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The minority carrier lifetime in molecular beam epitaxy grown layers of iodine-doped Hg1�xCdxTe

(x� 0.3) on CdZnTe substrates has been studied. The samples demonstrated extrinsic donor behav-

ior for carrier concentrations in the range from 2 � 1016 cm�3 to 6 � 1017 cm�3 without any post-

growth annealing. At a temperature of 77 K, the electron mobility was found to vary from 104 cm2/

V s to 7 � 103 cm2/V s and minority carrier lifetime from 1.6 ls to 790 ns, respectively, as the car-

rier concentration was increased from 2 � 1016 cm�3 to 6 � 1017 cm�3. The diffusion of iodine is

much lower than that of indium and hence a better alternative in heterostructures such as nBn devi-

ces. The influence of carrier concentration and temperature on the minority carrier lifetime was

studied in order to characterize the carrier recombination mechanisms. Measured lifetimes were

also analyzed and compared with the theoretical models of the various recombination processes

occurring in these materials, indicating that Auger-1 recombination was predominant at higher dop-

ing levels. An increase in deep-level generation-recombination centers was observed with increas-

ing doping level, which suggests that the increase in deep-level trap density is associated with the

incorporation of higher concentrations of iodine into the HgCdTe. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4935154]

HgCdTe-based infrared (IR) detectors have wide-

ranging applications in various defence and civilian sectors

due to their superior performance resulting from high optical

absorption coefficient, high carrier mobility, long minority

carrier lifetime, and corresponding high responsivity.

Among these electronic parameters, minority carrier lifetime

is one of the primary factors that determine device perform-

ance, due to its direct impact on quantum efficiency. In

HgCdTe materials, the minority carrier lifetime is a function

of material chemical composition, defect types and density,

conductivity type, and carrier concentration. Some work has

been undertaken to study the minority carrier lifetime in in-

dium (In) doped n-type HgCdTe, and Lopes et al. have

reviewed the data on lifetime reported in In-doped long-

wavelength IR (LWIR) HgCdTe materials.1 At carrier con-

centrations up to 5 � 1015 cm�3, the lifetime was observed

to range from 0.4 ls to 8 ls, depending on the chemical

composition of the material and the defects therein.2–4

Recent measurements of minority carrier lifetime reported

by Swartz et al., ranging from 2.5 ls to 5 ls in LWIR

HgCdTe materials, suggest that the lifetime is limited by

defects.5 This is due to the low carrier concentration in these

reported samples (�1015), such that the minority carrier life-

time was dominated by the Shockley-Read-Hall (SRH)

recombination mechanism (trap-assisted), whereas the Auger

and radiative recombination mechanisms were less effective.

It is worth noting that in contrast to the studies reporting

on minority carrier lifetime in In-doped HgCdTe, very lim-

ited data are available for iodine-doped HgCdTe. Ross inves-

tigated iodine doping in HgCdTe by direct alloy growth

(DAG) using metal-organic chemical vapour deposition

(MOCVD).6 They reported that the memory effect during

MOCVD growth using iodine doping was �100 times lower

than for indium doping. Also, the diffusion coefficient for io-

dine was reported to be <1 � 10�13 cm2/s, which is signifi-

cantly lower than the 10�11–10�10 cm2/s reported for

indium.7,8 Therefore, iodine provides an effective n-type

dopant for growing HgCdTe heterostructures requiring ab-

rupt p-n junction or doped-undoped concentration profiles,

such as n-type—Barrier—n-type (nBn) HgCdTe detector

structures. The electron concentration at 77 K is linearly

proportional to the dopant partial pressure from 5 � 1015 to

2 � 1018 cm�3. This doping range is as wide as that of in-

dium doping. In this work, we present a study on the minor-

ity carrier lifetime in iodine-doped n-type mid-wave IR

HgCdTe materials grown by molecular beam epitaxy

(MBE). The minority carrier lifetime was found to decrease

with increasing doping concentration and, based on the tem-

perature dependent behaviour of minority carrier lifetime,

the dominant carrier recombination mechanisms were also

analysed for different doping levels.

Single layers of HgCdTe were grown on CdZnTe sub-

strates in a Riber 32P MBE system. The HgCdTe layers

were doped in situ with iodine during the MBE growth pro-

cess using a CdI2 precursor. To investigate the effect of dop-

ing concentration on the minority carrier lifetime, three

samples, A, B, and C, with different doping concentrations,

were grown using different temperatures for the CdI2 dopant

cell. The doping details and material characteristics of sam-

ples A, B, and C are summarized in Table I. Infrared trans-

mission spectra were used to analyze the chemical

composition and thickness of the HgCdTe epitaxial layers.

The carrier mobility and carrier concentrations were

obtained from Hall effect measurements in van der Pauw

configuration at cryogenic temperatures using a variable

magnetic field from 0 to 2 T. Minority carrier lifetimes were

0003-6951/2015/107(18)/182107/5/$30.00 VC 2015 AIP Publishing LLC107, 182107-1
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measured using the photoconductive decay technique. Note

that no post-growth annealing or surface passivation layer

were applied on any of the samples. In all cases, based on

the known laser power, for photoconductive decay measure-

ments, beam spot size, sample layer thickness, and delay

time, the calculated excess carrier concentrations was kept

well below 5 � 1014.9 Hence, it was assumed that low-level

injection conditions were satisfied and, thus, the injection

level did not influence the measurements. To avoid sweep-

out effects, the sample biasing was kept low (300 mV), and

all photoconductive decay curves were fitted exponentially

to obtain the minority carrier lifetimes.10

Several different recombination mechanisms determine

the photogenerated minority carrier lifetime in n-type

HgCdTe, such as Auger, radiative, and Shockley-Read-Hall

mechanisms, which have been discussed extensively in the

literature.9,11–16 We have applied these mechanisms to model

the lifetime for minority carriers in our samples with relevant

equations taken from the standard literature.10

The measured minority carrier lifetime, carrier mobility,

and other material parameters for the iodine-doped HgCdTe

layers in samples A, B, and C are summarized in Table I. As

evident from this table, these iodine-doped layers exhibit

good lifetime even at high carrier concentrations, especially

considering that no post-growth annealing was applied in

order to annihilate Hg vacancies. The electron mobility at

77 K was found to decrease from 1 � 104 cm2 V�1 s�1 for

an electron concentration of 2.1 � 1016 cm�3, to 6.7 � 103

cm2 V�1 s�1 for an electron concentration of 6 � 1017 cm�3.

The carrier concentrations were extracted from the measured

Hall coefficient data under varying magnetic field: that is,

from �2 to 0 T and from 0 to 2 T.

The extracted lifetime values, from the temperature de-

pendent photoconductive decay measurement results, are

illustrated in Fig. 1 for the three investigated samples with

varying iodine electron concentration. Generally, the three

samples present long minority carrier lifetimes at low tem-

peratures. As the temperature is increased from 77 K, minor-

ity carrier lifetime first increases slightly and then decreases

exponentially at higher temperatures. For example, for sam-

ple A, the minority carrier lifetime increases from 1.6 ls at

77 K to 1.9 ls at 150 K, and then decreases exponentially to

75 ns at 250 K. Such a temperature-dependent behaviour for

minority carrier lifetime is quite typical for direct band gap

materials like HgCdTe.17,18 As the temperature is increased,

the intrinsic carrier concentration increases with increasing

temperature, thus reducing the Auger lifetime. At low tem-

peratures, the temperature-independent lifetime is due to a

combination of Auger and/or SRH scattering. The small

increase in lifetime for the mid-temperature range is due to a

shift in the Fermi level (Ef) relative to the energy levels of

the dominant traps associated with SRH recombination.

Since SRH levels tend to follow the valence band with an

increase in temperature, whereas Ef moves toward the con-

duction band, this results in a decrease in the SRH recombi-

nation rate and a slight increase in minority carrier lifetime.

At higher temperatures, the lifetime decreases exponentially

due to the dominance of Auger-1 recombination, as observed

in Figure 1.

As expected, the lifetime was found to decrease with

increasing carrier concentration in samples B and C. The

behaviour of the lifetime vs temperature for various concen-

trations of iodine in HgCdTe samples A, B, and C is shown

in Figure 1. At 77 K, the lifetime decreased from 1.6 ls to

750 ns when the carrier concentration increased from 2.12

� 1016 cm�3 to 6 � 1017 cm�3.

In order to determine the dominant recombination mecha-

nisms, the effective total minority carrier lifetime in HgCdTe

was modelled by taking into account the following mecha-

nisms: Auger recombination (sAuger), Shockley-Read-Hall

recombination (sSRH), and Radiative recombination (sRadiative):

1/stotal¼ 1/sradiativeþ 1/sAugerþ 1/sSRH.9,12,14–16 The value of

the overlap integral jF1F2j was taken as 0.15.19 As a represen-

tative example, Fig. 2 shows the modelled and experimental

data for the investigated sample A. Generally, the band-to-

band recombination lifetime (sAuger and sRadiative) is a strong

function of temperature, due to both mechanisms being inver-

sely proportional to the square of intrinsic carrier concentra-

tion. As the temperature is increased, the free electron density

remains essentially constant initially, but then increases rapidly

in the intrinsic regime. At higher temperatures, Auger recombi-

nation is the dominant process due to the high carrier density,

which causes a rapid decrease of minority carrier lifetime.

However, the lifetime data for these HgCdTe layers cannot be

TABLE I. Electronic properties of n-HgCdTe samples doped with different iodine concentrations.

Sample

CdI2 cell

temperature (�C)

Hg1�xCdxTe

X-value

Hg1�xCdxTe

thickness (lm)

XRD (FWHM)

arc sec

Electron concentration

at 77 K (cm�3)

Electron mobility

at 77 K (cm2/V�1 s�1)

Lifetime

at 77 K (ls)

A 110 0.28 2.6 53 2.12 � 1016 10 856 1.6

B 130 0.29 2.7 78 8.84 � 1016 8466 1.04

C 150 0.30 2.8 51 6.02 � 1017 6688 0.75

FIG. 1. Minority carrier lifetime for samples A, B, and C as a function of

temperature.
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explained by only band-to-band recombination processes,

since it is necessary to include SRH recombination mechanism

to obtain a good fit to the experimental data. Results show that

for the lower carrier concentration in sample A, SRH recombi-

nation processes become important in addition to the band-to-

band Auger-1 process. Typically, as-grown HgCdTe layers

contain Hg vacancies and, consequently, some level of com-

pensation exists which could play an important role in the

SRH recombination process. Inevitably, such Hg vacancies

exist in all three investigated samples, but their impact on mi-

nority carrier lifetimes in samples B and C is limited due to the

relatively high carrier density and, consequently, shorter Auger

lifetime.

The SRH limited lifetime is predominant in the extrin-

sic temperature range, whereas Auger lifetime becomes

progressively more important in the intrinsic temperature

range. At higher temperatures, parallel combinations of

SRH and Auger-1 recombination cause lifetimes to decrease

exponentially with increasing temperature. The results indi-

cate a significant dependence of Auger lifetime on the

Fermi level, which is heavily affected by temperature and

carrier concentration, and also affected considerably by the

position of the extrinsic impurity energy level in the forbid-

den gap. Lifetime data from Kinch and Buss have indicated

that the defect level is at 30 meV above the valence band,20

whereas other researchers have argued that the defect level

is slightly deeper.21 In our case, lifetime data on HgCdTe

show a best fit to calculations when the dominant recombi-

nation centre is assumed to be 0.42Eg above the valence

band.22

A significant difference in the dominant recombination

mechanisms was observed between the three samples, as

shown in Fig. 3. Only the charge neutral defects with defect

energies near the Fermi level and with low formation ener-

gies were considered when modelling sSRH. The Te-antisite

(TeCd) has two defect levels near mid-gap.23 Similar to

CdTe, HgCdTe is grown under tellurium rich conditions and

has formation energy of almost 1 eV. Therefore, it is very

likely that a significant concentration of TeCd defects will be

created when the growth is under Te rich conditions. Defect

densities and capture cross sections for holes and electrons

were extracted by fitting with experimental lifetime data and

are presented in Table II.

In addition to Te-related and native vacancy defects, it

is reasonable to expect that at higher doping levels, iodine

atoms may form complexes with other impurity atoms or Te

interstitials and other point defects. This defect formation

has been explained in another paper, where structural aspects

FIG. 2. Experimental and theoretical lifetime as a function of inverse tem-

perature for sample A.

FIG. 3. Comparison of experimental

minority carrier lifetime and the calcu-

lated Auger-1, radiative, SRH, and

total lifetime for samples A, B, and C.
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of these samples were studied.24 All of these complexes

could act as SRH recombination centres if they have well-

defined energy levels within the band gap. Consequently,

HgCdTe materials with higher iodine concentration would

be expected to have a shorter SRH lifetime. Pines and

Stafsudd showed that an acceptor recombination centre lim-

its the photoconductive lifetime of HgCdTe when SRH life-

time dominates the Auger lifetime.14 Fig. 4 clearly indicates

that at 77 K, SRH dominates for low doped samples.

The trap density extracted by fitting the modelling

results in the experimental photoconductivity data, correlated

with the etch pit density (EPD) measurements that were per-

formed on samples A, B, and C as shown in Table II. The

EPD was found to increase in a well behaved manner with

carrier concentration. Fig. 5 shows minority carrier lifetimes

measured at 77 K as a function of EPD values for the three

samples. It can be clearly seen that lifetime decreases with

increasing EPD, with a relationship s / 1/EPD. This implies

that if a low doping can be achieved, it is possible to grow

material with a low SRH trap density. This inverse relation-

ship between carrier concentration and EPD, and with the

trap densities obtained by SRH modelling, clearly indicates

that higher doping is associated with the introduction of

additional SRH recombination centres, such as vacancies,

antisites, impurities, or complexes. Also, Auger lifetime

depends on the position of the Fermi level which, in turn, is

also affected by dopant concentration, temperature, and posi-

tion of the deep trap levels in the band gap.

In addition, it is noted that the investigated samples

were not surface passivated, which may result in the surface

properties being different from those of the bulk. The pres-

ence of any negative surface charge would lead to depletion/

inversion of the surface, resulting in enhanced surface

recombination.

Iodine acts as a promising n-type dopant in HgCdTe lat-

tice. It is proven to have a low diffusion coefficient because

it belongs to group VII and it substitutes Te lattice sites

when introduced into HgCdTe. It has a very small memory

effect as compared to indium, which dedicated to high vapor

pressures of its precursors. The thermal stability of Iodine is

much better than that of indium and hence a better alterna-

tive in heterostructures such as nBn devices. In this work, we

have studied minority carrier lifetime in iodine-doped

HgCdTe layers (x� 0.3) grown by MBE. We have achieved

well controlled in-situ extrinsic n-type doping over a wide

range of concentrations during MBE growth of HgCdTe.

The iodine doped HgCdTe layers demonstrate carrier mobil-

ity as high as 1 � 104 cm2 V�1 s�1 and minority carrier life-

time as long as 1.6 ls without any post-growth annealing.

The effect of increasing carrier concentration was also inves-

tigated. It was found that minority carrier lifetime at low

temperatures was limited by SRH recombination for compa-

ratively low doping levels, while the Auger recombination

mechanism limited lifetime in samples with higher carrier

concentration. However, SRH still plays an important role,

even at higher carrier concentration levels. More work is

required before an unambiguous interpretation of the photo-

generated minority carrier lifetime in iodine doped HgCdTe

grown by MBE will be possible.

Financial support from Australian Research Council

(FT130101708 and DP120104835), Go8-DAAD joint

research cooperation scheme (2014-2015), and the Faculty

of Engineering, Computing and Mathematics at University

TABLE II. Samples A, B, and C with deep level trap parameters obtained from fitting the experimental data.

Sample No. X-value

Carrier concentration

(Cm�3)

Etch pit

density (cm�3)

Lifetime

(ls)

Trap density

(cm�3)

Electron capture

cross-section (cm2)

Hole capture

cross-section (cm2)

A 0.28 2.12 � 1016 1.6 � 105 1.6 6 � 1014 4 � 10�15 3 � 10�15

B 0.29 8.84 � 1016 8 � 105 1.04 2 � 1015 3.5 � 10�14 6.3 � 10�14

C 0.30 6.02 � 1017 1.3 � 106 0.75 6.5 � 1015 5 � 10�14 8 � 10�14

FIG. 4. Comparison of experimental and calculated lifetime at 77 K for sam-

ples A, B, and C.
FIG. 5. Correlation between experimental lifetime and dislocation density

for samples A, B, and C.
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