely due to increased tunneling current. As the gate 

bias voltage was made more negative from 0 to -10 V, the dark current in reverse junction bias 

was significantly reduced. Increasing the positive gate bias was found to increase the dark 

current in reverse junction bias. The flat band voltage corresponds to the gate voltage at which 

the minimum value of dark current is measured, which in this example was reported to occur at 

a gate bias of about -6 V for a -10 mV bias on the diode. 

 

The negative gate bias required to achieve flat band is consistent with the passivation layer or 

interface containing a high density of positive fixed charge. This means that without applied 

gate bias, this positive surface charge accumulates the n-type region, which narrows the 

depletion width near the surface and therefore increases the electric field across the depletion 

region. The fabrication and measurement procedures required to obtain this data for HgCdTe 

photodiodes are very difficult to achieve successfully, primary due to the high sensitivity of the 

material and devices to damage. 
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Fig. 9.4 – Theoretical illustration of controlling surface depletion layer width using applied gate 
voltage [5]. Depletion regions are drawn assuming a two-sided p-n junction. The term VG denotes 
the gate voltage referenced to the p-type HgCdTe. Each case illustrates how increasing VG from (a) 
less than flatband voltage in p-type to (b) equal to flatband voltage to (c) slightly greater than 
flatband voltage to (d) greater than flatband voltage and p-type surface in inversion, which causes 
field-induced junction breakdown [5]. 

 
 

 

Fig. 9.5 – Top view photo of gated photodiodes under investigation in this thesis (300 µm in junction 
diameter) [5]. 
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Fig. 9.6 – Measured LWIR HgCdTe photodiodes dark current at 80 K as a function of gate bias for 
various junction bias values, after Ref. [15]. 

 

9.3 Characterisation results 
 
This section discusses the results of photodiode characterization measurements for each of the 

photodiode arrays fabricated in this work, based on ICPRIE-induced junction formation for the 

first time. The measured performance of these ICPRIE-induced MWIR photodiodes is 

compared with results reported for similar photodiodes based on established junction formation 

techniques. Specifically, the characterisation results for the ICPRIE-based photodiodes that 

were fabricated in this thesis are compared to the RIE-based photodiode performance that was 

published in earlier research, which has previously been summarised in Section 3.1.2.1. In 

addition, the performance of photodiodes based on different parameter sets for ICPRIE-induced 

junction formation was compared, in an attempt to refine the ICPRIE-induced junction 

formation process. 

 

It is desirable to identify correlations between the measured photodiode performance, the carrier 

transport properties associated with the junctions determined by QMSA, and the changes in the 

plasma condition used to form those junctions. These relationships are investigated sample-by-

sample in this section as the performance is characterised. The ICPRIE process parameters for 

junction formation associated with each sample are summarized in Table 9.1. Each diode 

sample array involves 12 circular diodes of approximately 410 µm diameter labeled A01 to A12, 

and 12 circular diodes of 300 µm diameter labeled B01 to B12. All diodes in each array were 

formed by exposure to the same ICPRIE plasma. 
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Table 9.1 – ICPRIE-induced junction formation conditions for each photodiode array. 

Array H2/CH4/Ar 
flow (sccm) 

Pressure 
(mTorr) 

Temp 
(°C) 

RIE/ICP 
power (W) 

Time 
(s) 

Insulator Junction 
depth 
(µm) 

n-type 
conc. 
(cm-3) 

D1 60/10/106 80 20* 100/250 30 CdTe/ 
ZnS ≈ 0.1 1016-

1017 

D2 60/5/106 15 70 50/250 30 CdTe/ 
ZnS > 0.1 <1017 

D3 60/5/106 15 70 40/175 45 CdTe/ 
SiNx 

unknown <1017 

* Used Apiezon grease to improve thermal coupling of sample to backside-cooled Si carrier wafer. 
 

It would be reasonable to assume that a good set of ICPRIE starting conditions for junction 

formation would be to reproduce the established conditions from the RIE system in the ICPRIE 

reactor. Work performed by other researchers at UWA prior to commencing this thesis found 

that these nominal RIE conditions did not result in significant n-on-p junctions using the 

ICPRIE tool, which is consistent with the carrier transport characterisation results for sample 

VDP12 (which did not include applied ICP power). The reasons for the significant difference in 

the type conversion processes using the different systems are most likely related to differences 

in chamber/electrode geometry issues, and/or calibration of the settings for each tool. 

 

The reported junction depths in Table 9.1 are estimated based on the differential Hall results 

discussed in Chapter 7. The refinements to the ICPRIE process parameters for each diode array 

were based on the relationships between the process parameters and the type conversion process 

identified by the parametric investigation. In each case, the aim of the changes to the ICPRIE 

process conditions was to reduce the level of ion-induced damage to the material, and reducing 

the physical etch depth, while maintaining or increasing the type conversion depth. 

 

Ideally, the only change to the photodiode fabrication process between each sample array would 

have been in a single ICPRIE process parameter, which would give the best indication of how 

that independent parameter is related to the plasma-induced junction properties and/or 

photodiode performance. However, changing a number of the ICPRIE process parameters was 

expected to result in a more significant change to the junction properties. The changes to the 

ICPRIE conditions used to form each junction array were based on analysis of the results of the 

parametric carrier transport characterisation work that was presented in Chapter 7. This, in turn, 

was thought to be necessary in order to achieve high-performance photodiodes while consuming 

a minimal number of samples of high-cost HgCdTe. After arriving at a “good” set of ICPRIE 

conditions that result in high-performance photodiodes, the effects of varying the individual 

ICPRIE process parameters on the photodiode performance can be examined in more detail. 
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9.3.1 Sample D1 
 
The gated photodiode array sample D1 was fabricated using the standard process flow shown in 

Fig. 9.1. The complete process sheet is supplied in Appendix B. This was the first photodiode 

array to be fabricated based on plasma-induced junction formation in the ICPRIE tool. The 

ICPRIE process conditions used to perform the ICPRIE-induced junction formation for this 

array are summarized as follows: 

• H2/CH4/Ar flows 60/10/106 sccm 

• Process pressure 80 mTorr 

• Table temperature 20 °C, backside He pressure 10 Torr 

• RIE/ICP power 100 / 250W 

• Process time 30 seconds 

The carrier transport properties of the plasma-induced p-to-n type regions of these photodiodes 

are assumed to be similar to those of the van der Pauw sample VDP02, which was exposed to 

nominally identical ICPRIE process conditions. The n-on-p junction depth for these 

photodiodes was therefore expected to be ~ 0.1 µm, and the carrier concentration and mobility 

in the p-to-n type converted region was expected to be consistent with high-quality material. 

 

The condition of this ICPRIE plasma was significantly different to that of the standard H2/CH4 

RIE conditions that were used for junction formation in previous work at UWA. The ICP source 

is expected to increase the plasma density by approximately two orders of magnitude compared 

to the capacitively-coupled source, and the Ar component of the gas mixture is expected to 

significantly increase the physical bombardment of the sample. The backside He cooling that is 

used in the ICPRIE tool also acts to reduce sample heating during the shorter 30 s process. 

 

9.3.1.1 Sample D1: Measured and modeled RdA at 77 K 
 
The dynamic resistance area product (RdA) as a function of temperature that were taken from 

the measured I-V characteristics of diodes A11 (410µm) and B01 (300µm) from sample D1 are 

shown in Figs. 9.7 and 9.8, along with the modeled fits for each dark current mechanism at 77K. 

The fitting parameters used to fit the dark current models to the measured data are shown in 

Table 9.2 for comparison with the fitting parameters associated with the other ICPRIE-based 

photodiodes in this thesis. The same fitting parameters were used for the I-V curves associated 

with both diode A11 and B01, with the exception of the different junction areas. The raw 

measured I-V curves inevitably include a series resistance component associated with the ohmic 

resistance of the bulk regions and the connections to the sample, which has been removed from 

the presented data [5, 22]. For good MWIR HgCdTe photodiodes, this series component is 

relatively insignificant at low temperatures. 
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Fig. 9.7 – Sample D1 at 77 K: Measured (solid) and modeled (dotted) RdA for diode A11 (diameter 
410 µm). 

 
Fig. 9.8 – Sample D1 at 77 K: Measured (solid) and modeled (dotted) RdA for diode B01(diameter 
300 µm). 

 
For high-performance photodiodes, it is desirable to obtain diffusion-limited performance to as 

low a temperature as possible, with minimal contribution to total dark current from the other 

dark current mechanisms, which can be controlled by the fabrication process. In particular, it is 

desirable to have minimal contribution from tunneling currents in reverse bias. An R0A value of 

the order of about 1×106 Ω.cm2 at 77 K is generally considered the lower bound for high-

performance HgCdTe photodiodes with a cutoff wavelength of approximately 5 µm. The RdV 

curves for photodiodes from sample D1 show significant tunneling current in reverse bias and 

relatively poor R0A values, but these results were very promising as a first attempt at 

photodiode fabrication based on ICPRIE-induced junction formation. 
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9.3.1.2 Sample D1: Temperature dependence of R0A 
 
The dynamic resistance area product curves obtained as a function of measurement temperature 

for photodiode A11 are shown in Fig. 9.9. The shape of the RdV curves obtained for other 

photodiodes from this array measured at variable temperatures were very similar and so they are 

not repeated in this section. The important features of these curves include the change in the 

slope of the RdA in the forward bias region, and the change in R0A with changing measurement 

temperature. The temperature dependence of the extracted R0A values for photodiodes A11 and 

B01 from array D1 are shown in Fig. 9.10. 

 
Each dark current mechanism has a distinctive temperature dependence, which can be exploited 

to identify the dominant mechanisms over different temperature ranges. The modeled R0A as a 

function of temperature associated with each dark current mechanism has been obtained using 

the expressions given in Section 9.2. The modeled curves shown in Fig. 9.10 are only intended 

to illustrate the shape of the temperature-dependence of each dark current mechanism, so that 

the measured curves can be interpreted to identify which mechanisms are dominant over 

specific ranges of temperature in the fabricated diodes. It is not realistic to expect these models 

to provide an actual fit to the measured R0A data as a function of temperature because of the 

complex temperature dependence and significant uncertainty in the numerous fitting variables. 

However, it is useful to compare the slopes of the modeled curves for each dark current 

mechanism with the slope of the measured R0A curves as a function of temperature, to identify 

the dominant dark current mechanisms over specific temperature ranges. 

 

 
Fig. 9.9 – Temperature-dependent RdA curves for diode A11 from sample D1.  
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Fig. 9.10 – Measured R0A as a function of temperature for diode A11 and diode B01 from array D1. 
Dotted lines illustrate the temperature-dependence of each of major dark current mechanisms, but 
are not intended to fit the measured data. 

 
The RdV characteristics of diodes A11 and B01 are very similar across the measured junction 

bias range and at each measurement temperature, despite being of different junction areas. This 

is consistent with bulk rather than surface effects limiting the photodiode performance, which 

was an unexpected result. However, more measured data for diodes of different areas would be 

required before this conclusion could be drawn. The RdA values for these diodes are about an 

order of magnitude lower than has previously been reported for high-performance diodes based 

on the RIE-induced junction formation process [1]: however, this level of performance is 

promising as a preliminary result. 

 

The lower performance of these two photodiodes from array D1 compared to the previously 

developed RIE-based process may be associated with the shallow junction depth, poor electrical 

properties in the p-to-n type converted region and/or process-induced damage. 

 

Given that TAT dark current limits the performance of these photodiodes below temperatures of 

approximately 150 K, it is expected that performance could be improved by reducing the trap 

density associated with ICPRIE-induced damage to the junction. Reducing the level of RIE 

and/or ICP power is expected to reduce the level of electrical damage to the junction. Based on 

the carrier transport characterization results presented for the associated van der Pauw sample, it 

is also desirable to increase the junction depth from 0.1 µm to approximately 1 µm, and reduce 

the p-to-n type carrier concentration from the measured value of up to approximately 1017 cm-3. 

These changes are expected to reduce the influence of surface effects, improve minority carrier 
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lifetime, and reduce trap-assisted tunneling currents; all of which should contribute to improved 

junction performance. However, reducing the levels of RIE and/or ICP power have also been 

found to reduce the type conversion depth, which was already relatively small. A complicated 

tradeoff between the changes in ICPRIE process parameters was required. 

 

The tunneling currents are also strongly related to the electric field at the surface, which is 

affected by the surface passivation. Poor passivation is a likely contributor to not achieving 

high-performance photodiodes in this first array. Gated measurements were attempted on this 

first ICPRIE photodiode array: however, these did not provide useful results due to leakage 

current through the CdTe/ZnS layer. 

 

The measured performance characteristics of photodiodes from array D1 were not expected to 

be comparable to those obtained from a mature fabrication process. They are very promising 

results for a first attempt at the ICPRIE-induced junction formation process. For the following 

samples, the ICPRIE process conditions for junction formation in sample D2 were refined in an 

attempt to reduce ICPRIE-induced damage to the junction, while maintaining sufficient junction 

depth. 

 

9.3.2 Sample D2 
 
Sample D2 was fabricated after additional van der Pauw samples had been fabricated based on 

different ICPRIE conditions, and Hall characterisation identified that the depth and electrical 

properties of the p-to-n type layer were most sensitive to the sample temperature during the 

ICPRIE process. Increasing the temperature during ICPRIE was not expected to directly affect 

the level of damage to the exposed HgCdTe. However, the temperature was limited to a value at 

which it was expected that a good-quality surface would remain after ICPRIE processing, based 

on observations of samples processed at higher levels of power and temperature. The junctions 

for this sample were induced by ICPRIE processing at the maximum available table temperature, 

while still using backside He pressure to control the actual sample temperature during 

processing. Furthermore, no Apiezon grease was used to thermally couple the HgCdTe sample 

to the Si carrier wafer. This means that the actual temperature of the sample during ICPRIE 

processing would be greater than that obtained if Apiezon grease had been used to improve 

thermal coupling. Previous experiments using irreversible temperature indicators suggest that 

the sample temperature should still have remained below approximately 100 °C during the 

ICPRIE-induced junction formation process. 

 

For this sample, the ICPRIE process time was decreased in order to decrease the depth of the 

etched recess. To avoid formation of a rough and Hg-depleted surface, which is favoured by 
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processing at high temperature (and/or pressure), the process pressure and level of RIE power 

were kept at relatively low values. The depth of the recess etched during junction formation is 

expected to be significantly less than that associated with sample D1, due to processing at 

reduced process pressure and half the level of RIE power. These process conditions were not the 

same as those used for any of the van der Pauw samples that were previously characterised: 

however, the changes from the ICPRIE conditions that were previously used for photodiode 

sample D1 were based on the relationships identifies in the carrier transport characterisation 

work discussed in Chapter 7. The ICPRIE conditions for the junction formation process are 

summarized as follows: 

• H2/CH4/Ar flows 60/5/106 sccm 

• Process pressure 15 mTorr 

• Table temperature 70 °C, backside He pressure 10 Torr 

• RIE/ICP power 50 / 250 W 

• Process time 30 seconds 

 

9.3.2.1 Sample D2: Measured and modeled RdA at 77 K 
 
The measured RdA at 77 K for representative diodes from this array are shown in Figs. 9.12 to 

9.16. The R0A as a function of temperature for the same diodes are shown in Fig. 9.16. These 

measurements were taken with a floating gate potential, with the measurements as a function of 

gate bias to be discussed in Section 9.3.2.3. 

 
Fig. 9.11 – Sample D2 at 77 K: measured (solid) and modeled (dotted) RdA for diode A02 (diameter 
410 µm). 
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Fig. 9.12 – Sample D2 at 77 K: measured (solid) and modeled (dotted) RdA for diode A06 (diameter 
410 µm). 

 
Fig. 9.13 – Sample D2 at 77 K: measured (solid) and modeled (dotted) RdA for diode B02 (diameter 
300 µm). 
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Fig. 9.14 – Sample D2 at 77 K: measured (solid) and modeled (dotted) RdA for diode B05 (diameter 
300 µm). 

 
Fig. 9.15 – Sample D2: measured (solid) and modeled (dotted) RdA at 77 K for diode D2B09 
(diameter 300 µm). 

 
For all photodiodes characterised from array D2, it was again difficult to obtain a good model fit 

to the measured data in forward bias, particularly at small forward junction bias. It is difficult to 

conclude whether diffusion or g-r mechanisms are dominant, with the temperature-dependent 

R0A values (shown in Section 9.3.2.2) being consistent with significant contributions from both 

mechanisms. 
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In reverse junction bias, significant TAT current was observed for all measured photodiodes in 

the array. Achieving a good model fit to the measured data required adjusting the scaling factor 

for the depletion layer electric field at the surface, which is consistent with dominant surface 

TAT current. Achieving a fit to this data by adjusting other fitting parameters such as carrier 

concentration and lifetime within reasonable ranges was not possible. 

 

9.3.2.2 Sample D2: Temperature dependence of R0A 
 
The measured R0A values as a function of temperature for various photodiodes from sample D2 

are shown in Fig. 9.16, along with the modeled curves for the temperature dependence of each 

dark current mechanism. The modeled curves are only intended to provide a qualitative 

indication of the temperature dependence of each of the dark current mechanisms, rather than 

actually fit the measured data. 

 

For high temperatures (above approximately 180 K), the slopes of the measured R0A curves for 

all diodes are consistent with dominant diffusion and/or g-r currents. The first roll-off with 

decreasing temperature is due to the increasing influence of g-r dark current. From these curves, 

the higher performing photodiodes from this sample are diffusion-limited down to about 150 K. 

As the temperature decreases further, the influence of TAT current is dominant. The roll-off in 

R0A with decreasing temperature is partly due to an ohmic component of dark current as a result 

of dislocations in the base regions of the respective diodes [27]. These results were an 

improvement on those obtained from the first sample D1, which is most likely due to a 

reduction in the TAT current due to a reduction in the trap density associated with ion induced 

damage, achieved by reducing the levels of RIE and ICP power used for junction formation. 

 
Fig. 9.16 – Sample D2: measured R0A as a function of temperature for various diodes. 
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9.3.2.3 Sample D2: Gated photodiode measurements 
 
The ability to perform measurements as a function of gate bias was dependent on the successful 

fabrication of metal-insulator-semiconductor (MIS) structures without significant leakage 

through the insulation layer, in addition to manually bonding out both the gate and n-type 

contact without damaging or shorting out the device. Achieving this was very difficult due to 

the high sensitivity of the material to damage and relatively small device and contact pad areas. 

Successful gated diode measurements were performed for diode A02 from sample D2, at gate 

bias voltages from -1.5 V to 1.5 V. At higher magnitudes of gate bias, gate leakage current 

prevented reliable measurements. The measured data at 77 K is shown in Fig. 9.17, and the 

change in the measured RdA at 77 K as a function of applied gate bias for different values of 

junction bias is shown in Fig. 9.18. 

 

 
Fig. 9.17 – Sample D2 at 77 K (gated): dynamic resistance area product as a function of gate bias 
for a gated photodiode A02 of 410 µm diameter. Measured with 0° FOV. Gate voltage referenced to 
p-type substrate. 
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Fig. 9.18 – Sample D2 at 77 K (gated): dynamic resistance area product measured for gated 
photodiode A02. 

 
The results presented in Figs. 9.18 and 9.19 were very promising. With +1.5 V applied gate bias, 

the R0A value is well above 106 Ω.cm2, which is considered very-high performance for MWIR 

photodiodes. The significant improvements to junction performance with applied gate bias show 

that the surface passivation is the performance-limiting factor, rather than the properties of the 

ICPRIE-induced junction. Furthermore, the maximum measured R0A is limited by the gate bias 

that can be reliably applied without leakage through the passivation layer. This shows that the 

ICPRIE-induced junction formation process based on this set of process conditions is capable of 

producing photodiodes with performance equivalent to those based on other well-established 

fabrication technologies, including ion implantation. 

 

The RdA was observed to increase with increasing gate voltage over the range -1.5 V to 1.5 V, 

which corresponds to increasing depletion of the n-type surface near the metallurgical junction. 

With reference to the diagrams showing the influence of the gate bias on the depletion region 

width shown in Fig. 9.4, this range of gate bias corresponds to the p-type region moving through 

depletion towards weak inversion. This depletion region widens the depletion width across the 

junction and increases the barrier to tunneling at the surface. Current leakage through the 

ZnS/CdTe passivation layer prevented reliable extension of the gate bias range beyond the 

values shown. If the gate voltage could be increased above approximately 5 V without 

significant leakage current, it is expected that eventually the p-type surface condition would 

become inverted [5]. 
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Given that the gate controls the band-bending at the surface, if the slope of the RdA curve in 

forward bias does not change with gate voltage, it indicates that the diffusion current is a bulk 

effect [15]. For this gated photodiode from sample D2 at a given gate bias, the slope of the RdA 

curve in forward bias is constant. This is consistent with the diffusion current being the 

dominant dark current mechanism. However, the slope of this curve is greatest at the maximum 

measured gate bias of +1.5 V, and decreases as the gate voltage decreases. This is consistent 

with the diffusion current being significantly influenced by the surface condition, and can be 

contrasted with previously published results for RIE-induced LWIR gated HgCdTe photodiodes 

where the RdA slope was constant with changing gate voltage [15]. These measurements of this 

gated photodiode show that the ICPRIE-induced junction is of high quality, and that the 

photodiode performance is limited by a surface effect rather than the bulk junction properties. 

 

9.3.2.4 Sample D2: Measured noise results 
 
For low noise measurements, the sample was mounted in the same dewar used for the I-V 

measurements. The dewar was sealed and disconnected from the pump to reduce external noise 

during measurements, then placed in a Faraday cage and connected to an in-house designed, 

ultra-low noise, high-bandwidth transimpedance amplifier. This amplifier has a gain of 1010, 

bandwidth of 17.8 kHz, and input noise current of 1.7 × 10-30 A2/Hz. The noise spectra of the 

devices were measured using a computer-controlled HP35665A dynamic signal analyzer [5]. 

 

The noise characteristics of the photodiodes from sample D2 were measured at 77 K, with 

results shown in Figs. 9.20 and 9.21. 

 

Fig. 9.19 – Sample D2 at 77 K: Noise characteristics for diode A02 measured as a function of 
reverse bias with 0° FOV. R0A was 4×105 Ω.cm2. 
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Fig. 9.20 – Sample D2 at 77 K: Noise characteristics for diode A06 measured as a function of 
reverse bias with 0° FOV. R0A was 8×104 Ω.cm2. 

 

The spikes in the noise spectrum at 50 to 60 Hz are associated with the mains supply noise, with 

other spurious peaks probably associated with external noise sources. The noise floor of the 

amplifier used to perform the measurements is about 10-15 A/√Hz, and increases with increasing 

measurement frequency. This amplifier noise causes the increase in measured noise observed at 

frequencies above approximately 1 kHz, which limits the maximum frequency at which noise 

can be reliably measured for each photodiode. 

 

The measured noise results were generally consistent with an inverse relationship between R0A 

and photodiode noise, and similar to those obtained for high-performance photodiodes 

fabricated using the established RIE-based photodiode fabrication process. This original RIE-

based work reported noise current at 1Hz of approximately 3×10-15 A.√Hz measured at 80 K for 

a 250 µm × 250 µm photodiode at reverse bias of -50 mV [5]. Detailed investigation of the 

noise characteristics of HgCdTe photodiodes involves a significant research effort in itself, and 

is beyond the scope of this thesis. However, the results that have been achieved and presented 

are consistent with the characteristics of high-performance HgCdTe photodiodes. 

 

9.3.3 Sample D3 
 
For sample D3, it was desired to further refine the ICPRIE conditions for a plasma-induced 

junction formation. For this sample, an insulating layer of SiNx deposited by PECVD was used 

instead of a layer of thermally-deposited ZnS, as used for the previous ICPRIE-processed 

photodiodes. The SiNx passivation step had recently been developed by Ryan Westerhout as 
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part of another research project, and found to form a suitable insulating layer [28]. The 

advantage of using SiNx rather than ZnS is that the SiNx layer does not absorb water from the 

atmosphere, making it more stable. The thermal deposition process for the ZnS layer involves 

holding the sample temperature at 50 °C. However, during the PECVD deposition process, the 

sample temperature is raised to 125 °C. This temperature is significantly lower than is generally 

used for standard SiNx PECVD, since HgCdTe material and devices are sensitive to high 

temperatures: however, it is high enough that it could potentially affect the properties of the 

ICPRIE-induced junctions. 

 

The ICPRIE conditions used to form the n-on-p photodiodes for sample D3 were changed from 

those associated with sample D2. It was desired to reduce the degree of plasma-induced damage 

to the junction region while maintaining sufficient junction depth. Based on the carrier transport 

characterisation work discussed in Chapter 7, it was decided to achieve this by reducing the 

levels of RIE power and ICP power, and increasing the process time. The ICPRIE process 

conditions used to perform the ICPRIE-induced junction formation for this array are 

summarized as follows: 

• H2/CH4/Ar flows 60/5/106 sccm 

• Process pressure 15 mTorr 

• Table temperature 70 °C, backside He pressure 10 Torr 

• RIE/ICP power 40/175 W 

• Process time 45 seconds 

The performance of photodiodes measured from this sample array D3 demonstrated a 

significant improvement in comparison to previous ICPRIE-formed diodes from samples D1 

and D2, attributed to a combination of the following: 

• ICPRIE process parameters more suitable for n-on-p junction formation, resulting in 

deeper and/or higher quality p-to-n type converted region. 

• Improvement associated with the SiNx passivation process compared to the ZnS 

passivation process. 

o Improved surface passivation by the SiNx layer compared to the ZnS layer. This 

may include changing the band bending at the surface controlled by the charge 

in the insulating layer. 

o Improved junction properties due to the thermal cycle associated with the SiNx 

passivation deposition. The elevated temperature (125 °C for about 15 minutes) 

under vacuum in the PECVD chamber may have provided sufficient diffusion 

of the junction, and assisted in amelioration of plasma-induced damage, and/or 

improved the quality of interfaces. 
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o Improved junction and/or passivation layer properties due to exposure to H2 

during the SiNx deposition process. Previous studies have shown that exposure 

to H2 has a positive effect on diode properties [29, 30]. 

9.3.3.1 Sample D3: Measured and modeled RdA at 77 K 
 
The RdA characteristics for diode A01 from sample D3 measured at 77 K in the dark are shown 

in Fig. 9.21, and were observed to be significantly better than those of the first two photodiode 

arrays. The most likely reason for the significant increase in RdA is a significant reduction in 

reverse bias TAT current. To obtain a better model fit to this measured curve, the factor for 

scaling the electric field at the surface, which strongly affects the surface TAT current density, 

was eliminated. The fitting parameters are summarised in Table 9.2 for comparison to those 

associated with photodiodes from the other arrays. The improvement to the model fit achieved 

by eliminating the surface TAT component that is associated with increased electric field at the 

surface is consistent with the SiNx insulation layer resulting in more favourable surface band 

bending when compared to the ZnS insulation used for the previous ICPRIE-induced 

photodiode arrays. 

 

The measured R0A of photodiode A01 from sample D3 at 77 K is greater than 106 Ω.cm2, which 

is similar to the best results reported in the literature based on established photodiode fabrication 

processes, including ion implantation. Gate leakage prevented application of gate bias to control 

the surface band bending for this photodiode, which means that the R0A associated with the 

bulk junction properties is potentially even higher. If the surface passivation is limiting 

photodiode performance, as has been shown for photodiodes with a thermally-deposited ZnS 

insulation layer, the junction performance is even more impressive. It should also be noted that 

the reverse bias tunneling current has been significantly reduced compared to each of the 

previous ICPRIE-based samples, and results reported previously for the original RIE-based 

junction formation process [14]. 
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Fig. 9.21 – Sample D3 at 77 K: measured (solid) and modeled (dotted) RdA for diode A01. 

 
 

9.3.3.2 Sample D3: Temperature dependence of R0A 
 
The measured R0A for diode A01 from sample D3 was the highest measured in this work. It is 

expected that the role of the SiNx passivation layer is at least partly responsible for the 

significant improvement in photodiode performance in the absence of applied gate voltage to 

control the surface condition. The tunneling current in reverse bias is significantly reduced for 

this sample. This may be attributed to a combination of exposure to H2 plasma, an increase in 

junction depth due to increasing the ICPRIE process time, and/or a reduction in lattice damage 

associated with reducing the levels of RIE power and ICP power. A reduction in the defect 

density of the junction surface and bulk is expected to reduce the trap-assisted tunneling current. 

 

A plot showing R0A as a function of temperature for this photodiode is shown in Fig. 9.22. The 

modeled curves for the temperature dependence of each dark current mechanism have not been 

changed from those used for the previous ICPRIE-based samples, because their realistic 

practical use is only to illustrate the temperature dependence of each mechanism. 
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Fig. 9.22 – Sample D3: measured (solid) and modeled (dotted) R0A as a function of temperature for 
photodiode A01. 

 
Compared to photodiodes from arrays of junctions formed under different ICPRIE conditions, 

the temperature-dependence of this diode from sample D3 is consistent with diffusion-limited 

performance down to a lower temperature of approximately 100 K, due to a significant decrease 

in the TAT dark current mechanism that typically limits performance at low temperatures. This 

improved performance may be due to the associated ICPRIE conditions forming a junction of 

more suitable properties for high-performance. The change to the ICPRIE conditions that is 

most likely to be responsible for this improvement is tradeoff between decreasing the levels of 

RIE power and ICP power, while increasing the process time to maintain a sufficient junction 

depth. The significant improvement in the photodiode performance measured for this sample D3, 

compared to the previous two samples associated with the other ICPRIE process conditions, is 

another promising result. 

 

9.3.3.3 Sample D3: Measured noise results 
 
The measured noise current density for diode A01, shown in Fig. 9.23, was significantly lower 

than any of the other photodiodes fabricated in this work, which can be correlated with the 

significant improvements in the I-V characteristics measured for this photodiode. More 

specifically, the reverse bias tunneling current for this photodiode was significantly lower, and 

R0A significantly higher, than that measured for any other ICPRIE-based diode. This behaviour 

is consistent with previously published work that has specifically correlated the TAT current 

component, rather than total dark current, to HgCdTe photodiode noise [5]. 
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Fig. 9.23 – Sample D3 at 77 K: Noise characteristics for diode A01 measured as a function of 
reverse bias with 0° FOV. R0A was 2.5×106 Ω.cm2.  

 

9.4 Comparison of diode performance based on junction 
formation conditions 

 
In this section, the performance characteristics of the fabricated photodiodes that were presented 

earlier in this chapter are compared. The results of these comparisons will be linked back to the 

carrier transport characteristics of the p-to-n type layers, which were calculated by QMSA of 

Hall and resistivity measurements, and the ICPRIE process conditions associated with the 

plasma-induced junction formation. 

 

The parameters used to fit the dark current models to the RdV curves measured at 77 K in the 

dark for various photodiodes from each of the fabricated arrays are summarized in Table 9.2. 
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Table 9.2 – Parameters associated with best photodiodes measured from each array, including 
performance, dark current model fitting parameters, and ICPRIE conditions used to form n-on-p 
junctions. All modeling performed for data measured at 80K. Fitting variables are highlighted in 
italics. 

Parameters by diode D1A11 D1B01 D2A02 D2B09 D3A01 
R0A (Ω.cm2) 
 

 
8.0×104 

 
6.5×104 

 
4×105 

 
1.5×105 

 
2.5×106 

Noise (1Hz) @ -5mV 
bias 
(A/√Hz) 

 
N/A 

 
N/A 

 
4×10-14 

 
9.1×10-14 

 
7.7×10-15 

Area (cm2) 1.33×10-3 7.16×10-4 1.33×10-3 7.16×10-4 1.33×10-3 
Na (cm-3) 1×1016 1×1016 1×1016 1×1016 1×1016 
Nd  (cm-3) 6×1016 6×1016 6×1016 6×1016 6×1016 
τn (s) 8×10-7 8×10-7 8×10-7 8×10-7 8×10-7 
τp (s) 8×10-7 8×10-7 8×10-7 8×10-7 8×10-7 
Dn 66 66 66 66 66 
Dp 3 3 3 3 3 
Ln (cm) 7×10-3 7×10-3 7×10-3 7×10-3 7×10-3 
Lp (cm( 1.5×10-3 1.5×10-3 1.5×10-3 1.5×10-3 1.5×10-3 
Xepi (cm) 9×10-4 9×10-4 9×10-4 9×10-4 9×10-4 
Sn (cm2/s) 1×103 1×103 1×103 1×103 1×103 
Fitted variables      
S0 (cm2/s) 1×104 1×104 1×104 1×104 5×103 
Et (×Eg) 0.5 0.5 0.5 0.5 0.6 
Nt (cm-3) 5×1013 5×1013 5×1013 5×1013 2×1010 
NtS (cm-3) 1×1014 1×1014 1×1014 1×1014 N/A 
αTATS 1.7 1.7 1.1 1.1 N/A 
αBTBS 1.7 1.7 1.1 1.1 N/A 
ICPRIE parameters for 
junction formation process 

     

Temperature (°C) 20 20 70 70 70 
Pressure (mTorr) 80 80 15 15 15 
RIE power (W) 100 100 50 50 40 
ICP power (W) 250 250 250 250 175 
Time (s) 30 30 30 30 45 

 
 
As previously discussed, it is not realistic to expect each of the numerous fitting parameters to 

be quantitatively accurate, but they should be physically realistic. This is due to the large 

number of parameters, large uncertainty in the value of each, and nonidealities in the measured 

data that will prevent a perfect theoretical fit. The variables that were most important in fitting 

the models to the measured curves were found to be the trap density Nt, position of the trap level 

(as a percentage of the bandgap) Et, and the factor used to scale the electric field at the surface. 

 

In achieving fits to the photodiodes found to have increased R0A values and lower noise spectral 

density, the electric field scaling at the surface was generally found to be the most important 

fitting parameter. Improved performance was generally associated with reducing the electric 

field enhancement at the surface, which included eliminating this scaling factor entirely in order 

to fit the measured data from the best photodiode from sample D3. This was consistent with 

theory. 
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In Table 9.2, the strongest association can be drawn between improved photodiode performance 

and decreased electric field at the surface. To achieve a fit to the RdA curves of the photodiodes 

with higher R0A values and lower noise, the influence of surface tunneling currents is reduced, 

primarily through reducing the scaling factor for the electric field at the surface. Decreasing the 

modeled trap density is also associated with improved photodiode performance, although 

tradeoffs between the trap density, electric field scaling, and trap level are required to achieve a 

good fit to the curve. 

 

The most interesting feature of these fitting parameters was the significant change to the trap 

density and trap level that was required to fit the RdA curve of the highest-performing 

photodiode from sample D3. This photodiode exhibited significantly reduced TAT current in 

reverse bias compared to the other photodiodes. The surface tunneling currents were removed 

from the model to fit this measured curve, whereas scaling of the electric field at the surface was 

required to fit the RdA curves for photodiodes from samples D1 and D2. Furthermore, to 

achieve a flatter RdA characteristic for the model in reverse bias, the trap level was raised 

slightly and the trap density was modeled to reduce significantly. The significantly different 

properties of this photodiode may be associated with reduced ICPRIE-induced damage in the 

junction due to lower levels of RIE and ICP power, and/or the new SiNx insulation process. 

 

The changes to the modeling parameters required to fit the measured I-V curves have been 

qualitatively useful to support the physical explanations for the refinements to the ICPRIE 

process parameters used to form the junctions for each photodiode array. The refinement to the 

ICPRIE conditions for the plasma-induced junction formation process associated with each 

photodiode sample was based on the carrier transport characterisation work based on QMSA, as 

presented in Chapter 7. This work identified relationships between the ICPRIE process 

parameters and the type conversion process, in addition to providing quantitative results for the 

junction depths and carrier transport properties in the type converted layer. Each refinement to 

the ICPRIE-induced junction formation process was found to be successful in achieving 

improvements to the photodiode performance. This has again shown that the surface condition 

is critical in limiting the HgCdTe photodiode performance, in addition to being consistent with 

the hypothesis that reducing the levels of RIE and/or ICP power is associated with reducing the 

degree of ion-induced damage, and therefore improving the carrier transport properties of the p-

to-n type converted layers. 
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9.5 Chapter summary 
 
A novel process has been used to fabricate arrays of n-on-p junction photodiodes based on 

ICPRIE-induced type conversion. The performance of these photodiodes has been characterised 

by I-V measurements as a function of temperature, in addition to noise measurements as a 

function of reverse junction bias. Dark current modeling has been used to investigate the 

dominant dark current mechanisms associated with each photodiode. Different ICPRIE 

conditions were used to perform the plasma-induced type conversion process for each of the 

three samples. 

 

The R0A performance of the best MWIR ICPRIE-induced photodiode from each sample is 

compared to the earlier RIE-based photodiode results from literature in Table 9.3 [1, 5, 14]. 

The results for the RIE-based photodiodes are taken from published results for MWIR HgCdTe 

RIE-induced photodiodes based on nominally identical material with cutoff wavelength λco = 

5.2 µm [31]. 

 

Table 9.3 –R0A measured at 77 K for the earlier RIE-based process, compared to the measured 
results for the  best photodiode from each ICPRIE-based array that was investigated in this thesis 

Array H2/CH4/Ar 
flow (sccm) 

Pressure 
(mTorr) 

Temp 
(°C) 

RIE/ICP 
power (W) 

Time 
(s) 

Insulator R0A77K 
(Ω.cm2) 

RIE 40/10/0 100 20 100/0 120 CdTe / 
ZnS 1.9 × 106  

D1 60/10/106 80 20 100/250 30 CdTe / 
ZnS 4 × 104 

D2 60/5/106 15 70 50/250 30 CdTe / 
ZnS 4 × 105 

D3 60/5/106 15 70 40/175 45 CdTe / 
SiNx 

2.5 × 106 

 

 

The highest measured R0A at 77 K in this work was 2.5 × 106 Ω.cm2, obtained for a photodiode 

from sample D3, which is comparable to that reported for high-performance MWIR 

photodiodes based on established ion implantation or IBM-induced junction formation 

processes. The noise characteristics of this photodiode were measured at 1Hz with at reverse 

bias of -5mV to be 7.7×10-15 A/√Hz at 77 K, which is equivalent to the best values previously 

reported for high-performance photodiodes. The RdA curves for this photodiode showed a 

significant decrease in the trap-assisted tunneling current mechanism, which may have been due 

to improved surface condition and/or reduced trap density in the junction due to reducing the 

levels of RIE and ICP power used for form the junction. This demonstrates for the first time that 

the new ICPRIE-induced junction formation process that has been developed in this thesis is 

suitable for fabricating high-performance MWIR HgCdTe photodiodes. 
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Photodiodes that employ a PECVD-deposited SiNx insulation layer, rather than the thermally-

deposited ZnS layer that was used in the earlier RIE-based photodiode fabrication process, have 

been demonstrated. The process used to deposit an insulation layer of PECVD SiNx may have 

contributed to this improved performance: however, measurements of gated photodiodes based 

on both types of insulation layer have shown that the ICPRIE-induced junction is of high-

quality, and that the performance of the photodiodes insulated by ZnS is limited by surface 

effects rather than the junction quality. This was consistent with results reported for RIE-based 

photodiodes. 

 

Modeling of the temperature-dependent R0A curves has been useful in indicating the dominant 

dark current mechanisms for the ICPRIE-induced photodiodes. The shape of the curves for 

photodiodes with higher R0A values and lower noise was generally found to be consistent with 

diffusion-limited performance down to a lower temperature in comparison to samples with 

lower R0A values. 

 

The changes made to the ICPRIE-induced junction formation parameters associated with each 

photodiode array were based on results of the carrier transport characterization that was 

presented in Chapter 7. By applying this new knowledge, each of the refinements to the ICPRIE 

process parameters for plasma-induced junction formation resulted in measured improvements 

to the performance of the fabricated photodiodes. More specifically, the photodiode 

performance has been improved by increasing the ICPRIE process temperature, decreasing the 

process pressure, and/or decreasing the levels of RIE power and ICP power. Increasing the 

process temperature was expected to favour in-diffusion of interstitial Hg, which should act to 

increase the junction depth. Decreasing the pressure and power levels is known to decrease the 

physical etch rate, and is expected to reduce the degree of ICPRIE-induced damage to the 

junction and decrease the junction depth. The major challenge in optimizing this process for 

photodiode formation is achieving a balance between maintaining sufficient junction depth 

while minimizing the physical etch rate and degree of ICPRIE-induced damage. 

 

It has been demonstrated that the ICPRIE-induced junction formation process is capable of 

producing high-performance MWIR n-on-p photodiodes, and shows great potential for further 

improvements by optimizing the H2/CH4/Ar ICPRIE process parameters for junction formation. 

This optimization can be achieved by applying the results of the carrier transport 

characterisation that was presented in Chapter 7. The developments made to this junction 

formation process in this work have all produced positive results in improving MWIR 

photodiode performance. 
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Chapter 10 
10 Conclusions and future work 

10.1 Conclusions 
 
The most important outcome of this work is the first major reported parametric investigation of 

the ICPRIE-induced p-to-n type conversion process in HgCdTe, including comprehensive 

carrier transport characterisation of the converted layers using QMSA of differential variable-

magnetic-field Hall and resistivity measurements at fields up to 12 T over a range of 

temperatures from 20 to 300 K. The results of this investigation have been applied to fabricate 

MWIR HgCdTe photodiodes based on ICPRIE-induced type conversion for the first time. 

  

This thesis has performed the most comprehensive investigation of the type conversion process 

published to date. For the van der Pauw samples characterised in this thesis, the variation in the 

ICPRIE process parameters and the results of differential carrier transport characterisation by 

wet chemical etch-back are summarised in Table 10.1. This has involved a range of process 

temperatures from 10 to 70 °C, process pressures from 8 to 100m Torr, RIE power from 25 to 

100 W, and ICP power from 0 to 250 W. For any of these process parameters, values 

significantly higher than these ranges were typically found to leave the exposed HgCdTe 

surface rough and/or Cd-rich, and parameter values at the lower end of these ranges were 

generally not found to induce an n-on-p junction that was deep enough to result in high-

performance photodiodes. Process times from 30 to 120 seconds were also investigated, with 

shorter processing times having the advantage of favouring a smaller etched recess depth in the 

ICPRIE-induced junction, with trade-off in other ICPRIE process parameters required to 

achieve sufficient n-on-p junction depths to achieve high-performance photodiodes. 
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Table 10.1 – Carrier transport characterisation summary for all ICPRIE-processed van der Pauw 
samples measured at 77 K. 
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In the investigation of the plasma-induced type conversion process, the temperature during 

H2/CH4/Ar ICPRIE exposure has been found to be the independent variable to which the type 

conversion depth is most sensitive. Furthermore, the carrier transport properties in this type 

converted layer are most strongly impacted by the processing temperature. In particular, ICPRIE 

at the highest available temperature (70 °C) was found to be a necessary condition to achieve an 

ICPRIE-induced type conversion depth in excess of approximately 0.1 µm, based on the 

parameter space that was investigated. In addition, it was found that increased type conversion 

depth was also associated with increased process pressure, increased levels of RIE and/or ICP 

power, and increased exposure time. Tradeoffs between these parameters are required to achieve 

sufficient ICPRIE-induced junction depth to be suitable for fabrication of planar n-on-p 

HgCdTe photodiode, while minimising the degree of ion-induced damage to the electrical 

properties of the layer and minimizing the etched recess depth in the junction area. 

 

The QMSA technique has been shown to be a reliable and robust method for extracting the 

carrier mobility and concentration from semiconductor samples with complex carrier transport 

systems involving multiple carriers in multiple layers, including the graded p-to-n type 

converted layers investigated in this thesis. It has also been found in many cases to successfully 

characterise low-mobility holes in the presence of high-mobility electrons that dominate the 

total conductivity. The temperature-dependence of the carrier transport properties of the bulk 

holes and electrons in the samples have been found to be consistent with theory for bulk 

scattering mechanisms. 

 

A detailed investigation of practical issues related to the measurement of Hall and resistivity 

voltages for HgCdTe has shown that it is far more difficult to perform carrier transport 

characterisation on this material than almost all other semiconductors, primarily due to the very 

high absolute electron mobility, high ratio of electron-to-hole mobility, narrow bandgap, and 

high sensitivity to process-induced damage. It is essential to fabricate either Hall bar or van der 

Pauw structures with precisely aligned and symmetrical contacts, in addition to inspecting raw 

measured data prior to averaging measurements with reversed magnetic field polarity, if 

reasonable results for the carrier transport properties are to be obtained. 

 

The OES technique has been used to investigate the plasma condition, with no previous work 

having reported the application of this characterisation technique to H2/CH4/Ar plasma 

processing of HgCdTe. The results of this work were consistent with a number of expected 

relationships between the ICPRIE process parameters and the actual plasma condition, in 

addition to illustrating the complexity of these interrelationships. Furthermore, it has been found 

that the peaks in the OES associated with Hg and Cd can potentially be used to identify an etch 
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stop point at a CdTe/HgCdTe boundary. This study has also shown that proper cleaning and 

conditioning of the ICPRIE chamber is essential to eliminate contaminants from the plasma, in 

addition to obtaining consistent and reproducible plasma conditions. 

 

The LBIC technique has also been applied as a means of qualitatively investigating the 

uniformity of the plasma-induced type converted layers, in addition to determining the depth 

and/or electron concentration in the p-to-n type converted layers. This has been undertaken in 

conjunction with Hall and resistivity measurements of van der Pauw samples, and the LBIC 

results were consistent with spatial nonuniformities in the thickness of the p-to-n type converted 

layers after wet etch-backs resulting in asymmetry in the measured Hall and resistivity voltages 

as a function of variable-magnetic-field. 

 

Based on the results of the carrier transport characterisation using QMSA, planar MWIR 

HgCdTe n-on-p photodiodes have been fabricated for the first time using ICPRIE-induced type 

conversion. Refinements to the ICPRIE conditions for the plasma-induced junction formation 

step have resulted in consistent improvements to the photodiode performance, as characterised 

by I-V and noise measurements. The best ICPRIE-based photodiodes were found to have an 

R0A in excess of 4×106 Ω.cm2, measured at 77 K with a 0° FOV, which is equivalent to the best 

reported results in the literature for similar photodiodes based on established fabrication 

processes, including ion implantation. The changes to the ICPRIE conditions for the plasma-

induced junction formation step that were used to achieve this increase in performance included 

increasing the sample temperature, decreasing the process pressure, and a tradeoff between 

increasing the process time while decreasing the levels of RIE and ICP power. Based on the 

carrier transport characterisation, each of these changes was expected to reduce the levels of 

ion-induced damage while maintaining sufficient n-on-p junction depth. The results of dark 

current modeling of the measured I-V curves were consistent with improved photodiode 

performance being associated with reduced trap density in the plasma-induced junction. 

 

The following specific thesis objectives have been achieved: 

• The ICPRIE tool has been used to induce p-to-n conductivity type conversion in MWIR 

p-HgCdTe material. Optical emission spectroscopy has been used to investigate the 

actual condition of the plasma associated with this processing. 

• QMSA of differential Hall and resistivity data has been used to investigate correlations 

between the independent ICPRIE process parameters and the carrier transport properties 

in the p-to-n type converted layer.  

• Based on the results of the carrier transport characterization work, ICPRIE process 

parameters have been chosen for n-on-p junction formation. In the ICPRIE parameter 
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space investigated, it has been found that the ICPRIE-induced type conversion depth is 

most sensitive to the sample temperature during plasma exposure. 

• For the first time, ICPRIE-induced junction formation has been used as the basis for 

fabricating n-on-p MWIR HgCdTe photodiodes. These photodiodes have been 

characterised by I-V and noise measurements to exhibit performance characteristics 

comparable to high-performance photodiodes based on established junction formation 

technologies. 

• Based on the parametric carrier transport characterization work, the ICPRIE process 

parameters for junction formation have been refined to further improve the performance 

of the fabricated n-on-p photodiodes. A total of three photodiode arrays were fabricated 

under different ICPRIE-induced junction formation conditions, and the performance of 

each were measured to improve with each refinement to the ICPRIE conditions. 

• The high sensitivity of the ICPRIE-induced type conversion depth to the sample 

temperature is consistent with a diffusion-based type conversion mechanism.  

 

10.2 Recommendations for future work 
 
Prior to commencing this work, very little was widely known about the plasma-induced type 

conversion process, specifically including how the plasma process parameters were related to 

the type conversion process. It would be highly desirable to develop a better understanding of 

the plasma-induced type conversion process by conducting further carrier transport 

characterisation work. This work has identified that the depth and carrier transport properties of 

the ICPRIE-induced type converted layer are most sensitive to the sample temperature and 

process pressure within the ICPRIE parameter space that was investigated. 

 

From a reference point of the set of ICPRIE conditions used for the best ICPRIE-based 

photodiodes: 

• H2/CH4/Ar flows of 60/5/106 sccm 

• Process pressure 15 mTorr 

• Table temperature 70 °C, backside He pressure 10 Torr 

• RIE/ICP power 40/175 W 

• Process time 45 seconds 

A number of van der Pauw samples should be processed for carrier transport characterisation by 

BF-QMSA of Hall and resistivity measurements as an extension of the work in this thesis. 

Recommended variations in the other ICPRIE parameters include: 

• Varying table temperature between 20 to 70 °C (while holding other parameters 

constant), which is expected to show a reduction in type conversion depth with 

decreasing temperature 
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• Varying the process pressure between 15 to 50 mTorr, which may show a complex 

relationship with the type conversion process 

For the sample identified from the above conditions that is identified to undergo the most 

significant ICPRIE-induced type conversion, it is expected to be interesting to fix those 

parameters and investigate the effect of varying the ICPRIE process time up to 90 seconds. This 

may identify a complex relationship with time, related to the dynamic relationship between the 

progression of the type conversion front and the physical etch process that removes type 

converted material. 

 

If further carrier transport characterisation work is able to identify ICPRIE conditions that result 

in a plasma-induced n-on-p junction with depth approaching 1 - 2 µm, and high-mobility 

carriers of moderate concentration, these conditions should be used to fabricate ICPRIE 

photodiodes for further characterisation. It is recommended that the fabrication process for these 

photodiodes follows the process that was developed based on RIE-induced junction formation, 

and used in this thesis. 

 

The influence of the surface passivation should to be eliminated as a variable in the performance 

characterisation of the fabricated photodiodes. It is recommended that this be done by 

fabricating two arrays of ICPRIE photodiodes under identical conditions, using either SiNx 

passivation or ZnS passivation. It is also recommended that the effect of thermal cycling in the 

passivation deposition process be investigated by carrier transport characterisation of an 

ICPRIE-processed van der Pauw sample, performed both before and the thermal cycle 

conditions used to deposit SiNx passivation. 

 

In future ICPRIE photodiode fabrication process, it is recommended that the starting thickness 

of the CdTe passivation layer that is also used as the mask for junction delineation in the 

ICPRIE-induced junction formation process be increased from 0.1 µm, since the increased 

physical etch rates associated with the ICPRIE process mean that the CdTe passivation layer 

after junction formation is typically thinner than what was left after the original RIE-based 

process. It is important to note that earlier work at the UWA that developed the CdTe MBE 

deposition process for these photodiode found that as the CdTe layer thickness was increased, 

cracking of the layer was found to be a problem, so developing a process for thicker CdTe 

deposition may be challenging. 

 

LBIC has been found to be somewhat useful in qualitatively evaluating the uniformity of the 

ICPRIE type converted layer. However, as in previously published investigations, it has found 

limited use in this work for reaching reliable conclusions. This is primarily due to the complex 

relationships between the LBIC profile features and the properties of the HgCdTe material and 
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devices. The results in this thesis have supported the conclusions of previous works that have 

found a bipolar LBIC profile to be consistent with an n-p junction. However, the results of 

differential LBIC profiling in this work have not always been consistent with more reliable Hall 

and resistivity measurements. Specifically, for a given set of ICPRIE conditions, LBIC analysis 

has typically been consistent with junction depths that are significantly greater than those shown 

by QMSA of Hall and resistivity measurements. It is recommended that plasma-processed van 

der Pauw samples be investigated by both Hall and resistivity measurements and LBIC 

measurements, using differential profiling by wet etch-back. It is believed that with progressive 

wet etch-backs, LBIC may continue to show a bipolar profile that is characteristic of a junction 

a greater etch depths than is more reliably shown by Hall and resistivity measurements. This 

may be a result of the LBIC profile being sensitive to modifications of the electrical properties 

of plasma-processed HgCdTe that extend below the plasma-induced n-on-p junction. It is not 

known what these characteristics might be. 

 

Future work should also involve the use of OES to monitor the plasma condition for all 

processes, in order to collect more data to better relate the ICPRIE process parameters to the 

actual condition of the plasma. Monitoring the OES is also useful to ensure that the plasma 

condition remains consistent for a given set of process parameters. 

 

When a fully-developed version is available, the BF-QMSA implementation should be further 

investigated and used for carrier transport characterisation of Hall and resistivity measurements. 

This is expected to provide more robust and accurate values for carrier mobility and 

concentration than the D-QMSA implementation, particularly for multi-carrier HgCdTe 

samples. 

 

This work has developed the photodiode fabrication process to a point where it has been 

demonstrated as capable of producing high-performance MWIR HgCdTe photodiodes. Previous 

work based on the RIE tool found that the same RIE conditions could be used to induce n-on-p 

junctions in both MWIR and LWIR material, so that future work to develop the ICPRIE-based 

photodiode fabrication process should also investigate the fabrication of HgCdTe photodiodes 

using LWIR material. Based on the results of earlier work using the parallel-plate RIE tool, 

photodiodes fabricated from gold or arsenic extrinsically-doped HgCdTe using the ICPRIE 

conditions developed in this thesis are likely to outperform those based on vacancy-doped 

material. 
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Experiment Details 
 
 
 
 
 
 
Run Details 
Date Started  
Device ID* MCT ICPRIE-PD 
Mask Set RW PV v0.82.tdb 
Notes • MBE CdTe – 100nm 

• Starting wafer thinned to 10um 
• Before starting processing – ICPRIE chamber must be cleaned and 

conditioned. 
• Clean ICPRIE chamber – manual solvent scrub at least 12 hours 

previous if materials other than HgCdTe or gases other than 
H2/CH4/Ar/O2 used since last solvent scrub, then overnight pump. 2 
sets of 3 step plasma clean required on morning prior to processing. 

• Condition chamber – after plasma cleaning and with clean Si 
carrier wafer only, run plasma using exact conditions required for 
junction formation. Match tuning park conditions and ensure 
consistently fast, reliable, and stable plasma strike before starting 
material cleaning etc. See manual and log. 

• Clean and prepare ZnS deposition chamber prior to starting fab 
process to minimize wait between junction formation and insulation 
deposition. 

 
Material Details 
Wafer ID  
x ratio/λ cutoff (T)  
Thickness (Final)  
Dopant  
Type/Concentration p-type 1.1E16 cm-3 

Mobility  
Layer Details  
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1. Gallium clean 
 Spin PR for protection AZ4562 Thick layer 
 Hotplate bake 1min 100C   
 Heat on hotplate on cleanwipe 

(PR side up) 
50-60C  

 Off hotplate - clean Gallium w/ 
bud and acetone 

Place PR down on dry 
cleanwipe. 

Repeat until Ga removed 

 Strip PR   

2. Organics Clean 
 Soak in hot trichloroethylene 1 rinse @ 50°C, 5min  
 Soak in hot acetone 1 rinse @ 50°C, 5min  
 Soak in hot methanol 1 rinse @ 50°C, 5min  
 Soak in RT methanol 1 rinse   
 Blow dry with N2   

3. Etch of CdTe for active area 
HPR resist 
 Dehydration 1min 100C  
   Cooldown & spin ~3min  
   Spin HPR resist 40s @ 4000rpm  
 Hotplate prebake 1min 100C   
 Cool down ~5min Increased wait time 
 Align mask and Expose 40s  
 Relax PR ~5min Increased wait time 
 Develop 1:3 HPR developer: DD water 

(50ml:150ml),  ~60sec  
May need longer develop for 
smaller (<10um) windows 

 Rinse in running water ~3min  
 Blow dry with N2   
 Hotplate post-bake 1min 100C  
 Cool down   

 
CdTe etch 
 Br/HBr etch – 5-8 sec 

100nm 
1% (1ml in 100ml) – 100nm CdTe 
Etch rate~3.5micr/min  - 
~0.058micr/sec – minimum 5s 

Total etch time:  
 

 Rinse in DI water, check etch 
depth under microscope 

Use bottle and then running 
DD for ~5min 

 

 Strip PR in acetone using bottle   
 Rinse in methanol bottle  
 Rinse in isopropyl bottle  
 Blow dry with N2   
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4. ICPRIE-induced n-on-p junction formation 
 Chamber was cleaned and 

conditioned prior to starting 
processing 

Running manual plasma settings for 
all processes 

Check base chamber 
pressure < 1E-6 Torr 

 Load sample through loadlock Place wafer slightly off centre on 
CLEAN Si carrier wafer. No grease. 

Wait 5 min for sample to 
pump down in chamber – 
outgas PR and improve 
base pressure. 

 Establish chamber 
conditions – stable gas 
flows, process pressure, 
backside He pressure, 
and sample temperature 

60 sccm H2  
5 sccm CH4 
106 (20) sccm Ar 
Throttle valve position 35.4˚ 
(to achieve process pressure 
15mTorr) 
Table temp 70C 
Backside He pressure 10Torr 
 

Base Pressure: 
Backside He flow rate: 
Check set throttle valve 
position gives correct 
process pressure: 

 Strike and run plasma - 
form junction. 
Capture OES obtained 
during conditioning 
(without sample) and 
during processing (with 
sample) 

RIE power 40W 
ICP power 175W 
Etch time 45s 

DC bias: 
Reflected RIE power: 
Reflected ICP power: 
Record tuning conditions 
in log: 
Approx physical etch 
rates: MCT 0.2um/min 

 Reduce table temperature 
to 20C, cooling wait 

Wait for sample and table to cool 
under high vac before removing to 
loadlock. 

 

 Remove sample from 
loadlock 

Inspect sample Close process gas lines, 
leave tool in suitable 
condition 
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5. ZnS Deposition 
Notes: 
Ensure minimum of time between junction formation and getting to vacuum 
Chamber open  
 Clean chamber – min vacuum 

and IPA wipe 
  

 Check & clean ZnS crystals in 
boat 

Ensure no crystals in center 
Check evap current 

 

 Check thickness monitor xtl 
lifetime, density, z 

Monitor should turn on without a 
XTAL FAIL  

 

 Mount sample on plate and 
place in chamber 

Ensure that the sample is directly 
over the boat. 

 

 Attach thermocouple to plate Test temperature output  
 Attach current source to plate Test current connection  
 Close shutter   
Chamber closed  
 Pump down <1E-6mbar. Pressure: 
 Heat sample Turn off heater at 50°C  
 Heat ZnS boat with 

shutter closed 
I=5A, (pressure initially increases 
then should return to previous 
value) 1 min 

 

 Open shutter Increase current to 6A (30 to 60 
second delay before deposition 
rate changes) 

Initial Temp: 
Initial Rate: 

 Evaporate ZnS 2000A @ ~0.2A/s   Thickness:               
Rate: 
Final Thickness: 
End Temperature: 

 Cool down Until T<50C OR 
2 hours in vacuum 

Total Time: 
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6. Windows in ZnS 
HPR resist 
 Dehydration 1min 100C  
   Cooldown & spin ~3min  
   Spin HPR resist 40s @ 4000rpm  
 Hotplate prebake 1min 100C   
 Cool down   
 Align mask and Expose 40s  
 Relax PR ~5min  
 Develop 1:3 HPR developer: DD water 

(50ml:150ml),  ~60s  
May need longer develop time 
for smaller windows) 

 Rinse in running water ~3min  
 Blow dry with N2   
 Hotplate post-bake 1min 100C  
 Cool down   
ZnS etch 
 Removed DI soak step   
 Etch in diluted HCl – 

about 13s 
2:1 HCl:DD water (100ml HCl & 
50ml DD water) 
Watch colour change (10 sec after 
big area becomes clear + 5 sec dip) 

Etch time: 
 

 Rinse in DD water Running DD water, ~5minutes  
 Blow dry with N2   
 Inspect Repeat Etch if necessary  
 Strip PR with acetone rinse using bottle for 15-30sec,  
 Soak in acetone ~ 10min   
 Soak in Methanol Bottle  
 Soak in isopropyl 

alcohol 
Bottle  

 Blow dry with N2   
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7. Etch for p-type contact 
HPR resist 
 Dehydration 1min 100C  
   Cooldown & spin ~3min  
   Spin HPR resist 40s @ 4000rpm  
 Hotplate prebake 1min 100C   
 Cool down   
 Align mask and Expose 40s  
 Relax PR ~5min  
 Develop 1:3 HPR developer: DD water 

(50ml:150ml),  ~50sec  
 

 Rinse in running water ~3min  
 Blow dry with N2   
 Hotplate post-bake 1min 100C  
 Cool down   
ZnS etch 
 Etch in diluted HCl ~10s 2:1 HCl:DD water (100ml HCl & 

50ml DD water) 
Watch colour change (10 sec after 
big area becomes clear + 5 sec dip)  

Etch time: 
 

 Rinse in DD water Running DD water, ~5minutes  
 Blow dry with N2   
 Inspect Repeat Etch if necessary  
CdTe etch 
 Br/HBr etch – 5-8 sec 

100nm 
1% (1ml in 100ml) 
Etch rate~3.5micr/min = 
~0.058micr/sec –  

Total etch time:  
 

 Rinse in DI water, check etch 
depth under microscope 

Use bottle and then running 
DD for ~5min 

 

 Strip PR in acetone using bottle   
 Rinse in methanol bottle  
 Rinse in isopropyl bottle  
 Blow dry with N2   
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8.  Cr/Au contact to n-type and p-type 
AZ2035 resist 
 Dehydration - hotplate 1 minutes @ 110°C  
 AZ2035 spin 40s @ 4000rpm  
 Bake on hotplate 1min @ 100°C  
 Cool down ~5min  
 Align mask and Expose 20 sec. in new maskaligner Exposure time: 
 2nd Bake on hotplate 1min @ 110°C  
 Relax ~5min Better liftoff long wait 
 Develop AZ300MIF developer 

(undiluted) 
70sec ; depends strongly on 
the windows size 

Dev. Time: 
 

 Rinse in DI water ~3min   
 Blow dry   
 Inspect under microscope   
Metal deposition 
 Load Cr and Au   
 Check thickness monitor   
 Load the sample    
 Evacuate metalisation 

chamber <1e6 
 Pumpdown time: 

Base pressure: 
 Evaporate 50 Å of Cr Rate ~1 Å /s Current: 
 Evaporate 2000Å  of Au Rate ~10 Å /s  Current: 
 Cool down, spin down 

turbo 
~30min + 20min Remove sample 

 Metal liftoff  Soak in acetone ~30min 
 

 

  Squirt acetone  gently(!) to 
accelerate metal detachment 

Repeat squirt and soak 
until complete liftoff 

 Wash in methanol, 
isopropyl  

  

 Blow dry in N2   
 Inspect   

 
Comments: 


