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Abstract 

Thermal imaging provides a technology to visualise the radiating heat from a body and detect 

out-of-sight targets. Thermal cameras can be applied in many applications, such as road safety, 

mineral mapping and organic compounds diagnosis. Spectral filtering can be used to improve the 

capabilities of thermal imaging cameras, allowing spectral signatures of objects to be extracted, for 

subsequent discrimination and identification of objects. Successful development of spectral filters 

operating in the long wavelength infrared (LWIR) range is technologically challenging due to the 

limited number of materials that are sufficiently transparent in this range, as well as due to their inter-

incompatibility during processing which hinders the ability to construct multilayer films (necessary 

for enhanced performance) from the different materials. 

Porous silicon (PS) has a remarkable potential to enable the fabrication of low-cost filters for 

the LWIR range addressing many technological obstacles, including fabrication of thick films and 

constructing compatible multilayer films with controllable optical characteristics using simple 

anodisation processes. Micro-electromechanical systems (MEMS) provide miniaturisation, 

robustness, and a cost effective technology which can be used to create Fabry-Pérot filters for the 

next generation of compact multispectral infrared imaging systems.  

In this work, novel surface micromachined porous silicon Fabry-Pérot (PS-FP) filters 

operating in the LWIR range were fabricated and characterised. The top mirror of the filter was 

composed of three quarter-wavelength-thick PS layers of alternating porosity. The top mirror was 

suspended over the silicon substrate bottom mirror, with an air-cavity space in between the mirrors 

to produce a resonant cavity operating in the LWIR range. Micro-electromechanical systems (MEMS) 

technology was implemented to fabricate PS-FP filters with an optical aperture size ranging between 

300×300 µm2 and 600×600 µm2.  

Comprehensive surface micromachining processes were developed to form PS-FP filters, 

including multilayer top mirror formation, annealing, photolithographic patterning, plasma etching, 

electropolishing, and drying. The PS top mirror was formed by alternating the anodisation current 

while controlling the anodisation time to form the required thicknesses. Filling the pores with Spin-

on Glass (SOG) was applied to enable high-quality patterning of conventional photoresist on the 

surface. A combination of photolithography and electropolishing processes was utilised to suspend 

the PS top mirror from the silicon substrate while keeping the perimeter of the structure anchored to 

the substrate. Investigations were undertaken to characterise the parameters required to achieve 

uniform high-quality patterning and electropolishing. 
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Different techniques were used to carry out the optical and mechanical characterisations of 

PS thin films (attached films) and PS microstructures (suspended films). The Bruggeman model was 

utilised to extract the optical properties of single-layer PS thin films using reflectance measurements 

in the range of 600-1000 nm. The transmittance measurements of annealed and multilayer films were 

carried out to demonstrate the effect of annealing on the optical spectrum. An optical model based on 

the matrix approach was used to fit the transmittance measurements in the range of 2-14 µm for 

suspended PS structures after including the imperfections of the top mirror. The optical 

characterisation of measured devices showed that the fabricated filters could achieve a peak 

transmittance of 76% at 7.7 µm. The mechanical characterisation was carried out for attached films 

using Stoney’s method, and for suspended structures using the resonance frequency method. The 

mechanical characterisation showed that suspending PS thin films from the substrate resulted in the 

strain reducing from -0.016% to 0.003%, even in the presence of bowing in the top mirror resulting 

in an upward deflection of 1 µm. 

To reduce the bowing resulting from the inherent vertical stress gradient, an investigation was 

conducted to compensate the porosity gradient in single-layer PS thin films by varying the anodisation 

current density during formation of the film. An investigation was carried out to form suspended PS 

structures to confirm the best current profile to form almost flat, zero stress gradient PS structures. 

Moreover, using the chosen varied current recipe was successful in increasing the thickness of thin 

films that could be achieved without delamination by 35% compared to a thin film formed using a 

constant current density. 

The work presented in this thesis provides methods to fabricate potentially a tuneable optically 

flat micromachined multilayer for LWIR applications, using a low-cost single base material (silicon). 

Furthermore, the findings are a good starting point for the future development of miniature, 

multispectral thermal imaging systems incorporating a large-area MEMS-based filters. 
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Chapter 1 

Introduction 
This chapter introduces the topic of multispectral thermal imaging, and its potential to 

improve road safety. Subsequently, a brief introduction to micro-electromechanical systems (MEMS) 

technology is presented, along with how it can be employed to develop miniature optical filters for 

next-generation compact multispectral thermal imaging systems, using porous silicon (PS) as a base 

material. The chapter closes by detailing the thesis goals and structures, and the contribution to 

knowledge that this thesis presents. 

 

1.1 Multispectral thermal imaging technology 

According to recent statistics in road accidents in Australia, there are typically more than three 

people killed and over 88 people injured on the road every day. Accidents involving pedestrians and 

cyclists account for 35% of road accidents [1] while hitting an animal accounts for 5%, with the most 

common animal collisions in Australia being those that involve kangaroos [2]. Poor visibility is a 

significant contributing factor in many collisions that occur while driving, with drivers four times 

more likely to have a fatal crash as the result of driving between the hours of 10 pm till dawn [3]. As 

the autonomisation of vehicles becomes more widespread, thermal imaging becomes more important 

to help reduce road fatalities. 

 
Figure 1.1 Photo images of a smoky scene showing the visibility when using (a) a visual camera 

and (b) a thermal camera. The photos are from [4]. 
 

Thermal imaging cameras provide enhanced capabilities to visualise the radiating heat from 

a body and detect out-of-sight targets. Figure (1.1) shows two photos of a smoke filled scene [4], 

taken with a visual camera, figure (1.1a), which operates in the visual wavelength range between 380 

to 700 nm, and by a thermal camera, figure (1.1b), which operates in the long wavelength infrared 

(LWIR) range between 8 to 12 µm. Thermal imaging systems work by producing images representing 

the total integrated emission (or absorption) of thermal infrared radiation from the surface of an object 
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[5]. These systems are comprised of a thermal camera equipped with an infrared detector, a signal 

processing unit and an image acquisition system, usually a microprocessor, as show in figure (1.2a). 

Thermal imaging systems are widely used for remote sensing applications, particularly in the 

agriculture/food industry [6], mapping rock-forming minerals [7] and organic chemical gas detection 

[8] just to name a few. However, the performance of thermal imaging cameras is ultimately 

determined by the ability of the detectors to sense small temperature differences. 

 

Figure 1.2 Illustration of the concept of the thermal imaging (a) without and (b) with spectral 
filtering. 

 

Detectors are the basic element in thermal imaging systems, absorbing the infrared energy 

emitted by the object and converting it into an electrical signal. The electrical signal is sent to the 

signal processing unit which translates the information into an image, with thermal calibration 

allowing the signal intensity to represent the temperature of the object. Infrared detectors are broadly 

classified into photon detectors and thermal detectors [9]. Photon detectors are fast and more sensitive 

compared to thermal detectors, but they are more expensive, resulting in there use being limited to 

high performance applications, such as astronomical observation and special medical instruments 

[10]. On the other hand, thermal detectors can have small size, less power consumption, and are less 

expensive, making these detectors the ideal choice for applications requiring high unit numbers with 

less critical performance requirements [11]. Bolometers are a subset of thermal infrared detectors 

which consist of absorbers and thermometers, as shown in figure (1.3). Bolometers measure the 

resistance change due to the absorption of infrared radiation. This resistance change information is 
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electrically transferred to the read-out integrated circuit (ROIC) for further processing [9]. While the 

properties of bolometers can be enhanced through the choice of materials, the functionality of the 

technology could be also improved by the addition of spectral filtering.  

 

Figure (1.3) Schematic diagram of the main components of a bolometer. 

 

Several materials have been used as thermo-sensing elements in bolometers in thermal 

imaging systems; the most commonly employed are vanadium oxide (VOx) and amorphous silicon 

(α-Si) [12, 13]. However, these thermo-sensing materials exhibit limitations in their compatibility 

with silicon integrated-circuit fabrication processes. For example, vanadium oxide exhibits hysteresis 

[14], and it is difficult to deposit with controllable characteristics [15]. Amorphous silicon offers the 

ability to leverage standard microelectronic processing to reduce costs, but it requires very thin layers 

(100 nm) for acceptable performance, making high yield a challenge [16]. Another important 

challenge when making bolometers is providing thermal insulation, as shown in figure (1.3), in order 

to improve the sensitivity of the bolometers to detect only the change of temperature induced by 

external radiation and not be affected by heat gained or lost by thermal conduction through the 

substrate. MEMS technology can greatly contribute to the reduction of thermal conductance and 

sensitivity improvement by suspending the thermo-sensing element above the substrate in a bridge 

structure. Moreover, reducing the heat loss can be achieved by using materials with low thermal 

conductivity. like porous silicon [17]. 

Porous silicon (PS) has significant potential for thermal imaging applications, with many 

advantages for improved bolometer performance over conventionally used materials. The thermal 

conductivity of PS is two or three order of magnitude lower than monocrystalline silicon [17]. 

Forming thick layers is essential when constructing LWIR devices due to the strong inter-relationship 

between thickness and wavelength, which is discussed in section (1.3). Thick PS layers can be formed 

easily and rapidly by a simple electrochemical anodisation technique. The ability to easily modulate 

the porosity during anodisation allows formation of multilayer PS with alternating porosity. This in 
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turn allows the construction of complicated structures with vastly different characteristics to the 

silicon substrate to which they are attached. Finally, PS can be compatible with conventional 

semiconductor technologies and fabrication techniques [18].  

In addition to improving the properties of bolometers by harnessing a material such as PS, the 

functionality of thermal imaging systems could be significantly enhanced by additional modifications 

to the basic bolometers. As mentioned early, the sensitivity of bolometers is often low, limited both 

by noise and the thermal coefficient of resistance (TCR). One solution to this problem is to employ a 

system with thermoelectrically cooled or liquid nitrogen cooled sensors, which can lead to higher 

sensitivity in detection. However, one major drawback of these systems is that they tend to be rather 

bulky and cumbersome [19]. Bolometers are broadband detectors and tend to absorb a broad window 

of the infrared spectrum for thermal imaging. Such systems are limited due to their lack of sensitivity 

to small temperature differences, as well as the inability to spectrally discern multiple wavelengths in 

the field of view for hyperspectral imaging [20]. Instead, spectral filtering can be integrated onto a 

bolometer to exceed the sensitivity imposed by the blackbody radiation limit. 

Spectral filtering is a process which involves selectively transmitting light that is emitted, 

absorbed or reflected from an object [21]. An object emits, absorbs or reflects light based on its 

physical structure and chemical composition. If the reflectance or emissivity for a given object is 

plotted across a range of wavelengths, the resulting curve is referred to as the spectral signature for 

that object. Utilising filters in thermal imaging systems can help extract detailed information about 

an object’s spectral distribution, and therefore the object itself. Figure (1.2b) illustrates this filtering 

concept, where incorporating a filter permits a thermal imaging system to break the spectrum into 

smaller wavelength divisions, i.e. more wavelength bands, which results in more collected details of 

the object. By comparison, in the visible region we represent most images using only 3 bands (red, 

green and blue, RGB) but are able to represent significant detail with only these 3 bands. Spectral 

imaging can be divided into two main techniques: hyperspectral imaging and multispectral imaging. 

The hyperspectral technique acquires images with numerous (tens or hundreds) continuous 

wavebands, while the multispectral technique acquires images with a few (generally less than 10) 

discrete wavebands. 

There are many different types of devices for spectral selection [22], such as dispersive 

grating/prisms, Fourier transform spectrometers, circular and linear variable filters, and acousto-

optical tuneable filters. These filter systems have the advantage of providing very high spectral 

resolution in the order of several tens of nanometres that fulfils the requirement for hyperspectral 

imaging, but they are expensive filter solutions for multispectral thermal imaging where such narrow 
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spectral width is not essentially needed. In conventional multispectral thermal imaging systems, 

spectral band selectivity is usually realised using a motorised filter wheel, where each slot in the 

wheel is equipped with an optical broadband-pass filter. Although this approach is simple and 

relatively cheap, it is still characterised by high mechanical complexity, significant size, and poor 

portability that makes the devices weigh up to 200 kg in some applications [23]. Moreover, in 

conventional filter-wheel-based multispectral thermal imaging systems, the number of usable 

wavelength bands is limited by the number of slots available in the filter wheel, and the slow 

mechanical switching speed of the filter wheel gives rise to slow spectral switching speed and hence 

slow imaging rate [24]. All these disadvantages prohibit the widespread use of multispectral thermal 

imaging technology in many desirable applications.  

Micro-electromechanical systems (MEMS) technology provides a pathway to the realisation 

of compact, low-cost and high-performance multispectral thermal imaging systems for applications 

where conventional instrumentation is inappropriate or too costly. The combination of MEMS 

technology and PS provides a path to building thermal imaging systems beyond the reach of 

conventional instrumentation. More detail about the advantage of pairing MEMS technology with 

spectral filtering is discussed in the next section.  

 

1.2 Micro-electromechanical systems (MEMS) 

Microelectromechanical systems (MEMS) are a miniaturisation technology used to create tiny 

integrated devices or systems, on the scale of micrometres to millimetres, which combine mechanical 

and electrical components. The majority of MEMS processes are borrowed originally from the 

microelectronics industry after modifying these processes to take advantages of both the electrical 

and mechanical properties of insulator, semiconductor and conducting materials. The mechanical and 

electromechanical components are fabricated by sophisticated manipulations of silicon, or other 

substrates, either by surface, bulk, or high-aspect-ratio micromachining. Surface micromachining, 

which is the focus in this work, builds microstructures by selectively removing parts of the silicon or 

adding additional structural layers over a substrate [25]. Bulk micromachining utilises the etching 

selectively in aqueous alkaline etchants to fabricate structures [26]. High-aspect-ratio 

micromachining builds high-aspect-ratio microstructures which have large depths compared with 

their widths [27]. While these devices (or systems) have the ability to sense, control and actuate on 

the micro scale, the impact they generate has effects on the macro scale, for example the application 

of accelerometers in both car and phone markets. 
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Pairing MEMS technology with spectral filters to achieve optical MEMS (OMEMS) can 

improve on functionality that is difficult or expensive to achieve with macro-scale systems. The 

ability of OMEMS to combine thermal, mechanical, electrical and optical features allows 

constructing movable components that switch, attenuate, or filter light [28]. Moreover, OMEMS 

filters provide fast spectral switching speed, which significantly improves multispectral data 

acquisition capability [29]. Furthermore, leveraging the high-volume fabrication capabilities of the 

microelectronics industry can push the unit costs of the OMEMS components down to the range of 

dollars per item [30]. These advantages have allowed MEMS and OMEMS-based filters to be 

employed in already commercially available solutions, such as telecommunications [31], medicine 

[32], gas sensing [33], airbag systems [34], and microfluidics [35]. As the advantages of MEMS 

optical filters gain recognition, this technology will have an increased number of applications not 

only in the LWIR range but in other spectral regions from the visible to terahertz. 

 

1.3 Basic operation of Fabry-Pérot filters 

Spectral filtering instruments can be divided into two categories: those that discriminate 

between wavelengths based upon the optical properties of a material through dispersion (index and 

extinction coefficient), and those that use the wave nature of light, i.e. diffraction and interference 

[36]. This latter category includes both Michelson and Fabry–Pérot (FP) interferometers [37]. Fabry–

Pérot filters can be implemented quite easily with MEMS technology which allows for a high degree 

of miniaturisation and optical throughput [28], which forms the basis for the investigations in this 

work. 

Fabry-Pérot (FP) filters typically consist of a pair of mirrors separated by a distance to form 

an optical cavity. The mirrors ideally need to be non-absorbing, flat, perfectly parallel and have 

identical high reflectance, which together result in a narrow band-pass resonant filter. Only the 

wavelengths that are resonant within the cavity formed between the mirrors are transmitted, while all 

other wavelengths are reflected. Figure (1.4) depicts transmission peaks at different orders of an ideal 

Fabry–Pérot filter. Incident light undergoes multiple reflections between the two mirrors, transmitting 

only a portion of the power in the light during every round trip. 
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Figure 1.4 Illustration of the transmittance spectrum of an ideal Fabry-Pérot (FP) filter, showing 

how wavelengths that resonate within the cavity are transmitted. 
 

The spectral response of a Fabry–Pérot resonator is based on interference. Constructive 

interference occurs if the two beams are in phase, producing a transmittance peak (Tmax). This occurs 

when the round-trip optical path length is an integral number of wavelengths, i.e. when 

2ℎ𝑐𝑐 = 𝑚𝑚𝑚𝑚,                                                                     (1.1)  

where ℎ𝑐𝑐 is the length of the air cavity, and m is an integer, termed the order of transmittance peak. 

The order of each transmittance peak refers to the number of half-wavelengths that fits into the cavity. 

At other wavelengths, transmitted light is out of phase and destructive interference occurs, causing 

the filter transmittance to fall off rapidly away from the peak value, creating a spectrally isolated 

transmittance bandpass. More elaboration on the spectral characterisation is provided in section (2.1), 

where the design of the optical model for LWIR filters is presented. 

 

1.3.1 Micromachined longwave-infrared Fabry-Pérot filters 

There have been many MEMS-based Fabry-Pérot filters reported, most of them are designed 

for the near-infrared (NIR, 700-1000 nm), short-wavelength infrared (SWIR, 1-3 µm) and mid-

wavelength infrared (MWIR, 3-5 µm). A detailed review of these filters can be found in [38]. In this 

section, the progress on micromachined filters designed for LWIR applications is presented, along 

with the performance of these filters. 

The first bulk-micromachined filter operating in the LWIR range was reported by Stupar 

et al. [39] in 2009. Their filter was constructed from a two-layer structure comprised of a fixed silicon 

support substrate and a movable silicon thin membrane, with optical aperture sizes ranging from 
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200×200 µm2 to 400×400 µm2. A thick mirror with a 13-μm coating of germanium/zinc sulfide 

(Ge/ZnS) was formed on a 12 µm of the movable silicon membrane. Their room temperature 

transmittance measurements shows a transmittance peak of 50% and a bandwidth of 400 nm. 

However, using germanium and zinc sulfide caused stress mismatch and thermal expansion mismatch 

between the mirror layers that led the suspended membranes to deform. 

Another example of a bulk-micromachined filter operating in the LWIR range was one 

developed by Ebermann et al. [40] which was composed of three materials: germanium, zinc sulfide 

and a metal fluoride (no further details about the layers configuration was provided), with an aperture 

size of 1.9×1.9 mm2, designed to be mounted on top of a detector with a sensitive element matching 

the size of the filter aperture. Their filter demonstrated a peak transmittance of 80% and a bandwidth 

of 230 nm at a wavelength of 10.5 µm. Although the three-material system used in this filter enabled 

many more design options to precisely adjust the reflectance and the stress compensation, the 

technologies needed to deposit and structure these materials are not standard in MEMS fabrication. 

The first surface-micromachined filter operating in the LWIR range was reported by 

Tuohiniemi et al. [41] in 2011. Their filter was composed of only three layers (poly-silicon/air-

gap/poly-silicon) with optical aperture sizes ranging from 0.8×0.8 mm2 to 1.2×1.2 mm2. Anchors 

between the polysilicon layers provided mechanically stable structures and preserved the height of 

the air cavity after suspending the structures. Their filter demonstrated a peak transmittance of only 

60% with a bandwidth of 140 nm at a wavelength of 10 µm [42]. Although the fabricated filters were 

predicted to have a high peak transmittance of 99.4%, the ideal transmittance characteristics were not 

achieved. The origins of the non-ideality were speculated but not fully understood. Moreover, the 

filter exhibited instability (which could be due to the inclusion of multiple air gaps), resulting in the 

top mirror bowing during actuation which reduced the transmittance to only 40%.  

Another surface-micromachined filter for LWIR applications was developed by Mao et al. 

[43] in 2016. Their filter consisted of only a single germanium layer for a movable reflector 

membrane, and double period of germanium and zinc sulfide for a fixed lower reflector. The optical 

aperture of their filter ranges from 200 µm to 1000 µm diameter. The low reflectance of the upper 

single germanium layer and the mismatch to the lower reflector unfortunately resulted in a broad 

bandwidth of about 440 nm, although with a relatively high peak transmittance of 80% at a 

wavelength of 10 µm. 

It is evidence from these results that both bulk micromachining and surface micromachining 

have shown progress for fabrication of MEMS-based Fabry-Pérot filters operating in the LWIR range. 

However, the fabrication technology for bulk-micromachined filters can be complex and costly, 
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whereas it is simple and low cost for surface-micromachined filters, which makes surface 

micromachining suitable for mass production [28]. Table (1.1) summarises the published results 

discussed in this section. The materials used to form these filters focussed on either a combination of 

germanium and zinc sulfide or poly-silicon and air. However, germanium and zinc sulfide, exhibit a 

significant mismatch in stress and thermal expansion between the layers, which could lead to 

degradation of the filter performance. Polysilicon/air platforms have not shown mechanical stability 

for use in constructing suspended top mirrors that could achieve high transmittance (based on 

Tuohiniemi’s work [41]). Considering materials that can overcome the incompatibility issues and 

provide mechanical stability, as well as other issues of forming LWIR filters discussed in section 

(1.4.1), is essential to develop new platforms for the fabrication of MEMS-based filters for LWIR 

applications. 

 

 
Table 1.1 Summary of published results on micromachined Fabry-Pérot filters operating in the LWIR 
range 

Authors Stupar 
et al. [39] 

Ebermann 
et al. [40]  

Tuohiniemi 
et al. [41] Mao et al. [43] 

Manufacturin
g techniques 

Bulk 
micromachining 

Bulk 
micromachining 

Surface 
micromachining 

Surface 
micromachining 

Mirror 
materials 

Germanium and 
zinc sulfide 

Germanium, 
zinc sulfide and 
a metal fluoride 

Poly-silicon/air-
gap/poly-silicon 

Germanium and 
zinc sulfide 

Aperture 
diameter 

(mm) 
0.2 – 0.4 1.9 0.8-1.2 0.2-1 

Peak 
transmittance 
(%) at ~10 µm 

50 80 60 80 

FWHM (nm) 400 230 140 440 

Precedence 
First reported 

micromachined 
LWIR filters 

High 
transmittance 

peak and narrow 
bandwidth 

Narrow 
bandwidth 

High 
transmittance 

peak 

Drawback 

1- Very thick 
mirror. 

2- Stress 
mismatch 

between the 
mirror layers 

Deposition 
process of the 
metal fluoride  
is not standard 

in MEMS 
fabrication 

Poor mechanical 
stability  

1- Broad 
bandwidth.  
2- Stress 
mismatch 

between the 
mirror layers 
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1.3.2 Fabry-Pérot based bolometers 

In addition to considerations for filter materials as addressed in the previous subsection, the 

structural design of the filter and its integration into the overall thermal sensor is also critical for 

performance and cost considerations. One way to achieve spectral selectivity in a thermal detector 

(bolometer) is to mount the filter directly above the bolometer detector. However, there are some 

issues with this approach, such as the degraded signal to noise ratio resulting from the reduction in 

signal through the passband of the filter while the background noise remains relatively constant 

(coming from all wavelengths and directions). Alternatively, the device could be designed to enhance 

or suppress different spectral regions, achieved by combining a detector plate within an optical 

resonance cavity. 

Figure (1.5) shows an example of an electrostatistically tuneable infrared detector, where the 

detector plate is embedded inside the top mirror of an optical cavity with a bottom mirror of high 

reflectivity [44]. The infrared absorber is deposited on the top of the upper plate, and the primary 

actuation electrodes are on the support beams and the substrate to delay snap-down and enhance the 

tuning range. By The device that will be presented in this thesis is a proof of concept of surface 

micromachined high-reflectivity LWIR filters, where multilayer PS may also be used as the infrared 

absorber. However thermal detection studies, deposition of electrodes and actuation investigations 

are out of scoop of this work. All in all, the filter device that will be presented in this thesis is a 

precursor of the bolometer technology, and provides a pathway for future use of the technology in 

multispectral imaging and single filters for miniaturised microspectrometers. 

 
Figure 1.5 Conceptual diagram of a tuneable absorption filter for LWIR bolometers, adapted from 

[44].  
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1.4 Porous silicon 

A limitation in constructing MEMS-based LWIR filters has been the availability of 

compatible materials that provide the required mechanical and optical properties. However, porous 

silicon (PS) exhibits many advantages that may make it a suitable candidate to construct the next 

generation of MEMS-based LWIR filters. Porous silicon (PS) is a unique material that exhibits a 

range of interesting properties, including large surface area (up to 1000 m2/g) [45] and the easily 

tuneable porosity to achieve a range of refractive indices that can vary between 1.3 – 2.8 [46]. Tuning 

porosity allows controllable optical [47] and mechanical properties [48] to be obtained. The large 

surface area and the porous internal structure make PS a promising material for a variety of 

applications including optoelectronics [49], chemical sensing [50], optical components [51], and a 

sacrificial material [52]. 

Porous silicon (PS) can be classified based on the pore diameter, with microporous silicon 

having average pore dimensions below 2 nm, mesoporous silicon having average dimensions from 2 

nm to 50 nm, and macroporous silicon having average pores dimensions above 50 nm [53]. For micro- 

and mesoporous silicon, the pores are formed isotopically and are highly interconnected. The pore 

size depends on the substrate resistivity (doping) and the type of the substrate (n- or p- type), as 

illustrated in figure (1.6a). Although a wider range of pores diameters can be achieved using silicon 

substrates with resistivity less than 0.1 Ω.cm, as shown in figure (1.6a), these substrates exhibit high 

absorption that increases as the resistivity decreases [54].  

 
Figure 1.6 (a) The different pore sizes as a function of the substrate resistivity for n-type and p-type 
silicon substrates, adapted from [53]. (b) Calculated scattering efficiency of spherical voids for the 

SWIR range, adapted from [55]. 
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This work focusses on forming mesoporous silicon, using silicon substrates with a resistivity 

of 0.08-0.12 Ω.cm, largely because this range was found to provide minimal absorption loss in the 

SWIR range in a previous work of James [56]. Another advantage of selecting (0.08-0.12 Ω.cm) 

range is that the pore size is small enough to avoid optical scattering, based on the calculated 

scattering efficiency shown in figure (1.6b) for a pore diameter of 10 nm and 100 nm in the SWIR 

range [55]. By definition, the scattering efficiency of a single particle is a dimensionless number that 

describes the scattering cross sectional area of a sphere with respect to its geometric cross sectional 

area. The impact in the LWIR of the selected substrates with a resistivity of (0.08-0.12 Ω.cm) will be 

considered later in the thesis. 

Typically, selecting characteristics for PS layers, such as the porosity, the refractive index and 

the thickness, are based on the target application, and they can easily be tuned by controlling the 

anodisation parameters. The electrochemical anodisation technique has been widely used for forming 

PS thin films where the porosity can be controlled by either changing the anodisation current density 

or the concentration of HF in the anodisation electrolyte, and the thickness of PS thin film can be 

controlled by changing the anodisation time [57]. Moreover, detaching a PS thin film from the 

substrate can be achieved by using relatively high current density and low HF concentration. More 

detail about PS formation and electropolishing is discussed in section (3.2). 

The simplicity of forming PS layers makes constructing multilayers PS stacks and Fabry-

Pérot filters achievable in a single anodisation process. A computerised system can be used to control 

the current density during the anodisation process to obtain multilayer PS thin films with alternating 

porosities. Considering that the refractive index is related directly to the porosity, as discussed in 

section (2.5), obtaining an index contrast can be simply achieved by alternating the porosity to form 

high reflectivity mirrors. Moreover, constructing multilayer PS thin films has the advantage of 

overcoming the incompatibility issue of using different materials. 

The compelling characteristics of PS combined with being a silicon-based technology makes 

PS a promising platform for manufacturing potentially low-cost optical filters for LWIR operation. 

Figure (1.7) shows the transmittance response of silicon wafers with two different doping levels: 

Float-Zone (FZ) with 1-10 Ω.cm and Czochralski (CZ) with 0.08-0.12 Ω.cm. The transmittance of 

the silicon with lower doping (1-10 Ω.cm) level demonstrates low absorption that can be obtained 

across the spectrum 2-14 µm, making silicon and silicon-based technologies suitable for LWIR 

applications. Figure (1.7) also shows that there is higher absorption associating with higher doping 

level (0.08-0.12 Ω.cm). In the following section, the challenges of using multilayer PS filters for 

LWIR operation are discussed, followed by a literature review of the compatibility of PS with 

standard MEMS fabrication technologies. 
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Figure 1.7 Measured transmittance response of silicon demonstrating low absorption at the LWIR 

range, making silicon a suitable base material for thermal imaging applications. 
 

 
1.4.1 The challenges of forming porous silicon thin films for LWIR applications 

Multilayer PS structures have been widely produced for a range of different applications, such 

as silicon-based lasers [58], medical devices [59] and gas sensors [60]. Most of these applications are 

in the visible (Vis, 400-700 nm), NIR and SWIR ranges. Developing PS infrared filters operating in 

the LWIR range has faced some additional challenges. 

The first challenge is forming thicker layers. Forming filters for LWIR applications requires 

thicker layers and wider cavity spacing compared to those in the Vis, NIR and SWIR ranges. The 

relationship between the thickness and the wavelength is given by equation (1.1), which shows that 

the thickness of each layer in a filter is required to be a quarter wavelength (λ/4), in most common 

structures, in order for the constructive interference to occur. However, forming thicker PS layers 

makes them susceptible to electrochemical fabrication issues such as electrolyte diffusion and 

depletion [57]. On the other hand, Ishikura et al. [61] successfully formed thick films up to 200 µm 

for MWIR operation using rugate-type refractive index profile, which is defined as a broadband 

optical filer structure characterised by a continuous sinusoidal index variation in the direction 

perpendicular to the film plane. The main drawback in rugate filters, though, is the reduction of the 

peak reflectance compared to Bragg reflectors, which are based on forming multilayer thin films 

alternating between two refractive indices [62]. 

As a result of the electrolyte diffusion and depletion from forming thick PS thin films, porosity 

gradient, by which the porosity varies with depth [63], can cause series problems including 

detachment of the film from the substrate and stress gradient. Film detachment resulting from porosity 

gradient is particularly evident in high porosity films (yet such films are required to achieve very low 
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refractive index), while the stress gradient is more pronounced in low porosity films (required to 

achieve a high refractive index). To minimise the porosity gradient in PS layers, pausing the current 

during anodisation has been applied extensively [64], allowing HF electrolyte to replenish inside the 

pores during the electrochemical etching process. By using current pausing techniques during 

anodisation, Ghulinyan et al. [65] formed PS thin films with more than 110 layers for the NIR range 

without observable porosity gradient in the growth direction. The same pausing technique was applied 

by [66] to form a single layer of 77% porosity with no porosity gradient along the film’s thickness of 

1.18 µm. 

Another challenge is selecting the index contrast, as higher index contrast improves the pass 

band. However, forming PS with very low index, i.e. high porosity, yields a very fragile layer, and 

forming PS with very high index, i.e. low porosity, requires a long anodisation time. Osorio et al. 

[67] reported forming a three-layer configuration using the largest yet reported porosity range (90% 

and 40%) to produce a transmittance of 95.2% for an antireflective coating for Vis devices, with 

layers alternating between 90 nm and 56 nm in thickness. Their study indicated a high performance 

optical response can be obtained with only a 3-layer PS structure. 

Another common issue that needs to be addressed when using silicon substrates for LWIR 

applications is the free carrier absorption which can set serious limitation on PS filter applications 

[68]. This is especially true in the case of mesoporous silicon filters, since to produce mesoporous 

layers, heavily doped silicon wafers with resistivity below 0.1 Ω.cm are commonly used, which for 

thick silicon substrates is virtually opaque in the far infrared range, as discussed in section (1.4). One 

way to overcome this problem is to detach PS layers from the silicon substrate. The main problem 

with such an approach is the extremely poor mechanical robustness of the membrane after detaching 

from the substrate. 

A research group in Lake Shore Cryotronics, Inc. reported interesting development in forming 

PS devices for LWIR applications. In 2004, the group [68] reported two Bragg-mirror stacks 

consisting of a 61-layer PS with design wavelength of 2 µm (SWIR), and 21-layer PS with design 

wavelength of 14 µm (LWIR). The PS mirror designed for LWIR operation was electrochemically 

separated from the silicon substrate to avoid the strong absorption from the silicon substrate in the 

LWIR range. Although the optical evaluation shows good response for the SWIR filter, it shows a 

poor optical response for the LWIR filter with a strong absorption at 15 and 16 µm that distort the 

transmission spectrum of the device. It can be expected that the poor optical response of their LWIR 

filters is due to porosity gradient which can be very noticeable when forming 21-layer PS for LWIR 
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operation, considering no technique was used to minimise the porosity gradient in their study. It also 

appears that forming thick PS layers (>20 µm) is necessarily when separating it from the substrate.  

A year later, the same group from Lake Shore Cryotronics, Inc. [69] developed a new 

approach to minimise the absorption of silicon in the far infrared range by forming a two-layer silicon 

wafer composed of a highly doped silicon layer, with the proper thickness for the mesoporous layers, 

bonded to a lower-doping density layer, as shown in figure (1.8). Their technique aimed to provide 

the high carrier concentration necessary for mesoporous multilayer formation, supported by a silicon 

layer that is highly transparent throughout the far infrared range. Although their work demonstrated 

a PS filter with a transparency within 19-24 µm and a resonance peak at 21 µm, choosing a wafer 

bonding technique to achieve uniform and high conductive bonding across the silicon wafers interface 

can be critical and complicated. 

 
Figure 1.8 A cross-sectional SEM image of a bonded wafer composed of a highly doped silicon 

layer, bonded to a lower-doping density wafer, a technique to minimise the absorption of silicon in 
the far infrared range, adopted from [69]. 

 

In summary, forming PS filters for LWIR operation requires thick layers to obtain the 

constructive interference in that range. However, thicker PS layers suffer from porosity gradient with 

depth, resulting in poor mechanical and optical properties. Employing a mechanism to reduce the 

porosity gradient should be implemented, especially when forming multilayer thick films. Forming a 

minimum 3-layer PS should be sufficient to obtain a good optical response (depending on obtaining 

a suitable index contrast), and would result in a filter nominally 5 micron thick.  By comparison, some 

bolometers use suspended  α-Si films 100 nm thick [70], making our suspended films around 50 times 

thicker which should provide them with a great deal of robustness by MEMS standards. 
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1.4.2 Porous silicon micromachining 

Porous silicon has been used in micromachining since 1994, but initially only as a sacrificial 

layer [71]. Originally, macroporous silicon found its way into micromachining for applications such 

as capacitors [53] and accelerometers [72], knowing that defining the structures in macroporous 

silicon can be achieved by standard photolithography and subsequent alkaline etching. The large 

pores and resulting large silicon scaffold that remain in these porous films make them robust in 

micromachining applications.  

In 2000, Tjerkstra et al. [73] was one of the earliest researchers who reported micromachining 

of suspended PS in microchannel structures, shown in figure (1.9a), which could be used for 

microbatteries and porous electrode applications. The formation was conducted after depositing a 

silicon nitride as masking layer to define the region for PS formation. Subsequently, the current 

density was increased and the porous layer was underetched to release the PS microchannel structures 

from the substrate. Their process was successful in forming free-standing PS microchannels with a 

diameter of 200 µm. However, no stress-relief techniques were applied in the PS forming (such as 

pulse current) or in the structure design (such as stress-relief holes/notches), resulting in a stress 

gradient that caused PS to crack when the thickness exceeded 10 µm.  

Single-layer PS rectangular membrane structures for thermal sensor applications were formed 

by Pagonis et al. [74] with the dimensions of 1170×180 µm2, shown in figure (1.9b). The PS 

membrane consists of a single layer of 75% porosity with a thickness of 10 µm. Directly after the PS 

formation, the current was switched to a value above the critical current for electropolishing to form 

a 10-µm deep air cavity. However, the wide size of the membrane and the large thickness of the PS 

layer introduced stress, resulting in deformation and cracking around the edges. 

While increasing the current density during the electropolishing process was the technique 

used in both previous micromachined PS devices to separate PS layers from the silicon, a different 

approach of suspending single-layer PS thin films was demonstrated by Tsamis et al. [75]. They 

reported a surface-micromachined PS micro-hotplate constructed of 75% porosity with dimension of 

100×100 µm2 and a thickness of 4 µm, as shown in figure (1.9c). The suspension process was 

achieved using an inductively coupled plasma (ICP-RIE) with a fluorine-based (SF6) gas, to form a 

40-µm deep air acvity. However, a significant under-etching resulted from their  ICP-RIE process, 

making it unsuitable to suspend larger membranes, particularly for optical applications where the 

quality of the etched surface considerably affects the quality of the devices. 
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Figure 1.9 SEM images of reported PS MEMS-based structures: (a) a multi-walled microchannel 

structure containing two separate PS layers [73] (b) a PS membrane over a channel [74] (c) a 
suspended PS micro-hotplate with a Pt heater [75] (d) an angled view of released PS doubly 

clamped microbeams [76] (e) a tuneable PS filter with two actuator arms [77], and (f) a freestanding 
PS filter [78]. (g) A Schematic diagram of the MEMS PS filter for LWIR operation [79]. 

 

As previously discussed, forming thick PS layers without a technique to minimise the porosity 

gradient, and hence the internal stress, can cause limitation in the thickness that can be formed, and 

deformation of the micromachined structures. An interesting approach to reduce the porosity gradient 

by varying the current density exponentially during single-layer PS formation was reported by Sun et 

al. [76] who succesfully formed flat uniform single-layer PS microbeams, which is shown in figure 

(1.9d). 

Regarding multilayer PS thin films, few reports exist on surface-micromachining of these 

films for different applications. The first surface-micromachined multilayer PS filter was reported in 

2001 by Lammel and Renaud [77, 80] which was designed for infrared applications operating in the 

MWIR range. Their filter, shown in figure (1.9e), was fabricated by modulating the porosity between 

60-75% to form a 30-µm thick multilayer porous silicon, and it showed a reflectivity of 95%. Another 

micromachined multilayer PS filter was reported by Song et al. [78], shown in figure (1.9f), for Vis 

applications where the PS membrane was supported by a gold/silicon nitride (Au/Si3N4) actuator. In 

both works of Lammel and Song, the electropolishing technique was utilised to suspend PS structures 

by increasing the current above the critical current. Also, the fabrication techniques that were 
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followed in both works of Lammel and Song included defining a masking layer on the silicon prior 

to the selective formation of PS regions, which is an approach that has been used in most of previous 

reported micromachined PS devices, except Sun’s work [76]. This post-processing PS formation 

technique resulted in very low lateral uniformity of the porosity in the PS structures (large lateral 

porosity gradient), as well as an undesirable under-mask etching. The low lateral uniformity led to a 

considerable stress gradient in these structures. Another issue associated with using metal masks is 

the need for an adhesion layer that is not subject to attack by the HF electrolyte during anodisation. 

The insulator layers used could withstand longer exposure to the HF electrolyte, but stripping these 

layers away after PS formation could cause damage to the PS layers. While the impressive techniques 

of Lammel’s and Song’s work succeeded in suspending multilayer PS mirrors, these structures 

suffered from significant bending due to the non-uniform porosity and oxidation involved in the 

releasing process. 

The only MEMS-based PS filter reported for LWIR operation in the literature was by Kozak 

et al. [79, 81]. Figure (1.9g) shows a schematic diagram of their device, which was constructed by 

hybrid-bonding two identical chips after removing a thin layer of porous silicon to create an air cavity 

with a resonance wavelength at around 8.2 µm [81]. It is difficult to evaluate their approach for 

building a tuneable PS-FP filter since few details were provided about the device performance. 

However, this approach does not appear to be practical for large scale manufacturing of devices 

having repeatable performance. 

Electropolishing has been reported in some micromachined PS devices discussed above [73, 

74, 76-78, 80]  as an appropriate method to suspend the microstructures on the silicon substrate. The 

adequacy of creating an air cavity by electropolishing, without the need for a sacrificial layer, is a 

strong advantage of micromachining PS. More details about electropolishing techniques are discussed 

in section (3.6.2). An additional factor developed by Sun et al. [76] was use of HF/DI water as 

electrolyte during the electropolishing process, instead of HF/ethanol. Using HF/DI water as 

electrolyte during the electropolishing process allows utilising a photoresist masking layer instead of 

a metal layer prior to the electropolishing process, which provides an excellent adhesion between PS 

layers and the silicon substrate once hard baked. 

In summary, developing micromachining PS is maturing but still in its early stage. Surface 

micromachining of PS has demonstrated a great potential in integrating MEMS technology with PS, 

due to the ability to engineer the properties of the PS films combined with the simplicity of creating 

air cavities by electropolishing processes. Micromachining multilayer PS opens the door for a wide 

range of applications across the entire wavelength ranges of Vis, MWIR and LWIR. However, as 
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discussed, to date, most reported MEMS fabrication techniques produce PS structures suffering from 

low lateral uniformity of porosity and compressive stress due to the post-processing formation 

technique of forming masking layers prior to PS formation. This post-processing formation technique 

results also with non-uniform thickness across each microstructure due the “edge effect”, where the 

current flow tends to be higher at the edges of the structure compared to the centre [82]. Therefore, 

forming high-quality PS structures requires PS formation prior to any patterning process. Moreover, 

it is important to develop techniques that are compatible with MEMS processes to fabricate scalable, 

and robust complex PS structures. 

The aim of this work is to design and fabricate surface micromachined porous silicon Fabry-

Pérot (PS-FP) filters capable of operating in the LWIR range. In order to achieve this goal, a 

micromachining process need to be developed to pattern and suspend thick films of multilayer PS. 

Also, the optical and mechanical properties of these filters are necessary to be investigated to obtain 

the required performance for LWIR operation.  

 

1.5 Thesis overview 

The main objective of the work presented in this thesis is to design and fabricate surface 

micromachined porous silicon Fabry-Pérot (PS-FP) filters capable of operating in the LWIR range, 

along with demonstrating the optical and mechanical performance of these filters. In the process of 

achieving this goal, contributions to scientific knowledge will be made in three key areas: 

1. Optimising the patterning process for micromachining porous silicon with multilayer 

structures. 

2. Developing strategies to suspend large area features of multilayer porous silicon, up to 

600 µm diameter, for LWIR applications. 

3. Methods to compensate the porosity gradient in suspended thin film porous silicon films 

to minimise the stress with the aim of producing flat suspended structures. 

This thesis consists of 8 chapters, including this introductory chapter. A brief overview of the 

contents of other chapters is given below: 

- Chapter 2 presents the optical theory of designing an ideal Fabry-Pérot filter, followed by the 

required parameters to achieve high performance PS-FP filters for LWIR operation. Finally, 

a modelling approach for calculating the transmittance of a Fabry-Pérot filter in the presence 

of mirror imperfections is discussed. 
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- Chapter 3 discusses the fabrication processes to surface-micromachine PS-FP filters that are 

all-silicon based, which includes developing techniques to:  

o Form uniform multilayer PS thin films followed by passivation to provide chemical 

and environmental stability. 

o Form a masking layer through a standard photolithography procedure followed by 

patterning the top mirror using reactive ion etching (RIE) technique. 

o Suspend a large area top mirror while keeping the anchored regions attached to the 

substrate by utilising an electropolishing process. 

- Chapter 4 introduces a variety of techniques for optical and mechanical characterisation of PS 

thin films and micromachined PS. Also, a technique to back-fill the pores, in order to obtain 

high quality surface-morphology images is presented. 

- Chapter 5 depicts the optical and mechanical performance of PS, including single-layer and 

multilayer PS thin films, as well as attached and suspended structures. A simulation of the 

optical performance is presented alongside the measured performance. 

- Chapter 6 presents the mechanical properties of PS thin films (attached films), and PS 

structures (suspended films). 

- Chapter 7 presents a comprehensive technique to compensate the porosity gradient with depth 

to obtain flat microstructures by varying the anodisation current. The optimum conditions to 

produce near zero residual stress in PS thin films and micro-fabricated structures are 

investigated. 

- Chapter 8 concludes the major finding of this work, along with implications and possibilities 

for future work. 
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Chapter 2 

Optical design of porous silicon Fabry-Pérot filters for LWIR operation 

This chapter presents the optical theory relevant to designing porous silicon-based Fabry-

Pérot filters for LWIR operation. This chapter introduces the optical characteristics of an ideal 

Fabry-Pérot filter, using the transfer matrix modelling approach as a mathematical tool to analyse 

the transmittance and reflectance through a stack of thin films. The optical model is adjusted to 

include the loss resulting from multiple reflections within the substrate. Subsequently, the filter 

structure is introduced based on a quarter-wave mirror structure. A detailed discussion about 

porosity and its direct relationship with refractive index and optical properties is presented. After 

establishing the optical theory, the structural design of PS-FP filters operating in the LWIR range 

used in this thesis is discussed, as well as the modelled transmittance response for the filters. Lastly, 

modelling of filter imperfections, including bowing and tilting, is developed.  

  

2.1 Spectral characteristics of an ideal Fabry-Pérot filter 

Obtaining the spectral characteristics is essential to evaluate the optical performance of the 

filter for the desired application. This section presents models for the transmittance function of Fabry-

Pérot filters, and the relationship of the transmittance function with important filter design 

specifications, such as reflectance, finesse FR, full-width at half-maximum (FWHM) and free spectral 

range (FSR). 

Figure (2.1) shows a diagrammatic form of the basic structure of an ideal Fabry-Pérot filter, 

which consists of two parallel mirrors separated by a cavity. An ideal filter refers to a filter with 

homogenous refractive index within each layer in the direction of propagation and which has entirely 

flat and parallel mirrors over a wide lateral extent. Figure (2.1) includes the variables which are used 

in deriving the spectral characteristics of optical filters in this section. The variables T1, T2 and TFP 

define the transmittance through the top mirror, bottom mirror, and air cavity, respectively, while R1 

and R2 represent reflectance of the top and bottom mirror, respectively. In this work, the cavity 

medium is assumed to be air (n0 = 1), and only the normal-incidence case is considered. 



23 
 

 
Figure 2.1 A basic structure of an ideal Fabry-Pérot filter consists of two mirrors separated by a 

cavity, and multiple reflections are generated within the cavity, where T1, T2 and TFP are the 
transmittance through top mirror, bottom mirror and air cavity, respectively, R1 and R2 are the 
reflectance of the top and bottom mirrors, respectively, 𝜑𝜑𝑟𝑟1+  and 𝜑𝜑𝑟𝑟2−  are the reflection phase 

changes from top and bottom mirror. The superscript sign (+/-) indicates the direction of the wave. 

 

As the light wave travels through the cavity, it undergoes multiple reflectance and 

transmittance between the two mirrors. The round trip phase change (𝜓𝜓) of the light wave inside the 

cavity of a length (ℎ𝑐𝑐) is given by: 

𝜓𝜓 =
4𝜋𝜋ℎ𝑐𝑐
𝑚𝑚 − 𝜑𝜑,                                                               (2.1) 

where 𝜑𝜑 = 𝜑𝜑𝑟𝑟1+ − 𝜑𝜑𝑟𝑟2−  is the sum of the reflection phase changes from top (subscript r1) and bottom 

mirrors (subscript r2). The superscript sign (+/-) indicates the direction of the wave. In this section, 

the light is assumed coherent through all layers, i.e. the phase change is zero with respect to time. In 

section (2.3), the incoherent reflections of light from the (relatively thick) substrate is introduced to 

the model. The optical resonance of the system corresponds to constructive interference, which occurs 

at the maximum transmittance (Tmax) when the transmitted fields are in phase. Destructive 

interference, i.e. minimum transmittance (Tmin), occurs if the transmitted fields are out of phase. 

The transmittance of a Fabry-Pérot filter (𝑇𝑇𝐹𝐹𝐹𝐹) defined as the ratio of the transmitted light 

intensity (𝐼𝐼𝑡𝑡) and the incident light intensity (𝐼𝐼𝑖𝑖), follows the form of an Airy function [83]: 

𝑇𝑇𝐹𝐹𝐹𝐹 =
𝐼𝐼𝑡𝑡
𝐼𝐼𝑖𝑖

=
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

1 + (4𝐹𝐹𝑅𝑅2 𝜋𝜋2⁄ ) sin2 (𝜓𝜓 2⁄ )
,                                            (2.2) 

where Tmax is the maximum transmittance, given by: 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 =  
𝑇𝑇2

(1− 𝑅𝑅)2 ,                                                            (2.3) 
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assuming the top and bottom mirrors have identical reflectance of R1=R2=R. The reflectance 

finesse (𝐹𝐹𝑅𝑅) is a quality measure for optical filters, and is defined by: 

𝐹𝐹𝑅𝑅 =
𝜋𝜋√𝑅𝑅

1 − 𝑅𝑅 .                                                                    (2.4) 

In a lossless system, a filter with a higher finesse produces narrower transmittance peaks than one 

with a lower finesse. Thus, high finesse for a filter equivalent to a high resolution of the filter, making 

it easier to distinguish closely spaced transmittance peaks from one another.  

If there is no absorptance in the reflecting layers, then 

𝑇𝑇 = 1 − 𝑅𝑅,                                                         (2.5) 

and equation (2.2) becomes 

𝑇𝑇𝐹𝐹𝐹𝐹 =
1

1 + (4𝐹𝐹𝑅𝑅2 𝜋𝜋2⁄ ) sin2 (𝜓𝜓 2⁄ )
.                                             (2.6) 

The maximum transmittance (Tmax) occurs when the round trip phase change is an integer multiple of 

the wavelength, which leads to the phase condition: 

𝜓𝜓 = 2𝜋𝜋𝑚𝑚       with   𝑚𝑚 =  1, 2, 3 ….                                                (2.7) 

The graphical form of equation (2.6) is given in figure (2.2) where 𝑇𝑇𝐹𝐹𝐹𝐹 is plotted against (𝜓𝜓/2) to 

illustrate the dependence of the transmittance on the wavelength as the mirror reflectivity increases.  

 
Figure 2.2 Impact of increasing the mirror reflectivity (R) on the transmittance spectrum, 

particularly spectral bandwidth (FWHM) and wavelength separation, or free spectral range (FRS) of 
an ideal Fabry-Pérot filter.  
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The wavelength separation between the m-order transmittance peak and the (m+1)-order 

transmittance peak is called the free spectral range (FSR), as shown in figure (2.2), which is defined 

as [84]: 

FSR =
𝑚𝑚
𝑚𝑚 .                                                                   (2.8) 

It can be noted from figure (2.2) that the transmittance spectrum pattern becomes sharper as the 

reflectance increases, resulting in a narrower spectral bandwidth, i.e. full-width at half-maximum 

(FWHM), which is given by [84]: 

FWHM =
𝑚𝑚

𝐹𝐹𝑅𝑅𝑚𝑚
.                                                                 (2.9) 

By combining equations (2.8) and (2.9), it can be seen that the finesse of a filter 𝐹𝐹𝑅𝑅 is actually the 

ratio of the free spectral range (FSR) to the spectral bandwidth (FWHM), or, in other words, the 

number of spectral bands that are resolvable within the free spectral range. 

It should be noted that the choice of cavity order for the PS-FP filters in this work is m = 1, as 

higher orders reduce the free spectral range. The free spectral range associated with the chosen cavity 

order has to be wider than the designed wavelength range of 8-12 µm, otherwise spectral peaks 

associated with the higher order would simultaneously appear in the transmittance window and be 

detected, causing wavelength ambiguity. This consideration is very important when designing 

tuneable filters. However, achieving tuneable filters is out of scope of this work as they require 

considerable development of ohmic electrical contacts, substrate isolation and low-resistivity films. 

The optical characteristics described in this section are considered guidelines for designing 

Fabry-Pérot filters. However, the transmittance obtained from equation (2.2) does not include the 

effect of multiple reflections within the substrate, which will be considered in section (2.3). 

 

 2.2 Transfer matrix model 

The most common method to obtain the optical properties of multilayered thin films is the 

optical transfer matrix model, which is used to analyse the propagation of electromagnetic waves in 

multilayered thin films. The theory presented in this section has been adapted from the full theory 

presented by Macleod [83]. 

First, a simple case of a single thin film on a substrate will be discussed. Figure (2.3a) shows 

the propagation of an optical wave with a wavelength of (λ) through a thin film of a thickness (h1) 
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and a refractive index (n1). 𝐸𝐸1𝑚𝑚
±  refers to the electric field located at interface-a that travels along ± z-

axis while 𝐸𝐸1𝑏𝑏
±  refers to the one at interface-b, where the superscript ± indicates the direction of travel 

of the light in the z-direction, as illustrated in figure (2.3a). The medium of incidence is air with a 

refractive index of (𝑛𝑛0 = 1). The admittance of the air is given by: 

𝜂𝜂𝑜𝑜 = �𝜀𝜀𝑜𝑜/𝜇𝜇𝑜𝑜,                                                              (2.10) 

where 𝜀𝜀𝑜𝑜 is the electric permittivity and 𝜇𝜇𝑜𝑜 is the magnetic permeability. The exit medium in this 

section is assumed to be a lossless substrate with a refractive index of 𝑛𝑛𝑆𝑆. 

 
Figure 2.3 Schematic representation of the parameters used in the characteristic matrix for an 

assembly of (a) a single and (b) multilayer thin films model. The parameters are defined in section 
(2.2). 

 

The boundary conditions establish the conservation of the tangential fields at the interfaces at 

each side of the film [85], which can be given by: 

𝐸𝐸𝑚𝑚 = 𝐸𝐸1𝑚𝑚+ + 𝐸𝐸1𝑚𝑚−  ,                                             (2.11) 

𝐻𝐻𝑚𝑚 = 𝛾𝛾1 (𝐸𝐸1𝑚𝑚+ − 𝐸𝐸1𝑚𝑚− ),                                                        (2.12) 

𝐸𝐸𝑏𝑏 = 𝐸𝐸1𝑏𝑏+ + 𝐸𝐸1𝑏𝑏−  ,                                                       (2.13) 

𝐻𝐻𝑏𝑏 = 𝛾𝛾1 (𝐸𝐸1𝑏𝑏+ − 𝐸𝐸1𝑏𝑏− ),                                                        (2.14) 

where the parameter 𝛾𝛾1 = 𝜂𝜂1 cos𝜃𝜃0, and 𝜃𝜃0 is the angle of incident light at the first incident interface, 

i.e. air/first layer interface. 

The fields at interface-b can be determined by altering the phase factors of the waves to allow 

for a shift in the z coordinate from 0 to –h1. The fields of the wave in the positive z-direction will be 
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multiplied by 𝑒𝑒𝑖𝑖𝛿𝛿1, while the field of the wave in the negative z-direction will be multiplied by 𝑒𝑒−𝑖𝑖𝛿𝛿1, 

where 𝛿𝛿1 is the path difference of the wave propagating in the thin film between the interfaces, given 

by: 

𝛿𝛿1 = 2𝜋𝜋 ℎ1𝑛𝑛1 cos𝜃𝜃1 /𝑚𝑚.                                                      (2.15) 

The values of E and H at the b-interface are now, using equations (2.11 – 2.14) 

𝐸𝐸1𝑚𝑚+ = 𝐸𝐸1𝑏𝑏+  𝑒𝑒𝑖𝑖𝛿𝛿𝑗𝑗 = 1
2

(𝐸𝐸𝑏𝑏 𝜂𝜂1 + 𝐸𝐸𝑏𝑏⁄ )𝑒𝑒𝑖𝑖𝛿𝛿1 ,                                          (2.16) 

𝐸𝐸1𝑚𝑚− = 𝐸𝐸1𝑏𝑏−  𝑒𝑒−𝑖𝑖𝛿𝛿1 = − 1
2

(𝐻𝐻𝑏𝑏 𝜂𝜂1 − 𝐸𝐸𝑏𝑏⁄ )𝑒𝑒−𝑖𝑖𝛿𝛿1 ,                                       (2.17) 

𝐻𝐻1𝑚𝑚+ = 𝐻𝐻1𝑏𝑏+  𝑒𝑒𝑖𝑖𝛿𝛿1 = 1
2

(𝐻𝐻𝑏𝑏 + 𝜂𝜂1𝐸𝐸𝑏𝑏)𝑒𝑒𝑖𝑖𝛿𝛿1 ,                                            (2.18) 

𝐻𝐻1𝑚𝑚− = 𝐻𝐻1𝑏𝑏−  𝑒𝑒−𝑖𝑖𝛿𝛿1 = 1
2

(𝐻𝐻𝑏𝑏 − 𝜂𝜂1𝐸𝐸𝑏𝑏)𝑒𝑒−𝑖𝑖𝛿𝛿1.                                         (2.19) 

Substituting these values in equations (2.11) and (2.12) gives: 

𝐸𝐸𝑚𝑚 =  𝐸𝐸𝑏𝑏 cos𝛿𝛿1 + 𝐻𝐻𝑏𝑏
𝑖𝑖 sin 𝛿𝛿1
𝜂𝜂1

,                                                  (2.20) 

𝐻𝐻𝑚𝑚 =  𝐸𝐸𝑏𝑏𝑖𝑖𝜂𝜂1 sin 𝛿𝛿1 + 𝐻𝐻𝑏𝑏 cos𝛿𝛿1.                                             (2.21) 

Equations (2.20) and (2.21) can be written in a matrix notation as 

�
𝐸𝐸𝑚𝑚
𝐻𝐻𝑚𝑚
� =  �

cos 𝛿𝛿1 (1 𝜂𝜂1⁄ ) sin 𝛿𝛿1

𝑖𝑖𝜂𝜂1 sin 𝛿𝛿1 cos𝛿𝛿1
� �
𝐸𝐸𝑏𝑏
𝐻𝐻𝑏𝑏
�.                                      (2.22) 

The optical matrix of layer j is given by: 

𝑀𝑀 =  �
cos 𝛿𝛿𝑗𝑗 �1 𝜂𝜂𝑗𝑗⁄ � sin 𝛿𝛿𝑗𝑗

𝑖𝑖𝜂𝜂𝑗𝑗 sin 𝛿𝛿𝑗𝑗 cos 𝛿𝛿𝑗𝑗
�,                                                  (2.23) 

where 𝜂𝜂𝑗𝑗 is the optical admittance of layer j, given by: 

𝜂𝜂𝑗𝑗 = 𝜂𝜂𝑜𝑜�𝑛𝑛𝑗𝑗 − 𝑖𝑖𝑘𝑘𝑗𝑗�,                                                               (2.24) 

and 𝛿𝛿𝑗𝑗 is the path difference of the wave propagating in layer j, given at normal incident by 

𝛿𝛿𝑗𝑗 = 2𝜋𝜋
ℎ𝑗𝑗�𝑛𝑛𝑗𝑗 − 𝑖𝑖𝑘𝑘𝑗𝑗�

𝑚𝑚 .                                                         (2.25) 

Equation (2.22) represents the relationship that connects the tangential components of 𝐸𝐸 and H at the 

incident interface with the tangential components which are transmitted through the exit medium. 

This relationship can be extended to a general case of an assembly of q layers, as shown in figure 

(2.3b). The matrix transfer is simply the product of the individual matrices taken in the corresponding 

order, i.e. 

�
𝐸𝐸𝑚𝑚
𝐻𝐻𝑚𝑚
� =  ���

cos 𝛿𝛿𝑗𝑗 �1 𝜂𝜂𝑗𝑗⁄ � sin 𝛿𝛿𝑗𝑗
𝑖𝑖𝜂𝜂𝑗𝑗 sin 𝛿𝛿𝑗𝑗 cos𝛿𝛿𝑗𝑗

�
𝑞𝑞

𝑗𝑗=1

� �
𝐸𝐸𝑏𝑏
𝐻𝐻𝑏𝑏
� ,                                    (2.26) 

or 
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�
𝐵𝐵

𝐶𝐶
� =  ���

cos 𝛿𝛿𝑗𝑗 �1 𝜂𝜂𝑗𝑗⁄ � sin 𝛿𝛿𝑗𝑗
𝑖𝑖𝜂𝜂𝑗𝑗 sin 𝛿𝛿𝑗𝑗 cos 𝛿𝛿𝑗𝑗

�
𝑞𝑞

𝑗𝑗=1

� �
1

𝜂𝜂0𝑛𝑛𝑆𝑆
� ,                                   (2.27) 

Based on equation (2.27), the transmittance (T) and the reflectance (R) of a stack of multilayered thin 

films can be calculated via 

𝑇𝑇 =  
4𝜂𝜂02𝑛𝑛𝑆𝑆

(𝜂𝜂0𝐵𝐵 + 𝐶𝐶)(𝜂𝜂0𝐵𝐵 + 𝐶𝐶)∗ ,                                                      (2.28) 

and 

𝑅𝑅 = �
𝜂𝜂0𝐵𝐵 − 𝐶𝐶
𝜂𝜂0𝐵𝐵 + 𝐶𝐶� �

𝜂𝜂0𝐵𝐵 − 𝐶𝐶
𝜂𝜂0𝐵𝐵 + 𝐶𝐶�

∗

 ,                                                      (2.29) 

respectively. When modelling cavity-based Fabry-Pérot filters, the transmittance can be calculated 

using equation (2.28) by simply modelling the air cavity as a layer of the thin-film assembly. As 

mentioned earlier in this section, the exit medium is a (thick) substrate, which means that equations 

(2.28) and (2.29) do not include any reflections from the silicon/air back interface. In the next section, 

the transmittance formula is modified to account for this interface in the combined air-filter-substrate-

air system. 

 

2.3 Transmittance of an air-filter-substrate-air system 

The transmittance presented in equation (2.28) is associated with a multilayer structure 

composed of optically isotropic and homogeneous layers, and assumes that the light is coherent 

through all layers (no temporal phase change). This coherent light model is effective if no thick film 

or substrate is used, since a coherent reflection from thick layers results in significant ripples in the 

wavelength domain. Generally, a film is considered thin if it has a thickness much less than the 

coherence length of the light, so that the phase relationships between the reflected and the transmitted 

waves can be considered constant. A film is considered thick if it has a thickness much greater than 

the coherence length of the light, so that the phase is effectively randomised, which means the 

summation of reflected phases results in an average reflection, not coherent constructive or 

destructive interference. The coherence length is given by: 

𝐿𝐿𝑐𝑐 =
𝑚𝑚2

𝜋𝜋.𝛿𝛿𝑚𝑚 ,                                                                     (2.30) 

where, for the Vis reflectance measurement system used in this work, the centre wavelength is 𝑚𝑚 =

600 nm and the bandwidth is 𝛿𝛿𝑚𝑚 = 10 nm, which results in a coherence length of nominally 𝐿𝐿𝑐𝑐 =

11.5 μm. Therefore, for films which are less than 𝐿𝐿𝑐𝑐 in thickness the coherence model is appropriate.  
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In this thesis, the substrate on which thin porous silicon layers are fabricated has a thickness of 275 

µm, which requires that it is treated as a thick film as the reflection is incoherent. Therefore, a 

transmittance model for the total air-filter-substrate-air system is needed, considering the coherent 

multiple reflections within the thin films and the incoherent reflection within the substrate. 

Figure (2.4) shows an air-filter-substrate-air system consisting of an assembly of multilayer 

thin films with air cavity (the filter) on a thick substrate of a finite thickness. The entire layer assembly 

is reduced to a single effective interface, characterised by the filter transmittance (TFP). Similarly, the 

substrate-air interface transmittance can be associated with the transmittance (𝑇𝑇𝑆𝑆) while the total air-

filter-substrate-air system is reduced to a single effective interface with a transmittance of (TFPS). The 

calculation of TFPS is carried out in two steps. First, the transmittance of the multilayer system (TFP), 

including the air cavity, is calculated using equation (2.28). Then the matrix solution is multiplied by 

the incoherent fields propagated within the substrate. The splitting of the matrices, into coherent and 

incoherent solutions enables the representation of the multiple reflections from the thin film layers as 

well as from the multiple (incoherent) reflections within the thick substrate.  

 
Figure 2.4 An assembly of multilayer (where n1>n2) thin film layers can be reduced to a single 

effective interface, characterised by an air-filter-substrate transmittance (TFP), while the substrate-
air interface transmittance can be associated with the transmittance (𝑇𝑇𝑆𝑆). Subsequently, the total air-

filter-substrate-air system can be reduced to a single effective interface with a transmittance of 
(TFPS).  

 

The resultant transmittance TFPS can be obtained as  

𝑇𝑇𝐹𝐹𝐹𝐹𝑆𝑆 =
𝑇𝑇𝑆𝑆𝑇𝑇𝐹𝐹𝐹𝐹

1 − 𝑅𝑅𝑆𝑆𝑅𝑅𝐹𝐹𝐹𝐹
,                                                      (2. 31) 

where TS and RS are the surface transmittance and reflectance at the substrate-air interface, presented 

as [83] 
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𝑅𝑅𝑆𝑆 = �
𝑛𝑛𝑆𝑆 − 1
𝑛𝑛𝑆𝑆 + 1�

2

,                                                           (2.32) 

and 

𝑇𝑇𝑆𝑆 = 1 − 𝑅𝑅𝑆𝑆,                                                               (2.33) 

respectively, where 𝑛𝑛𝑆𝑆 is the substrate refractive index. Equation (2.31) is exact for filters with 

lossless mirrors, and is still a very good approximation for filters with slightly absorbing mirrors [83]. 

Equation (2.31) implies that the total transmittance through the air-filter-substrate-air system (TFPS) 

is lower than the transmittance of the filter alone (TFP). To account for the loss from the light 

absorption through the substrate, it is possible to express equation (2.32) in terms of the absorption 

coefficient of the substrate (𝛼𝛼𝑆𝑆(𝑚𝑚)) to yield 

𝑇𝑇𝐹𝐹𝐹𝐹𝑆𝑆 =
𝑇𝑇𝑆𝑆𝑇𝑇𝐹𝐹𝐹𝐹

1 − 𝑅𝑅𝑆𝑆𝑅𝑅𝐹𝐹𝐹𝐹
𝑒𝑒−𝛼𝛼𝑆𝑆(𝜆𝜆)ℎ𝑆𝑆,                                                      (2. 34) 

where ℎ𝑆𝑆 is the thickness of the substrate. Equation (2.34) is the transmittance of the air-filter-

substrate-air system, accounting for the coherent light through the multilayer thin films and the 

incoherence light propagation through the substrate, as well as the loss within the substrate. All the 

transmittance measurements in this thesis will be obtained using equation (2.34). 

 

2.4 Quarter-wave mirrors 

After modelling the transmittance of Fabry-Pérot filters and determining the characteristics 

that the ideal filters, this section discusses the mirror structure that will be used. A mirror structure 

has a significant influence in increasing the reflectivity of the filter. The most frequently used 

structure in MEMS filters is the quarter-wave mirror (QWM), and it is the chosen mirror type for the 

device presented in this thesis. A Quarter-wave mirrors (QWMs) are a subset of distributed Bragg 

reflectors that are multilayer periodic structures. QWM consists of layers with alternating high and 

low refractive indices, where the optical thickness of each layer is a quarter of the central design 

wavelength (𝑚𝑚𝐶𝐶). In this configuration, each layer boundary causes a partial reflection of the incident 

light. The reflections from each interface are combined to produce a constructive interference at the 

central design wavelength (𝑚𝑚𝐶𝐶), and the total layer stack can be modelled as a lumped, high-quality 

reflector. The range of wavelengths that are reflected defines the photonic stopband. Within this range 

of wavelengths, light is prevented from propagating in the structure. For the purpose of this 
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discussion, a QWM consisting of N periods refers to a mirror with paired layers of low and high 

indices, while a QWM consisting of N+1/2 periods refers to a mirror with unpaired layers. 

Selecting the first layer in the mirror as a high refractive index layer results in a shorter optical 

penetration length which means a lower transmittance loss, i.e. a higher reflectivity [86]. 

Consequently with this arrangement the maximum reflectivity achieved at the central design 

wavelength (𝑚𝑚𝐶𝐶) for an N period QWM is  

𝑅𝑅(𝑁𝑁) =  �
1 − 𝑛𝑛𝑆𝑆(𝑛𝑛1 𝑛𝑛2⁄ )2𝑁𝑁

1 + 𝑛𝑛𝑆𝑆(𝑛𝑛1 𝑛𝑛2⁄ )2𝑁𝑁�
2

,                                                 (2.35) 

and the maximum reflectivity for an N+1/2 period QWM is 

𝑅𝑅(𝑁𝑁 + 1 2⁄ ) =  �
𝑛𝑛𝑆𝑆 − 𝑛𝑛12(𝑛𝑛1 𝑛𝑛2⁄ )2𝑁𝑁

𝑛𝑛𝑆𝑆 + 𝑛𝑛12(𝑛𝑛1 𝑛𝑛2⁄ )2𝑁𝑁�
2

,                                            (2.36) 

where 𝑛𝑛𝑆𝑆, 𝑛𝑛1 and 𝑛𝑛2 are the refractive indices of a substrate, a high-refractive-index layer and a low-

refractive-index layer, respectively. Equations (2.35) and (2.36) show that the reflectivity of the 

QWM depends on the refractive index of the substrate, as well as the refractive indices of low-index 

and high-index layers.  

In order to decide between paired and unpaired layers for a mirror, the reflectivity should be 

considered separately for both top and bottom mirrors. In this work, the top mirror of Fabry-Pérot 

filters is suspended in air, making air the last incident medium. Thus, 𝑛𝑛𝑆𝑆 = 1 in case of the top mirror. 

Considering 𝑛𝑛𝑆𝑆 = 1 in equations (2.35) and (2.36) shows that R(N+1/2) > R(N+1) and R(N+1/2) > 

R(N). Therefore, the highest reflectivity that can be achieved for the top mirror is with unpaired layers. 

In the case of the bottom mirror, the last incident medium is the substrate. Accordingly, equations 

(2.35) and (2.36) show that R(N+1) > R(N+1/2) when 𝑛𝑛𝑆𝑆 > 𝑛𝑛2. Therefore, the highest reflectivity that 

can be achieved for the bottom mirror is with paired layers. 

The high-reflectivity bandwidth of the QWM is another parameter that is useful for designing 

Fabry-Pérot filters. The maximum reflectivity of a mirror is obtained at the central design wavelength 

𝑚𝑚𝐶𝐶 . As the wavelength moves away from this central wavelength, the reflectivity gradually falls. 

Figure (2.5) shows modelled reflectance of different orders for a top mirror consisting of multilayer 

PS with alternating refractive indices of 2.0 and 1.45 (60% and 82% porosities, respectively) to 

achieve a design wavelength of 9.7 µm. Figure (2.5) shows that as the order of the QWM increases, 

the reflectance increases. This figure also illustrates the design bandwidth, which is defined between 
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the short wavelength (𝑚𝑚𝑆𝑆𝑆𝑆) and the long wavelength (𝑚𝑚𝐿𝐿𝑆𝑆) limits. The central design wavelength 𝑚𝑚𝐶𝐶  

relates to 𝑚𝑚𝑆𝑆𝑆𝑆 and 𝑚𝑚𝐿𝐿𝑆𝑆 by [87]: 

1
𝑚𝑚𝐶𝐶

=
1
2 �

1
𝑚𝑚𝑆𝑆𝑆𝑆

+
1
𝑚𝑚𝐿𝐿𝑆𝑆

� .                                                         (2.37) 

Equation (2.37) is useful to determine the design wavelength 𝑚𝑚𝐶𝐶  for a Fabry-Pérot filter defined 
between two extreme wavelength limits. 

 
Figure 2.5 The modelled reflectance of top PS mirrors constructed of alternating refractive indices 

of n1 =2.0 and n2 =1.45 (60% and 82% porosity, respectively) for different periods without 
including the reflection within the substrate (or within the air cavity), as demonstrated by (b) the 

schematic diagram, where the optic path is: air-PS layers-air. 

 

Another important parameter in designing QWM-based Fabry-Pérot filters is the index 

contrast. The index contrast has a direct relationship with the bandwidth as shown in the example in 

figure (2.6). Figure (2.6a) shows different index contrasts for a Fabry-Pérot filter consisting of a top 

mirror of 1.5 period and a bottom mirror of one period on a silicon substrate, which demonstrated in 

the schematic diagram in figure (2.6b). In this example, the index contrasts were selected within the 

range of the achievable porosity contrast while keeping the low index at 1.24 and changing the high 

index. More detail about the relationship with the index contrast and the porosity contrast is in 

sections (2.5) and (2.6). As can be seen in figure (2.6), as the index contrast becomes wider, the 

transmittance peak becomes sharper, resulting in narrower bandwidth (FWHM). As discussed in 

section (2.1), achieving narrow bandwidth is essential to avoid the wavelength ambiguity in tuneable 

filters applications. 
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Figure 2.6 (a) The modelled transmittance of a cavity-based Fabry-Pérot filter consists of different 
index contrasts, with (b) a configuration of 1.5 period of the top mirror and 1 period of the bottom 

mirror on a silicon substrate. 

 

In PS materials, the porosity (P) represents the relative volumes of silicon and voids, in its 

simplest form, which results in the porosity P controlling the optical properties of PS thin films 

including the refractive index. Accordingly, constructing QWMs with high porosity contrast allows 

the production of high-quality filters. Therefore, a method is required to determine the porosity of the 

films in terms of the refractive index. 

 

2.5 Porosity dependence of optical properties 

As discussed, the optical properties of the porous silicon depend strongly on the porosity (P) 

of the porous matrix, which represents the relative volumes of silicon and pore-filling medium, which 

is air in this thesis. Section (4.2.1) introduces a comparison between two methods to extract porosities: 

gravimetry and reflectance. In this work, porosities were extracted from the Vis/NIR reflectance 

spectrum of PS thin films. The Vis/NIR reflectance spectrum for a single PS thin film shows peaks 

and troughs, as shown in the measured data in figure (2.7), which relate to constructive and destructive 

interferences of the near-monochromatic light reflected from the air/PS and the PS/silicon interfaces. 

The refractive index and the thickness of a PS thin film affect the phase of the beam reflected from 

the PS/silicon interface. The refractive index can then be extracted by creating a model that sums the 

effect of multiple reflected fields from the air/PS and the PS/silicon interfaces. Once the refractive 

index is determined, a model is required to relate that to the porosity.  
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Figure 2.7 An example of a measured reflectance data of a single PS layer with the modelled fit 

along with the parameters extracted. 
 

Various effective medium approximation (EMA) methods describe the effective refractive 

index of porous silicon (𝑛𝑛𝐹𝐹𝑆𝑆) as a function of complex refractive index of silicon (𝑛𝑛𝑆𝑆𝑖𝑖) and that of the 

pore-filling material (𝑛𝑛0), which is air in this work. Figures (2.8 a and b) illustrate the principle of the 

effective medium methods, which considers the porous network as a single uniform material by 

assuming that the wavelength of the light is much longer than the characteristic size of the 

inhomogeneous pores (nominally pore sizes < 𝑚𝑚/10). Under this condition, the microscopically 

heterogeneous system shown in figure (2.8a) appears to be homogeneous on a macroscopic 

(wavelength) scale, as demonstrated in figure (2.8b). Thus, the porous medium properties can be 

approximated by the effective dielectric function [88], allowing a relationship between the porosity 

and the refractive index to be created. Based on the definition of effective medium approximation, 

selecting wavelength between 550 – 900 nm (which is the range used in the Vis/NIR reflectance 

measurement as shown in figure (2.7)) is adequate to extract the refractive index (and the porosity) 

of PS, considering the pores sizes of mesoporous silicon range between 5 nm to 50 nm, as mentioned 

in section (1.4). Subsequently, the refractive index of PS at the LWIR range is extracted by combining 

the porosity and the silicon index at that range.  

 
Figure 2.8 The principle of the effective medium methods. (a) A microscopically heterogeneous 

system appears to be (b) homogeneous on a macroscopic scale [88]. 
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The Bruggeman approximation is the most commonly used effective medium approximation 

(EMA) method used for irregularly shaped particles, and shows good agreement with experimental 

data [89]. The porosity can be determined from the Bruggeman approximation by [90] 

𝑓𝑓
𝑛𝑛𝑣𝑣2 − 𝑛𝑛𝑝𝑝𝑝𝑝2

𝑛𝑛𝑣𝑣2 + 2𝑛𝑛𝑝𝑝𝑝𝑝2
+ (1 − 𝑓𝑓)

𝑛𝑛𝑝𝑝2 − 𝑛𝑛𝑝𝑝𝑝𝑝2

𝑛𝑛𝑝𝑝2 + 2𝑛𝑛𝑝𝑝𝑝𝑝2
= 0,                                             (2.38) 

where f is a free parameter describing the volumetric fraction of the particle material given by: 

𝑓𝑓 = 1− 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝.                                                            (2.39) 

It can be concluded from equation (2.38) that the refractive index can be controlled by tuning the 

porosity to achieve the desired porosity contrast. For the convenience of discussion, terms (L-

porosity) and (H-porosity) are used in this thesis to refer to low porosity and high porosity, 

respectively, to avoid any confusion with (L) and (H) that are frequently used in literature to refer to 

refractive indices, and particularly considering the inverse relationship between porosity and 

refractive index (lower porosity means higher refractive index and vice versa). Based on this inverse 

relationship, terms 𝑛𝑛1 and 𝑛𝑛2 are replaced with  

𝑛𝑛1 = 𝑛𝑛𝐿𝐿−𝑝𝑝𝑜𝑜𝑟𝑟𝑜𝑜𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝  

and 

𝑛𝑛2 = 𝑛𝑛𝐻𝐻−𝑝𝑝𝑜𝑜𝑟𝑟𝑜𝑜𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝 . 

Porosity gradient with depth is a common issue in PS formation, resulting from HF depletion 

ta he PS/silicon interface during PS formation. Any porosity gradient in the films was modelled by 

treating a single PS layer as a set of 20 discrete layers of linearly varying porosity to approximate the 

desired porosity gradient. The interface roughness was extracted from the Vis/NIR reflectance 

spectrum using Davis-Bennett theory [91], given by: 

𝑅𝑅𝑝𝑝 = 𝑅𝑅𝑜𝑜 𝑒𝑒𝑒𝑒𝑝𝑝�−�
4𝜋𝜋𝜋𝜋 𝑐𝑐𝑝𝑝𝑝𝑝 𝜃𝜃

𝑚𝑚 �
2

� ,                                                   (2.40) 

where Rs is the specular reflection, Ro is the reflection determined by the characteristic matrix model, 

λ is the wavelength of incident light, σ is the RMS roughness, and θ is the angle at which the light is 

incident on the surface relative to the normal. By fitting the measured reflectance spectra of PS films 

with a differential evolutionary algorithm based on equation (2.38) [92], key optical parameters can 
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be extracted such as porosity, porosity gradient, refractive index and roughness, as shown in the fitted 

data in figure (2.7).  

The next section discusses the refractive index contrast utilised in this thesis to form PS-FP 

filters operating in the LWIR range, based on alternating the porosity in multilayer formation. Also, 

the structure of the designed PS-FP filters along with the modelled transmittance is presented. 

 

2.6 Modelling of QWM-based Porous silicon Fabry-Pérot filters for LWIR operation 

High refractive index contrast is the primary criterion to design high reflectivity QWMs and 

to ensure a narrow bandwidth as discussed in section (2.4). The simplicity of fabricating multilayer 

PS structures by electrochemical anodic etching provides a refractive index contrast (𝑛𝑛𝐿𝐿−𝑝𝑝𝑜𝑜𝑟𝑟𝑜𝑜𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝/

𝑛𝑛𝐻𝐻−𝑝𝑝𝑜𝑜𝑟𝑟𝑜𝑜𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝) that could reach 2.8/1.3 which corresponds to 35%/90% porosity, respectively [46]. 

However, very high porosity could lead the thin film to detach from the substrate, or from the 

underneath layer. Forming very low porosity could lead to a reduction in the pores diameter [63], 

which consequently could obstruct the electrolyte flow during PS formation process, resulting in non-

uniformity in the underlying layers. Small pores could also hinder filling the pores with Spin on Glass 

(SOG) during lithography and etching processes, major processes to form MEMS structures. Details 

of the use of SOG in the lithography and etching processes to build micromachined porous silicon 

are in section (3.4). Therefore, when building micromachined QWMs-based porous silicon, the 

choice of the refractive indices needs to be made carefully in order to obtain a structure which is 

physically stable and compatible with MEMS processes. 

Based on the above considerations, a low refractive index value of 𝑛𝑛𝐻𝐻−𝑝𝑝𝑜𝑜𝑟𝑟𝑜𝑜𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝= 1.5 

(measured at 𝑚𝑚 =600 nm) was selected which is associated with a high porosity of 82% ± 2. A high 

refractive index value of 𝑛𝑛𝐿𝐿−𝑝𝑝𝑜𝑜𝑟𝑟𝑜𝑜𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝  = 2 (measured at 𝑚𝑚 =600 nm) was selected which is associated 

with a porosity of 60% ± 3. The central design wavelength for LWIR filters in this work was 

calculated to be at 𝑚𝑚𝐶𝐶 = 9.6 μm using equation (2.37), considering that the wavelength working range 

lies between the short wavelength 𝑚𝑚𝑆𝑆𝑆𝑆 = 8 μm and the long wavelength 𝑚𝑚𝐿𝐿𝑆𝑆 = 12 μm. The 

thicknesses of QWM-based porous silicon layers needs to be a quarter of the design wavelength, as 

discussed in section (2.4). An air cavity height of half the design wavelength was selected to achieve 

a resonance at the central design wavelength. 

Figure (2.9) shows the two modelled transmittance response of two different mirror 

configuration: Design A and Design B. This work only focussed on Design A to allow 
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characterisation and proof of concept of micromachined PS-FP filters operating in the LWIR range. 

More detail about Design B is discussed in the future work in section (8.2) based on reflections from 

the outcomes of Design A. The transmittance was calculated using equation (2.34). Design A consists 

of a top mirror of PS while the bottom mirror is silicon. The top mirror consists of a one high (H)-

porosity layer sandwiched between two low (L)-porosity layers. The optical modelling in figure (2.9) 

shows that with only a QWM structure for the top mirror, the filter can achieve a transmittance peak 

of around 80%. Design B in figure (2.9) shows that the optical performance can be improved further 

by forming a bottom mirror of QWM-based PS as simple as one L-porosity layer followed by one H-

porosity layer. It can be noted that the optical performance of Design B shows improvement from 

Design A, which includes higher transmittance peak and narrower bandwidth.  

Overall, the optical performance model of PS-FP filters operating in the LWIR range shows 

very promising transmittance response, once imperfection-free mirrors can be achieved. In the next 

section, imperfection factors affecting the optical performance are discussed. 

 
Figure 2.9 Transmission spectra of two different designs of Fabry-Pérot filters that are considered in 

this work. 

 

2.7 Effect of top mirror imperfections on the optical performance of Fabry-Pérot filters    

In practice, it is very common for the top mirrors in Fabry-Pérot filters to exhibit some 

imperfections such as bowing and tilting. Mirror bowing is especially significant in MEMS-based 

devices, which arises from vertical stress gradients in the mirror materials. Mirror tilting can occur 

from imperfections in the fabrication process such as mask misalignment, thickness variation or 

laterally varying stress gradients. This section presents a general optical modelling approach for 

calculating the transmittance of a Fabry-Pérot filter with these top mirror imperfections.  
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The transmittance of a Fabry-Pérot filter with mirror imperfections can be approximated by 

segmenting the non-ideal filter into a set of smaller ideal filter elements and summing the 

transmittance from each ideal filter [93, 94]. The transmittance of each ideal filter element is weighted 

by its area relative to the total filter area. As the number of segments approaches infinity, the 

summation becomes an integration and the calculated transmittance is exact. Figure (2.10) illustrates 

this concept with the segmentation of a square-aperture filter with a bowing imperfection in the top 

mirror. Different filter segments have different cavity lengths and give transmittance spectra at 

different peak positions, causing a line broadening of the transmittance curve. This indicates that 

mirror imperfections can reduce the peak transmittance and increase the FWHM of a filter. The 

advantage of this modelling approach is that it can take into account both bowing and tilting 

imperfections present in the mirror. 

 
Figure 2.10 Illustration of modelling approach for line broadening of filter transmittance curve due 

to bowing in the top suspended mirror. The overall filter transmittance is approximated by 
segmenting the non-ideal filter into three ideal filter elements and summing their transmittance, 

with each transmittance multiplied by one third to account for the area of the individual ideal filter 
elements. 

 

Figure (2.11) shows the definitions of centre-to-edge bowing (𝛿𝛿𝛿𝛿𝑝𝑝) and tilting (𝛿𝛿𝛿𝛿𝑡𝑡) 

imperfections, as well as the sign associated with the concave and convex curvatures. The effective 

bowing (𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒) represents a mirror imperfections combining both bowing and tilting imperfections. 

Fitting the transmittance spectrum with the optical model was used to obtain the effective bowing in 

the films presented in this work. Curvature and tilt cannot be obtained for multilayer films using an 

optical profilometer (topological surface measurement), due to issues which are discussed in section 

(3.2.3).   
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Figure 2.11 Illustration of a mirror with tilt and curvature imperfections, and introduction of the 

defined curvature directions for ‘concave’ and ‘convex’ in this thesis. 

 

In order to evaluate the LWIR Fabry-Pérot filter design, Matlab was employed to model the 

transmittance of PS-FP filters with various mirror bowing magnitudes ranging from 𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒= 0 nm to 

1 µm, and the results are shown in figure (2.12). It can be seen that as the mirror bowing magnitude 

increases, the transmittance peak and FWHM of the filter are significantly degraded, which is 

consistent with the general discussions at the beginning of this section. Typically, significant 

imperfections of the top mirror could require stress control mechanism to be incorporated into the 

fabrication process to reduce the bowing. 

 
Figure 2.12 Modelled transmittance of the designed PS-FP filter at the central wavelength of 9.7 µm 

for various mirror bowing magnitudes. 

 

2.8 Summary 

This chapter discussed the analytical model for optical response of Fabry-Pérot filters, which 

is employed to predict and understand the performance of PS-FP filters operating in the LWIR range. 

The general characteristics of an ideal Fabry-Pérot filter were derived, considering the light as 

coherent through all the thin film filter layers, i.e. no phase changes. However, including the 

incoherent back surface reflection and substrate loss was important to accurately evaluate the optical 
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performance. The analytical expression was modified to describe the transmittance of Fabry-Pérot 

filters, accounting for coherent light through a thin film multilayer, incoherent light through the 

substrate and the loss from the light absorption through the substrate. Improving the mirror reflectivity 

was discussed based on refractive index contrast to form quarter-wave mirrors. The relationship 

between refractive index and porosity was introduced by using the Bruggeman approximation, where 

the Vis/NIR reflectance measurements were used along with a genetic algorithm model to extract the 

physical and optical properties of PS layers, including porosity gradient and roughness. After 

establishing the optical model, the structural design of the specific PS-FP filters used in this thesis 

was presented, along with the modelled transmittance for LWIR operation, which demonstrated that 

with perfect mirrors this filter design could achieve a peak transmittance of around 80% with QWM-

based top PS mirror and with only silicon as the bottom mirror. Lastly, an optical modelling approach 

for calculating the transmittance of Fabry-Pérot filters with top mirror imperfections (tilt and bow) 

was developed, allowing the optical performance of PS-FP filters to be evaluated for various mirror 

bowing magnitudes. The optical model discussed in this chapter will be used in this work to obtain 

modelled transmittance response matching the measured one.   
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Chapter 3 

Developing micromachining processes for porous silicon Fabry-Pérot filters 
The investigations presented in this chapter illustrate the remarkable potential for scalable 

micromachined PS-FP filters for different wavelength ranges and different applications. First, an 

introduction to surface micromachining is presented. Subsequently, an optimised procedure to 

surface-micromachine PS-FP filters is discussed which includes five main processes. The first 

process is PS formation using electrochemical anodisation. The second process is passivating the PS 

thin films to make them resilient to ambient and chemical conditions. The third process is forming a 

masking layer to define top mirror structures, including stress-relief notches, through standard 

photolithography. The fourth process is patterning the top mirror using reactive ion etching (RIE), 

taking into account adjusting the RIE parameters to reduce the plasma damage. The last process is 

suspending the top mirror using a combination of photolithography, electropolishing and drying. A 

detailed investigation of the electropolishing parameters to improve the final outcome is also 

presented, including variation to the HF concentration and to the electropolishing current with duty 

cycles. 

 

3.1 Surface micromachining 

Micromachining is characterised by a series of processes to create 3-dimensional 

microstructures by leveraging integrated circuit (IC) fabrication processes. Generally, 

micromachining can be subdivided into two categories: bulk and surface micromachining. Bulk 

micromachining refers to the well-established technology where structures are built by selectively 

etching inside a substrate [95]. Surface micromachining refers to the technology of making structures 

out of thin films extending above the surface of a substrate [96], which is the focus of this work. 

Unlike bulk micromachining of PS, the surface micromachining process in this study involves 

forming PS (considered an additive process in this work) and patterning PS and silicon (both 

subtractive processes).  The very nature of forming PS could be considered a surface micromachined 

subtractive process, as it removes material from the substrate, but this distinction adds little to the 

discussion.  Once the PS films have been formed through anodisation, they can (and are in this work) 

considered equivalent to a thin film which has been added to the surface.  In this section, an overview 

of conventional surface micromachining is presented. 

Three main processes are involved in surface micromachining technology: film deposition, 

photolithography and etching. Surface micromachining typically starts with film formation (or film 

deposition) when various layers of conductive and insulating materials are deposited onto the surface 
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of a substrate. There are two major types of deposition techniques: physical vapour deposition and 

chemical vapour deposition [97]. Physical vapour deposition (PVD) is a technique that transfers the 

source material by changing it to a gaseous phase via evaporation, sputtering and ion beam deposition. 

Chemical vapour deposition (CVD) technology consists of chemically reacting a volatile compound 

of a material that can react or decompose to produce the required thin film on a substrate. However, 

most services that offer film deposition are limited in their scope and can be quite expensive [98]. 

Formation of multilayer PS, on the other hand, requires less costly tools and shorter processing times, 

issues which are discussed in section (3.2). 

Photolithography is a technique to transfer a pattern to a substrate, or an overlying thin film, 

using photosensitive films called photoresist. Figure (3.1) demonstrates a basic photolithographic 

procedure using a positive photoresist, which is the type of photoresist used in this work. After a spin-

coat process of a positive photoresist on a substrate, as shown in figures (3.1 a and b), a pattern on a 

photomask can be transferred to the photoresist through a UV exposure process, as shown in figures 

(3.1 c and d). It should be mentioned that PS, while transparent in the Vis, has higher absorption in 

the UV.  Hence the amount of UV exposure is expected to be greater at the surface of the photoresist 

layer than at the photoresist/substrate interface, resulting in an undercut profile achieved from the 

positive photoresist, as shown in figure (3.1e). However, it is possible to enhance the sidewall profile 

of the photoresist mask by controlling the exposure time [99]. More details about positive and 

negative photoresists can be found in appendix (B.3).  

 
Figure 3.1 A basic photolithographic procedure: (a and b) A layer of positive photoresist is spin-
coated on a substrate, (c) A pattern is transferred to the photoresist layer using a mask aligner, (d) 

The exposed photoresist becomes soluble so that it (e) can be removed in a developer. 
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The etching process consists of removing a selected material uncovered by the masking layer. 

In general, etching is divided into two processes: dry etching and wet etching. The dry etching 

involves removing an unprotected material through reactive ion or vapour phase etchant and generally 

involves plasma etching [100], while wet etching involves removing an unprotected material 

chemically with a liquid reactant, such as potassium hydroxide (KOH) or hydrofluoric acid (HF) 

[101]. Achieving a directional etched profile is highly important in many micromachining processes 

to obtain adequately defined structures. Directional etching can be achieved by employing dry etching 

with ion milling, such as inductively coupled plasma reactive ion etching (ICP-RIE) [102], or by 

employing wet etching on crystallographic substrates using directional etchants such as potassium 

hydroxide (KOH) which has a different etch rate for each silicon planes [26]. After etching, removal 

of the photoresist mask, from the photolithography process, is typically carried out by either acetone 

immersion or plasma ashing [103], leaving a clean, patterned surface as defined by the mask.  

To suspend structures in surface micromachining processes, a sacrificial layer is generally 

employed. First, a sacrificial layer is deposited, as shown in figures (3.2 a and b), and patterned, as 

shown in figure (3.2c). Subsequently a structural layer is deposited where it is attached to the substrate 

through the etched parts in the sacrificial layer, as shown in figure (3.2d). Then the structural layer is 

patterned to define the top layer (or mirror) structures, including etch holes in most processes, as 

shown in figure (3.2 e). These etch holes allow the sacrificial layer to be removed through another 

etching step, in order to form an air cavity and release the structures, as shown in figure (3.2f). These 

etched holes, however, could cause complications in the micromachining process as well as the device 

performance.  

 
Figure 3.2 A conventional surface micromachining process to suspend structures: (a and b) A 

sacrificial layer is deposited (or formed) on a substrate, (c) Parts of the sacrificial layer are etched to 
allow (d) the structural layer to attach to the substrate, (e) The structural layer is patterned to define 

the top layer (mirror) structures including etch holes, then (f) The sacrificial layer is removed 
through the etched holes to suspend the structures.  
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Surface micromachining PS thin films, on the other hand, has its unique advantages and 

challenges. As discussed in chapter 1, the advantages include the simplicity and low-cost formation 

process, in addition to the convenient mechanism to form multilayer PS with alternating refractive 

indices (alternating porosities). Moreover, the porous nature allows suspension of structures, even 

with large areas, without the need to form etched holes. The challenges of micromachining PS include 

the low Young’s modulus, which is 1 GPa for a single-layer PS thin film with 80% porosity compared 

to 163 GPa for silicon [48]. Another challenge is the environmental and chemical stability of PS, 

particularly when using alkaline-base developers [104]. Moreover, the porous nature can be 

challenging when forming a photoresist masking layer, as the photoresist can seep into the pores and 

affect the quality of etching processes. Therefore, a detailed investigation needs to be undertaken in 

order to surface micromachine PS-FP filters, which is discussed in the following sections. 

 

3.2 Porous silicon formation 

3.2.1 Experimental setup 

Porous silicon  (PS) is normally formed via the partial electrochemical dissolution of 

crystalline silicon in a HF/ethanol solution [57], which is the technique used throughout this work. 

Figure (3.3) shows a schematic setup of the anodisation system employed in this work. The 

parameters of the fabrication process, current and time, were controlled via a computerised system. 

A uniform distribution of electric field was achieved using a spiral platinum (Pt) cathode and an 

aluminium (Al) plate connected to the anode of the current source. A conductive elastomer (Zoflex, 

CD45.1, 1.5-mm thick) was placed between the aluminium plate and a silicon wafer to provide a 

conformal and non-destructive electrical contact [56]. The anodisation was undertaken in darkness 

by covering the cell opening to ensure the stability of the current density [53].  

 
Figure 3.3 Schematic setting of the anodisation cell to fabricate porous silicon thin films. 
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All the samples in this work were formed on 2” diameter boron-doped double side polished 

silicon wafers (100) with a thickness of 275 μm±25 μm and a resistivity of 0.08-0.12 Ω.cm unless 

otherwise specified. The anodisation was performed at room temperature in a 26% HF/ethanol 

solution, unless otherwise specified. The ethanol was used because it acts as a surfactant to enhance 

the evolution of H2 from the silicon surface, and to enhance the diffusion of HF into the growing 

pores, due to the hydrophobic nature of PS surfaces [105]. Appendix B.1 covers more detail about 

the PS formation process.  

 

3.2.2 Single-layer and multilayer porous silicon formation 

 In this work, prior to forming multilayer PS thin films, single-layer PS thin films were formed 

to measure their optical and mechanical characteristics. To fabricate single-layer PS thin films, the 

current density (IPS) and the anodisation time (tPS) were set based on the desired porosity and the 

thickness of each layer, respectively. Table (3.1) lists the parameters used to fabricate low (L)-

porosity layer and high (H)-porosity layer in this work. The current density was selected to achieve 

the porosity associated with the refractive index of nL-porosity = 2 for the L-porosity layer and the 

refractive index of nH-porosity = 1.5 for the H-porosity layer. Terms (L-porosity) and (H-porosity) are 

used in this thesis to refer to low and high porosities, respectively, to avoid any confusion of using 

(L) and (H) that are frequently used in literature to refer to refractive indices, knowing that there is an 

inverse relationship between the porosity and the refractive index [89]. The anodisation time was 

determined based on the requirement for L- and H- porosity layers to closely satisfy quarter-

wavelength thickness at λ = 9.7 µm. 

 

Table 3.1 The anodisation parameters used in this work to fabricate L- and H- porosity PS thin 
films, along with their characteristics (the measurements verification are based on all wafers used in 

this work). 
 Low-porosity layer High-porosity layer 

Current density (I), mA/cm2 10 130 
Anodisation time (t), seconds 125 27 

HF concentration, % 26 26 
   

Porosity (P), % *I 60 ± 3 % 82 ± 2 % 
Refractive index (n) at 600 nm *I 2 ± 0.08 1.48 ± 0.04 

Thickness (h), nm *II 1000 ± 200 2200 ± 200 
*I Obtained from the optical measurements, section (5.1.1) 
*II Obtained from the cross-sectional SEM images.  
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 Forming multilayer PS thin films is a top-bottom process, once the fabrication of PS is 

initiated at the top surface of the silicon wafer, the as-fabricated layer of PS is not affected by the 

ongoing electrochemical reaction between the electrolyte and the starting wafer [57]. The suggested 

reason behind this is that the depletion of carriers in the silicon skeleton between the pores prevents 

further electrochemical anodisation of the already anodised PS thin film to occur, as there are no 

available acceptors (in case of p-type silicon) to initiate the reaction [106].  

To fabricate multilayer PS, a single program code was designed to alternate the current and 

the time to form 3-layer PS in the order of LHL- porosity using the parameters listed in table (3.1). 

Figure (3.4) shows a cross-sectional SEM image of as-fabricated 3-layer PS thin films. The image 

was taken using the FIB-SEM tool after embedding the sample with SU8, as discussed in section 

(4.1.2). Figure (3.4) shows that the interface of L-porosity/H-porosity appears to have less variation 

than the interface of H-porosity/L-porosity. Our measurements throughout all samples used in this 

work show that the L-porosity, H-porosity and silicon interfaces after processing all have a root-

mean-squared variability of less than ± 75nm. This variation is largely due to the nature of the random 

porous formation that results in an inhomogeneous interface (roughness). As subsequent layer inherit 

the surface properties of the layer above, typically layer roughness increases as additional layers are 

formed or if very thick layers are created. Importantly, however, this variation was not of concern in 

this work (compared to similar work at much lower wavelengths [107]) because it does not cause 

significant light scattering in the LWIR range.  In the LWIR range, the variation (roughness) is very 

much less than 𝜆𝜆𝐶𝐶
20

 , where 𝑚𝑚𝐶𝐶  is the central design wavelength of 10 µm, and hence, by considering 

the operation of this material in the LWIR range, we can exploit the controllability of the refractive 

index without being affective significantly by roughness. 

 
Figure 3.4 A cross-sectional SEM image of multilayer PS on silicon substrate, using beam voltage 

of 5kV. The cross section was milled by FIB after embedding the sample with SU8. 
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3.3 Porous silicon passivation 

It is known that as-fabricated PS thin films are chemically unstable when exposed in air due 

to silicon hydride and silicon oxide that cover the surface right after hydrofluoric-acid treatment 

[108]. As a result, as-fabricated PS thin films rapidly dissolve in weak-alkali and oxidise in ambient 

conditions [109], which hinders conducting photolithographic processes. Moreover, this instability 

has a significant impact on the mechanical and optical properties [104], limiting the potential 

applications. Studies have shown that annealing in nitrogen enables the formation of a passivation 

layer on the surface of PS that provides the required chemical resistance and suppression of room 

temperature oxidation [110, 111]. 

 Extensive investigation was carried out by others [112] and [109] who reported that annealed 

PS thin films at 600˚C, for 6 minutes up to 48 minutes, at the flow rate of 1000 sccm in N2 atmosphere 

provides a uniform chemical and oxidation resistance to the thin films in order to survive 

photolithographic processes. Another advantage of annealing PS is that it turns the stress to tensile 

[113] which is important when suspending PS structures. 

In this work, after PS formation, the samples were passivated via low-temperature annealing 

in N2 atmosphere using Rapid Thermal Annealer (RTA, AS-One 100 from ANNEALSYS Inc). The 

PS sample was held in a silicon carbide coated graphite susceptor during the annealing. The susceptor 

was covered with a silicon wafer to provide an isothermal environment and highly uniform 

temperature across the sample [104]. The samples were annealed for 48 minutes to ensure enhancing 

the attachment of nitrogen on silicon dangling bonds. Appendix B.2 covers more detail about the 

RTA process. 

 

3.4 Masking layer formation by photolithographic process 

3.4.1 Pore filling technique 

After the passivation process, PS thin films were chemically stabilised and suitable for 

photolithographic process to form a masking layer. However, spin-coating a photoresist layer directly 

on a PS thin film could cause the photoresist to seep into the pores, affecting dramatically the 

subsequent drying process, particularly the etch rate and the quality of etching [114]. Therefore, a 

technique to fill the pores prior to spin-coating photoresist is important to develop.  

Spin-On Glass (SOG) was reported as a suitable filling substance for PS thin films that is 

compatible with MEMS process [18]. Spin-On Glass (SOG) is a type of liquid based organic silicate 

which can be subsequently transformed to silicon dioxide (SiO2) through heat treatment. The resulting 
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SiO2 film does not wash out during the developing process which guarantees the accurate control of 

developing time for the photoresist layer, resulting in well patterned PS structures. Removing SOG 

can be easily achieved by a short dip in HF solution, which has a very negligible effect on the optical 

thickness. A full investigation on the compatibility of SOG with PS process can be viewed in Sun’s 

work [18]. 

Figure (3.5) demonstrates the photolithography steps that were carried out to form a masking 

layer on PS thin films in this work. First, two layers of SOG (10.8% SiO2 content) were spun on a 3-

layer PS thin film, as shown in figures (3.5 a and b). Then the sample was soft baked under 113˚C for 

5 minutes in order for the solvents to dry-off to solidify the SOG. Applying two layers of SOG was 

sufficient to fill most of the pores close to the air/PS interface, as SOG did not seep all the way to the 

PS/silicon interface, as shown in figures (3.5 b-g). It is expected that the viscosity hindered SOG from 

seeping in further. However, filling the pores of all layers with SOG is not necessary, as long as SOG 

keeps the photoresist remaining on the top surface. There was an excess of few hundred nanometre 

of SOG on the top PS surface, but it did not affect the subsequent processes. More detail about SOG 

is in appendix B.7. 

 
Figure 3.5 The photolithography steps for forming masking layer: (a) 3-layer PS thin film after 
formation and passivation, (b) SOG filled most of the top layers, (c) a positive photoresist was 

applied, (d) the photoresist was exposed with UV light, (e) the exposed part became soluble, (f) the 
exposed part was removed by a developer, then (g) a short dip in HF. 

 

3.4.2 Photoresist masking layer for structure definition 

After filling the pores of PS thin films with SOG, a photoresist masking layer can be formed. 

In this work, a positive photoresist was applied to create a masking layer of 1.9 µm on the PS top 
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surface, as shown in figure (3.5c), in order to define PS-FP structures including the stress-relief 

notches. The thickness of the photoresist masking layer was chosen to be sufficient to survive the dry 

etching process, which is explained in detail in section (3.5). 

After application of photoresist, the sample was exposed to UV light through a mask for 10 

seconds (Broadband 10.7 mJ/cm3) in order to transfer the pattern on to the photoresist, as shown in 

figure (3.5d). Exposure to UV light makes the exposed positive photoresist area soluble and allows 

the photoresist to be removed by a short dip in MF326 developer, as shown in figures (3.5e and f). 

The process of removing the photoresist by the developer can only be successful with passivated 

films, as previously described in section (3.3). More detail about UV exposure is in appendix (B.4). 

Spin-on Glass was then removed from the photoresist-free regions, by a short 7-seconds dip 

in 10% HF-ethanol solution. The outcome of this process leaves the SOG filling only the pores 

directly underneath the masking layer, as shown in figure (3.5g). It is important to remove SOG 

completely from the regions that designed to be etched, as any SOG residue could slow down the 

etching process and result in a nonuniform etch surface due to the etch rate difference between SOG 

and PS. It is important to mention that dipping PS samples in HF leads to remove the nitrodisation 

passivation layer, leaving the films in as-fabricated state, i.e. with H-terminated surface, which 

consequently susceptible to oxidation [113]. One of the challenges of using SOG is the limited 

useable shelf life of six months of its production – independent of when the SOG container is actually 

opened. After the expiry date, SOG becomes unusable as it becomes difficult to be removed by HF. 

It should be pointed out that using SOG in combination with photoresist (after PS formation) is one 

of two methods to micromachine PS. The other method is by forming masking layer prior to PS 

formation using either photoresist [78, 115] or silicon nitride [73]. 

 

3.5 Patterning using the dry etching technique 

After forming the photoresist masking layer, the etching process can carry out by removing 

PS regions uncovered by the photoresist masking layer. Dry etching is the technique used in this work 

to achieve directional etching to pattern PS thin films, using ICP-RIE. 

A schematic of the Oxford Instruments (ICP-RIE) is shown in figure (3.6). The working 

principle of ICP-RIE is quite simple. The sample is placed in a closed chamber and an etching gas is 

introduced. A radio frequency (RF) field, which is supplied by inductively coupling the copper coils 

surrounding the ICP generation chamber, causes the gas molecules to vibrate at high frequency. When 

the energy supplied is high enough, the gas becomes ionised, resulting in plasma. The dissociated gas 
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molecules in the plasma generate ionised gas species which are used subsequently to etch the sample. 

The ICP power controls the degree of ionisation of the gas in the plasma and thus the density of the 

plasma. Substrate DC bias is independently controlled by an RF generator, allowing the ion energy 

to be controlled according to process requirements. Increasing the ICP power results in an increase 

in isotropic etching, whereas an increase in plate power produces an increase in directional etching 

[116]. 

 
Figure 3.6 A schematic of ICP-RIE system used in this thesis to pattern PS thin films, taken from 

[117]. 
 

Optimising the process based on sample properties is very desirable to avoid plasma damage 

on the sample sidewalls or surface [118]. Previously, Lai et al. [114] developed an RIE process for 

single-layer PS thin films with 81% porosity. Their recipe used a gas mixture of CF4 /CH4 (31 sccm 

/ 3 sccm) at a temperature of 25 ˚C with ICP power = 400 W and RF power = 200 W, and a chamber 

pressure of 80 mTorr to achieve a vertical sidewall angle. In this thesis, the same etching parameters 

were used for patterning single-layer PS thin films, in the work presented in chapter 7. However, 

these parameters needed to be altered for multilayer PS thin films, taking into account three main 

factors: the etch rate, the thickness of photoresist masking layer, and the ICP and RF powers. 

The etch rate of high-porosity layers is faster than low-porosity layers, because of the different 

densities of each layer. It was reported that increasing the porosity from 72% to 82% resulted in 

doubling the etch rate [104]. However, calculating the etch rate of 3-layer PS thin films with 

alternating porosities could be more complex than single layer thin films. The simplest way to 

measure the etching duration was to observe the time taken for the photoresist-free regions to be 

etched completely, when only the silicon substrate can be observed in these regions. 

The photoresist masking layer needed to be thick enough to survive the long RIE process. The 

etch rate of a photoresist masking layer is five times slower that the etch rate of a silicon layer [119], 

and consequently the etch rate difference is even more pronounced between photoresist and PS layers. 
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If the thickness of a photoresist layer is not sufficient, RIE would etch parts of PS thin films. In this 

work, employing a trial and error search for the thickness of photoresist layer showed that a 1.9-µm 

photoresist masking layer was sufficient for 3-layer PS thin films with porosities of 82%-60%-82% 

and overall thickness of 4 µm. 

Controlling ICP and RF power has direct influence on reducing the plasma damage on the 

sample’s surface, which are caused by reflected energetic species during plasma interaction on the 

sample’s surface [120, 121] The plasma damage could affect the protected regions of masking layer 

with the SOG filling the pores underneath the masking layer. ICP and RF powers are the main 

parameters used in RIE process that are needed to be adjusted to reduce the plasma damage [122]. 

Therefore, the RIE process optimisation was focussed on this aspect.  

 

3.5.1 ICP/RF power adjustment for reduced plasma damage. 

Investigating ICP and RF powers began with a single-layer PS thin film, 82% porosity and 

2.4-µm thick, after forming a 1.9-µm thick photoresist masking layer while keeping all the other 

parameters reported in Lai’s work, listed earlier, unchanged [114]. Only a single layer of SOG was 

spun in this experiment because it was sufficient to fill the pores of a single-layer PS thin film. Figure 

(3.7) shows the surface of membranes patterned using different ICP and RF powers for the RIE 

process, followed by removing the photoresist with 5-minutes dip in acetone and removing SOG with 

15-seconds dip in 10% HF-ethanol solution. The different colours of the membranes in figure (3.7) 

are due to different settings of the optical microscope when these images were taken. First, the original 

recipe developed by Lie et al. [114] was tested on sample (A), in figure (3.7a), which shows 

contamination on the surface. This contamination was believed to be due to a chemical reaction 

between the gas used in the plasma process and the SOG that fills the pores or the photoresist that 

covers the surface. Both the material filling the pores and the photoresist were different to those used 

in the original studies by Lie’s work [114]. 

To minimise the plasma damage, ICP power was reduced to 300 W (sample B in figure (3.7b)) 

and then to 200 W (sample C in figure (3.7c)) while keeping RF power at 200 W, which was effective 

in reducing the contamination on the surface. As mentioned earlier, the ICP power controls the density 

of the plasma, and reducing the density means less ions bombarding the sample, which subsequently 

leads to a reduced level of the interaction of these ions with the surface. In sample (D), in figure 

(3.7d), the RF was reduced to 150 W which resulted in a complete elimination of the contamination. 

Reducing RF power reduces the speed of the plasma ions bombarding the sample (kinetic energy). 
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Overall, the etch time to achieve the desired pattern in the single-layer PS thin film increased from 5 

to  9.5 minutes as a result of these changes.  

 
Figure 3.7 Microscope images revealing the plasma damage on the surface of a single-layer PS after 
the RIE process when keeping RF constant at 200 W and applying ICP values of (a) 400 W, (b) 300 

W, (c)  200 W, and when changing both (d) ICP =200 and RF = 150 W (no plasma damage). 

 

Next, the same ICP and RF power successfully used to pattern sample D, in figure (3.7d), was 

applied on a 3-layer PS thin film, consisting of LHL-porosity layers according to the characteristics 

in table (3.1). The only change conducted between RIE process for the single-layer PS, sample D in 

figure (3.7d), and for the 3-layer PS thin films was the number of SOG layers. A single layer of SOG 

was sufficient to fill the pores of a single-layer PS thin film, while it required two layers of SOG to 

fill the pores of the 3-layer PS. The sample showed a little contamination on the surface, as shown in 

figure (3.8a). Then the recipe was optimised by reducing ICP to 150 W and keeping RF at 150 W 

which showed improvement in the patterned film quality, as shown in figure (3.8b). It was expected 

that the duration of RIE process of a 3-layer PS thin film was longer than a single-layer thin film, 

considering that the etch rate of the L-porosity layers is lower than the H-porosity layer.  

In conclusion, an RIE recipe was developed to pattern 3-layer PS thin films, which is designed 

to be the top mirror of PS-FP filters in this work. As will be discussed in the next section describing 

the filter design, the patterning was most important to obtain stress-relief notches on the top mirror, 

which are the mask features imaged in figures (3.7) and (3.8). The ICP and RF powers have direct 

impact on the plasma damage, particularly when using thick layers of photoresist and SOG to form 

the masking layer and to fill the pores, respectively. Reducing ICP and RF powers plays a significant 
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role in helping to reduce the contamination resulting from the plasma damage. Although the modified 

RIE recipe resulted in increasing the etch time, it was necessary to improve the quality of the etch 

features. 

 
Figure 3.8 Microscope images revealing (a) the plasma damage on the surface of a 3-layer PS after 
the RIE process when ICP = 200 W and RF = 150 W, and (b) no signs of plasma damage when ICP 

= 150 W and RF = 150 W. 
 

3.6 Formation of an air cavity and suspension of the top mirror 

The process of suspending the PS top mirror in this study can be divided into three stages: 

forming a photoresist masking layer for membrane definition, electropolishing to suspend the 

membrane regions, then drying. Figure (3.9) shows a schematic illustration of the process of 

suspending the PS top mirror after the RIE process. Each process is discussed in detail in the following 

sections. 

 
Figure 3.9 The process of suspension the PS top mirror: (a) The structure resulted from the RIE 

process including stress-relief notches, (b) filling the pores of all layers with photoresist, (c) 
removing the photoresist from the membrane region, and then (d) carrying out the electropolishing 

process to form an air cavity and to suspend the membrane region. 
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3.6.1 Photoresist masking layer for membrane definition 

After patterning PS thin films, an electropolishing process can be employed to form an air 

cavity between the PS microstructures and the silicon substrate. The electropolishing process is 

defined as electrochemical dissolution of the silicon in HF electrolyte. Prior to electropolishing, a 

technique to protect the anchored regions should be developed to block the HF electrolyte from 

seeping into these regions in order to keep them attached to the substrate. To accomplish this 

protection technique, a photoresist masking layer was formed. Typically, photoresist is not suitable 

for long immersion in HF solution as it could cause pinholes in the photoresist layer, leaving the 

underlying silicon vulnerable to attack by HF [52]. However, a long bake of photoresist for two hours 

at 100 ˚C can produce robust films that survive electropolishing conditions [123]. Using a photoresist 

masking layer as a blocking layer has been employed previously as a predefined pattern prior to PS 

formation [123], and also to form an air cavity to suspend single-layer PS doubly clamped beams 

[124].  

In this work, the photoresist blocking layer was formed by spinning 3 different photoresist 

layers with different dilutions to ensure filling the pores of all 3 layers, as shown in figure (3.9b). 

Making the photoresist less viscous by diluting it was important to ensure the photoresist seeps into 

the pores of all layers particularly the bottom layer with a low porosity. Appendix (B.7) presents the 

specifications of diluted photoresist layers. Each photoresist application was followed by 10 minutes 

of resting in ambient conditions before a soft-bake for 5 minutes at 100 ˚C to avoid photoresist 

bubbling. It is worth mentioning that SOG cannot be used to fill the pores in this experiment because 

it can easily be washed away with HF electrolyte during the electropolishing process. After 

application of the photoresist, the samples were subject to standard photolithography exposure and 

development. The photoresist adhesion process is finalised by long bake the sample for two hours at 

100 ˚C. Figure (3.9c) shows the outcome of this step where the photoresist covers only the anchored 

regions. Although the photoresist mask undergoes a long hard bake in order to be resistant against 

HF corrosion, the photoresist can be easily washed away after the electropolishing process (before 

the drying process) by immersing the sample in acetone for 5 minutes. The long bake is done at 

manufacturer recommended temperatures, and not evaluated temperatures which could cross-link the 

films making them difficult or impossible to remove. During development, continuous stirring is used 

to ensure removing the photoresist from all the pores, which is very important to avoid contaminating 

the sample before the drying process. 
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Having a thick layer of photoresist to fill pores of 4-µm thick of PS layers requires adjusting 

the UV exposure time to ensure the base is getting enough energy in order to enhance the sidewall 

angle. Studying the sidewall angle of the photoresist layer was carried out by spinning multilayers of 

photoresist on a silicon substrate to achieve a thickness close to the thickness of the PS top mirror, 

i.e. 4 µm. This investigation was not conducted on PS because it is difficult to study the angle of the 

photoresist after filling the pores. Figure (3.10a) shows the relationship between the duration of UV 

exposure and the sidewall angle of a photoresist masking layer, which is the angle formed to the 

normal of the silicon surface, as demonstrated in figure (3.10b). It can be noted that the longer the 

photoresist layer was exposed to the UV light, the sharper the sidewall angle became. However, 

prolonged exposure to around 80 seconds caused a deformation of the thickness of the photoresist 

layer, resulting in extending the sidewall angle. It was found that 55 seconds of UV light exposure 

produced a sidewall angle of 29˚, which was sufficient for the photoresist to avoid over-polishing the 

edges.  

 
Figure 3.10 (a) The angle of the photoresist sidewall verses the UV exposure time, and (b) SEM 

images of different sidewall angles of the photoresist masking layer recorded in (a). 
 

3.6.2 Electropolishing 

After protecting the anchored regions using the technique discussed in the previous section, 

the electropolishing process can be utilised to form an air cavity and suspend the membrane regions. 

In general, two factors control the electropolishing process: current density and HF concentration. 

Smith et al. [57] reported the topological distribution map for the different regions of silicon 

dissolution as a function of current density and HF concentration. Their study demonstrated that PS 

formation is favoured at high HF concentrations and low-current densities, while electropolishing is 

favoured at low HF concentrations and high-current densities, as shown in figure (3.11). The study 

argued that when there are not enough fluoride atoms in the electrolyte, an oxide layer (O-SiF2-O 
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species formation) builds on the surface and subsequently is removed, electropolishing the substrate 

(region C in figure (3.11)). However, when there are enough fluoride atoms in the electrolyte, no 

permanent surface oxide film can accumulate, which leads to pore formation (region A in figure 

(3.11)). In the transition region (B), the surface is not completely covered by oxide film; both 

inhomogeneous dissolution and homogeneous dissolution occur but on different parts of the surface. 

As a result, the silicon surface is partially covered by PS film after anodic etching.  

 
Figure 3.11 Topological mapping of the pore formation, transition, and electropolishing regions of 
silicon in terms of HF concentration and current density, adapted from [57]. Points #1 and #2 refer 

to the electropolishing conditions used in table (3.2). 
 

In this thesis, the electropolishing factors that control formation of the air cavity to suspend 

the PS top mirror were investigated in three phases. First, the electropolishing conditions were studied 

on patterned silicon wafers. Second, further investigation on the electropolishing conditions was 

carried out on PS structures without stress-relief notches. Third, the electropolishing process was 

carried out on PS structures with stress-relief notches. All phases are discussed in the following 

sections. 

 

3.6.2.1 Electropolishing of silicon 

The main goal of investigating the electropolishing conditions on silicon is to study the surface 

profile and the etch rate required to form the air cavity later on for PS-FP filters. A silicon wafer was 

patterned using the membrane definition mask discussed in section (3.6.1), then mounted back on the 

anodisation cell for the electropolishing process. As there were no PS structures formed on these 

samples, a post drying process was not needed.  

Recipe I with conditions located in region C in figure (3.11) was selected, which uses the HF 

concentration of 1.5% and current density of 18.3 mA/cm2. All electropolishing recipes used in this 
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work are listed in table (3.2). Although using ethanol in the electrolyte enhances the diffusion of HF 

into the underlying pores [105], it cannot be used in the electropolishing process due to the potential 

of ethanol to attack the photoresist protective layer. Instead, DI water was used to dilute the HF. Other 

surfactants used to dilute HF include acetonitrile (MeCN) [125] and nitric acid (HNO3) [126]. MeCN 

is a solvent and it would also attack the photoresist layer. However, more investigation would require 

to study the suitability of HNO3 for the electropolishing process, which is left for future work. 

 

Table 3.2 Electropolishing conditions tested in this work. 

Name of 
Sample/Reci

pe 

Location in 
figure (3.11) 

HF concentration, 
diluted in DI water 

(%) 

Current 
density 

(mA/cm2) 

Electropolishin
g Time (s) 

I #1 1.5 18.3 240 
II #1 1.5 18.3 480 

III #1 1.5 18.3, duty cycle 
50%, ton = 2 s 1160 

IV #2 5 27.5 240 

V #2 5 27.5, duty cycle 
66.6%, ton = 2 s 360 

VI #2 5 27.5, duty cycle 
50%, ton = 2 s 480 

 

Figure (3.12) shows the surface profile of an electropolished area with an aperture size of 500 

µm2 using recipe I. The surface profile of the electropolished region shows a convex shape with more 

etching on the edges than on the centre, as shown in figure (3.12). This interesting observation relates 

to the “edge effect” reported by Ivanov [82], where the current flow tends to be higher at the edges 

of the anodisation cell comparing to the centre. The height of etched silicon in figure (3.12) shows 

that the etch rate of this recipe is 10.4 nm/s. Knowing the time required to form air cavity of around 

5 µm, this recipe can be tested on patterned PS thin films. 

 
Figure 3.12 The surface profile of an electropolished region on silicon wafer when using recipe I: 

1.5% HF and 18.3 mA/cm2.  
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3.6.2.2 Porous silicon electropolishing without stress-relief notches 

When conducting electropolishing process on multilayer PS thin films, two main adjustments 

require consideration. First, HF electrolyte needs to travel through the PS layers to reach the 

PS/silicon interface. Although the porous nature allows HF to seep into the pores, HF electrolyte 

could take a longer time to reach the PS/silicon interface compared to electropolishing bulk silicon. 

Temporarily pausing the electropolishing current helps the HF content in the electrolyte to be restored 

at the PS/silicon interface. Second, using lower concentration of HF requires longer duration of the 

electropolishing process, and consequently longer exposure to HF, which could change the stress 

[113] and deform the PS structures. 

When investigating the electropolishing process in this section, a photoresist masking layer 

for membrane definition was formed on PS samples, skipping the patterning process used for structure 

definition that was discussed in section (3.5). Skipping the structure definition process resulted in 

membranes without stress-relief notches, which was not part of investigation in this section. All the 

samples went through the post drying process that is discussed in section (3.6.3). Appendix (B.5) 

presents more detail of performing the electropolishing process. 

Recipe II was applied on a 3-layer PS thin film which is similar to the one conducted on a 

bulk silicon (recipe I) except that the electropolishing time was 480 seconds to form an air cavity in 

the range of around 5 µm. For comparison, recipe III was applied on a 3-layer PS thin film but with 

50% duty cycle. When applying 1.5% HF with constant current (recipe II) the process failed as the 

required voltage for this process increased dramatically to the point exceeding the limitation of the 

power supply. The reason behind that could be due to the electrolyte HF content being unable to be 

restored at the PS/silicon interface, which consequently raised the resistivity in the electropolishing 

process. Interestingly, when applying 50% duty cycle using 1.5% HF (recipe III), the process 

succeeded in electropolishing with a yield of 20%. The yield value was estimated by considering the 

number of devices (on a single wafer) that survived the full micromachining process out of the total 

number of devices undergoing the micromachining process (from a total of 76 devices, with aperture 

sizes varying between 300×300 µm2 and 600×600 µm2). However, the structures using recipe II were 

completely damaged and detached from the anchors. The surviving structures using recipe III did 

however show cracks around the edges, as shown in the optical microscope image in figure (3.13a). 

It can be argued that longer HF exposure could cause the tensile stress to increase, resulting in 

damaging the membranes, knowing that the etch time of this recipe was 19.3 minutes. 

Therefore, the investigation moved to test a higher HF concentration in order to reduce the 

electropolishing time. The HF concentration of 5% was used with the current density of 27.5 mA/cm2, 
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to produce an air cavity in the range of 5 µm. It should be mentioned that measurements later on 

showed that the etch rate using 5% HF is slower than what was estimated initially, which resulted in 

an air cavity in the range of 3.3 µm. Three different samples (#IV, #V and #VI) were tested with 

different duty cycles: 100% (constant current), 66.6% and 50%, which are listed in table (3.2) along 

with the electropolishing time which ranges between 4-8 minutes. Applying 5% HF with the constant 

current (recipe IV) failed to electropolish, resulting in the PS top mirror maintaining attachment to 

the silicon substrate with a partial electropolishing shown in cross-sectional SEM images (not 

included). This result agrees with figure (3.11) that indicates that 5% HF with 27.5 mA/cm2 current 

density produce a transition condition (region B). Interestingly, applying 66.6% duty cycle (recipe V) 

succeeded in electropolishing with a yield of 4%, and applying 50% duty cycle (recipe VI) improved 

the yield further to 50%. Figure (3.13b) shows a suspended membrane with 600 µm diameter resulting 

from successful electropolishing process (recipe VI). The excessive etching at the edges shown in 

figure (3.13b) resulted from excessive electropolishing at these anchored edges, suggesting that the 

photoresist mask did not adequately protect these areas. The reason the photoresist did not effectively 

protect these areas could be caused by under-exposure during the photolithography process, which 

consequently resulted in a broad sidewall angle, as discussed in section (3.6.1), making the photoresist 

layer thinner than the PS layers in these areas. Adjusting the UV exposure time was subsequently 

studied on the sample of the next subsection. Investigations into the bottom of the cavity (the region 

of etched silicon to form the air cavity), which require removal of the top PS layer, are discussed in 

section 5.3.2. 

 
Figure 3.13 Optical microscope images of samples electropolished with (a) recipe III using 1.5%HF 

and duty cycle of 50% for the electropolishing current, and (b) recipe VI using 5% HF and duty 
cycle of 50% for the electropolishing current. 

 

It is concluded that applying a duty cycle for the electropolishing current is essential to 

successfully form air cavities, as it helps the HF contents to be restored at the PS/silicon interface. 

The investigation also shows that a lower duty cycle for the current resulted in a better yield. This 
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finding shows that using a duty cycle shifts the electropolishing from the transition region (B) to the 

electropolishing region (C) in figure (3.11) without changing the current density. 

 

3.6.2.3 Porous silicon electropolishing with stress-relief notches 

 After developing a successful electropolishing process, the same recipe (VI) was applied on 

together with the structure definition patterning process that is discussed in section (3.5), to structures 

which include the stress-relief notches. Figures (3.14 a and b) show the microscope and SEM images, 

respectively, of a suspended membrane with stress-relief notches after applying recipe (VI). The yield 

of this sample improved to 65% which was likely due to a decrease in the stress of the top mirror 

associated with inclusion of etched notches. Section (5.3.4) discusses the relationship between the 

notches and the curvature of the PS top mirror. 

 
Figure 3.14 (a) A microscope image and (b) a SEM image (beam voltage of 5 kV) of a suspended 
membrane with stress-relief notches, released using the electropolishing recipe of 5% HF and 50% 

duty cycle of current. 
 

3.6.3 Dry process 

After completion of the electropolishing process utilised in this work, the suspended structures 

were kept submerged in a liquid-phase etchant (methanol) which consequently required a post drying 

process. However, a simple rinsing of the liquid trapped in the small gap between MEMS structures 

and the substrate could create a strong capillary force. The capillary force is directly proportional to 

the surface tension of the rinsing liquid, which cause the microstructures to stick to the substrate 

[127]. Therefore, it was important to apply a drying technique that is compatible with MEMS 

technology and suitable for small Young’s modulus thin films such as PS thin films. In this thesis, 

critical point drying technique was used post the electropolishing process, as per the method used 

previously in Sun’s work to suspend double-clamp PS beams [18]. Critical point drying typically 

employs CO2 and low surface tension liquids to complete the drying process. The liquids are required 
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to be both water and CO2 miscible, to serve as the intermediate fluids between the two. Generally, 

methanol is employed as an intermediate fluid, as was the case in this work. Appendix (B.6) covers 

more detail of the basic principles of the critical point dryer technique. 

 

3.7 Summary 

This chapter began with introducing the main processes involved in micromachining: film 

deposition, photolithography and etching. Then the discussion was carried out to present the 

advantages and the challenges of surface micromachining PS thin films. After that, detailed 

investigation of surface micromachining PS was discussed, by focussing in particular on 

micromachined multilayer PS thin films to achieve top mirrors for Fabry-Pérot filters. 

For the surface micromaching investigations, first, formation of multilayer PS thin films was 

presented, including alternating the current density during the electrochemical anodisation to achieve 

3-layer PS structures with alternated porosities, that is, alternated refractive indices. After that, 

patterning PS samples for MEMS structure definition was presented, including the importance of 

filling the pores prior to forming a photoresist masking layer. The parameters to control the dry 

etching process were investigated to reduce the plasma damage. The main outcome of this patterning 

process is to etch stress-relief notches.  

Finally, forming air cavities for PS-FP filters was successfully achieved in three steps. The 

first step was forming a masking layer for anchor/membrane definition by obtaining a robust hard-

baked photoresist layer. The second step was electropolishing using 5% HF/DI electrolyte and 50% 

duty cycle of current to allow HF to be restored at the PS/silicon interface and produce uniform 

polishing. Forming stress-relief notches at the corners of the top mirror helped reduce the stress and 

improve the yield. The critical point drying technique was used in the final step as a MEMS-

compatible technique to dry and harden the PS structures with minimal effect on the yield. 
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Chapter 4 

Characterisation techniques for porous silicon thin films and filters 

In order to achieve the desired PS-FP filters for LWIR applications, it is important to evaluate 

the surface morphology, optical and mechanical properties of PS as single layers, multilayers and as 

filters. This chapter discusses the tools and techniques that can be used to characterise PS thin films 

(attached films) and PS-FP filters (suspended films). Also, this chapter presents a method that was 

developed to obtain high quality cross-sectional images using focussed ion beam (FIB) sectioning. 

Moreover, a simple method to determine the mechanical properties of PS-FP filters based on the 

natural frequencies of PS cantilevers is discussed.  

 

4.1 Surface morphology 

Studying surface morphology is an important factor to acquire detailed information on the top 

surface topology, thickness, roughness and curvature of the PS thin films. Three main tools were 

used: Scanning electron microscope (SEM), Focussed ion beam (FIB) and profilometers. 

4.1.1 Scanning electron microscope 

Scanning electron microscopes (SEM) provide high resolution 2D images of sample surfaces, 

and greater field depth in comparison to the optical microscope. In this work, SEM was used on PS 

thin films and MEMS structures to provide morphology information on the planar and the cross-

sectional surfaces.  

SEM is performed using an accelerated electron beam that is scanned across the sample 

surface. The electron beam causes low energy secondary electrons to be ejected from the sample via 

inelastic scattering interactions, which are collected to create an image. To improve the quality of 

SEM imaging, specimens must be electrically conductive at the surface and electrically grounded to 

prevent the accumulation of electrostatic charge. For non or (poor) electrically conducting materials, 

the charging is usually reduced by using an ultrathin coating of electrically conducting material [128]. 

In the case of PS thin films, however, even a 1 nm thick platinum (Pt) coating can introduce distortion 

of the morphology and result in misleading interpretation of the images [104]. Therefore, most SEM 

images in this work were carried out with uncoated PS samples, making charging effects in the images 

unavoidable. In the next section, a technique to produce high resolution images using focussed ion 

beam (FIB) is discussed. To reduce the charging effect, the energy of the primary electron beam can 

be lowered to a potential at which the net electron current to the surface would be near zero [128]. 
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The thicknesses of the PS samples were extracted from the SEM images using three different 

methods. The first method is cross-sectional imaging, as shown in figure (4.1a), which was obtained 

by cleaving the PS sample and carefully mounting it on a stub using double-sided copper tape. The 

second method is the lateral SEM imaging of PS microstructures, as shown in figure (4.1b), which 

was undertaken after tilting the stub in order to confirm the final thicknesses of multilayered PS 

structures as the thicknesses might change during the micromachining process. The different contrast 

between figure (4.1a) and figure (4.1b) is due to the different configuration of the system at the time 

the image was taken for each sample. The third method is high-resolution imaging using FIB, which 

was taken to study the porosity along the depth as discussed in the following section. Each 

measurement was repeated along the wafer to ensure the extracted thickness was uniform along the 

wafer. 

 
Figure 4.1 (a) A cross-sectional SEM image of a manually cleaved 3-layer PS thin film and (b) a 

lateral view of SEM image of (c) a 3-layer PS double-clamped beam. 
 

All SEM images throughout this work were obtained using Zeiss 1555 VP-FESEM, Verios 

XHR SEM, and FEI Helios Focussed Ion Beam (FIB). The voltage was reduced to between 3-5 kv, 

and the current used was varied between 100 and 25 pA, due to different configurations and charging 

effects in each apparatus. 

 

4.1.2 Focussed Ion Beam 

The typical way to cleave a sample for a cross-sectional view often results in fractures as 

shown in figure (4.1a), which makes interpreting the porosity with depth inaccurate. To obtain better 

images, a FEI Helios Focussed Ion Beam (FIB)/SEM was used to slice through films and avoid 

generating fractures. A focussed ion beam (FIB) instrument uses a beam of ions to mill a surface with 

nanometer precision. By carefully controlling the energy and intensity of the ion beam, it is possible 

to perform very precise nano-machining to obtain a clean, clear cross-sectional cut. A FIB becomes 
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even more powerful when it is combined with a SEM, where the ion and electron beams intersect at 

an angle at a point near the surface of a sample, allowing for high resolution and immediate SEM 

imaging of the FIB-milled surface. Such systems combine the benefits of both the SEM and FIB and 

provide complementary imaging and beam chemistry capabilities.  

Two major issues related to the FIB procedure are the curtaining effect and the degradation 

of the top surface quality. The curtaining effect is caused by the ion milling, which results in an 

increase in surface roughness in the direction of impingement of the milling beam, as shown in figure 

(4.2a). The degradation of the quality of the top surface is caused by exposing the unprotected surface 

to the ion beam, which results in melting a few hundred nanometers of the surface as well as 

expanding the pores of the top surface, as shown in figure (4.2a). Consequently, both issues cause the 

SEM image to incorrectly represent the morphology of the material. 

 
Figure 4.2 Cross-sectional FIB-SEM images of (a) a 2.3-µm thick PS thin film without any 

embedding method, (b) a 3.3-µm PS thin film embedded with resin, and (c) a 2.9 µm PS thin film 
embedded with SU8. 

 

To overcome these issues, an embedding method was developed. The original method was 

adapted from Professor Peta Clode’s work in which resin was used for the preparation of biological 

samples for 3-D electron microscopy [129]. The process involved consecutively using three different 

concentrations of resin to ensure filling of all the pores in the PS samples. After applying the resin at 

each concentration, the sample was cycled under vacuum then left to fully dry for 24 hours in ambient 

atmosphere. After covering the sample with all three layers of resin, the sample was baked in a 

vacuum oven at 60 °C for 24 hours. A detailed explanation of applying the resin can be found in 

appendix (C.1). To protect the top surface, the sample was coated with 10 nm platinum prior to the 

FIB procedure. The final result is shown in figure (4.2b) where the skeleton of the porosity along the 

depth can be observed clearly with reduce fractures and curtaining effect to a minimum. However, 
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preparing such samples using this method takes more than two days, because the original recipe was 

designed to protect fragile biological tissue, where low/room temperature was necessary for curing.  

 An alternative embedding method was developed using SU8 to reduce the duration of the 

preparation. The embedding process used two different concentrations of SU8: SU8-2002 and SU8-

2005. The sample was then cycled under vacuum after each SU8 application for 3 minutes. Finally, 

the sample was left in the vacuum oven for 10 minutes under 150°C. A detailed explanation of method 

to apply the SU8 is provided in appendix (C.2). The whole preparation of embedding the PS with 

SU8 took 30 minutes, compared to over two days using resin. An example of PS thin film successfully 

embedded with SU8 is shown in figure (4.2c) which is very similar to the one embedded with the 

resin in figure (4.2b). 

The milling process itself was also optimised once the optimised embedding process was 

developed. FIB milling of the embedded PS sample started with a relatively high ion current of 2.5 

nA and ion voltage of 30 kV to expedite the milling process and to avoid charging. Then, smoothing 

of the cross-sectional surface was achieved by applying another milling process with lower ion 

current of 40 pA and the same ion voltage of 30 kV. 

 

4.1.3 Profilometer 

Profilometers provide 2D or 3D detailed information on surface morphology. Two types of 

profilometers were used in this work, stylus and optical. A stylus profilometer employs a stylus that 

moves across the surface to determine variations in surface height. The Dektak 150 surface profiler 

(Veeco Instruments Inc.) is the stylus profilometer used in this work to acquire height differences 

between different layers including photoresist, PS and silicon substrate. However, the physical 

contact between the stylus and a PS layer could result in a permanent groove in the sample especially 

in a fragile porous layer [18], which could affect the porosity uniformity or cause failure of PS-FP 

microstructures.  

Optical profilometers provide a precise non-contact technique that uses the reflection of light 

from a sample to determine its surface morphology. This advantage of optical profilometers is 

particularly useful for the measurement of films that have relatively fragile structures, i.e. low 

Young’s modulus [130]. In this work, a Zygo NewViewTM 6000 optical profilometer was used 

combined with MetroPro software to transform data from the Zygo instrument into measurement 

results. Gwyddion is the other software used in this work, which is multiplatform modular free 

software for visualization and analysis of data from scanning probe microscopy techniques.  
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Three applications incorporated in the Zygo NewViewTM 6000 optical profilometer were 

utilised in this work: Microscope, Film and Stitching applications. Microscope is a general-purpose 

application that is used for measuring the surface structure and roughness of test parts, but it requires 

a surface capable of reflecting the light beam, such as silicon surfaces. The Film application is 

designed to measure surfaces covered by a thin film, such as a single-layer PS thin film on a silicon 

substrate, as shown in the example in figure (4.3a). In this data, the surface profile shows bowing on 

the top surface of the PS layer in figure (4.3b). The Film application, however, does not support 

multilayer films, such as the complex PS thin films in this study. Evaluating the bowing of the top 

surface of suspended multilayer PS structures was achieved by measuring the infrared transmittance, 

which is discussed in section (5.3.3). 

The Stitching application is designed to measure and analyse surface areas much larger than 

possible with a single measurement. The Stitching application makes several measurements of the 

test part as it is moved by a motorised stage and then combines or stitches the multiple data sets into 

one, which results in larger field of view without compromising lateral or vertical resolution. In this 

study, the Stitch app was used to measure the deflection change of PS thin films after PS formation 

in order to assess the stress in the thin films. However, the Stitch app has the same limitation of 

Microscope app, which is the requirements of a surface of uniform, non-transparent, reflective 

material in order to accurate determine the surface topology. Thus, the measurements were taken on 

the back silicon surface to avoid any issues associated with optical profilometer measurements of 

transparent PS thin films. 

In this study, the Microscope and Film applications were used typically to analyse PS-FP 

structures. It is important to note that while profilometers provide information about top surfaces, 

they do not give much information about the underneath layers, particularly the mirror separation.  

 
Figure 4.3 (a) An example of the surface profile (the colours were added as guidance) obtained by 
an optical profilometer and (b) an optical microscope image of the single-layer PS membrane that 

the surface profile measurement was taken for. 
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4.1.4 Determination of the air cavity height 

In the case of single-layer PS microstructures, the air cavity height was estimated in three 

steps. First, the thickness of a PS microstructure (hPS) was obtained from the cross-sectional SEM 

image, as discussed in section (4.1.1). Second, the mirror height (hm) between the top surface of the 

PS microstructure and the silicon substrate was obtained by an optical profilometer, as shown in 

figure (4.3a). Third, the mirror separation (hs) was estimated by subtracting the thickness measured 

in the first step from the mirror separation obtained in the second step, i.e.: 

ℎ𝑝𝑝 = ℎ𝑚𝑚 − ℎ𝐹𝐹𝑆𝑆.                                                                        (4.1) 

The mirror separation (hs) measured from equation (4.1) includes the etched cavity region height (hc) 

in the silicon and the bowing of the PS layer (δds), as 

ℎ𝑝𝑝 = ℎ𝑐𝑐 + 𝛿𝛿𝛿𝛿𝑝𝑝.                                                                         (4.2) 

The sign of the effective bowing (𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒) is determined as discussed in section (2.7). If the top PS 

mirror is perfectly flat, i.e. δdeff = 0, the mirror separation (hs) is equivalent to the etched cavity region 

height (hc).  

In the case of multilayer PS microstructures with complex reflection coefficients, the mirror 

separation (hs) cannot be obtained by profilometers. A different method was developed to obtain the 

air cavity height (hc) and the mirror separation (hs), which is discussed in section (5.3.2). 

 

4.2 Optical properties 

The optical properties of PS layers were determined using two different methods: Vis/NIR 

reflectance and infrared spectroscopy. Vis/NIR reflectance was used to extract the porosity, porosity 

gradient and refractive index of single-layer PS thin films. Infrared spectroscopy was used to obtain 

the transmittance of PS thin films and PS-FP filters. 

4.2.1 Vis/NIR reflectance   

Determining the refractive index of PS layers is essential in construction of QWMs operating 

in the LWIR range, which is the structure used in this work in order to achieve high reflective mirrors, 

as discussed in section (2.4). Since a PS thin film is mainly a mixture of air and silicon, the refractive 

index and the extinction coefficient is related directly to the porosity [88]. The porosity can be 

typically extracted by either direct measurement through gravimetric [131], or indirect measurement 

utilising the reflectance spectrum in the Vis/NIR range [83]. Gravimetry is a destructive technique 

that requires measuring the weight change in the sample due to porosification [63]. The reflectance 

spectrum is the method utilised in this work because it is a non-destructive method that allows 
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sufficient flexibility to obtain the optical properties of PS thin films, such as the porosity, the porosity 

gradient and the interface roughness [132]. 

Figure (4.4) illustrates the reflectance experimental setup used in this thesis, in which a 

monochromatic light (typically visible or infrared) is incident on the sample at the most acute angle 

possible and reflected onto the photodetector. The reflectance measurements were performed with a 

Xe 100W arc lamp as the light source, and a silicon photodiode with an area of 10×10 mm2 as the 

detector. A Cornerstone monochromator with a 0.9 mm slit width is used to produce a 5 nm bandwidth 

in the visible range. The experimental setup is controlled by a National Instruments LabVIEW. The 

calculation is detailed in the work of James [133].  

 
Figure 4.4 Experimental setup of the reflectance measurement. 

 

After obtaining Vis/NIR reflectance measurements of single PS thin films, the measured data 

was auto-fitted through a differential evolutionary algorithm developed by Wormington et al. [92]. 

Then the optical parameters of the PS thin film were extracted from the fitted data, as shown in figure 

(2.6). The refractive index can be calculated using the Bruggeman EMA given in equation (2.38). 

More details of the model used to extract the optical properties of PS thin films by Vis/NIR reflectance 

were discussed in section (2.5). Refractive indices can be obtained in the LWIR range by using the 

Bruggeman EMA and the porosity extracted from Vis/NIR measurements. The refractive index of 

silicon (nSi) is almost constant across the short to long wavelength range, as shown later in figure 

(4.6b). 

In summary, determining the refractive index is a necessary foundation to build quarter-

wavelength layers (QWM) operating in the LWIR range. Refractive index is related directly to 

porosity. The porosity can be extracted by fitted Vis/NIR reflectance measurements of single-layer 

PS thin films with an optical model that uses the Bruggeman EMA to obtain the refractive index. 



71 
 

4.2.2 Infrared spectroscopy 

Infrared spectroscopy is a powerful analysis method that measures the interaction of infrared 

radiation with a substance by absorptance, transmittance or reflectance [134]. A Fourier transform 

infrared (FTIR) spectrometry is a non-destructive method that collects measurements at a wide range 

of frequencies simultaneously, providing fast measurement and low signal-to noise ratio. FTIR was 

used in this work to evaluate the optical quality of PS thin films and PS-FP filters. 

A schematic illustration of an FTIR system is shown in figure (4.5a), which is based on a 

Michelson interferometer [134]. The system uses a polychromatic infrared source, from which the 

beam is collimated and directed to a beam splitter. Ideally, 50% of the light is refracted towards a 

fixed mirror and 50% is transmitted towards a moving mirror. The two beams are reflected from the 

mirrors back through the beam splitter onto a detector, where the intensity of the interference of the 

two beams is measured. An interferogram is obtained by measuring the intensity of interference of 

the two beams while one of the mirrors is moving, creating periods of both destructive and 

constructive interference. A computer program uses a Fourier transform algorithm to convert the 

interferogram to a spectrum as a function of infrared wavelength (or equivalently, wavenumber), as 

shown in figure (4.5b).  

 
Figure 4.5 (a) Illustration of the Michelson interferometer-based FTIR system, and (b) an example 
of a transmittance spectrum of a PS membrane microstructure obtained from a FTIR spectrometer, 

demonstrating the measurement with and without including the effect of the top surface of the 
silicon substrate. 

 

When performing FTIR measurements, it is typical to record spectra of both a sample and a 

reference. Then the reference measurement can be used to subtract out all the instrumental properties, 

as well as the absorbing and the reflecting properties of the reference, so that the final spectrum 

demonstrates the properties of the sample only. In this work, silicon was used as a reference in order 

to eliminate the high absorptance of the silicon substrate in the LWIR range, which is discussed later 
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on in this section. The reason behind obtaining transmittance (𝑇𝑇𝐹𝐹𝑆𝑆′ ) values above 100% in figure 

(4.5b), is because the reflectance at the silicon top surface was not counted when the silicon was used 

as a reference. In the modelling used in this work, the transmittance of PS samples (TPS) was obtained 

as the product of the transmittance of a PS thin film (𝑇𝑇𝐹𝐹𝑆𝑆′ ) and the transmittance of a very thin layer 

of silicon of 10-4 µm (Tthin layer Si), 

𝑇𝑇𝐹𝐹𝑆𝑆 = 𝑇𝑇𝐹𝐹𝑆𝑆′ × 𝑇𝑇𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝑙𝑙𝑚𝑚𝑝𝑝𝑒𝑒𝑟𝑟  𝑆𝑆𝑖𝑖 .                                                          (4.3) 

Figure (4.5b) shows the transmittance (TPS) after including the reflectance of the top surface of the 

silicon. 

As discussed in section (1.4), silicon starting wafers with resistivity of (0.08-0.12 Ω.cm) were 

used in this work considering the minimum absorption loss of these wafers in the SWIR range (1-3 

µm), and because the pore size of these wafers is small enough to avoid optical scattering. However, 

the transmittance spectrum of silicon shows high absorption in the LWIR range, as shown in figure 

(4.6a), which is likely to be caused by free carrier absorption, considering that free carrier becomes 

more dominant absorption mechanism at longer wavelengths [135]. The drop in the transmittance 

near 9 µm in the silicon spectrum in figure (4.6a) is typical behaviour of Czochralski silicon as it 

contains a higher level of oxygen impurities, compared to Float Zone silicon, due to the way it is 

manufactured [136]. However, only the transmittance of PS (TPS) was studied in this work, as 

discussed earlier in this section, which excludes the silicon absorption. 

 
Figure 4.6 (a) The transmission spectrum of the silicon wafer, and (b) the relevant data of refractive 

index and extinction coefficient. 
 

The refractive index (n) and the extinction coefficient (k) of the silicon wafer were calculated 

from the transmission spectrum (T) of the silicon wafer instead of using data from the literature in 

order to have a better match between simulations and measurements. In this work, a Perkin-Elmer 

Spectrum Two FTIR spectrometer was used to obtain transmission spectra of PS thin films from 2 to 

14 µm with spectral resolution of 4 cm-1. The tool is employed with a standard, high-performance, 
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room-temperature detector of LiTaO3 (lithium tantalate). The n and k values were extracted using the 

following relationships [137]:  

𝑛𝑛 =  (𝐴𝐴 + 𝐵𝐵 𝑚𝑚2⁄ )
1
2 − 𝐶𝐶,                                                            (4.4) 

𝑘𝑘 =
𝛼𝛼𝑚𝑚
4𝜋𝜋  ,                                                                     (4.5) 

where A = 11.6957918, B = 0.99929005, C=0.0015, 
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and 

𝑝𝑝 =  
(𝑛𝑛 − 1)2

(𝑛𝑛 + 1)2 .                                                                   (4.7). 

Figure (4.6b) shows the optical constants of the silicon wafer employed within this work after 

calculation from the transmission data. It can be noted in figure (4.6b) that the refractive index of 

silicon varies only 0.9% across the 2-14 µm range, which consequently can be considered almost 

constant. 

To perform FTIR measurements on PS-FP microstructures, a Spotlight 200i microscope was 

used, connected to the Spectrum Two FTIR with a camera and viewing system that magnifies the 

visible-light image of the sample to enable identification, positioning, and isolation of a point of 

interest. Although the aperture size used in the Spotlight 200i can be as small as 10 µm, a 300 µm 

size aperture was used for better spectral quality. 

 

4.3 Mechanical properties 

The mechanical properties of PS layers were determined using two different methods: 

Stoney’s equation and the resonance frequency. Stoney’s equation was used to measure the stress in 

attached films while the resonance frequency was utilised to measure the stress in suspended 

cantilevers. The vibrometry was the method used in this work to extract the resonance frequencies of 

PS cantilevers. 

4.3.1 Stoney’s equation 

When the porous layer is attached to the substrate, the planes perpendicular to the surface are 

constrained to have the same interatomic spacing as the substrate, resulting in a lattice deformation, 

which can result in either tensile or compressive stress relative to the substrate. The tensile stress 



74 
 

results in an increase in the length of the film that bends the top surface downwards (+σ), as shown 

in figure (4.7a), which subsequently may cause cracking on structures once suspended [138]. The 

compressive stress results in a decrease in the length of the film that bends the top surface upwards 

(-σ), as shown in figure (4.7b), which subsequently may cause buckling structures once suspended 

[138]. However, for a suspended surface, such as a membrane, a slightly tensile stress is preferred, 

allowing the membrane to be pulled flat by the boundary conditions like the skin on a drum [139].  

Excessive tensile stress ultimately leads to failure of the film through cracking or broken anchors. 

Therefore, mapping the stress of these films is a key requirement to the successful fabrication MEMS 

structures. 

 
Figure 4.7 (a) Tensile stress in thin films causes downward bending to balance the expanding films 

on top, while (b) compressive stress causes upward bending. 
 

Stoney’s equation is a widespread formula used to extract the stress (σ) of films attached to 

the substrate by measuring the radius of curvature after the film formation (R1) and after the removal 

of the film from the substrate (R2). The radius of curvature (Ri) is the reciprocal of the curvature (1/Ri). 

For uniform films, the radius of curvature is the radius of the sphere that mathematically best fits the 

curve in the surface topography, which can be positive, zero, or negative depending on whether the 

surface is convex, plan, or concave, respectively. The most important feature of Stoney’s equation is 

that it allows the stress of a thin film to be extracted with only a knowledge of the film’s thickness 

and its curvature (or the radius of curvature). All other parameters are associated only with the 

substrate, which in the case of silicon, is extremely well known. For PS thin films formed on silicon 

substrates, the stress (σ) can be expressed by Stoney’s equation [140]: 

𝜋𝜋 = −
𝐸𝐸𝑆𝑆𝑖𝑖

6(1− 𝑣𝑣𝑆𝑆𝑖𝑖)
ℎ𝑆𝑆𝑖𝑖2

ℎ𝐹𝐹𝑆𝑆
�

1
𝑅𝑅2

−
1
𝑅𝑅1
� ,                                                 (4.8) 

where Esi is the Young’s modulus of bulk silicon (Esi(100) = 163 GPa) [48], 𝑣𝑣𝑆𝑆𝑖𝑖 is the Poisson’s ratio 

of silicon (𝑣𝑣𝑆𝑆𝑖𝑖  = 0.26) [141], h is the thickness where the suffixes of Si and PS refer to the silicon 

substrate and porous silicon film, respectively. In this study, ℎ𝑆𝑆𝑖𝑖 = 275 ±25 μm, as specified by the 

vendor, detailed in section (3.2.1). The negative sign was included in equation (4.8) because the radius 

of curvature measurements were taken on the backside of the silicon substrate, as will be explained 

later. Figure (4.8) illustrates the terms used in equation (4.8). 
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Figure 4.8 A schematic diagram of a PS/silicon substrate system, and the terms used to measure the 

stress in Stoney’s equation (4.8), where h is the thickness, the suffixes of Si and PS refer to the 
silicon substrate and porous silicon film, respectively. R1 and R2 are the radius of curvature after the 

film formation and after the film removal from the substrate, respectively. 
 

The steps of extracting the residual stress can be summarised as follows: 

Step 1: After PS formation, the sample was cleaved in half. One half was kept as-fabricated and the 

other half was annealed, as detailed in section (3.3). 

Step 2: Each half was cut into three long, rectangular shapes (~3×15 mm2) to allow the stress 

measurement to be repeated three times and then averaged. 

Step 3: Two locations separated by around 13 mm, were marked along the length of the backside 

(silicon side) of each rectangular, as shown in figure (4.9a). 

Step 4: An optical profilometer measurement (the Stitch app) was carried out between the two marked 

locations to acquire the radius of curvature (R1) over a spatial range of approximately 13 mm, as 

shown in figure (4.9b). The measurements was taken on the back silicon surface to avoid any issues 

associated with optical profilometer measurements, as discussed in section (4.1.3).  

Step 5: The as-fabricated sample was dipped in a 5% (w/w) potassium hydroxide (KOH) solution for 

approximately 15 seconds to remove the PS layer while the annealed sample was dipped in a 10% 

HF/ethanol solution to remove the passivation layer prior to removing PS layer with the potassium 

hydroxide solution. 

Step 6:  The radius of curvature was measured again (R2), between exactly the same two marked 

locations to obtain the change of the radius of curvature after the film formation and after the film 

removal. 

Step 7: By using the data of {R1, R2, hPS, hSi, ESi}, the residual stress (σ) could be obtained using 

equation (4.8). 

Conducting the curvature measurements of a long sample between exactly the two same marked 

points, after the film formation (1/R1) and after the film removal (1/R2), provides a high degree of 

reproducibility in these measurements. 
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Figure 4.9 (a) Example of the backside (silicon side) of a rectangular PS thin film, marking two 
spots for the curvature measurements. (b) The surface profile carried out on the backside of the 

silicon substrate between the mark spots. 
 

4.3.2 Resonance frequencies of cantilevers 

When the structure is released, the mean residual stress at the PS/silicon interface is relaxed 

and only the boundary-condition (anchor) stress acts on the structure. In this work, measuring the 

resonance frequencies of cantilevers was utilised to extract the stress and the effective Young’s 

modulus of suspended structures. Cantilevers are a very powerful sensing tools as they exhibits 

flexural modes of vibration depending on the cantilever’s length and the surface stress. 

The fundamental resonance frequency (fo) of a cantilever under tension (T) can be given by 

[142]: 

𝑓𝑓𝑜𝑜 = ��𝐴𝐴
ℎ
𝑙𝑙2
�
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒∗

𝜌𝜌
�

2

+ 𝐴𝐴2  0.57 
𝑇𝑇

𝜌𝜌𝑙𝑙2𝑤𝑤ℎ ,                                            (4.9) 

where A is a geometrical factor equals to 0.162 for cantilevers [143], 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒∗  is the effective Young’s 

modulus of the system, ρ is the composite density of the system, l is the length of the cantilever, and 

h is the total thickness of the cantilever. For a cantilever system consisting of a 3-layer PS thin film, 

the total thickness is given by: 

ℎ =  ℎ𝐿𝐿 + ℎ𝐻𝐻 + ℎ𝐿𝐿.                                                           (4.10) 

For a rectangular shaped cantilever, the tension (T) is related to the stress by the relationship 

𝑇𝑇 =  𝜋𝜋.𝑤𝑤ℎ.                                                                    (4.11) 

The density of PS (𝜌𝜌𝐹𝐹𝑆𝑆) relates to the porosity in the following fundamental relationship [48] 

𝜌𝜌𝐹𝐹𝑆𝑆 = 𝜌𝜌𝑆𝑆𝑖𝑖(1 − 𝑃𝑃),                                                           (4.12) 



77 
 

where (ρSi) is the density of the silicon substrate (2330 kg/m3). The composite density of a 3-layer 

thin film can be obtained from [144] 

𝜌𝜌 =
ℎ𝐿𝐿𝜌𝜌𝐿𝐿 + ℎ𝐻𝐻𝜌𝜌𝐻𝐻 + ℎ𝐿𝐿𝜌𝜌𝐿𝐿

ℎ ,                                                     (4.13) 

where 𝜌𝜌𝐿𝐿  is the density of the L-porosity layer, 𝜌𝜌𝐻𝐻 is the density of the H-porosity layer, and (hL) and 

(hH) are the thicknesses of L- and H-porosity layers, respectively. The relationship between the 

resonance frequency of a cantilever and the stress in equation (4.9) can be transformed to give a linear 

equation in terms of (𝑙𝑙−2) given by: 

𝑓𝑓2𝑙𝑙2 = 0.026
ℎ2𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒∗

𝜌𝜌𝑙𝑙2 + 0.015
𝜋𝜋
𝜌𝜌 = 𝑎𝑎𝑙𝑙−2 + 𝑏𝑏.                                       (4.14) 

Measuring the resonance frequencies (f) of different cantilevers lengths (l), and evaluating the 

relationship between (𝑓𝑓2𝑙𝑙2) and (𝑙𝑙−2) provides an indication of how good the assumptions are that 

lead to this equation, as the relationship between these two expressions is expected to be linear. Where 

a linear relationship is found, the effective Young’s modulus can be extracted from the slope (a) using 

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒∗ =  
𝑎𝑎 𝜌𝜌

0.026 ℎ2 ,                                                                      (4.15) 

and the stress can be extracted from the y-axis intercept (b), using 

𝜋𝜋 =  
𝑏𝑏 𝜌𝜌

0.015.                                                                        (4.16) 

Equation (4.15) show that the thicknesses of the layers has a large influence on accurate determination 

of the effective Young’s modulus 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒∗ . In this work, vibrometry was used to determine the resonance 

frequencies of cantilevers. 

 

4.3.3 Vibrometer 

The mechanical properties of MEMS structures directly influence the structure longevity and 

performance variations [145]. Among all mechanical properties, the characterisation of residual stress 

is of particular importance to prevent structural failures [146]. Residual stress can change the effective 

stiffness of structures, and therefore the system dynamical parameters such as natural (or resonance) 

frequencies [147]. Therefore, an accurate characterisation of the natural frequency of the MEMS 

structures can be used to obtain the stress of the devices. The detailed calculations to obtain the stress 

and Young’s Modulus from the natural frequency are in section (6.3). 

It is known that microcantilevers undergo Brownian motion due to ambient thermal 

fluctuations. This fact was observed by Zeeman who investigated the motion of a delicately 

suspended mirror using an optical beam [148]. Similarly, microcantilevers with a single degree of 

vibrational freedom undergo Brownian motion due to collisions from surrounding gas or liquid 



78 
 

molecules. Generally, detecting the deflection of microcantilevers movement requires exciting the 

microcantilevers at their resonance frequency which usually can be accomplished by frequency 

sweeping of a piezoelectric element attached to the cantilever holder. Alternatively, the natural 

frequency can be measured by detecting the Brownian motion. The advantage of this method is 

bypassing the need for an external frequency sweep generator since the vertical difference signal due 

to Brownian motion inherently contains the fundamental frequency component of the cantilever 

[149]. This method has proven to provide sufficiently accurate measurements [149, 150]. 

 
Figure 4.10 (a) Schematic of the vibrometer system for natural frequency measurements and (b) an 
example of a vibrometer measurement of a PS microcantilever with dimensions of 200×20×4 μm3. 

 

A vibrometer system was utilised to measure natural frequencies in this work, which is 

schematically represented in figure (4.10a). The sample was kept in a vacuum chamber during the 

measurements which was maintained at a pressure of below 6.0×10-3 Torr. The vacuum environment 

was needed to reduce the effect of squeeze film damping [151]. The vibrometry system was 

comprised of a Polytec OFV-5000 laser doppler vibrometer controller with a VD-06 velocity decoder, 

and an OFV-552 differential fiber sensor head. The vibrometer was attached to a microscope onto the 

sample. The resonance frequency measurement was achieved by focussing the reference laser beam 

from the vibrometer onto the substrate, and focussing the measurement laser beam from the 

vibrometer onto a PS microcantilever. This ensured that the measured signal from the vibrometer was 

due to only the microcantilever vibration and did not arise from other sources. Figure (4.10b) shows 

an example of a measured optical response of the readout technique when the microcantilever was 

subjected to a frequency sweep from 10 to 100 kHz. Appendix (C.3) presents the specifications of 

the tools used for measuring resonance frequencies. 
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4.4 Summary 

This chapter presented a series of characterisation techniques in relation to their applications 

to characterise PS thin films and PS-FP filters. The surface morphology of PS thin films and PS 

microstructures was investigated by profilometers, SEM and FIB. The profilometer and SEM were 

suitable for height measurements and for surface topology. To produce high quality cross-sectional 

SEM images, an embedding method was developed using SU8 to fill the pores, followed by high 

curing temperatures. FIB was then used to mill cross sectional images, resulting in high resolution 

images of porosity with depth. 

The optical properties were determined using two methods: Vis/NIR reflectance and infrared 

spectroscopy. The porosity, refractive index and porosity gradient of single-layer PS thin films were 

extracted based on the Bruggeman effective medium approximation model applied to Vis/NIR 

reflectance spectrum measurements. Determining the optical properties of single-layer PS thin films 

is essential in construction of QWMs operating in the LWIR range. The optical performance of PS-

FP filters operating in the LWIR range was measured by obtaining the transmittance using infrared 

spectroscopy.  

The mechanical properties were extracted for both attached thin films and suspended 

microstructures. For attached thin films, Stoney’s equation was used to measure the stress in single 

layer, 2-layer and multilayer from measurements taken over long, repeatable spans using an optical 

profilometer. For suspended microstructures, the resonance frequency was measured using an optical 

laser Doppler vibrometer to extract the stress and Young’s modulus in microcantilevers. The 

resonance frequencies (or the natural frequency) of PS microcantilevers were determined based on 

detecting the Brownian motion, which provided an easy method to record the natural frequency to 

measure stress and Young’s Modulus. 
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Chapter 5 

Optical characterisation of porous silicon 
 This chapter presents the optical performance that can be achieved for micromachined PS-

FP filters operating in the LWIR range. Evaluating the optical performance is achieved in a series of 

steps. First, the optical properties of low- and high- porosities layers are obtained individually (as 

single layers) using reflectance measurements across the Vis/NIR range (600-1000 nm), to extract 

porosity, refractive index (n, from which the porosity is obtained), porosity gradient and roughness. 

Then the infrared transmittance measurements of these single layers are obtained along with the 

optical model, taking into account the determined porosity, refractive index and thickness. Obtaining 

the transmittance response of attached films (single layer and multilayer) is important to study the 

absorption loss (α) resulting from the annealing process, as well as to evaluate the effect of porosity 

gradient on the optical behaviour, particularly at the LWIR range. After that, the transmittance of 

PS-FP microstructures is investigated in two steps. The transmittance is measured first within the 

anchored region (attached films) to evaluate the porosity change after the micromachining process. 

Then the transmittance within the mirror (suspended films) is measured along with estimating the 

bowing of the top surface. The bowing is estimated after obtaining the depth/height of the etched 

cavity in the substrate. Finally, a method to reduce the bowing of the top mirror by introducing stress-

relief notches is discussed. 

 

5.1 Single-layer porous silicon thin films 

5.1.1 Vis/NIR reflectance measurements of single-layer porous silicon 

Prior to constructing multilayer PS thin films, it is essential to obtain the optical characteristics 

of as-fabricated single-layer PS thin films of L- and H- porosity PS thin films. In this work, the optical 

properties were extracted by performing Vis/NIR reflectance measurements from 600-1000 nm. 

Figures (5.1 a and b) show the reflectance measurements of L- and H- porosity layers, respectively, 

along with the fitting from the model based on the Bruggeman EMA, as discussed in detail in section 

(2.5). Table (5.1) lists the optical properties extracted from the modelling, while the thicknesses were 

obtained from cross sectional SEM images. The amount of roughness shown in table (5.1) indicates 

that the roughness (σ) is too small to affect the transmittance response at the long wavelength range, 

which is the range of interest in this work, knowing that σ/λ <100 at 9.7 µm [91]. The mismatch 

between the modelled response and the experimental one for the L-porosity layer is to be expected, 

based on the variation obtained from the Bruggeman EMA as the porosity decreases [152]. In 
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addition, films thinner than 1000 nm have fewer oscillations across the Vis/NIR range to fit, leading 

to larger uncertainties. 

 

Table 5.1 Properties extracted from Vis/NIR reflectance measurements (The measurement 
variations are based on all wafers used in this work). 

 Low-porosity layer (L) High-porosity layer (H) 
Porosity (P) 60 ± 3 % 82 ± 2 % 

Refractive index (n) at 600 nm 2 ± 0.08 1.48 ± 0.04 
Thickness* (h) 1000 ± 200 nm 2200 ± 200 nm 

Porosity gradient (dP/dh) – 20 ± 10 %/µm +1 ± 2 %/µm 
RMS interface roughness (σ) 60 nm 40 nm 

* The thicknesses were obtained from the cross-sectional SEM images. 

 

 
Figure 5.1 Measured and modelled Vis/NIR reflectance response of single-layer PS thin films of (a) 

as-fabricated low porosity and (b) as-fabricated high porosity. 
  

Estimating the porosity gradient from the model is more complicated than estimating the 

porosity. Fundamentally, the porosity gradient was modelled in this work by treating a single PS layer 

as a set of 20 discrete layers of linearly varying porosity to approximate the desired porosity gradient. 

Thus, for simplicity the model was built on the assumption that the porosity gradient is linear for 
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simplicity. However, studies have reported that there are many factors which can contribute to the 

porosity gradient in thin films, including HF concentration, the storage time in the anodisation 

electrolyte [64] and the doping of silicon starting wafers [153]. As these factors can affect the 

magnitude of the porosity gradient, controlling the porosity gradient is very difficult, and makes 

comparison with other work difficult. Further, in most studies that report the porosity using 

gravimetric (weight) techniques, the porosity reported is only an average porosity and very little 

information about the porosity gradient can be obtained from such studies. Our work uses optical 

reflection spectroscopy to estimate the range of the porosity gradient in our films.  While the extracted 

porosity gradient from L-porosity films in table (5.1) appears high at -20 %/μm, this parameter serves 

primarily as an input into the optical model, to be able to predict optical performance. Ultimately, the 

porosity gradient resulting from 3-layer PS caused a relatively small change in the transmittance 

response, as shown later in figure (5.5) in section (5.2).  While the magnitude and sign of this porosity 

gradient is interesting in itself, a more detailed investigation to determine of the source and depth-

profile of the porosity gradient for the L-porosity layers is out of scope in this study and left for future 

work. 

In this work, a positive porosity gradient (+ dP/dh) refers to a porosity that increases in the 

direction of the air/PS interface toward the PS/silicon interface, while a negative porosity gradient (- 

dP/dh) refers to the opposite direction, as illustrated in figure (5.2). Various reflectance measurements 

of samples used in this study showed that L-porosity thin films have a porosity gradient of – 20 ± 10 

%/µm that is higher than that in H-porosity thin films of +1 ± 2%/µm. 

 
Figure 5.2 A schematic image to introduce the definition of positive and negative porosity gradient 

as defined in this thesis. 

 

5.1.2 Infrared transmittance of as-fabricated single-layer porous silicon 

 After estimating the optical properties of both L- and H- porosity thin films in the Vis/NIR 

range, FTIR measurements in the range of 2-14 µm were obtained for both L- and H- porosity thin 

films, as shown in figures (5.3 a and b), respectively. The combination of FTIR and Vis/NIR 
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measurements provides spectral data over a wide range to help validate the FTIR optical model. After 

determining the porosity and the thickness, the fittings of L- and H- porosity thin films show close 

agreement with the transmittance peaks in the FTIR data. The mismatch between the measured data 

and the fitting is more pronounced in L-porosity than in H-porosity thin films, which could be due to 

imperfections in the film. Including a porosity gradient of – 7 %/µm in the model improves the fitting 

of the L-porosity thin film, which agrees with the Vis/NIR reflectance measurement, indicating that 

the porosity is higher at the air/PS interface than at the PS/silicon interface.  

 
Figure 5.3 Transmittance of single-layer (a) as-fabricated low porosity and (b) as-fabricated high 

porosity thin films. 
 

The HF electrolyte depletion theory argues that the porosity increases with depth because of 

the inverse relationship between the porosity and HF concentration [64]. However, the longer 

immersion time in the anodisation electrolyte could cause the pores to widen, resulting in higher 

porosity at the air/PS interface than at the PS/silicon interface [64]. As forming the L-porosity thin 

film takes almost 5 times longer than forming the H-porosity thin film (125 seconds compared to only 

27 seconds), as discussed in section (3.2.2), the effect of immersion time could overcome the effect 

of the HF depletion in the L-porosity thin film. As the porosity gradient of the H-porosity thin film is 

very small, its effect on all the fittings obtained in this chapter was found to be negligible. 
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The absorption peaks appearing in the transmittance data at 4.8 µm and 11.1 µm in both layers 

are correlated with different Si-H bonds in the substrate, which tend to break after annealing [154]. 

The small absorption observed in the range of 9-10 µm was previously associated with  the oxidation 

of the film [109], given that the transmittance data was collected nominally 5 hours after the 

fabricating process. As mentioned before, the optical model is based only on silicon, and absorption 

peaks from other sources have not been included in the model. The increased deviation between the 

measured data and the model above 12 µm is due to the limitation in the FTIR tool used, making the 

measurement in that range unreliable. 

 

5.1.3 Infrared transmittance of annealed single-layer porous silicon 

After the formation process, PS samples were annealed in N2 environment at 600 ̊ C to provide 

chemical stability and oxidation resilience, as discussed in section (3.3). Figures (5.4 a and b) show 

the transmittance of annealed single films of both L- and H- porosity layers, respectively. The film 

thickness was reduced after annealing by approximately 100-200 nm for both layers, which is 

associated with bond-length changes due to hydrogen desorption from PS surfaces [112]. The 

pronounced absorption at 8.6 µm is attributed to a N-H bond [155] and the one at 9.8 µm is attributed 

to a Si-O-Si bond [156]. Both absorption bands are associated with the formation of silicon oxynitride 

(SiOxNy), resulting from annealing the sample under a nitrogen atmosphere [114]. 

 
Figure 5.4 Transmittance of single-layer of (a) annealed low porosity and (b) annealed high 

porosity, and the corresponding extinction coefficient obtained of (c) low- and (d) high- porosity 
layers. 
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Ultimately, to operate in the LWIR range, low-loss PS films are required. As the developed 

micromachining process in this study requires the films to be passivated, a better understanding of 

the loss in passivated films within the LWIR range was needed to be obtained. From the transmittance 

of annealed PS films measured in figures (5.4a and 5.4b), comparison with models allows an estimate 

of the absorption in the PS films to be obtained in L-porosity and H-porosity films. The extinction 

coefficient (k) of both layers was calculated using the relationship: 

 𝑘𝑘 =
𝛼𝛼 𝑚𝑚
4𝜋𝜋 ,                                                                   (5.1) 

where 𝛼𝛼 is the absorption coefficient, given by 

𝛼𝛼 = −
1
ℎ𝐹𝐹𝑆𝑆

ln𝑇𝑇𝑚𝑚 ,                                                             (5.2) 

where ℎ𝐹𝐹𝑆𝑆 is the thickness of PS thin films and 𝑇𝑇𝑚𝑚 is the transmittance of annealed films (Tann) after 

normalising it to the transmittance of the as-fabricated film (Tas-fab) measured in figure (5.3), that is 

𝑇𝑇𝑚𝑚 =
𝑇𝑇𝑚𝑚𝑖𝑖𝑖𝑖

𝑇𝑇𝑚𝑚𝑝𝑝−𝑒𝑒𝑚𝑚𝑏𝑏
.                                                                   (5.3) 

Figures (5.4 c and d) show that the extinction coefficient obtained for the L-porosity thin film is higher 

than the one obtained for the H-porosity thin film by a factor of 1.8. Interestingly, the general shape 

of the extinction coefficient across a wide range of porosities appears to be generally unchanged, only 

requiring scaling to adjust the loss due to the porosity different. Furthermore, the magnitude of the 

extinction coefficient is still relatively low across the entire range of porosity used in this study. 

 

5.2 Infrared transmittance of multilayer porous silicon 

 After detailed modelling of the transmittance response of single layers for both as-fabricated 

and annealed films, QWM-based 3-layer PS thin films were formed, in the order of LHL-porosity. 

The layers of these LHL-porosity thin films have the same characteristics of single-layer PS thin films 

formed in section (5.1), i.e. 60% porosity of the L-porosity layer and 82% porosity of the H-porosity 

layer, which are associated with refractive indices of 2 and 1.5, respectively.  

Figure (5.5a) shows the transmittance of a 3-layer PS structure (attached films) after 

annealing, and figure (5.5b) shows the characteristics of these layers used for the fitting. The 

thicknesses of these layers were determined from a cross-sectional SEM image, which is required to 

be included in the optical model. The model shown in figure (5.5a) agrees well with the locations of 

the transmittance peaks between 2-8 µm. The pronounced drop in the transmittance between 8 and 

10 µm is associated with the absorption of the silicon oxynitride (SiOxNy) in annealed samples, as 
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discussed in the previous section. Including a porosity gradient of -10%/µm for the L-porosity layer 

to the model improves the fitting in the range between 5-7 µm, while also resulting in a 50 nm 

blueshift in the wavelength beyond 7 µm. As the porosity gradient caused a relatively small change 

in the transmittance response, the porosity gradient will not be considered in further modelling. 

 
Figure 5.5 (a) Transmittance of an annealed QWM-based 3-layer PS thin film (attached to the 

silicon substrate) and (b) a schematic image of the characteristics of the layers used in the model. 
 

5.3 Optical characterisations of porous silicon Fabry-Pérot filters 

Obtaining transmittance responses for PS thin films, in previous sections, and successfully 

validating the model, provides a basis to model the transmittance for PS-FP filters. Chapter 3 

discussed in detail the developed micromachining process to fabricate PS-FP filters. In this section, 

the transmittance was measured after the last step of suspending the structures and forming the air 

cavity, which is the process discussed in section (3.6). During the electropolishing process, the top 

mirror was not protected by photoresist in order to allow HF to seep through the PS to reach the 

PS/silicon interface. The presence of both HF and the current flow in unprotected regions allowed 

etching of the interface to form an air cavity in that region. Where the photoresist covered the edges, 

those regions were protected from the chemical etching of HF, allowing the anchors to sustain their 

attachment to the substrate. 

In the work discussed in this section, the transmittance was measured within two regions, the 

anchored region (where PS layers are attached to the substrate) and the mirror region (where PS layers 

are suspended). First, the transmittance within the anchored region was obtained to confirm the 

porosities of each layer. Prior to obtaining the model fitting, the thicknesses were measured from a 

lateral SEM image of a microstructure. After determining the thicknesses, the porosity was the only 

parameter that could be varied in the model to fit the measurement data within the anchored region. 
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Although the porosities were extracted initially from the reflectance measurement of single-layer PS 

thin films in section (5.1.1), the process of applying photolithography, patterning, electropolishing 

and drying to form MEMS structures could affect the final porosities.  

After that, the transmittance within the mirror region was measured. Prior to obtaining the 

fitting, the height of the etched cavity (hc) was extracted from the surface profile of the silicon after 

removing the PS with tape. After determining the final porosities and the height of the etched cavity, 

the effective bowing (𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒) of the top mirror was the only parameter that was considered a free 

parameter to vary in the model. The effective bowing includes both the effect of bowing and tilting 

of the top mirror, as discussed in section (2.7). Finding the effective bowing was achieved by 

obtaining the best fit of the transmittance within the suspended region. After validating the optical 

model as a method to determine the effective bowing, a discussion of the effect of the stress-relief 

notches on the bowing is carried out in section (5.3.4). 

 

5.3.1 Transmittance within the anchored region 

The thickness of the three layers after suspending the structures were measured using a lateral 

SEM image of a suspended double-clamped beam, as shown in figure (5.6). The different shades 

between the first and the third layers (as they have the same porosity) are due to the angle the image 

was taken from, allowing the top layer to be slightly more exposed to the electron beam than the 

lower layer.  

 
Figure 5.6 SEM lateral view of a doubly clamped beam consisting of 3 layers of PS in the order of 
LHL-porosity, suspended above an air cavity form through the electropolishing process. Thin films 

remain attached (anchored) to the substrate at the ends of the beam.  
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Figure (5.7a) depicts the transmittance and the fitted curves taken within the anchored region 

where the films are attached to the substrate. In this region, the transmittance represents the 

measurement of the 3-layer PS structure attached to the silicon substrate (LHL-porosity – silicon 

substrate), which is comparable to the measurement shown in figure (5.5a) for the same film layers 

which had not been exposed to the additional processing steps required to form the suspended 

structures. The HF concentration used in this chapter varied between 25%-26%. All attached films in 

sections (5.1) and (5.2) were formed using 26% HF, while all suspended structures in section (5.3) 

were formed using 25% HF. The change of HF concentration was based on a separate investigation 

to try to minimise the detachment of films by controlling the HF concentration. However, very little 

difference was observed between using 25% and 26% HF concentrations, except that as-fabricated 

layers had slightly higher porosities (by around 2%) when using 25% HF. The relationship between 

HF concentration and porosity is discussed in appendix (B.1).  

Interestingly, the best fit was obtained when the porosity of all layers was increased by 8%, 

suggesting that the photolithography and the critical pint drying may have caused the pore sizes to 

widen. Overall, having higher porosities results in shifting the refractive indices to 1.75 for the L-

porosity layer and to 1.24 for the H-porosity layer.  

 
Figure 5.7 (a) Transmittance within the anchored region (not suspended) of a PS-FP filter (the 

optical path: air-LHL porosity layers-silicon-air), and (b) a schematic image of where the 
measurement was taken, defining the optical path of the anchored region. 
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The significant absorption in the spectrum between 8-10 µm relates to overlapping modes 

between N-H [155] and Si-O-Si [156], which are the surface bonds formed during the annealing 

process, as shown in figure (5.4) and figure (5.5). It should be mentioned that the anchored region 

was protected by a photoresist layer during the electropolishing process, preventing HF from 

removing the passivation layer [109]. The very strong absorption in the range 8-10 µm in figure (5.7) 

compared to the absorption shown in figure (5.5) may suggest that absorption effects due to the 

passivated PS/silicon interface dominate. At the PS/silicon interface, there is a considerable strain 

distributed over an extremely small area (see figure (6.1) and associated discussion later), resulting 

in extremely short-spatial-range and wide energy bandgap changes [157]. However, as figure (5.7) 

and figure (5.5) are for different samples, sample-to-sample process variations cannot be ruled out as 

the reason behind this significant difference in absorption. For example, a longer time between the 

PS formation and the annealing processes for the sample in figure (5.7) may have resulted in greater 

oxidation prior to forming the passivation layer. Although annealing was conducted within a few 

minutes after formation for most samples throughout this work, PS is known to be highly sensitive to 

ambient conditions within the first 60 minutes of its formation [109]. 

 

5.3.2 Determination of the height of the etched cavity  

The mirror separation (hs) in PS-FP filters is defined as the distance between the substrate and 

the underside of the mirror. If the top mirror was perfectly flat, the etched cavity (hc), which is formed 

at the end of the electropolishing process discussed in section (3.6.2), would be equivalent to the 

mirror separation (hs). As discussed in section (4.1.3), when the top mirror shows bowing (𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒), 

the mirror separation is given by equation (4.2) 

ℎ𝑝𝑝 = ℎ𝑐𝑐 + 𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒 .                                                                  (4.2) 

All the terms in equation (4.2) are illustrated in figure (5.8). While optical profilometers can be used 

to obtain the surface topology of single-layer PS thin films attached to the substrate, they cannot 

extract the surface topology of multi-layer films with complex reflection coefficients and optical 

cavities, as discussed in section (4.1.3). Hence, a method to determine the mirror separation is needed, 

to be able to evaluate the top mirror bowing. 

 
Figure 5.8 Illustration of bowing in a PS top mirror, defining the terms (mirror separation, hs), (etch 

cavity, hc) and (effective bowing, 𝛿𝛿𝛿𝛿𝑒𝑒𝑒𝑒𝑒𝑒). 
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The height of the etched cavity (hc) was measured by removing the PS layers (both the 

anchored and the membrane regions) from the substrate with tape, and subsequently, measuring the 

surface profile of the exposed surface of the silicon that was etched to form the cavity. Figure (5.9a) 

shows the surface profile of the etched cavity on the silicon substrate across the line (AB), as shown 

in figure (5.9b), of a PS-FP filter after conducting the electropolishing process using 5% HF/DI water 

and 27.5 mA/cm2 current density with 50% duty cycle for 480 seconds. The electropolishing process 

is discussed in section (3.6.2). 

 
Figure 5.9 (a) Surface profile of the etched cavity in the silicon, after removing PS membrane with 

tape, with dashed lines added to indicate the tilt and the deviation on the bottom cavity. (b) 3D 
illustration showing the scanning area. 

 

 The surface profile in figure (5.9a) shows the etched surface on the silicon. Figure (5.9a) 

depicts that the etched silicon surface (the bottom of the cavity) exhibits a total deviation of 470 nm 

and a tilting of 300 nm, which account for 9.8% of the total etch height. This non-uniform etching on 

the bottom cavity could have resulted from asymmetric current density distribution during the 

electropolishing process, where it exhibits less etching at the centre area compared to the edges. This 

“edge effect” was reported previously [82], which results from the tendency of the current flow to be 

higher at the edges of an un-masked (unprotected) region than at the centre. By considering the hillock 

formed within the etched silicon region and the tilting on the top mirror, the etched centre cavity 

region has the value of hc = 3.3 µm without considering any additional bowing of the top mirror. 

Based on the electropolishing etch rate of 13.75 nm/s, it would require a total of 353 seconds to 

produce a 4.85-µm cavity for the desired PS-FP filters operating at λ = 9.7 µm in the LWIR range. At 

this stage, no definitive solution is available to remove this hillock, however possible solutions 

include: investigations into the effect of pulsed-current during the electropolishing process; and 

depositing back-side electrodes aligned to the filters in order to control the electropolishing current 

flow through the wafer. The contribution here is to identify the potential issue due to electropolishing, 

however at this time, pursuing such studies is beyond the scope of this work. 
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5.3.3 Transmittance within the suspended region 

Figure (5.10) shows the transmittance within a suspended top mirror taken at the centre of the 

membrane with aperture size of 600×600 µm2. The fitting was obtained through two steps. First, the 

mirror separation (hs) was varied in the model to match the locations of the transmittance peaks. Then 

the effective bowing (δdeff) parameter was used to match the spectral broadening of these peaks. 

Modelling of the effective bowing, which includes both bowing and tilting of the top mirror, was 

discussed in section (2.7). The best fit in figure (5.10a) was obtained using a mirror separation of hs 

= 4.3 µm and a deflection of δdeff =1 µm. This data is consistent with the etched cavity height of hc = 

3.3 µm measured using the surface profilometer in figure (5.9). The discrepancy between the exact 

shapes of the measured data and the model could be due to a combination of the porosity gradient in 

the layers and the asymmetric bowing of the top mirror. 

 
Figure 5.10 (a) Transmittance within a suspended membrane (the optical path: air-LHL porosity 

layers-air-silicon-air), and (b) a schematic image of the characteristics of the suspended layers used 
in the model. 

 

To further test the effect of the deviation of the bottom of the cavity on the transmittance 

response, the optical model was altered by breaking the height of the cavity into sections (i.e. 5 

sections for this work), the optical model was obtained for each section, and then all the responses 

were added together. However, the concave-convex shape of the cavity, which resulted from the back 

side of the top mirror being concave and the bottom cavity being convex, leads to small change in the 
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cavity height across the aperture area, as shown in figure 5.11. Correspondingly, the transmittance 

response model remains nearly unchanged, as shown in figure (5.10a). In conclusion, the deviation 

has a negligible influence on the transmittance of the range of interest (LWIR). 

 

Figure 5.11 Illustration of the concave-convex cavity resulting from bowing in the top mirror and 
deviation in the bottom cavity. Note that the cavity height remains almost the same across the 

aperture area. 

  

Interestingly, while a significant absorption was measured in the pass band between 8-12 µm 

within the anchored region, as shown in figure (5.7), this absorption disappears completely in the 

suspended region. Even though it was expected that the passivation layer would be completely 

removed, the ambient conditions did not cause oxidation of the top mirror, as shown in the 

transmittance response in figure (5.10), considering that the measurement was taken around 24 hours 

after electropolishing. This finding was encouraging given the very large surface area of the PS was 

of considerable concern, as even small amounts of oxidation of this surface could have resulted in 

significant absorption. More interesting was that this finding suggests that the absorption observed in 

figure (5.7) may have originated at the PS/silicon interface that was removed once the structures were 

suspended. This finding also suggests that annealing the sample after the initial formation of only the 

top PS layers provides adequate environmental stability to the device even after electropolishing, 

which is a process requiring immersing in HF that should in principle strip off the passivation layer. 

The observation that the suspended membrane exhibits a very little absorption in the range of 8-12 

µm is extremely powerful, and shows the exceptional potential provided by the micromachining of 

PS-FP filters operating within the LWIR range. While it may be possible that environmental oxidation 

may increase the absorption in the suspended porous films over time, it is beyond the scope of this 

work to consider the long term environmental effects on the membrane. However, should this issue 

arise, subsequent passivation of the released structure may be possible. 

The optical quality of the filter (the transmittance) will improve dramatically once the bowing 

is reduced to achieve deformation-free mirrors, with a transmittance peak reaching 90% at 9.7 µm, 

as shown in figure (5.10). The air cavity of 4.8 µm can be simply formed by increasing the etching 
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time of the electropolishing process, as discussed in section (5.3.2). Further, this is only a 3-layer 

(QWM-based) with the silicon substrate acting as the back reflector. Previous modelling shown in 

figure (2.8) has demonstrated considerable improvement to both the FWHM and the transmittance 

response if both top and bottom mirrors are formed using multilayer PS. Compared to traditional 

micromachining techniques which use sacrificial layers to achieve specific gaps within Fabry-Pérot 

filters [25], this work shows the simplicity of controlling the electropolishing duration to achieve the 

desired centre pass band of filters. 

 

5.3.4 Reducing the bowing by stress-relief notches 

The bowing induced in the membrane degrades the optical performance, as shown in figure 

(5.10). Residual stress and stress gradient in films are considered the main causes of the bowing in 

MEMS structures. In the case of PS, the stress gradient is associated with the out-of-plane porosity 

gradient [113]. Chapter 7 discusses techniques for compensating the porosity gradient by varying the 

anodisation current to reduce the stress and produce flat structures. In this section, designing stress-

relief notches is discussed. 

The technique of forming stress-relief notches was adopted from the work of Tripathi [158] 

who reported etching the four corners of the top mirror to improve the membrane flatness. The 

technique is based on the introduction of holes and notches into films, to relieve the inherent residual 

stress in those films. It was found that such holes/ notches can result in a significant stress relaxation 

at the free surfaces of micromachined features. Micromachining holes/ notches into films changes the 

stress distribution in the surrounding region, causing the local strains on the surface of the test material 

to change correspondingly.  

To investigate the relationship between the locations of the notches and the bowing, figure 

(5.12) shows three different designs with different characteristic of stress-relief notches and the 

bowing associated with each one. The micromachining processes to form design A (without notches) 

and design B and C (with notches) were discussed in detail in chapter 3. The bowing of these mirrors 

was estimated based on fitting the transmittance peaks with the optical model. It should be noted that 

the membrane with 100-µm notches (Design C) shown in figure (5.12c) was the device discussed in 

the previous section with the transmittance shown in figure (5.10), which has an upward bowing of 1 

µm as demonstrated previously. Design A, in figure (5.12a), was formed without any stress-relief 

notches and it exhibited a large bowing of 6.7 µm. Stress-relief notches were etched 200 µm toward 

the centre of the membrane in design B, in figure (5.12b), and 100 µm toward the centre of the 
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membrane in design C, in figure (5.12c). Although introducing notches resulted in reducing the 

bowing in design B, the location of the notches can improve the flatness of the top mirror further, 

reducing the bowing down to 1 µm in design C, which is the target of discussion in section (5.3.3). 

Although no further investigation of notches locations with less than 100 µm toward the centre of the 

membrane was conducted, the results in figure (5.12) suggest that controlling the location of the 

notches could help reduce the bowing of the top mirror further. This finding shows simple approaches 

to reduce the bowing in membranes that can have a significant effect on their flatness. Further 

investigation is required to optimise the integration of these notches and their locations, but such 

studies are left for future work. 

 

 
Figure 5.12 Three different membranes (a) without stress-relief notches, (b) with notches located 

200 µm and (c) 100 µm towards the centre of the membrane, along with the bowing associated with 
each design. 

 

5.4 Summary 

 The optical characteristics of PS were discussed along with the optical model. The porosities 

and the refractive indices of both L- and H- porosity thin films were obtained by Vis/NIR reflectance 

measurements while the thicknesses were measured from cross-sectional SEM images. The 

transmittance was also obtained for the same single-layer PS thin films which showed close 

agreement with the optical model. Annealing the films in N2 atmosphere resulted in formation of 

silicon oxynitride which consequently caused a dominant absorption in the transmittance spectrum 
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between 8-10 µm, but only in films attached to the substrate. Moreover, the transmittance 

measurement of an annealed 3-layer PS thin film also showed a porosity gradient in the L-porosity 

layer of about 10%/µm. 

 After forming the PS-FP filter, the transmittance was measured at the anchored (LHL-porosity 

layer - silicon) and suspended regions (LHL-porosity layer - air - silicon). Comparison between the 

transmittance of the annealed 3-layer PS (attached films, not patterned) and the transmittance of the 

anchored region (containing the same 3-layer PS, patterned), showed that the porosities of both L- 

and H- porosity layers were increased by 8 % after the suspension process. The transmittance of the 

anchored region also showed a broad peak between 8-10 µm which was attributed to the passivation 

layer given that the anchored region was protected from HF attack during the electropolishing and 

the RIE processes by a photoresist layer. Interestingly, the absorption peak disappeared within the 

measured transmittance spectra of the suspended PS region, suggesting that the loss of radiation was 

dominated by absorption at the PS/silicon interface. The transmittance of the PS top mirror showed 

that the mirror separation was 4.3 µm with 1 µm of bowing, which agreed with the measurement of 

the surface profile of the etched cavity obtained from the etched silicon. The transmittance 

measurements also demonstrated that introducing notches at the four corners of the top mirror reduced 

the bowing of the top mirror significantly. Finally, the optical performance showed very promising 

results for what are the first MEMS-based suspended PS-FP filters operating in the LWIR range, 

having a theoretical transmittance peak of 90% once a flat, stress-free mirror is achieved.  
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Chapter 6 

Mechanical properties of porous silicon 
Investigating the mechanical properties is important in order to achieve optically flat 

structures and to determine the strength of these structures. This chapter focuses on the residual 

stress, the Young’s modulus and the strain of PS thin films (attached), and of PS-FP microstructures 

(suspended films). Stoney’s equation is utilised to measure the stress of porous silicon thin films for 

single, bilayer and multilayer films that remain attached to the substrate. Subsequently, the 

mechanical properties of PS-FP microstructures are investigated based on resonance frequency 

measurements of the microcantilevers. Each measurement is discussed in detail along with the 

reported measured results. 

 

6.1 Introduction 

The performance and the design of microelectronic mechanical systems (MEMS) strongly 

depend on the mechanical properties of materials used [159]. Residual stress and Young's modulus 

are the basic elastic properties that govern the mechanical behaviour of thin films, and they need to 

be well understood in order to successfully achieve optically flat structures [146]. Residual stress is 

found in the majority of thin films, and it can significantly affect the flatness and the rigidity of 

membranes after suspending these structures [139]. Furthermore, when thin films are used as 

structural layers, the mechanical properties of these thin films affect the static operation (including 

tilting and bowing) and the dynamic operation (including resonance frequency and response time) of 

the final device [160]. These mechanical properties are very important in microstructures that are 

designed to be moving, as is the case in surface micromachined optical filters [161]. While an 

understanding of such mechanical properties is undertaken here, achieving a moving (or tuning) filter 

is out of scope of this study as it requires the development of electrical, low stress contacts to the 

films. 

In PS thin films, the residual stress can be due to the lattice mismatch between the PS layer 

and the silicon substrate, as demonstrated in figure (6.1) [162]. The causes of stress are related closely 

to PS formation conditions, particularly porosity, because the lattice expansion increases with 

porosity [163]. As a result, PS thin films tend to move from compressive stress to tensile stress as the 

porosity increases [164]. Therefore, it can be anticipated that a PS layer with a porosity gradient 

exhibits a stress gradient. Xiao et al. [113] reported that a 23% change in the porosity could account 

for a 90% change in the internal stress. 
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Figure 6.1 Schematic illustration of the stress produced from the distortion of silicon crystalline 

lattice at the PS/silicon interface [162]. 
 

When studying stress in PS-FP filters, two perspectives need to be investigated: the stress in 

multilayer thin film and the stress in suspended structures. Multilayer PS thin films could have 

different stress profiles for each layer, where each layer may have different porosity and porosity 

gradient. In attached films, the stress reflects the internal stress and the lattice mismatch between the 

PS films and the substrate [165]. In suspended films, the stress reveals only the film internal stress.  

The major difficulty encountered in the mechanical characterisation of thin films is the ability 

to measure these properties by conventional methods owing to their size and configuration. However, 

using careful analysis and suitable microscopy tools, the mechanical properties can be extracted for 

both attached thin films and suspended microstructures. In this work, Stoney’s equation was used to 

measure the stress in attached thin films: single layer, bilayer and multilayer. For suspended 

microstructures, the resonance frequency was measured using an optical laser Doppler vibrometer to 

extract the stress and Young’s modulus in PS cantilevers. 

 

6.2 Mechanical properties of attached films 

6.2.1 Determination of the film stress from substrate curvature 

As discussed, the residual stress in attached films arises due to the lattice mismatch between 

PS thin films and the substrate, which relates to the formation and annealing conditions. In this study, 

the residual stress was measured using Stoney’s equation, as discussed section (4.3.1). A range of PS 

thin films were formed on 2” silicon wafers: single layer (L-porosity) and (H-porosity), two two-layer 

(LH-porosity) and (HL-porosity), and three-layer (LHL-porosity) thin films. The porosities and the 

thicknesses of these thin films were as specified in table (6.1). It is worth mentioning that the stress 

measurements in this section were carried out at the early stage of this work when the current density 

was fixed at 10 mA/cm2 for both L- and H- porosity layers while the HF concentration (in ethanol 

solution) was 21% for the L-porosity layer and 15% for the H layer. 
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Table 6.1 Specifications and anodisation parameters of low- and high- porosity layers used for 
residual stress measurements in PS thin films. 

Layer 
HF 

concentration 
(%) 

Current 
density 

(mA/cm2) 

Porosity, 
P (%) 

Refractive 
index, n 

As-fabricated 
thickness hPS 

(µm) 

Low-porosity 21 
10 

67 1.8 1.3 

High-porosity 15 80 1.5 1.8 

 
 

Figure (6.2) summarises the residual stress for both as-fabricated and annealed PS thin films 

taken for single, 2-layer and 3-layer. The sample standard deviation of the stress measurements in 

this study is ± 0.4 MPa. Detail about the calculation of the sample standard deviation is in appendix 

(C.4). Considering first the as-fabricated samples, it was observed that all the as-fabricated samples 

showed different compressive stress levels, which agrees with many published studies [113, 163, 

166]. The stress in the as-fabricated thin films ranges between -2.6 MPa and -19.66 MPa, where -2.6 

MPa is associated with the single H-porosity layer and -19.66 MPa is associated with the single L-

porosity layer. It is expected that the stress moves from compressive (- σ) to tensile (+ σ) as the 

porosity increases due to an increase in the lattice mismatch at the PS/silicon interface [163, 164, 

167]. 

By comparison, after annealing the compressive stress was reduced significantly in the L-

porosity layer, while in the H-porosity layer the stress became slightly tensile stress. These effects 

are thought to be related to desorption of hydrogen during annealing [113, 133, 168]. It is reported 

that at the end of PS formation process, all the dangling bonds are terminated with hydrogen atoms 

[169], which agrees with the absorption peaks detected in the transmittance responses of as-fabricated 

samples in this work at 4.8 µm and 11.1 µm, as shown in figure (5.3), which are associated with Si-

H bonds. After annealing PS thin films, most of the hydrogen atoms are desorbed leaving a large 

number of silicon dangling bonds at the terminated pore surface, which also agrees with the 

transmittance responses of annealed samples in this work, shown in figure (5.4), where no absorption 

peaks associated with Si-H bonds were detected. The change in the surface chemistry from as-

fabricated to annealed state, appears to have reduced the lattice mismatch and consequently the 

overall residual stress in PS thin films. 
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Figure 6.2 The residual stress of single, 2-layer and 3-layer PS thin films for as-fabricated and 

annealed samples. 
 

In 2-layer PS thin films, the stress was more compressive where the L-porosity layer was 

adjacent to the silicon interface, as shown in figure (6.2). Conversely, when the H-porosity layer was 

adjacent to the silicon interface, the stress was less compressive and it became slightly tensile after 

annealing. Karim et al. [170] investigated different 2-layer PS stacks and argued that H-porosity layer 

is the dominant source of stress in 2-layer stacks. However, it can be argued from the results in figure 

(6.2) that the lattice mismatch at the PS/silicon interface is likely the key factor controlling the stress 

in 2-layer PS thin films. When a L-porosity layer is at the PS/silicon interface, the lattice mismatch is 

high, but it reduces by 60% when a H-porosity layer is formed on top, as it slightly balances the 

overall stress (for as-fabricated films). When a H-porosity layer is at the interface, the lattice 

mismatch is low, but forming a high-stress L-porosity layer on top increases the overall stress by 

60%. After annealing the 2-layer PS thin films, the stress of the top layer has little effect on the overall 

stress, and only the stress of the layer adjacent to the silicon substrate dominates the overall stress. 

Moreover, 2-layer results in figure (6.2) suggests that having a L-porosity on top is the preferred 

arrangement to obtain flat suspended structures. This is fortuitous as forming a L-porosity layer on 

top provides higher reflectivity when creating quarter-wave mirrors (QWMs) for Fabry-Pérot filters, 

as discussed in section (2.4).  

For 3-layer PS thin films, the overall stress was also dominated by the stress of the layer 

adjacent to the silicon substrate, while the top layer has a little effect on the overall stress. This 

argument explains the result in figure (6.2) for the 3-layer PS thin film having a stress close to the 

stress of the 2-layer PS thin film with the L-porosity layer adjacent to the silicon substrate.  
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6.2.2 Determination of Young’s modulus and strain 

To measure the Young’s modulus of PS thin films (𝐸𝐸𝐹𝐹𝑆𝑆), the general formula for single-layer 

PS thin films is given by [48] 

𝐸𝐸𝐹𝐹𝑆𝑆 = 𝐸𝐸𝑆𝑆𝑖𝑖(1 − 𝑃𝑃)3,                                                        (6.1) 

where P is the porosity and Esi is the Young’s modulus of silicon. In the case of 3-layer PS thin films, 

consider a stack of 3-layers of PS thin films attached to the substrate, as shown in figure (6.3). The 

effective Young’s modulus (Eeff) of the system can be calculated from the bending stiffness, which is 

given by [171] 

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒 = � 𝐸𝐸𝑖𝑖𝐼𝐼𝑖𝑖
𝑁𝑁

𝑖𝑖=1
,                                                            (6.2) 

where N is the number of PS layers and I is the moment of inertia about the neutral axis, as 

demonstrated in figure (6.3) [172].  The term 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒  is used in equation (6.2) to distinguish it from the 

one extracted from the resonance equation (4.9), 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒∗ . To determine the moment of inertia of a 

system, the moment of inertia I of each single layer should be calculated first by: 

𝐼𝐼𝑖𝑖 = �𝑝𝑝2𝛿𝛿𝐴𝐴
𝐴𝐴

=
𝑤𝑤ℎ𝑖𝑖3

12 ,                                                           (6.3) 

where w is the layer width, hi is the thickness of the layer i. Then the moment of inertia I of a 

multilayer system is given by the sum of the moment of inertia of all layers, that is: 

𝐼𝐼 =  � 𝐼𝐼𝑖𝑖
𝑁𝑁

𝑖𝑖=1
.                                                                     (6.4) 

Mechanical strain (ε) is a geometric measure of deformation, representing the relative displacement 

between particles in a material body, which is related to stress and Young’s modulus by: 

𝜀𝜀 =  
𝜋𝜋
𝐸𝐸 .                                                                        (6.5) 

 
Figure 6.3 Schematic of a multilayer system consisting of a high-porosity layer sandwiched 

between two low-porosity layers, attached to the substrate. 
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Table (6.2) lists the mechanical properties of single-layer PS thin films and a system of 3-

layer PS (in the order of LHL-porosity). Interestingly, a single H-porosity layer has a strain of 0.04%, 

and it can be reduced considerably to -0.016% (sign change) when encapsulating a H-porosity layer 

between two L-porosity layers, to form a 3-layer stack. 

The strain measurements of annealed PS thin films in table (6.2) are lower than reported 

values of annealed PS thin films. For example, Buttard et al. [173] reported a strain value of 0.06% 

for as-fabricated 2-µm PS thin films with a 65% porosity, which changed considerably to -0.35% 

after vacuum thermal annealing the samples at 550 ˚C. Their study shows that annealing changed the 

sign of the strain, largely due to hydrogen desorption, which agrees with Sun’s work [113]. By 

comparison, the single layer with a porosity of 67% shown in table (6.2) depicts that using nitrogen 

flow during annealing results in strain of -0.01%. This result suggests that annealing in nitrogen 

produces lower strain than annealing in vacuum, which consequently produces better mechanical 

properties of PS thin films. 

Another interesting study by Milenkovic et al. [174] reported a low strain of 0.011% in as-

fabricated PS thin films when forming a 1.4-µm PS layer with 30% porosity on top of two very thin 

high porosity layers of 60% porosity. Their study supports the results in figure (6.2) that forming a 

H-porosity layer underneath a L-porosity, reduces the stress, which consequently improves the overall 

mechanical properties.  

These are promising outcomes for the mechanical properties of a stack of 3-layer PS thin film, 

annealed in nitrogen atmosphere, which are particularly important for PS-MEMS filter applications. 

However, the mechanism of the stress in attached and suspended films could be considerably different 

due to the different stress that arises at the PS/silicon interface and from geometrical boundary 

conditions. Therefore, the mechanical properties of suspended microstructures needs to be 

investigated. 

 

Table 6.2 Characteristics and mechanical properties of single and 3-layer PS, annealed films. 

Layer 
Thickness 

(h), µm 
Porosity 
(P), % 

Stress 
(σ), MPa 

Young’s 
modulus (Eeff), 

GPa 

Strain 
(ε), % 

Low porosity 1.1 67 -0.61 5.9 -0.01 

High porosity 1.6 80 0.54 1.3 0.042 
Low/High/Low 

porosity 
4.4 67/80/67 -0.86 5.5 -0.016 
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6.3 Mechanical properties of suspended structures  

When the structure is released, the mean residual stress at the PS/silicon interface is relaxed 

and only the boundary-condition (anchor) stress acts on the structure. In this work, the resonance 

frequencies of cantilevers were determined to extract the stress and the effective Young’s modulus 

of suspended structures.  

Figure (6.4a) shows three different lengths (l) of PS cantilevers: 100, 200 and 300 µm, 

suspended on a silicon substrate, formed according to the process discussed in chapter 3. The 

cantilevers have a width of w = 20 µm, as shown in figure (6.4b), and they all consist of 3-layer PS 

thin films with alternating thicknesses and porosities as specified in table (6.3). The sidewall angle of 

the cantilevers shown in figure (6.4b) resulted from under UV exposure during the photolithography 

process. The thicknesses of the layers were measured from a cross-sectional SEM image of a 

cantilever, as shown in figure (6.4d), while the porosities of each layer were extracted from the optical 

measurements discussed in section (5.3.1). 

 
Figure 6.4 SEM images of (a) cantilevers with 100, 200, 300 µm length, (b) 200-µm length 
cantilever consisting of 3-layer PS, (c) a top view of a cantilever, and (d) a lateral view of a 

cantilever. 

 

The resonance frequency measurements were obtained in this study from the fundamental 

resonance of the cantilevers with no external excitation. The motion resulted only from the Brownian 

motion of the cantilevers, as discussed in section (4.3). The resonance frequencies of three cantilevers 

of different lengths were measured and presented in figure (6.5a). Figure (6.5b) shows a linear 

relationship between (𝑓𝑓2𝑙𝑙2) and (𝑙𝑙−2), supporting the assumptions made in obtaining equation (4.14), 

allowing extraction of mechanical properties. 

 



105 
 

Table 6.3 The parameters used in the resonance frequency measurements. 

Parameter Value 

Cantilever width 

(w) 
20 µm 

Cantilever length (l) 100, 200, 300 µm 

 Porosity (P) Thickness (h) Density (ρ) 

Low porosity 72 % 0.9 µm 652.4 kg/m3 

High porosity 90 % 1.6 µm 233 kg/m3 

 

 

The stress extracted from the y-axis intercept indicated an extremely small tensile value of 0.1 

MPa. This stress represents only the internal stress within the suspended cantilevers, compared to the 

compressive stress resulting from attached PS thin films of -0.86 MPa which includes both the film 

internal stress and the lattice mismatch between the PS thin film and the silicon substrate. The 

effective Young’s modulus extracted from the slope has a value of 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒∗ = 3.32 GPa. This effective 

Young’s modulus  𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒∗  is less than the one obtained in section (6.2.2) 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒  because the characteristics 

of the thin films (the porosities and the thicknesses) were different. 

 
Figure 6.5 (a) The resonance frequency measurements of three different PS cantilevers taken by the 

vibrometry and (b) the relationship between the cantilever length and the resonance × length. 

 

As discussed in section (5.3.1), the porosities of all layers increased by 8% after suspending 

the structures. If the porosities did not change after suspending the structures, i.e. if they had 

maintained the 60% and 82% porosity for L- and H- porosity layers, respectively, then the effective 

Young’s modulus would have been  𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒∗  = 9.5 GPa. However, the suspended structures formed in 

this study did not have that such value because the porosities increased by 8% after suspending, 
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resulting in a Young’s modulus of  𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒∗  3.3 GPa. For future work, the increase in the porosities should 

be taken into account to obtain the desired mechanical properties.  

The strain (ε) can be obtained from the effective Young modulus and the film residual stress 

using equation (6.5), which gives a value of 0.003%. The strain value of suspended films is lower 

than the strain observed in attached films, discussed in section (6.2.2), which is highly desirable for 

MEMS applications. Furthermore, the mechanical results for suspended PS thin films show promising 

results over other common MEMS silicon-based materials, such as amorphous silicon and 

polysilicon. Table (6.4) compares the values of the mechanical properties of 3-layer PS thin films 

obtained from this work to amorphous silicon and polysilicon films. Both amorphous silicon and 

polysilicon are widely used in MEMS due to their favourable mechanical properties. To make the 

comparison, amorphous silicon and polysilicon have high Young’s modulus values of 130-188 GPa 

[175] and 155-164 GPa [176], respectively, while the 3-layer PS thin film has an extremely low 

modulus of 9.5 (for porosities of 62%/80%) or 3.3 GPa (for porosities of 72%/90%). At the same 

time, the stress in 3-layer PS thin films is also much lower than the stress in amorphous silicon of 25 

MPa [177] and in polysilicon of 2100-4500 MPa [178]. However, the ratio of the two that is expressed 

through the strain tells the interesting story here. The strain of 3-layer PS is much lower than both of 

amorphous silicon (a-Si:H) at 0.13% [179] and of polysilicon at 0.03% [180].  

It is expected that the strain could be reduced further by increasing the effective Young’s 

modulus. One way to achieve high Young’s modulus is by selected high porosity contrast to form 

multilayer PS. However, there is a trade-off between reducing the porosity and keeping the stress 

low, as the stress of any single layer has an inverse relationship with the porosity [113]. 

As discussed in section (5.3.3), the suspended structures show bowing that broadened the 

transmittance response of PS-FP filters. The bowing in most MEMS devices is due to the stress 

gradient with depth. While maintaining low but slightly tensile stress is important to obtain flat 

structures, stress gradient can have a large effect on the bowing of these structures after the suspension 

process. In PS thin films, stress gradient is related directly to porosity gradient [113]. Controlling the 

porosity gradient with depth allows control of the stress gradient. The next chapter discusses methods 

for compensating the porosity gradient in released PS thin films to produce flat structures. 

An interesting observation is that while most of the stress came from the PS/silicon interface, 

the absorption loss (as shown by the transmittance response between 8-10 µm in figure (5.7)) also 

appeared to be strongly affected by the PS/silicon interface. Hence releasing MEMS devices through 

electropolishing has been shown to reduce both stress and absorption losses. 
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Table 6.4 Mechanical properties of PS thin films compared to cited reports for amorphous silicon and 
polysilicon 

Silicon-based 
materials 

Stress 

(MPa) 

Young’s 

modulus (GPa) 

Strain 

(%) 
Notes Reference 

3-Layer PS 
-0.86 5.5 -0.016 Attached to 

the substrate This study 

0.1 3.32 0.003 Suspended This study 

Amorphous 
silicon 

  0.13  [179] 

25    [177] 

 130 - 188   [175] 

Polysilicon 

  0.03  [180] 

2100-
4500     [178] 

 155-164   [176] 

 

6.4 Summary 

The mechanical properties of PS were the focus of the investigation in this chapter, as they 

can directly affect the performance of MEMS-based PS-FP filters. In this chapter, the stress, the 

Young’s modulus and the strain were measured for both attached PS thin films and for suspended 

PS-FP structures. The stress measurements for attached PS thin films were obtained using Stoney’s 

equation, which is based on the curvature of the substrate after film formation and after film removal. 

It was found that annealing PS thin films reduced the compressive stress significantly. Also, forming 

multilayer films with the L-porosity layer on top results in low stress. This is extremely fortuitous as 

using LHL-porosity structures is essential to form QWM-based PS mirrors with high optical reflection 

as discussed in section (2.4). 

The stress and the Young’s modulus in suspended structures were measured by obtaining the 

resonant frequencies of cantilevers with different lengths. Comparing the results of attached and 

suspended PS thin films, it was concluded that the stress moved from compressive stress in attached 

films to slightly tensile stress in suspended structures. Due to the final HF immersion involved in the 

release electropolishing process (required for creating suspended structures), the porosity increased 

by around 8%, which lowered the effective Young’s modulus to 3.3 GPa. However, removal of the 

substrate resulted in a relaxation of the stress arising from the lattice mismatch at the PS/silicon 

interface. Nevertheless, even with a reduced Young’s modulus, the strain for suspended MEMS 
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devices improved and it was lower than reported values of amorphous silicon and polysilicon thin 

films. 

 

  



109 
 

 

  



110 
 

Chapter 7 

Compensation of the porosity gradient to produce flat structures 

 Producing flat mirrors for optical filters can improve the optical performance. However, 

obtaining flat micromachined porous silicon structures is extremely challenging due to the myriad of 

factors affecting film stress in such structures. In this chapter, the optimum conditions to produce 

near zero residual stress in micromachined single-layer PS structures (suspended films) are 

investigated. The approach used in this chapter is based on adjusting the porosity gradient with depth 

by a continuous variation of the anodisation current in order to achieve flat structures, based on the 

relationship between porosity and stress. The stress is mapped across different recipes of varied 

current to determine the recipe that produces flat structures. An investigation is carried out to test 

the selected recipe to produce and characterise suspended single-layer PS structures. This study 

provides a pathway to fabricate thick, optically flat micromachined multi-layer filters using a single 

base material (silicon) for the structural and suspended layers.  

 

7.1 Introduction 

Using constant current anodisation for thick PS films can result in significant porosity 

gradients, which is believed to be mainly due to depletion of the HF concentration at the PS/silicon 

interface. As the anodisation progresses, this depletion results in low porosity at the top surface and 

high porosity at the PS/silicon interface for H-porosity layers [64], as demonstrated previously in 

figure (5.2). The non-uniformity in the porosity formation during anodisation can lead to internal 

stress, causing deformation in suspended PS structures, affecting both the optical and the mechanical 

performances [181]. Furthermore, as the porosity increases towards the PS/silicon interface, the films 

can detach from the silicon substrate [182]. Ohji et al. [72] and Lammal et al. [80] have proposed 

techniques to form suspended PS structures for accelerometers and optical filters. However, their 

MEMS devices suffered from significant bending due to high porosity gradients in the films. 

Achieving optically flat films and therefore uniform porosity with depth is an important criterion for 

high quality optical MEMS devices.  

There have been numerous studies investigating different methods to control the current 

during anodisation, aimed at improving the uniformity of the porosity. One of the most common 

techniques to minimise the porosity gradient is by pulsed anodisation current using different duty 

cycles. This technique was successful in reducing the roughness at PS/silicon interfaces [183], 
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achieving high thickness multilayered PS thin films [153] and improving sensing capability in Bragg 

reflectors [184]. However, the pulsed current technique leads to an increase in the anodisation time, 

extending the exposure of PS thin films to the HF electrolyte, which could affect the pores sizes and 

the porosity of PS thin films [183]. An alternative to this technique was developed by Sun et al. [76] 

by applying exponential varied current to suspend PS beams that succeeded in suspending flat double-

clamped beams. 

This chapter presents a technique to alter the current during the electrochemical process, in 

order to determine if both low stress gradient and residual stress can be achieved within the film. 

However, direct measurement of stress gradient is difficult to achieve in unreleased (attached) films. 

To assist this characterisation process, the residual stress of films was mapped for unreleased 

(attached) PS films fabricated using different current recipes. Once the residual stress was mapped, 

the data was used to determine the optimum conditions to achieve flat, suspended PS microstructures. 

To understand the conditions required to produce low-stress films and flat-released microstructures 

in a highly stable and reproducible manner, silicon wafers with nominally the same doping/resistivity 

were evaluated from two different vendors. 

 

7.2 Investigation of the porosity profile in porous silicon thin films 

7.2.1 Important considerations in sample preparation 

Single-layer PS thin films were fabricated by electrochemical etching in a solution of 15% 

HF/ethanol. It is well known that the porosity depends strongly on certain fabrication parameters such 

as the anodisation current density. With an increase in the current density the porosity increases and 

pore formation is affected (region A in figure (3.11)). When the current density reaches the critical 

value for electropolishing, that is the transition region (region B in figure (3.11)), the sample starts 

detaching from the substrate [185]. Silicon wafers from two different suppliers (WaferWorld and 

SiliconQuest) were used to study the porosity profile with depth. Both wafers have very close nominal 

resistivity of 0.08-0.12 Ω.cm for WaferWorld and 0.08-0.10 Ω.cm for SiliconQuest. By considering 

separate vendors, the effect of minor process variations can be assessed to better understand 

reproducibility of the developed technique in this chapter. However, no specific vendor is identified 

against the results in this chapter – samples are simply referred to as either from vendor #1 or vendor 

#2. The average porosity (𝑃𝑃𝑚𝑚𝑣𝑣.) was measured as a function of layer thickness (hPS). Constant current 

density samples were grown at either 10 mA/cm2 or 20 mA/cm2, depending on the vendor, with the 

current chosen to nominally achieve the same porosity of 78% at a thickness of ℎ𝐹𝐹𝑆𝑆 = 2.5 𝜇𝜇𝑚𝑚. Varied 
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current samples were grown with conditions as described further below. The average porosity was 

determined using Vis/NIR reflectance measurements, as discussed in section (4.2.1).  

 

7.2.2 The porosity measurements 

Studies were initially conducted on as-fabricated PS thin films attached to the substrate, 

formed with constant current density, as specified in section (7.2.1). Figure (7.1) shows the measured 

average porosity for attached as-fabricated films with different thicknesses grown using constant 

current on wafers from the two vendors. The fitting of the optical reflectance spectra in the region 

below 1 µm failed to converge to a consistent result due to the lack of periodicity in the spectra. The 

extracted average porosity varied over a small range from 79-86% for vendor #1 and from 75-80% 

for vendor #2. Considering the slight different resistivity of both vendors, the current density was 

chosen to produce similar average porosity in films with 2.5-µm thickness. For vendor #1, a current 

of 10 mA/cm2 produces nearly the same porosity as using 20 mA/cm2 for vendor #2. Such variation 

is sufficient to cause relatively large variation in the target porosity and thickness as observed. As 

will be discussed later, this also led to different maximum thickness that could be achieved before 

delamination. 

 
Figure 7.1 The measured average porosity for various PS films. These as-fabricated films remained 

attached to the silicon substrate and were fabricated with constant current of 10 mA/cm2 and 20 
mA/cm2 using wafers from two different vendors. 

 

The average porosity initially decreases as thickness increases for films up to 1 µm thick for 

vendor #1, and to 1.5 µm thick for vendor #2. This indicates there may be an initially higher porosity 

at the top surface, with porosity then decreasing as the film moves further into the underlying 

substrate. As the thickness increases further, the average porosity remains approximately constant for 
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vendor #1 before increasing for films thicker than 3.5 µm, as shown in figure (7.1). For vendor #2 

the porosity increases slightly for films above 1.5 µm but the films then began to delaminate for 

thicknesses above 3 µm.  

In all samples used in this chapter, the resistivity varied between 0.08-0.12 Ω.cm throughout 

wafers from vendor #1 and between 0.08-0.10 Ω.cm throughout wafers from vendor #2. A resistivity 

of a small sample of wafers has been measured by our team and found to be consistent with these 

resistivities [186]. Given the variability in resistance stated by each vendor, and our independent 

checks, we are confident of the control in the resistivity of the samples to within +/-0.02 Ω.cm. It was 

noted that there was a small variation in the porosity, which was estimated to be no more than ±1% 

for samples thicker than 1000 nm, as shown in figure (7.1). However, extracting porosity for samples 

thinner than 1000 nm involved high uncertainty when using the Vis/NIR reflectance method, which 

resulted in the large error bars in that range in figure (7.1). For the data in figure (7.1), one wafer 

(sample) was characterised for each condition (each thickness) where the porosity was measured 3 

times across each wafer, before averaging. Local doping density variations are expected to have more 

of an effect than sample to sample resistivity variations [187]. 

On the other hand, the hypothesis of boron passivation could shed light on the phenomenon 

observed in figure (7.1). Polisski et al. [188] reported that the boron/silicon atomic ratio in PS thin 

films increased drastically with the degree of porosity, particularly between 60%-80%. Their study 

argued that boron atoms are not removed with the electrochemical etching of silicon (the starting 

wafer). Rather, all boron atoms appear in the skeletal layer, creating a passivation layer on the surface. 

The higher the porosity, the more boron content accumulates on the surface, resulting in the resistivity 

to increase. Based on their study that there is an exponential relationship between the boron content 

and the porosity, thicker PS layers could subsequently indicate higher boron content, resulting in 

higher porosity. As a result, applying same anodisation parameters across different PS thin films 

while changing only the thicknesses could result in higher porosities with thicknesses. However, 

further investigation of the boron concentration in different PS thicknesses is left for future work. 

To understand the change in porosity over the range in film thicknesses for vendor #1, SEM 

images were obtained for the top surface of these films, as shown in figure (7.2). It can be seen that 

the pore size at the top surface starts to widen and the pore distribution becomes more inhomogeneous 

for films thicker than 1.5 µm, which may affect both the vertical porosity profile and the average 

porosity. This could be due to the longer exposure to HF electrolyte during the fabrication of thicker 

films causing pore widening throughout. Moreover, previous studies [64] reported that the porosity 

increases at the PS/silicon interface due to the depletion of the HF. Their results combined with this 
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study suggest that the porosity increases at both air/PS and PS/silicon interfaces for thick films. At a 

thickness of 5.5-µm using 10 mA/cm2 for vendor #1 wafers and 3.3-µm using 20 mA/cm2 for vendor 

#2 wafers, the excessive porosity at the PS/silicon interface caused the porous films to detach from 

the substrate. Although the results here suggest that the change of porosity with depth is neither 

monotonic nor linear, they confirm that porosity gradient is very much a factor in film properties, and 

necessary to address for stable microstructure fabrication. 

 
Figure 7.2 SEM images of the top surface of as-fabricated PS thin films (attached to the substrate) 

produced from vendor #1 wafers using a constant current of I = 10 mA/cm2 with different film 
thicknesses; (a) 0.1 µm, (b) 0.25 µm, (c) 0.5 µm, (d) 1 µm, (e) 1.5 µm, (f) 2 µm, (g) 3.5 µm, (h) 4 

µm, (i) 5.5 µm. 
 

Figure (7.3) shows the cross-sectional SEM image of the porosity profile of as-fabricated 

single-layer PS films (with thickness of 3.3 µm) which has been permeated with resin, imaged using 

FIB/SEM from vendor #2. The embedding process is discussed in section (4.1.2). The bright region 

observed on the top surface area is most likely due to surface charging of the oxidised film, as it was 

not annealed. The bright region at the PS/silicon interface is most likely due to trapped charges due 

to the high density of surface defects there. However, as a function of depth, there is a significant 

contrast change in the SEM image which is attributed to the unintentional porosity gradient within 

the film. The cross-sectional SEM images obtained by simply cleaving the samples did not reveal this 

level of detail, as the cleaving of the porous layer often led to significant damage which affected the 

interpretation of the data.  
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Figure 7.3 A cross-sectional FIB/SEM image of as-fabricated PS thin film with 3.3 µm thickness, 

fabricated using a constant current of I = 20 mA/cm2. 

 

The SEM images in figure (7.4) show the topside and the backside of a 2.5-μm thick as-

fabricated single-layer PS thin film fabricated from vendor #1 wafers with constant current density 

of I = 20 mA/cm2, which detached immediately after taking the sample out of the anodisation cell 

and drying it with a nitrogen gun. A comparison of the SEM image of the top surface in figure (7.4a) 

with the PS/silicon interface surface in figure (7.4b) shows that the pore size at the top is significantly 

less than at the PS/silicon interface. This reinforces the premise that a larger pore size at the PS/silicon 

interface caused the thicker films to detach, and indicates that using constant current is not suitable 

to fabricate thick MEMS-based PS structures, as it results with films with high porosity gradient with 

depth, and consequently high stress gradient [76]. 

 
Figure 7.4 SEM images of a detached 2.5-μm thick as-fabricated PS film from vendor #1 that was 
fabricated using constant current of 20 mA/cm2, showing plan view of (a) the top side, and (b) the 

bottom side. 
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In fact, for all films produced with constant current, no suspended single-layer PS could be 

produced, due to bending and breakage of micromachined structures. The stress gradient in these 

films caused the cantilevers to bend considerably and beams to break [76]. To achieve flat 

micromachined single-layer PS structures, a more uniform porosity throughout the film is required. 

To achieve that, current control was investigated as a method to compensate for the vertical porosity 

variation in single-layer PS thin films, using wafers from vendor #2. 

 

7.3 Linear compensation of the porosity gradient 

7.3.1 Design varied current recipes 

The current density verses the average porosity was initially mapped for single-layer PS films 

formed using constant current, to determine the monotonic relationship between the current density 

and the average porosity. Then a varied current density profile (I(t)) was designed to compensate for 

the unintentional (or inherent) porosity gradient (dP/dh)u that exists in films formed with constant 

current. Figure (7.5) shows one profile of a current density I(t) to fabricate a 2.5-µm single-layer PS 

thin film, starting with the initial value of 20 mA/cm2 and ending with the final value of 10 mA/cm2. 

The intentional porosity gradient (dP/dh)i is the opposing gradient that is built in when using varied 

current to compensate the unintentional porosity gradient. Since the total current change (𝛥𝛥𝐼𝐼) is 

related to the maximum porosity change and hence the intentional porosity gradient (dP/dh)i, it is the 

controllable parameter of interest, given by: 

∆𝐼𝐼 = 𝐼𝐼(𝑝𝑝0) − 𝐼𝐼(𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚),                                                            (7.1) 

where 𝑝𝑝0 and 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 are the initial and final anodisation times, respectively, and 𝐼𝐼(𝑝𝑝0) = 20 mA/cm2 in 

all films in this study. Various combinations of 𝐼𝐼(𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚) and 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 were used to produce PS layers all 

having the same physical thickness of ℎ = 2.5 µm but with different intentional porosity gradients as 

a function of depth, (dP/dh)i, with the intention of achieving net porosity gradient (𝛿𝛿𝑃𝑃/𝛿𝛿ℎ)𝑖𝑖𝑒𝑒𝑡𝑡 = 0. 

Appendix (C.5) summarises the differences between the different porosity gradients used in this 

chapter. 
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Figure 7.5 The left axis shows the modelled intentional porosity as a function of the depth for a 2.5-
µm thick film when the porosity is varied only by the current control. The right axis gives the varied 

current density used to create this porosity. In a real sample, the current acts to compensate or 
enhance any non-intentional porosity gradient resulting from factors such as electrolyte depletion.  

 

7.3.2 Determination of the optimum conditions to achieve flat, suspended micromachined 

porous silicon structures 

Following the constant current studies presented in section (7.2), 2.5 µm thick films PS films 

were fabricated using wafers from vendor #2 by applying a varying current density, with total change 

in current 𝛥𝛥𝐼𝐼 as described in equation (7.1). The goal was to linearly compensate the in-plane porosity 

gradient, with improvements in the residual stress used to assess the effectiveness of the 

compensation. Given the non-uniformity with depth of the average porosity measured in figure (7.1), 

and the non-linear relation between applied current and the porosity at a given depth, achieving 

perfect compensation within the film was not expected. However, the goal was to use the varying 

current profile to achieve a first-order correction to the porosity variation in the film. 

The  residual stress (σ) for annealed single-layer PS thin films was obtained using Stoney’s 

equation, discussed in section (4.3.1). It was important to investigate the stress in annealed films 

(rather than as-fabricated films) to understand the stress behaviour when micromachining these 

annealed films. As discussed in section (3.3), passivation PS thin films before micromachining is very 

critical to provide chemical and environmental stability to these films. However, the characteristic of 

the passivation layer could change by the end of the micromachining process (during the 

photolithography and electropolishing steps), which consequently could change the final stress. 

Figure (7.6) shows the measured post-annealing residual stress (σ) as a function of the applied varied 

current density (∆I). The sample standard deviation of the stress measurements in this study is ± 0.4 

MPa, indicating a sufficient degree of reliability and reproducibility in these measurements. Detail 
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about the calculation of the sample standard deviation is in appendix (C.4). Considering the effect of 

the magnitude of the current change, figure (7.6) can be broken into two main regions; 0 < ∆I < 10 

mA/cm2 and 10 ≤ ∆I ≤ 18 mA/cm2. Between 0 < ∆I < 10 mA/cm2, the residual stress was, on the 

whole, compressive (negative) but oscillated between compressive and tensile which may suggest 

that the stress in this range resulted from a variation in positive and negative stresses throughout the 

layer which was not perfectly balanced. This result indicates that the small ΔI might not be sufficient 

to cause a significant change in the porosity gradient for single-layer PS thin films. 

 
Figure 7.6 The effect of the current change (∆I) on the residual stress (σ) for annealed films. All 

films have thickness of 2.5 µm. The uncertainty of ± 0.4 MPa associated with the stress 
measurement is presented. 

 

 In the range of 10 < ∆I < 18 mA/cm2, the residual stress decreased as shown in figure (7.6), 

crossing zero at ∆I = 12 mA/cm2, with higher values of ∆I resulting in a residual stress that plateaued 

to an almost fixed compressive stress of -1 MPa. In the central regional around ∆I = 10 mA/cm2, the 

stress peaked at a relatively high tensile value of 5.3 MPa. As the stress varies correspondingly with 

the porosity [113], compensating the porosity gradient leads to compensating the stress gradient. In 

multilayer PS thin films, the porosity gradient profile is different in each layer, suggesting a complex 

interplay of stress needs to be considered when designing QWM-based multilayer PS structures. It 

can be concluded from figure (7.6) that forming PS thin films with a current change during 

anodisation of less than ∆I = 12 mA/cm2 is not adequate to compensate the porosity gradient due to 

the fluctuation of stress measurements in that range. As a result, the porosity gradient in that range 

(less than ∆I = 12 mA/cm2) could not be adequately compensated. Based on stress measurements, 

investigating changes to the current as a method to compensate the porosity was achieved by creating 

released micromachining structures which are known to be sensitive to stress. Details of this 

investigation is discussed next. 

After considering the residual stress results for annealed (passivated) films, five different PS 

samples were processed to study the flatness of surface micromachined single-layer PS structures: 

the sample with the highest residual stress at ∆I = 10 mA/cm2, two samples in the range 0 < ∆I < 10 
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mA/cm2 and two samples in the range 10 < ∆I < 18 mA/cm2, including the zero stress sample at ∆I = 

12 mA/cm2. The micromachined process discussed in chapter 3 was applied to suspend single-layer 

PS structures, including doubly clamped beams and membranes structures. It should be noted that 

although micromachining process required annealing the films after anodisation, which is consistent 

with the samples shown in figure (7.6), subsequent HF immersion during electropolishing may 

partially remove the surface passivation layer, as discussed in section (5.3.3). As a result, it was 

known that the films would possess stress shifted slightly in the compressive direction [76] compared 

to that shown in figure (7.6).  

 

 
Figure 7.7 SEM images of suspended doubly clamped beams of 100×40 µm2, and membrane 

structures using (a) ΔI = 3 mA/cm2, (b) ΔI = 5 mA/cm2, (c) ΔI = 10 mA/cm2, (d) ΔI = 12 mA/cm2 
and (e) ΔI = 15 mA/cm2. These microstructures had their passivation partially removed during the 

electropolishing process. All samples are 2.5-µm thick. 
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Figure (7.7) shows SEM images of suspended doubly clamped beams and membranes 

structures of the five samples, which were formed using varied current densities of ∆I = 3, 5, 10, 12, 

15 mA/cm2. From figure (7.6), films produced with ∆I = 3 mA/cm2 and 5 mA/cm2 showed tensile 

residual stress of 0.65 MPa and 0.6 MPa, respectively. The yield at these current recipes was poor 

and most beams were fractured as illustrated in figures (7.7 a and b). The observed bowing is a clear 

indication of stress gradient in these films. The poor yield is expected to be due to processing rather 

than excessive stress – for example the electropolishing release step involves considerable H2 

emission at the silicon surface which can damage the low modulus films while in the electrolyte 

during release. The removal of the substrate from underneath these beams resulted in the residual 

stress being relieved and only the boundary-condition (anchor) stress acts on the structure. 

Analysing the porosity at the top side and the back side of suspended structures could give an 

insight into the profile of the in-plan porosity gradient. While taking a top view SEM image of the 

top side of PS structures is easily achieved, taking an image of the back side requires selecting a 

damaged structure that is bent or curled so that viewing the backside would be accessible. SEM 

images in figures (7.8 a and b) show the porosity of the top side and the back side of a doubly anchored 

beam fabricated using ΔI = 5 mA/cm2. Figures (7.8 a and b) indicate a smaller pore size distribution 

of the top side compared to the back side. As previously discussed, this suggests that the porosity is 

increasing with depth, similar to that which was observed for the film using constant current shown 

in figure (7.4). This finding suggests that the porosity gradient at the back interface was not 

compensated adequately using this recipe. 

 
Figure 7.8 SEM of doubly clamped beam fabricated using ΔI = 5 mA/cm2 showing (a) the top side, 

and (b) the backside of a bent beam.  
 

When the current was adjusted to achieve ΔI = 10 mA/cm2, the stress data in figure (7.6) 

suggests that the highest tensile stress can be achieved by this recipe. This is in agreement with figure 

(7.7c) which shows significant damage, especially at the anchors, suggesting high tensile stress lead 

to the failures. Interestingly, under these conditions, broken beams were deflected upwards but 

contained little curvature. This is indicative of anchor stress and not stress gradient in the films, 
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consistent with the high residual stress observed. Figure (7.9) shows the top side and the back side of 

a suspended doubly clamped beam fabricated using ΔI = 10 mA/cm2. The measurements suggest that 

this recipe produces larger pores at the top surface which transitioned to smaller pores at the back 

side. 

 
Figure 7.9 SEM of doubly clamped beam fabricated using ΔI = 10 mA/cm2 showing (a) the top 

side, and (b) the backside of a bent beam. 

 

Most interestingly, at ∆I = 12 mA/cm2, the residual stress became almost zero as shown in 

figure (7.6). While near zero stress was also achieved from 0 < ∆I < 10 mA/cm2 in figure (7.6), the 

ability to control the stress was considerably better in the region from 10 < ∆I < 18 mA/cm2. This 

recipe produced a very high yield of flat doubly clamped beams as shown in figure (7.7d). The corner 

bending of the PS films in this image is indicative of design stress associated with the top mirror 

structure rather than stress gradient. As with the 10 mA/cm2 sample, figure (7.10) shows that under 

these conditions the pore sizes appear higher at the top surface than at the backside. The observed 

pore morphology is consistent with the back-surface result in figure (7.9b), indicating that the current 

in the region from 10 < ∆I < 18 mA/cm2 had a significant effect on controlling the porosity within 

the film. Given that the porosity does not appear to be constant, as discussed in section (7.2.2), it is 

possible that the vertical porosity profile that results from applying ∆I = 12 mA/cm2 offered such 

stress relief. At larger current variations of ∆I = 15 mA/cm2 and above, a compressive residual stress 

resulted, causing increased curvature of the plate structure shown in figure (7.7e). 
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Figure 7.10 SEM of doubly anchored beam using ΔI = 12 mA/cm2 showing (a) the top side, and (b) 
the backside of a bent beam. 

 

To study the flatness of these suspended single-layer PS structures, the peak to valley (PV) of 

the surface profiles of these beams was measured using the optical profilometer. Figure (7.11) shows 

the measured PV/length of beams and membrane structures for the 4 recipes: ∆I = 3, 5 12 and 15 

mA/cm2. The PV measurement of structures formed using ∆I = 10 mA/cm2 could not be detected due 

to excessive bending in these structures. The PV/length and the roughness values (0.48 nm/µm and 7 

nm, respectively) for ∆I = 12 mA/cm2 are the lowest among the recipes indicating that this recipe 

achieved not only high yield but the best optical quality beams. These measured PV values for PS 

revealed a better flatness compared with a previous study which investigated only the effect of the 

residual stress [76]. These results indicate that mapping and finding conditions to simultaneously 

minimise the residual stress and the bending is important in achieving the best results, and that 

addressing net porosity gradient is an important part of the conditions to be mapped. 

 
Figure 7.11 The peak to valley (PV) and the roughness after annealing extracted from profilometer 

measurements for beams and membrane structures using five different varied current density 
recipes. 

 

Figures (7.12 a and b) show the surface profile of a doubly clamped beam and a membrane 

formed using ∆I = 12 mA/cm2. It can be seen that the silicon under the beam, figure (7.12a) exhibited 
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a smooth surface, indicating that the electropolishing achieved uniform etching. The thickness of 

these PS structures was 2.3 µm and the etched gap was 3.7 µm for the beam and 2.5 µm for the 

membrane.  Figure (7.11b) shows the surface profile of the membrane structure. The bending at the 

edges of the membrane structure can be avoided by designing alternative structures where the edges 

are supported by anchors [189]. As these results were achieved chronologically earlier in this work, 

different design of membranes was adopted that includes stress-relief notches, which consequently 

improved the bowing of the structures as discussed in section (5.3.4). Nevertheless, these preliminary 

results suggest a promising method to reduce the stress gradient when forming QWM-based 

multilayer PS-FP filters, which consequently could significantly improve the optical performance of 

these filters in the LWIR range.  

Furthermore, the recipe using current variation of ∆I = 12 mA/cm2 indicated that layers up to 

4.5-µm thick could be produced, 36% thicker than achieved using a constant current density of I = 

20 mA/cm2. The ability to form thick films of high porosity is important when fabricating films 

operating in the LWIR range, and it would allow increasing the number of layers when forming 

QWM-based PS-FP filters, which consequently would improve the reflectivity as discussed in section 

(2.4).  

 
Figure 7.12 The surface profile of (a) beam and (b) membrane structures on a sample fabricated 
using ∆I = 12 mA/cm2.  The shaded region showing the porous silicon region has been added for 

illustrative purposes only and represents our average layer thickness of 2.3-µm. 

 

7.5 Summary 

The relationship between the current control during anodisation, residual stress and flatness 

of released microstructures was studied. Five different samples were fabricated to test the flatness 
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and the stress of single-layer PS thin films which were subsequently used as the structural layer to 

form micromachined structures. By gradually changing the current from 20 mA/cm2 to 8 mA/cm2 

during anodisation to counteract changes in porosity at the back interface, optically flat beams with 

almost zero residual stress were achieved. Use of this recipe was also able to increase PS thickness 

achievable (without delamination) to 4.5 µm, compared to only 3.3 µm when using a constant current 

density of I = 20 mA/cm2. The study achieved excellent results in compensating the apparent stress 

gradient in single-layer PS thin films. While the work in this chapter has considered only single-layer 

PS thin films, the technique of using varied current to compensate the porosity with depth has great 

potential to minimise the stress and the stress gradient, in order to produce flat multilayer thin films. 
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Chapter 8 

Conclusions and future work 

In this work, a novel surface micromachined porous silicon Fabry-Pérot (PS-FP) filter 

operating in long wavelength infrared (8-12 µm) was fabricated and characterised. This work makes 

a significant contribution to the subject of micromachining Fabry-Pérot filters for LWIR operation, 

and opens a pathway to form multispectral thermal imaging. The first section in this chapter discusses 

the conclusions from the research work presented in this thesis. The future scope section identifies 

further technological challenges of fabricating PS-FP filters that need addressing following this 

work, and provides directions for future work to improve the optical performance of this technology, 

and to transform this technology into a tuneable MEMS-based PS-FP filter. 

 

8.1 Conclusions 

This thesis has focussed on developing a technology to surface micromachine PS-FP filters 

operating in the LWIR band, along with assessing the optical and mechanical performance of these 

filters. In the process of achieving this goal, this work has presented contributions to scientific 

knowledge in three key areas.  

The first contribution is optimising the patterning process for micromachining porous silicon 

with multilayer structures for the LWIR range. Generally, forming multilayer PS includes different 

porosities, and forming multilayer for the LWIR range requires thick films compared to the lower 

wavelength ranges. The major outcome of this contribution is as follows: 

• Reducing ICP and RF powers in the Reactive Ion Etching (RIE) process prevents any plasma 

damage that could result in contamination on PS structures. 

The second contribution is developing strategies to surface micromachine large area features 

on multilayer PS, up to 600 µm diameter, for LWIR applications. The major outcomes of this 

contribution are as follows:  

• Having a thick photoresist masking layer requires sufficient UV exposure to ensure the base 

of the mask is getting enough energy while keeping the sidewall angle of the mask as sharp 

as possible.  

• Periodically pausing the current during the electropolishing process helps restore HF 

concentration (which is used as electrolyte) at the PS/silicon interface, and consequently 

enhances the yield of suspended regions. 
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The third contribution is establishing a technique to compensate the porosity gradient in 

suspended structures to produce flat top surfaces. The major outcomes of this contribution are as 

follows: 

• Varying the anodisation current during PS formation counteracts the changes in porosity with 

depth that occur with constant current anodisation, which consequently compensates the 

apparent stress gradient. 

• Compensating the apparent stress gradient enhances the flatness of the top mirror. 

• Applying varied current during PS formation allows a higher thickness threshold for sample 

delamination at the PS/silicon interface, enabling an increase in maximum PS thickness of 

36% compared to applying constant current to form PS thin films. 

 

To assess the micromachining fabrication processes developed in this work, suitable 

characterisation techniques were required, particularly in terms of assessing topology, morphology, 

porosity, refractive index, transmittance, stress and Young’s modulus of all films. The key findings 

from the investigations into different techniques for characterisation of single-layer and multilayer 

PS thin films and MEMS-based structures are as follows: 

• Use of Vis/NIR reflectance measurements fitted with the Bruggeman approximation is a 

simple and non-destructive method to extract porosity and refractive index of single layers, 

which is a necessary foundation to build multilayer PS optical filters operating in the LWIR 

range. Lack of accuracy of this method must be taken into consideration as the accuracy of 

the fitting is reduced when the porosity decreases. 

• Scanning electron microscopy (SEM) is a typical tool to measure layer thicknesses from cross-

sectional images. However, it is difficult to study the cross-sectional porosity profile or pore 

structure because manual cleaving of the sample results in fractures that prevent a clear image 

of the pores. 

• Combining Focussed Ion Beam (FIB) sectioning with SEM can produce high-quality cross-

sectional images. However an embedding method to fill the pores is required in order to 

prevent the curtaining effect during sectioning. In this work, an embedding method was 

developed using high temperature treated SU8 that succeeded in producing outstanding cross-

sectional images. 

• Optical profilometry is suitable to study the surface profile of single-layer PS thin films, 

including bowing (top surface variation), but it does not support studies of multilayer PS thin 

films. 
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• The cavity height after the suspension process can be measured by complete removal of PS 

layers on both anchored and suspended regions, then obtaining the surface profile of the 

silicon substrate along the etched cavity region. 

• A Fourier transform infrared (FTIR) spectrometer is a typical tool to measure the optical 

performance of PS thin films. For PS-FP filters, the optical performance can be measured 

using FTIR equipped with a microscope and small aperture sizes. 

• Use of Stoney’s equation is a useful method to measure the stress from the substrate curvature, 

providing a high degree of reproducibility. This method can be used to extract the stress of 

attached films for single-layer PS as well as multilayer PS thin films, considering the curvature 

measurements is taken on the back silicon surface to avoid any complexities combined with 

using profilometer with PS thin films. 

• A vibrometer can be used to measure the natural frequency (instead of the resonance 

frequency) of multilayer PS suspended microstructures. This method is based on detecting the 

Brownian motion. The advantage of this method is that it bypasses the need for an external 

frequency sweep generator. This method has been proven to provide sufficiently accurate 

measurements. 

 

Using suitable characterisation techniques, optical and mechanical properties were 

investigated for single and multilayer thin films and surface micromachined PS-FP filters 

operating in the LWIR range. The theoretical and experimental results were thoroughly analysed, 

with good agreement between the models and measured data. The major outcomes of the optical 

investigation can be summarised as follows: 

• The optical measurements show that porosity gradient is more pronounce as the porosity of 

the layer decreases. Also, the profile of in-plane porosity gradient in H-porosity layers could 

be reversed the profile in L-porosity layers, which can be confirmed using the Vis/NIR 

reflectance measurements.  

• By the end of suspension process, which involves combinations of photolithography, 

electropolishing and dry processes, the porosity of the layers increases by 8%. 

• The anchored regions show absorption in the transmittance spectra between 8-12 µm that is 

maintained from the annealing process in nitrogen atmosphere. The photoresist masking layer 

provides a protection to the anchors during the suspension process, preventing HF from 

stripping of the passivation layer. 



129 
 

• Suspended mirrors do not show any absorption in the transmittance spectra between 8-12 µm, 

as HF strips off the passivation layer considering these regions are not protected during the 

suspension process.  

• The transmittance of the fabricated top mirror revealed upward bowing of the mirror with a 

centre-to-edge deflection of 1 µm. 

• The transmittance measurements also demonstrated that the introduction of the notches at the 

four corners of the top mirror reduced the bowing of the top mirror significantly. 

• The optical performance showed promising results for MEMS-based PS-FP filters for LWIR 

operation, with the transmittance peak of 77% at 7.7 µm, which can be improved to 90% once 

a flat top mirror is achieved. 

 

The major outcomes of the mechanical investigations can be summarised as follows: 

• Forming multilayer PS thin films with a L-porosity layer on top results in reduced stress, 

which is extremely fortuitous as using L-porosity layer (high index) on top of alternating 

multilayers is also essential for high reflectivity reflectivity mirrors. 

• As-fabricated 3-layer PS (with order LHL-porosity) attached films had compressive stress that 

reduced significantly after annealing.  

• After the suspension process of 3-layer PS, the stress resulting from mismatch lattices at the 

PS/silicon interface relaxes, and consequently turns the stress to slightly tensile, which is very 

desirable in MEMS applications. 

• Young’s modulus of annealed 3-layer (LHL-porosity) PS attached films is almost equivalent 

to a single L-porosity layer. 

• Young’s modulus of 3-layer PS suspended structures is lower than the as-fabricated attached 

films due to the increase in the porosity of all layers by 8% by the end of the suspension 

process.  

• The strain of annealed 3-layer PS attached film is lower than cited (as-fabricated and 

annealed) PS thin films in literature. 

• The strain of 3-layer PS thin films was reduced after the suspension process, resulting in a 

comparatively lower value than cited values of other silicon-based materials, such as 

amorphous silicon and polysilicon, which are used extensively in MEMS applications. 

• Suspending structures removes the PS/silicon interface and eliminates both the stress 

mismatch and absorption loss from this interface. Given the importance of this interface, this 



130 
 

work may stimulate further interest in the understanding the interplay between the mechanical 

and optical effects that is caused by the influence of the interface. 

 

To summarise, this work established for the first time a comprehensive micromachining process 

to form Fabry-Pérot filters constructed from multilayers of a single material, porous silicon, operating 

in the LWIR range. The optical and mechanical properties of suspended PS-FP filters were 

investigated, along with properties of single- and multi-layer films for comparison and design 

purposes. Optimised methods to characterise multilayer PS films and PS-FP filters were discussed to 

provide simple, accurate and high-quality outcomes. In addition, compensating the porosity gradient 

with depth by varying the anodisation current was investigated as a feasible effective method to 

reduce the stress and consequently improve the flatness of the microstructures. The optical 

performance of PS-FP filters shows promising results even with high bowing in the top mirror. The 

micromachining processes and the structure design of the filter can be optimised further to achieve 

better performance and to cover wide range of applications. 

 

8.2 Future work 

There are significant opportunities for investigations based on the results of this work. For 

future work, adjustments to the fabrication process need to be considered to improve the final 

structure for LWIR applications. Also, several recommendations are given to improve the optical and 

mechanical performance of PS-FP filters. 

8.2.1 Improve PS microstructures for LWIR applications 

Selecting the porosities should be considered based on the desired final porosities of the 

device, knowing that the porosity of both L- and H- porosity layers increases by 8% after the 

suspension process. For example, selecting the final porosities to be 58% for L-porosity layers and 

88% for H-porosity layers, results in selecting the starting porosities to be 50% and 80% during PS 

formation. Consequently, the anodisation current should be designed to form layers with 50% and 

80% porosities, while the anodisation time should be designed to form the desired thicknesses for 

particular applications.  

The sidewall angle of the suspended microstructures can be improved by enhancing the 

sidewall of the photoresist mask formed prior to the etching process. The desired sidewall of the 

photoresist can be achieved by controlling the UV exposure time during the photolithography process. 

Although, the sidewall angle did not affect the optical and mechanical performance of PS-FP filters, 

due to the large area of the top mirror structure, it could significantly affect the performance of smaller 
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structures, such as cantilevers, doubly clamped beams and ring-and-crossbeams. Designing small 

MEMS structures of multilayer PS opens the door to different applications, such as sensing and 

microbatteries. 

 The initial structure conditions to form the desired air cavity in PS-FP filters should be 

investigated and mapped based on the design wavelength. The electropolishing investigation in this 

thesis shows that the etching rate of electropolishing is 13.75 nm/s when using electrolyte composed 

of 5% HF-DI water and current density of 150 mA/cm3. Thus, forming air cavity for PS-FP filters 

operating in the LWIR range requires electropolishing time of 353 seconds to form air cavity of 4.85 

µm for wavelength of 9.7 µm. 

 

8.2.2 Enhance the optical and mechanical properties 

 One of the main issue that arose in fabricating PS-FP filters in this work was the high bowing 

in the top mirror. The reason for this bowing could be residual stress and stress gradient in the layers 

comprising the top mirror, particularly the L-porosity layer as it has higher in-plan porosity gradient 

than the H-porosity layer, and stress is related directly to porosity [76]. 

 Therefore, it is suggested to use varied current to form multilayer PS thin films, instead of 

using constant current. As was shown for single layers, applying varied current would reduce the 

porosity gradient, which consequently reduces the stress gradient. Moreover, using varied current 

would improve the delamination threshold, allowing an increase in the periods of the top mirror, 

which consequently improves the optical and mechanical properties. 

When designing PS-FP filters it is desirable to achieve high refractive index contrast and more 

periods of paired layers. The model (I) in figure (8.1) shows a transmittance peak at 72% when 

forming one PS mirror of three layers of alternated porosity of 58% and 88%, while the bottom mirror 

is the silicon substrate. Figure (8.1) shows that the FWHM of model (I) is 1.35 µm. Constructing a 

bottom mirror of multilayer PS, as simple as one period of LH-porosity, could improve the 

transmittance peak to 93% and the FWHM to 0.69 µm, as shown by the model (II) in figure (8.1).  

Forming the bottom PS mirror would probably require less steps than forming the top one, as 

it does not involve any patterning or suspension processes. Formation of the bottom PS mirror could 

possibly take place directly after the electropolishing process. When the electropolishing process 

comes to the end, the sample is already mounted to the anodisation cell, which allows the process to 

form a bottom mirror to immediately follow. In that case, a sequence of current densities could be 

applied to form a L-porosity layer followed by a H- porosity layer after changing the electrolyte to 
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the desired HF concentration. If the sample can remain immersed during the process, critical point 

drying would only be required once the final bottom mirror stack has been created. 

 
Figure 8.1 The modelled transmittance simulation of two filter configurations: design (I) the top 

mirror is PS while the bottom mirror is the silicon substrate, and design (II) both the top and bottom 
mirrors are composed of PS layers while the bottom mirror is on the silicon substrate. 

 

In addition to all the aspects discussed above, there are many other considerations that need 

to be addressed in order to form tuneable PS-FP filters, which includes selecting the metal contact 

and the deposition method to minimise any damages and stress that can result from the metal 

deposition. Since the complete development of tuneable micromachined PS-FP filters is beyond the 

scope of this thesis, these still remain as future work to be undertaken. 
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Appendix A 

Publications and conferences contributions arising from this work 

 

A.1 Publications 

 Afandi, Y., Parish, G., & Keating, A. (2019). Compensating porosity gradient to produce 

flat, micromachined porous silicon structures. Microporous and Mesoporous Materials, 284, 

427-433. 

 

A.2 Works in preparation for publication 

 Afandi, Y., Parish, G., & Keating, A. Surface micromachining multilayer porous silicon for 

spectral filtering applications. Optics and laser in Engineering. 

 Afandi, Y., Parish, G., & Keating, A. Performance assessment of Micromachined Porous 

Silicon Fabry-Pérot Filters Operating in the Long Wavelength Infrared Range, Journal of 

lightwave technology. 

 

A.3 Conference contributions 

 Afandi, Y., Parish, G., & Keating, A. (2020) Multilayer porous silicon-based 

micromachined cavity for thermal imaging applications.{Oral presentation} Porous 

Semiconductors Science and Technology (PSST 2020), Lido di Camaiore, Tuscany, Italy 

(2021) 

 Afandi, Y., Parish, G., & Keating, A. (2020) Optical properties of multilayered free-standing 

porous silicon microstructures for thermal imaging applications. {Oral presentation} In 

International Conference on Nanoscience and Nanotechnology (ICONN), Brisben, 

Australia. 

 Afandi, Y., Sun, X., Parish, G., & Keating, A. (2018). Control of in-plane and out-of-plane 

stress in mems devices built from porous silicon. {Oral presentation} In Asia-Pacific 

Conference of Transducers and Micro-Nano Technology (APCOT) Hong Kong. 

 Afandi, Y., Parish, G., & Keating, A. (2018). Study of porosity gradient in released porous 

silicon microstructures. {Poster} In 2018 Conference on Optoelectronic and Microelectronic 

Materials and Devices (COMMAD) (pp. 1-4). IEEE, Perth, Australia. 
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 Sun, X., Afandi, Y., Parish, G., & Keating, A. (2018). Released all-porous-silicon 

microstructure for spectrometer applications. {Oral presentation} In 2018 Conference on 

Optoelectronic and Microelectronic Materials and Devices (COMMAD) (pp. 39-40). IEEE, 

Perth, Australia. 

 Afandi, Y., Sun, X., Parish, G., & Keating, A. (2018). Using current density to control stress 

and porosity in porous silicon fabrication. {Invited speaker} In International Conference on 

Nanoscience and Nanotechnology (ICONN), Wollongong, Australia. 

 Sun, X., Parish, G., Afandi, Y., & Keating, A. (2018). Resonance of optically driven nano-

porous silicon microbeams. In International Conference on Nanoscience and 

Nanotechnology (ICONN), Wollongong, Australia. 

 Afandi, Y., Parish, G., & Keating, A. (2017). Porous silicon for thermal imaging 

applications. {Poster & 3-min presentation} In ICON conference, Athens, Greece. 

 

 

  



136 
 

Appendix B 

Settings of micromachining processes 

 

B.1 Porous silicon formation 

The total volume of HF/ethanol solution used was 50 ml, while the internal volume of the 

anodisation cell was 224.4 cm3. After formation, PS covered an area of 10.57 cm2 of the silicon wafer. 

Right after the formation process, the sample was dipped for one minute in ethanol followed by one 

minute in isopropanol to ensure complete removal of HF from the pores before transferring the sample 

to RTA chamber for annealing. The sample was dried using a nitrogen gun.  

Figure (B.1) shows the relationship between the porosity and HF concentration. It shows that 

every 1% rise in HF concentration accounts for 2% drop in porosity. Figure (B.1) also shows the 

inverse relationship between refractive index and porosity, as discussed in section (2.5). 

 
Figure B.1 The relationship between porosity and refractive index as a function of HF 

concentration. 

 

B.2 Annealing process 

The RTA system provides a sealed annealing chamber that enables complete evacuation of 

oxygen and the precise control of temperature and gas flow during the annealing process. The 

temperature of RTA was ramped up at a rate of 20 ˚C to reach 600 ˚C annealing temperature, then 

kept stable during the process at the flow rate of 1000 sccm. When the annealing process is finished, 

the chamber was cooled through a purging gas (N2). 
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B.3 Positive and negative Photoresist 

Photoresists can be classified as positive or negative. For positive photoresists, the UV 

exposure results in photosolubilising, therefore achieving a positive pattern transfer, as shown in 

figures (B.2 b and c). In the case of negative photoresists, exposure to UV light causes the photoresist 

to polymerise, and subsequently the developer solution removes the unexposed areas, as shown in 

figures (B.2 b and c) [190]. Therefore, the mask for the positive photoresist should contain the exact 

pattern to be transferred onto the surface, while the mask for negative photoresist should contain the 

inverse of the pattern to be transferred. A mask aligner is the typical optical tool used to project the 

image of a mask onto a substrate.  

 
Figure B.2 (a) The basic setup of mask aligner and the photoresist profile resulting from positive 

and negative photoresists (b) after UV exposure and (c) after developing. 
 
 
B.4 Mask Aligner for UV exposure 

It is important to adjust the UV exposure time as the intensity of the UV time could vary as 

the lamp bulb ages. The pattern of interest was generated on a glass by depositing a very thin layer 

of chromium. 

 

B.5 Electropolishing process 

After adhering the anchored regions to the substrate using the technique discussed in the 

previous section, the sample was mounted back to the anodisation cell for the electropolishing 

process. After the completion of electropolishing, the anodisation cell, with the sample, was 



138 
 

thoroughly flushed with DI water to ensure removal of the HF electrolyte. Then the anodisation cell 

was filled with acetone while disassembling it to keep the sample in liquid, as the PS-FP 

microstructures were fragile after the electropolishing process. After that, the sample was transferred 

to an acetone bath for 5 minutes while undergoing agitation to ensure removal of the photoresist. 

Finally, the sample was kept in methanol solution, preparing it for the drying process. The total 

etching area of PS is 5.45 cm2, which is the area that was not protected by the photoresist.  

 

B.6 Critical point dryer 

The evolution of pressure and temperature during critical point drying is illustrated in figure 

(B.3) [191]. The sample is first transferred to a processing chamber which is filled with an 

intermediate fluid. Then liquid CO2 is introduced to fill the pressurised chamber (at point A). 

Subsequently, the supercritical temperature (~32 ˚C) of CO2 is achieved under a particular pressure, 

resulting in CO2 transforming from a liquid to a gas phase (from point A to point B). Finally, with 

the vent of CO2 gas and return of the pressure to an atmospheric level, microstructures can be 

successfully dried and released from the substrate (point C). 

 
Figure B.3 Demonstration of pressure versus temperature during critical point drying process. 

Image taken from [191]. 
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B.7 Specifications of materials used in the micromachining process 

Table B.1 Specifications and details of materials used in this thesis 

Material Specification, 

vendor 

Uses  Notes 

SOG 700B, 10.8% 

SiO2 content, 

Filmtronics Inc, 

USA 

Filling the 

pores before 

forming 

photoresist 

masking 

layer. 

SOG was spun twice at 4000 rpm for 40 

seconds. Then the samples were soft baked 

under 113˚C for 5 minutes in order for the 

solvents to dry-off to solidify the SOG. 

There was 5 minutes cooling period after 

each SOG layer application in order to allow 

for better homogeneity. 

Positive 

photoresist 

AZ6632 (35% 

solids content, 

MicroChemicals 

GmbH, 

Germany) 

To form 

photoresist 

masking 

layer. 

Different dilutions (20% 26% and 30% 

solids) used to achieve the required 

thickness. The photoresist was diluted by 

EBR to lower its viscosity. The photoresist 

was spin-coated for 3000 rpm for 40 

seconds, and subsequently soft baked under 

113˚C for 60 seconds. 

AZ EBR 

solvent 

AZ EBR solvent To dilute 

photoresist to 

produce thin 

layers. 
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Appendix C 

Specifications of tools and techniques used for characterisations 

 

C.1 Embedding method using resin for FIB images 

The sample was embedded with resin to eliminate damage caused by the FIB on the low-

density porous films and also to improve the ion milling. Three different concentrations of resin-

acetone formulation were prepared; 25%, 50% and 75% resin. The sample was covered with the first 

infiltration solution, cycled under vacuum 5 times, sonicated in a beaker for 2 minutes, and then left 

24 hours in ambient atmosphere. The process was repeated twice each time using a higher 

concentration. After that, the sample was covered with 100% resin and left in vacuum for 24h. The 

excess resin from the sample surface was removed using a flexible plastic strip. Next, the sample was 

left in vacuum for another 24h under 60°C. Finally, the sample was mounted to the SEM stub using 

silver epoxy and then platinum coated. 

 

C.2 Embedding method using SU8 for FIB images 

The advantage of using SU8 is the convenience of applying it without any prior preparation 

as required for resin, and it was already available in different dilutions in the cleanroom where most 

the experimental work in this thesis took place. In Professor Clode’s original work using resin [129], 

the long preparation was necessary to protect fragile biological tissue, which is not the case in PS. As 

such, the curing temperature was increased to shorten the embedding process. The embedding 

process started with covering the PS film, first with SU8-2002 solution and cycled under vacuum 

five times. Then the process was repeated using SU8-2005 to ensure all pores were covered. The 

excess SU8 from the sample surface was removed using a flexible plastic strip. Next, the sample was 

left in a vacuum oven for 10 minutes under 150°C. Finally, the sample was mounted to the SEM stub 

using silver epoxy, and then coated with 10 nm platinum. The whole preparation of embedding the 

PS with SU8 took 30 minutes, compared to over 2 days using resin. 

 

C.3 Resonance frequency measurement 

The output of the vibrometer was connected to an Agilent ESA-E Series model E4402B 

spectrum analyzer. The Agilent E4402B spectrum analyzer has a 50 Ω input, a frequency range of 9 

kHz to 3.0 GHz, and an average noise level of -139 dBm in the frequency range below 10 MHz. The 

measurement data was saved as .csv format by connecting the computer to the analyzer via a GPIB 

connection. 
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C.4 Calculation the sample standard deviation of the stress measurements 

The sample standard deviation of the stress measurements of each samples was calculated by [192]: 

𝑆𝑆𝑎𝑎𝑚𝑚𝑝𝑝𝑙𝑙𝑒𝑒 𝑝𝑝𝑝𝑝𝑎𝑎𝑛𝑛𝛿𝛿𝑎𝑎𝑝𝑝𝛿𝛿 𝛿𝛿𝑒𝑒𝑣𝑣𝑖𝑖𝑎𝑎𝑝𝑝𝑖𝑖𝑝𝑝𝑛𝑛 =  �
∑ (𝜋𝜋𝑖𝑖 − 𝜋𝜋�)2𝑚𝑚
𝑖𝑖=1
𝑚𝑚 − 1 ,                                        (C1.1) 

where 𝜋𝜋𝑖𝑖 is the mean stress deviation of a single sample i, 𝜋𝜋� is the mean of 𝜋𝜋𝑖𝑖 across 8 different 

samples and m is the number of samples, i.e. eight. 

 

C.5 Different definitions of porosity gradients 

Three different terms of porosity gradient are used throughout this chapter. The unintentional 

porosity gradient (or inherent) porosity gradient (dP/dh)u is the porosity gradient presents in the films 

when using constant current for PS formation. The intentional porosity gradient (dP/dh)i is the 

opposing gradient that is built-in when using varied current to compensate the unintentional porosity 

gradient. The net porosity gradient (dP/dh)net is the overall porosity gradient resulting from both 

porosity gradients, given by: 

�
𝛿𝛿𝑃𝑃
𝛿𝛿ℎ�𝑖𝑖𝑒𝑒𝑡𝑡

= �
𝛿𝛿𝑃𝑃
𝛿𝛿ℎ�𝑢𝑢

+ �
𝛿𝛿𝑃𝑃
𝛿𝛿ℎ�𝑖𝑖

.                                                         (C1.2) 
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