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Abstract

To reveal the causes of infrared absorption in the wavelength region between electronic and lattice absorptions, we meas-
ured the temperature dependence of the absorption coefficient of p-type low-resistivity (~ 10> Qcm) CdZnTe crystals. We
measured the absorption coefficients of CdZnTe crystals in four wavelength bands (4 = 6.45, 10.6, 11.6, 15.14m) over the
temperature range of 7 = 8.6-300 K with an originally developed system. The CdZnTe absorption coefficient was measured to
bea =0.3-0.5cm 'atT = 300 K and @ = 0.4-0.9 cm™! at T = 8.6 K in the investigated wavelength range. With an absorption
model based on transitions of free holes and holes trapped at an acceptor level, we conclude that the absorption due to free
holes at 7 = 150-300 K and that due to trapped-holes at 7 < 50 K are dominant absorption causes in CdZnTe. We also discuss
a method to predict the CdZnTe absorption coefficient at cryogenic temperature based on the room-temperature resistivity.

Keywords CdZnTe - infrared transmittance - cryogenic material - absorption coefficient

Introduction

Cadmium zinc telluride (CdZnTe) is a type II-VI compound
semiconductor, commonly used as an X-ray detector' or sub-
strate for the growth of epitaxial layers of mercury cadmium
telluride (MCT) for infrared detector arrays.? Large-size sin-
gle-crystal CdZnTe growth techniques have been developed
for such applications. Single-crystal ingots of CdZnTe with
5-inch diameter are now commercially available, with 6-inch
crystals in the experimental stage.’

CdZnTe is also promising as an infrared optical mate-
rial with wavelengths between 5-20 ym. In general, the
electronic and lattice absorptions characterize intrinsic
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absorption, which is the immutable absorption even for pure
semiconductors.* CdZnTe has little intrinsic absorption in
the infrared wavelength range. Also, CdZnTe has extrinsic
absorption, such as free-carrier absorption due to impuri-
ties and attenuation due to Te precipitates.’> As a result, we
anticipate that CdZnTe can be used as an infrared optical
material by controlling its extrinsic properties (e.g., impurity
or Te precipitates).

In addition, these infrared materials are frequently used
in low-temperature environments to reduce thermal back-
ground radiation, particularly in astronomical observation


http://orcid.org/0000-0002-7125-162X
http://orcid.org/0000-0002-5012-6707
http://orcid.org/0000-0003-2776-1849
http://orcid.org/0000-0002-6660-9375
http://orcid.org/0000-0002-4278-7804
http://orcid.org/0000-0002-4697-7971
http://orcid.org/0000-0002-9321-4918
http://orcid.org/0000-0003-4842-565X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-021-09361-1&domain=pdf

Infrared Absorption and Its Sources of CdZnTe at Cryogenic Temperature 565

Table| P‘r.opertics f)f t%le Sample Incident- Thickness Resistivity Conductivity Te particle size Ra

CdeTe s.mgle crystals. The surface size

specifications are measured )

at room temperature. (Ra: [mm~] [mm] [Qem] type [um] [nm]

arithmetic average roughness of )

the surface) lowR-t1 X1 1.01 (0.5-1.3)x10 D <2 <1
lowR-t10 7x17 9.91 (0.5-1.3)x10? P <2 <1

optics (e.g., SPICA Mid-Infrared Instrument® on board the
SPICA missionl).7’8 As aresult, the ability of infrared mate-
rials to transmit light at low temperatures is essential for
astronomical applications.

An immersion grating is an optical material application of
CdZnTe.” Immersion gratings are diffraction gratings with
a grooved surface immersed in a material with high refrac-
tive index.!®!! CdZnTe is an attractive material for immer-
sion grating at wavelengths of 4 =10-20 ym due to its high
refractive index (n ~ 2.7) and transparency.'*!'* Owing to its
high refractive index n, an immersion grating can be down-
sized 1/n in length compared to conventional gratings. In size-
constrained situations, the 1/n-downsizing of a grating has a
significant impact on the design of a compact optical system
(e.g., astronomical satellites, systems in cryostat dewars).
CdZnTe-immersion grating is expected to be applied in space
telescopes.'*

The room-temperature absorption coefficient in infrared
wavelengths is known to be resistivity-dependent. Kaji et al."?
investigated the absorption coefficient of CdZnTe crystals with
resistivities of p = 3.5 X 10! Qcm and p ~ 1 X 10> Qcm at
room temperature. They discovered that the absorption coef-
ficient of low-resistivity CdZnTe was higher than that of high-
resistivity CdZnTe and increased with wavelength at A = 5-20
um. This high absorption is considered to be caused by free-
carrier absorption.*'* When low-resistivity CdZnTe is cooled
down to cryogenic temperature, the free-carrier absorption
coefficient becomes smaller than the coefficient at room tem-
perature due to free-carrier freeze-out. Therefore, low-resistiv-
ity CdZnTe, which is more readily available than high-resistiv-
ity CdZnTe, is expected to be suitable for cryogenic infrared
materials. However, because there are few previous studies
on the optical performance of CdZnTe at low temperatures,
absorption causes in CdZnTe at cryogenic temperature are
unknown. The optical performance of low-resistivity CdZnTe
must be studied in order to develop cryogenic infrared materi-
als (e.g., immersion gratings).’

In this paper, we investigate the process for mid-infrared
photon absorption by measuring the temperature dependence
of the absorption coefficient of CdZnTe in the temperature

! SPICA had been a candidate for the fifth M-class mission in the
ESA Cosmic Vision but was canceled on financial grounds in Octo-
ber 2020.

range of T = 8.6-300 K. We expect cryogenic absorption
coefficients of CdZnTe crystals to be predictable from room-
temperature physical properties after revealing the possible
processes for the mid-infrared photon absorption.

Method

This section describes the method used to measure the
absorption coefficient. First, we describe the derivation
method of the absorption coefficient from transmittance
measurements. Taking into account the multiple reflections,
we express the total transmittance r as follows:

_ (1= R)? exp(—at)

1 — R2exp(—2at)’ M

where « is the absorption coefficient, R = (n — 1)2/(n + 1)?
is the Fresnel surface reflectivity, and 7 is the sample thick-
ness.” We can estimate the absorption coefficient by measur-
ing the transmittance (7;, 7,) of samples made of the same
material but with different thicknesses (¢, #,) as follows:

In(z, /T
- @/m) g 2)
I — b
1 1 — R? exp(—2at,)
In

X = .
t— 1 1 — R% exp(—2at,)

3

In this case, we assume the common surface reflectivity R.
The term X arises from the effect of the multiple reflections.
In the case of the refractive index n = 2.7, X/a is less than
0.1 at any a value. If X is included in the systematic error, a
can be approximated as follows:

_ _ln(rl/rz)
h—t,

“

Therefore, a can be estimated without assuming the R value.
In this study, we use Eq. 4 to calculate & from the measured
transmittance 7.

Table I shows the specifications of the CdZnTe samples
used in this study. JX Nippon Mining & Metals Corpora-
tion produced the Cd 9sZn, o, Te single crystals used in the
measurements. The vertical gradient freezing (VGF) method
is used to make the CdZnTe ingot. In the main text, the
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Fig.1 The measurement system. Each component is described in the
text. Red and blue lines show the beam path. Dimensions are in mil-
limeters. Focal length f is indicated for each lens. Thickness, diame-
ter, length of each component are denoted by #, ®, and L, respectively.
Components in green dashed areas are mounted on each stage plate.

Unit: [mm]

The stages S, S, S; can move in two directions vertical to the beam
axis. The temperatures of the cryostat outer wall (19) and the radia-
tion shield (18) are ~ 300 K and ~ 77 K, respectively, when a sample
is cooled to the lowest temperature (8.6 K). Details of sample holder
structure are described in Appendix B (Color figure online).

Tablell Specifications of the

Parameters Specifications Notes

measurement system
Light source Silicon Nitride Globar
Detectors MCT detectors LN,-cooled/Peltier-cooled
Beam size @$2 mm
Temperature T =8.6-300 K see results section
Incident angle ~ 0°

Band center + HWHM

A=6.45+0.05, 10.6 + 0.8,
11.6 £ 0.4, 15.1 +0.6 yum

conductivity is controlled to p-type for the ingot and n-type
for Appendix A. The substrates were then cut from the ingot.
To confirm whether the predicted change in absorption coef-
ficient with temperature exists, we controlled the resistiv-
ity to the same order (p ~ 10?> Qcm) as the low-resistivity
CdZnTe measured by Sarugaku et al.’> The ingot was then
annealed to reduce scattering caused by Te precipitates by
reducing precipitate size.’ The incident and exit surfaces are
polished with a surface roughness of Ra <1 nm to reduce
scattering loss on the surface, where Ra is the calculated
average roughness. To derive the absorption coefficient from
the thickness dependence of the transmittance, samples with
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two types of thicknesses, lowR-t1 and lowR-t10, are taken
from the same ingot.

Generally, infrared transmittance is measured using a
Fourier transform spectrometer (FTS). However, com-
mercial FTS products have numerous constraints, making
it practically difficult to adjust the position of the sam-
ple cooling stage. In addition, for thick substrates with a
high refractive index (n) such as CdZnTe, transmittance
measurement with a typical uncollimated FTS may result
in significant systematic uncertainty due to the defocus
effect.!? Installing a thick and high-n substrate in the sam-
ple compartment lengthens the optical path and shifts the
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detector’s focus position backward. Furthermore, the focal
position is wavelength-dependent due to the wavelength
dependence of the refractive index n. Because of this,
large systematic defocus errors in transmittance measure-
ment occur.

We built an original measurement system on an opti-
cal bench using a collimated beam and a cryostat to solve
the adjustment difficulty and the defocus problem. We
anticipated that the defocus effect would not be an issue
by irradiating the collimated beam with the sample.'® Fig-
ure 1 shows the originally developed measurement sys-
tem and Table II summarizes the system’s specifications.
To irradiate samples, we use a Globar lamp (1 in Fig. 1;
SLS303, Thorlabs Japan Inc.) as an infrared light source.
The lamp’s light beam is guided by a polycrystalline infra-
red fiber (3) and is recollimated with a lens (4). We can
change the wavelength of the collimated beam by mount-
ing four bandpass filters (1 = 6.45, 10.6, 11.6, 15.1 um;
listed in Table II) in the filter wheel. To pass through the
sample-holder aperture (¢S5 mm), the infrared light beam
is adjusted to ¢2 mm with an aperture (7). To monitor the
time variation, we split the incident beam with a beam
splitter (8), and the reflected beam B is focused on a Pel-
tier-cooled MCT detector (13; PVMI-4TE-10.6-1x1-TO8-
wZnSeAR-35; VIGO System S.A.). Beam A is transmit-
ted to the sample (11) with an incident angle of ~ 0° and
focused on another liquid-nitrogen (LN,) cooled MCT
detector (17: IOH-1064, Bomem Inc.) to measure the trans-
mitted light power. We use an optical chopper (5; model
300 CD, Scitec Instruments) with a frequency of ~ 1 kHz
and lock-in amplifiers (SR830, Standard Research Systems)
connected to the detectors because the incident beam to the
sample is relatively faint (~ 10> W cm™ in the 10.6 ym
band right after the aperture 7).

We used a cryostat with a two-stage Gifford-McMahon
cryocooler (PS24SS; Nagase & Co., Ltd) to cool a sample to
cryogenic temperature. Furthermore, we attached anti-reflec-
tive-coated (AR-coated) ZnSe windows with thicknesses of
5 mm and 1 mm to the vacuum chamber and the radiation
shield in the chamber, respectively, to transmit the mid-
infrared beam. To avoid thermal conduction, we reduced
the gas pressure inside the chamber to < 1072 Pa. A built-in
calibrated Si-diode sensor measures the temperature of the
cold head. To stabilize the temperature during measurement,
we installed a heater near the cold head. We prepared two
types of holders to cool samples: one for the thick sample
and the other for the thin sample. The details of the holders
are described in Appendix B.

Next, we described the measurement procedure. A sam-
ple’s transmittance 7 is calculated as
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Fig.2 Absorption coefficient of CdZnTe at a wavelength of A = 6.45
(purple), 10.6 (green), 11.6 (sky blue), and 15.1 (orange) pum. Vertical
error bars show the 1o uncertainty range of the absorption coefficient.
Horizontal error bars show the accuracy of the temperature (Color
figure online).

where V, i, (x = A or B) is the power detected on the detec-
tor of the x side of the beam with the sample and V¢ is the
power detected without the sample. To reduce the effect of
time variation in incident light powers, we measured powers
Vs smp and Vg o, simultaneously, as well as V¢ and Vi ;¢
We measured the Vi . .1(4)/Vp f(4) at 300 K because the
denominator V, ¢/ Vj ¢ i a constant value against temper-
ature change. We measured the transmittance of two samples
at the four bands described in Table II.

We cooled the samples at a rate of < 6 K min~! to reduce
thermal stress on the sample. During the transmittance
measurement, the temperature of the cold head is controlled
within +0.1 K by using a heater controller. Because ther-
mal shrinkage affects the beam vignetting, it is necessary
to optimize the beam alignment during the measurement.
Also, because the sample’s position shifts by ~ 1 mm due to
thermal shrinkage of the cold-head shaft, the beam power
measured at the aperture may be vignetted at ~ 3%. Thus,
at each measurement temperature, we adjusted the stages
S1, S5, and S5 (see Fig. 1) in two vertical directions to the
optical axis to allow the beam to pass through the center of
the holder aperture. Subsequently, because the beam is col-
limated, the adjustment does not affect the focal length. As a
result, we can adjust the beam position by adjusting the three
stages. We measure the transmittance of thin and thick sam-
ples at various temperatures ranging from about 7 = 300 K
to the lowest temperature (8.6 K; see the following section).

Results
Figure 2 shows the absorption coefficients a of CdZnTe at

A=6.45,10.6,11.6, and 15.1 ym from room temperature to
a cryogenic temperature at 7 = 8.6 K.

@ Springer



568

H. Maeshima et al.

We calibrate the systematic temperature error caused
by the Seebeck effect by averaging the measured tem-
peratures with the voltage polarity swapped. Based
on the measurement system’s specification accuracy
(Model 218, Lakeshore Inc.), we estimate the tempera-
ture uncertainty as AT =10, 5, 2, 1, 0.3, 0.05 K at
T ~ 300, 200, 100, 50, 8.6 K, respectively.

The uncertainty of the measured absorption coef-
ficient is mainly caused by the reproducibility of opti-
mizing the beam alignment described in the previous
section. We thus assume that the reproducibility is the
same for all cases of temperatures, wavelengths bands,
and samples because we perform the stage adjustments
following a similar approach. We measure the 1o repro-
ducibility of the transmittance Az /z = 0.011 at 300 K and
apply it to all the measured z. From the error propagation
law using Eq. 4, the 1o uncertainty of a is estimated as
Aa =0.016 cm™".

As shown in Fig. 2, the measured a ranges from 0.3-0.5
cm~!at T =300 K and from 0.4-0.9 cm™'at T = 8.6 K. At
each temperature, the absorption coefficient a at the longer
wavelength is larger than the value at the shorter wavelength.
AtT = 100-300 K, the a(4 = 6.45 um) decreases with cool-
ing, whereas the @(4 = 15.1 ym) increases. In the tempera-
ture range of T = 100-300 K, the temperature dependencies
of (A = 10.6 ym) and a(A = 11.6 ym) are small compared
to the uncertainty. At all measured wavelengths, the absorp-
tion coefficient « increases by 16-40% from 7 = 100 K to
T =50K. AtT < 50 K, the temperature dependence of the
a becomes small. The dependence of the absorption coef-
ficients on temperature is discussed in the next section.

The result is then compared to the free-carrier
expectation.’ The absorption rate caused by free car-
riers is proportional to the free carrier’s density. At
low temperatures, the carrier density is proportional to
f(T) =exp(-E,/2ksT), where E, is the energy separa-
tion of the donor or acceptor level from the conduction
or valence band'’ and k; is the Boltzmann constant. If we
assume that E, of CdZnTe is consistent with that of CdTe
(E, = 60 meV)'® for simplicity, cooling from 7 = 300 K
to T < 50 K reduces the free-carrier density by less than
f(T=50K)/f(T =300K) ~0.003. The proportional
relationship would also reduce the free-carrier absorption
coefficient by less than ~ 0.003 times. Even for the case
of multi-impurity levels, free-carriers are estimated to be
frozen out because the reported acceptor levels of CdTe
are ~ 60 meV or ~ 150 meV.'®?! In contrast to the free-
carrier expectation, the measured « increases by about 1.3-
1.8 times from 7 = 300 K to T = 8.6 K.° In the following
section, we discuss this apparent inconsistency.
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Fig.3 Schematic view of the band structure of CdZnTe. The horizon-
tal axis shows wave vector k and the vertical one shows energy E. The
valence band is separated into three sub-bands: the heavy-hole, light-
hole, and split-off sub-bands. The energy levels of the top valence
band and the acceptor are denoted by E, and E,, respectively. The
band gap energy is denoted by E, and the gap energy between accep-
tor level and the valence band is E,. The transitions A, B, and C are
the absorption transitions of the model described in the text.

Discussion

In this section, we discuss absorption causes in CdZnTe.
As shown in the previous section, our result reveals that «
increases at the cryogenic temperature, contrary to the free-
carrier expectation. This disparity suggests that, in addition
to free-carrier absorption, other causes influence the absorp-
tion coefficient.

Absorption Model

To discuss the dominant absorption cause, we built a model
of the a of CdZnTe. To discuss the causes at room tem-
perature, we included the absorption causes considered in
the CdZnTe study at room temperature’ in our model. Fig-
ure 3 shows a schematic view of the band structure of p-type
CdZnTe and hole transitions related to absorption in the
model. At room temperature, p-type CdZnTe absorbs due to
two types of free-carrier transition: (A) transitions within the
same valence sub-band, (B) transitions from the heavy-hole
sub-band to the light-hole sub-band, as in e.g.!” According
to the room-temperature study, CdZnTe has attenuation due
to Te precipitates and the lattice absorption.’

The absorption causes in CdZnTe are well discussed at
room temperature,’ but they are not studied at low tempera-
tures. As a result, we include the absorption causes consid-
ered in a previous cryogenic CdTe study'® to discuss the
temperature dependence of the absorption coefficient. In this
case, we assume that the physical properties of CdZnTe are
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similar to those of CdTe due to the low Zn abundance ratio
(~ 4%). Capek et al.'® showed the existence of absorption
of the hole transition from the acceptor level to the valence
band (C in Fig. 3).

The total absorption coefficient a4 is expressed as

mode

Xmodel =Nfree(o-intra + o-imer)

(6)

+ Ntrappedatrapped + Qe + Xattice>

Where 6,155 Gingers a0 Oypypneq are the absorption cross-sec-
tions of the (A) intraband, (B) interband, and (C) acceptor-
valence band transition, respectively. The density of free
holes is denoted by Ny, while the density of trapped holes
is denoted by N ,peq- Attenuation due to Te precipitates
is denoted by ar., and the lattice absorption is denoted by
Fattice:

The Drude model, as in e.g.,19 is used to calculate the
cross-section of (A) intraband absorption o;,,,. The absorp-
tion coefficient in the Drude model can be calculated using
the equation of motion of a free carrier with an attenuation

term. We derive the oy, as
2
q
Cintra = 5% ~)
ancem*tp(T)V

)

“ns5t) ()
T\ 943 cm! 300 K ’

where b is a proportional factor, ¥ is the wavenumber
(V = 1/4), q is the effective charge, n is the refractive index,
c is the light speed, m™* is the effective mass, and 7y is the
relaxation time. The relaxation time 7, is the mean time
interval of free-hole collisions with main scatterers. We
assume that 7y is proportional to 7~!* because lattice vibra-
tions at 7 = 100-300 K primarily caused the carrier scatter-
ing for CdTe case.'® Although the temperature dependence
of hole mobility is not proportional to 7' at T < 100 K, we
assume that at such low temperatures intraband absorption
becomes negligible because of free-hole freeze-out. There-
fore, we apply the single power-law function as the 7,(7’) in
the model.

Next, we describe the cross-section of (B) interband
absorption o;,,... We consider the absorption cross-section
of the direct transition of holes from the heavy-hole sub-
band to the light-hole sub-band. In this case, we assume that
the bands have spherical energy surfaces with a parabolic
dispersion relation and that the occupational probability at
each band has a Maxwellian energy distribution. The cross-
section o, 1S estimated in a similar approach as general

nter
p-type semiconductors described in Basu'” as follows:

O:

v 0.5 T -1.5
inter _a°<943 | ) <300 K)

hcv hcv ®)
X |1- exp _ﬁ exp —alﬁ s
B B

-1

where a;, is a proportional factor, m;, /m;, is the effective mass
ratio of heavy and light holes and 4 is the Planck constant.

We discuss the cross-section of (C) trapped-hole absorp-
tion Oy appeq- Cépek et al.'® measured the a of CdTe at cry-
ogenic temperature and concluded that the trapped-hole
absorption exists. We assume that the cross-section o;,,,cq
is a function of wavelength but not of temperature. This
assumption is made because the temperature dependence of
the absorption cross-section is primarily due to the tempera-
ture dependence of the occupational probability difference
between initial acceptor state-i and final state-j in the valence
band (f; — ];).17 At low temperatures in the acceptor state, the
majority of the holes will be trapped, and free holes will be
exhausted. Because trapped-hole absorption will be domi-
nant at cryogenic temperatures, we assume that f; ~ 1, f; ~ 0
and trapped-hole cross-section is temperature independent.

We then describe the densities of free holes N;,.. and
trapped holes N.,,n0q- There are two possible types of free
holes. One is “intrinsic” free holes, which are released by
the transition from the conduction band to the valence band,
and the other is “extrinsic” free holes, which are released
by the transition from an acceptor band to the valence band.
The total free-hole density at the room temperature can be
estimated with the resistivity p = 50-130 Qcm as

Niee (300 K) = L. (9+5)x 10" ecm™, (10)
qpu

where g is the charge of a single hole. We assume

that the hole mobility y is the same as that of CdTe

(u = 80 cm?*V~'sec™,'%) because of the low percentage of

Zn (~ 4%) in our CdZnTe samples. On the other hand, the

intrinsic hole density at room temperature is estimated as

kT \*/* E
Niree intrinsic (300 K) =2< i > (me*m*)3/4 xp <_ 2k:T>

~10° cm™3,

1D
where m, is the effective hole mass (m,/m, = 0.30 for
CdTe),” m,, is the effective electron mass (m,, /m, = 0.11
for CdTe),?° and E, is the band gap energy between the
valence band and the conduction band (E, ~ 1.5 eV). >
The free holes at room temperature are dominated by the
extrinsic free holes released from the acceptor level, and we
ignore the intrinsic free holes. At lower temperatures, the
ratio of the extrinsic-free-hole density to the intrinsic-free-
hole density becomes larger since the intrinsic energy gap is
larger than that between the acceptor band and the valence
band. Therefore, we also ignore the intrinsic free holes at
lower temperatures.
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We derive the temperature dependence of the Ny, simi-
larly to that of Ahmad.'® We obtain an analytical equation of
the free-hole density by coupling the following three equa-
tions: the equation for the density of holes trapped at the
acceptor level, the equation for free-hole density based on
the effective density of states, and the conservation equation
of the sum of the free and trapped-hole densities. We derive
the N, as

NA 2 9
\/1 + 8(N,/Ny) exp(E, /kgT) + 1

Nfree =

12

where N, is the acceptor density, Ny, is the effective density
of states, E, is the energy gap between the acceptor level
and the valence band’s top. In this case, we assume that
there is a single acceptor level since Ahmad'® explained
the temperature dependence of the CdTe free-hole density
measured by them with a single-acceptor-level model. We
also assume that the effect of the donor is negligible. In
this equation, Mg, is roughly constant in a relatively high-
temperature range (namely saturation regime) due to full
ionization of acceptors, in a relatively low-temperature range
(namely the ionization regime), whereas N, is proportional
to exp(—E, /2k,T).'® According to Kittel,' the effective den-
sity of states Ny, is given by

Ny =2Qam, kzT/h*)>/?

3/2
—4.12 x 108 2= ( T )3/2 ems, P
0.3m, 300K

where m, represents the effective hole mass (m, /m, = 0.30
for CdTe)?°. The acceptor is assumed to be fully ionized at
T ~ 300 K'¢ and the free-carrier density is assumed to be
almost the same as the acceptor density. Thus, the acceptor
density is estimated as

N, ~ Niee(300 K) = (9 £ 5) x 10 cm™. (14)

In this model, we assume the N, value as
N, =9x 10" cm™3. We estimate the uncertainty of N,
as +5 x 10'* cm™ from the uncertainty of the room-tem-
perature resistivity. The effect of the uncertainty of N, is
discussed in the next subsection. Because the sum of the
free-hole density Ny, and the trapped-hole density Ny,,neq
equals the acceptor density N,, the trapped-hole density

Nirapped 18 expressed as
Ntrapped =NA - Nfree' (15)

We then discuss how the attenuation due to Te precipitates
ar. affects our model. Sarugaku et al.> evaluated Mie scat-
tering attenuation due to Te precipitates as ap, < 0.01 cm™!
at A > 5 um. Subsequently, because Te precipitate size in
our samples is limited to < 2 ym in the same way in their
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samples, we assume that a, in our samples is as small as
<0.01 cm™L. Also, the scattering attenuation is unaffected
by temperature. As a result, we ignore the ay, assuming it
makes only a minor small contribution to the a4

In addition, we discuss the lattice absorption @;.-
Based on the empirical exponential relationship,
Apice At TOOM temperature is less than 2 x 1073 cm™!
at A < 15.1 um, according to Sarugaku et al.” The lat-
tice absorption strength is proportional to the difference
in phonon creation and annihilation probabilities. The
strength of a single-phonon process is unaffected by tem-
perature, whereas the strength of a multi-phonon process
decreases with temperature.'” Therefore, ;. is less than
2 x 1073 cm~! at all temperatures and wavelengths meas-
ured. Because ay,;. is negligible compared to the total
absorption coefficient, we ignore it in our model.

To summarize the above discussion, we set our absorp-
tion model as follows:

amodel,f/ =Nfree(T)(6intra,\7(T) + 6imer,0(T))

16
+ Ntrapped(T)o-trapped' ( )

The free parameters are the acceptor energy (E,), the effec-
tive mass ratio (my;,/m;) and three proportional factors
(bO’ do, O-trapped)'

Model Fittings and Discussion

This section discusses what causes absorption in CdZnTe
by fitting our results with the absorption model described
above. Because the wavelength dependence of 6ppeq 18
unknown, we perform fitting individually in each wave-
length band. Figure 4 shows the model fitting result in
each band (A4 =645, 10.6, 11.6, 15.1 ym). Each fitted
parameter is listed in Table III. The N, value is fixed to
N, =9 x 10'* cm™3 as discussed in the previous subsection.
It is worth noting that, in the fitting in the 6.45 ym band, the
b, value is fixed to by = 1 x 107'® cm? based on the best-fit
value in the other wavelength bands to secure convergence
of the fitting. This is because intraband absorption becomes
smaller in the shorter wavelength band due to its wavelength
dependence and it is difficult to fit the parameter b, at the
shortest wavelength 6.45 ym.

Like the measured results, the model shows an increase
in the absorption coefficient at low temperatures and
reproduces the measured temperature dependence across
the entire temperature range. Two physical parameters
(E,, m,/m;) and two proportional factors ( a,, b,) are con-
sistent within 1o uncertainty range among each wavelength
band case. This fitting result shows that, in the temperature
range of 7' = 50-150 K, the dominant holes change from
free holes to trapped holes, and the dominant absorption
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Fig.4 The temperature dependence of the absorption coefficient of
the CdZnTe in the A = a 6.45, b 10.6, ¢ 11.6, and d 15.1 ym bands
and the fitted model. The purple points show the measured a. The
error bars show lo uncertainty ranges. Green solid lines show the
total fitted absorption model. Sky-blue dashed, orange dotted, and red

Temperature [K]

dashed-dotted lines show the fitted models of intraband, interband,
and acceptor band absorption, respectively. The black dotted and
dashed lines show the normalized density of free holes and trapped
holes, respectively, by the right scale of the vertical axis (Color figure
online).

Table lll Parameters fitted

at each wavelength band Band 6.45 um 10.6 um 11.6 ym 15.1 ym Reference value
and reference 'Value. .The E, [meV] 59 +4 59 +4 59 +7 59 +6 ~ 60, ~ 587
fgi@ff; i“iglyfl’;‘nl _Sgﬁﬁi m, /m, 75405 63+0.7 6+1 6+1 ~5, ~T
errors show 1o uncertainties. ay [10716 cm?] 9+1 9+2 8+3 8+3 -
The derivationhof the reference by[10716 cm?] 1 (fixed)y™ 1.0+06 12+07 1.0+04 _
Yalues Is desc r&rg;;gg o Crappeal 10710 2] 4.6+0.1 610£007  71+01  98+01  513°
freedom Reduced- 42 0.23 0.008** 0.21 1.3

NDF 4 3 3 3

b The values from past CdTe studies.'®?!

18,22

¢ The values from past CdTe studies.

4 The by value is fixed to secure convergence.

° The predicted value based on the CdTe cryogenic absorption cross-section. !

8

f For the 10.6 um band case, the reduced- y? is extremely small.

This is probably because the uncertainty Aa is overestimated. The uncertainty Aa is estimated based on
the reproducibility of the measurement at 300 K before and after the cooling cycle. For measurement in
the near temperature range, the uncertainty may be smaller than the estimated Aa because of the small dis-
placement of the holder caused by a thermal shrink.
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causes changes from free holes (A, B) to trapped holes (C)
with cooling.

Additionally, we compare derived physical parameters
(E,, my,/m,)) to the previous studies to see if the fitted-param-
eter values are consistent with the previous measurements.
We compare the best-fit acceptor energy E,, to that of CdTe.
The acceptor energy of Na-doped CdTe has been reported to
be ~ 60 meV using a Hall effect measurement'® and ~ 58.7
meV using a photoluminescence measurement.>' The best-
fitted acceptor energies (E, ~ 59 meV) are consistent at 1o
uncertainty level with previous CdTe studies. Following
that, we compare the effective mass ratio m,,/m,. The best-
fitted values of the effective mass ratio (m,/m;, = 6-7) are
within the range of reported values by previous CdTe studies
(my,/m; ~ 71,'8 ~ 5).2% These reference values based on previ-
ous studies are also listed in Table III. Following the above
comparison, the measured absorption coefficients and their
temperature dependence are well-fitted with the absorption
model by free/trapped holes and reasonable physical param-
eters (E,, m;,/m,)).

Moreover, we discuss the validity of the temperature
dependence of the best-fit 6y,,,eq- In this study, we assume
that the trapped-hole cross-section oy,,,,.q 1S temperature
independent as mentioned in the previous subsection. At
T <50 K, the best-fit results show that the trapped-hole
absorption is dominant. We conclude that the assumption
of independence is reasonable, owing to the inability to see
the temperature dependence of the a at < 50 K.

To validate the 6,,,,.q Values, we compare the best-fit
Orapped With a previous CdTe study, which is a similar sub-
stance used in the current study. Capek et al.'® measured the
a of p-type CdTe with Ny, (300K) = 3.1 X 107 ¢cm™ free-
hole density. We assume that the trapped-hole density at 80
K is the same as the Ny,..(300 K) because the free-carrier
density of CdTe and CdZnTe decreases with cooling'® as
well as that of CdZnTe. As a result, the CdTe cross-section
Oirapped,cate €N be estimated as follows:

Orapped.cate = #(80 K)/Ni1apneq(80 K) = a(80 K) /Ny, (300 K).
a7
CdTe « values are taken from Fig. 3 of Capek et al.'® The
Oyrapped.cate 15 calculated as (5, 9, 10, 13) x 107 cm? at
A =645, 10.6, 11.6, and 15.1 um, respectively. As a ref-
erence, the Cross-sections oy.,,,.q derived for CdTe are
also listed in Table III. Also, because the best-fit 6;,ppeq in
the current study is of the same order of magnitude as the
Oirapped,caTes W€ conclude that the best-fit CdZnTe cross-sec-
tion 6,;,5peq 18 Within a reasonable range when compared to
that derived for CdTe.
In addition, we estimate the effect of the uncertainty of
the acceptor density value N,. Based on Eq. 12, the acceptor
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Table IV The best-fit result in the case of
Ny=(4,09, 14)x 10¥ cm™3. The nominal N, value is
Ny =9x10"cm™3

Case 1 Case 2 (nominal) Case 3
N,[10"%cm™3] (fixed) 4 9 14
E,[meV] 63+5 59+4 56 +4
my,/m; 65+0.7 63x07 62+0.7
ay [1071% cm?] 19+4 9+2 6+2
by [107'6 cm?] 25+1 1.0+0.6 0.6 +0.4
Otrapped [10716 cm?] 13.7+£02 6.10+0.07 3.92 £0.05

density is assumed to be N, =9 x 10" cm~ as discussed
in the previous subsection. From the uncertainty of the
room-temperature resistivity, the uncertainty of the accep-
tor density is estimated as +5 x 10'* cm~>. To estimate the
effect of the uncertainty of the acceptor density, we perform
the parameter fitting in the 10.6 ym band in the cases of
N, =4x 10", 14 x 10" cm™. The fitting result is listed
in Table IV. As shown in Table IV, the best-fit E, values are
~ 60 meV and the best-fit m,, /m, values are ~ 6 for all the
N, cases. The best-fit 6.4 Values are of the same order of
magnitude as that derived for CdTe above (~ 9 x 10716 cm?).
We conclude that the uncertainty of the N, has a minor effect
on the estimation of the E, and m,, /m, but affects the best-fit
value of ay, by, Oyappeq DY @ factor.

In summary, the absorption coefficient due to free holes
decreases and becomes negligible at 7 < 50 K, just as we
initially predicted.’ However, this is insufficient to explain
the temperature dependence of the measured absorption
coefficient. At cryogenic temperatures, the absorption coef-
ficient due to trapped holes increases and becomes domi-
nant at T < 50 K. Cépek et al.'"® showed the existence of
the trapped-hole absorption in CdTe. Our study reveals that
the trapped-hole absorption is observed also in CdZnTe.
We note that Capek et al.'® did not show the temperature
dependence of the absorption by physical models, while our
study reveals that the temperature dependence of the absorp-
tion coefficient is explained with the model from room tem-
perature to low temperatures.

Moreover, we can predict the cryogenic absorption coef-
ficient from the room-temperature resistivity based on the
absorption model. According to the model, the cryogenic
absorption is primarily caused by carriers trapped at the
impurity level. The cryogenic trapped-carrier density is
roughly the same as the free-carrier density at room tem-
perature because carriers trapped in the acceptor level at
T < 50 K are released to the valence band at 7 ~ 300 K.
Also, the free-carrier density is known to be inversely pro-
portional to the resistivity p. Hence, considering the above
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TgbIeV ‘.Pr.oper ties of the‘. Sample Incident- Thickness [mm]  Resistivity [Qcm]  Conduc-  Te particle  Ra [nm]
high-resistivity CdZnTe single surface size tivity type size [um]
crystals [mm?]
HighR-t1 10x 10 0.79 > 1010 n <2 <1
HighR-t10 7 x7 9.94 > 1010 n <2 <1

relationships, we derive an equation connecting cryogenic
(T <50 K) trapped-carrier absorption and the room-temper-
ature resistivity as follows:

Urapped (T < 50 K) =a[rappedNImpped(T < 50K)
20 ysappedNiree(T = 300 K) o 1/p(T = 300 K).
(18)
While trapped carriers play a dominant role in absorbance,
we can predict the cryogenic absorption coefficient from the
room-temperature resistivity using the inversely proportional
relation.

Furthermore, we discuss the requirement of resistivity
for application to a mid-infrared cryogenic immersion grat-
ing. The requirement of absorption coefficient of the immer-
sion grating is @ < 0.01 cm~.!# Based on Eq. 18 and our
measurement results, to meet the a requirement, CdZnTe
must have p(7 = 300 K) > 10* Qcm. We also measure the
a value of a high-resistivity CdZnTe in Appendix A to see
if it meets the « requirement. The high-resistivity CdZnTe
results are consistent with the prediction based on the room-
temperature resistivity (see Appendix A).

In addition, we anticipate that we can apply this model to
other semiconductors to evaluate the cryogenic absorption
coefficient (e.g., other semiconductor-type immersion grat-
ings). This is because absorption causes in the model are
common in general semiconductors,!” and are not unique
to CdZnTe.

Conclusions

We measured the transmittance of CdZnTe substrates with
two different thicknesses and estimated the absorption
coefficient a in the 4 = 6.45, 10.6, 11.6, and 15.1 ym bands
at T = 8.6-300 K. At T ~ 300 K, the estimated a range is
a = 0.3-0.5 cm™! which increases to a = 0.4-0.9 cm™! at
cryogenic temperatures (7 = 8.6 + 0.1 K). Based on the
physical absorption model, we propose that the dominant
absorption cause at 7 = 150-300 K is attributed to free holes:
the dominant absorption cause at cryogenic temperature is
attributed to trapped holes. Moreover, we discuss a method
to predict the CdZnTe absorption coefficient at cryogenic
temperature based on the room-temperature resistivity.

Appendix A: Absorption Coefficient
of the High-Resistivity CdZnTe

As discussed in the main text, the absorption coefficient of a
higher-resistivity CdZnTe is lower than that of a low-resis-
tivity CdZnTe. We measure the absorption coefficient of a
high-resistivity-type CdZnTe to see if it has low absorption
at cryogenic temperatures.

First, we describe the high-resistivity CdZnTe sample and
the measurement method. As listed in Table V, the samples
in this appendix are n-type high-resistivity (p > 10'° Qcm)
CdZnTe substrates, while those in the main text are p-type
low-resistivity (p ~ 10> Qcm) CdZnTe substrates. We pre-
pare thin and thick samples, highR-t1 and highR-t10. The
other conditions (surface roughness, Te-precipitate size,
manufacturer) are the same as those described in the main
text for samples. It is worth noting that highR-t1 and highR-
t10 are cut from different ingots. However, because they are
manufactured in the same way, we assume that their absorp-
tion coefficients and reflectivity are similar. The measure-
ment method is the same as that described in the main text.

Next, we describe the measurement result of the high-
resistivity CdZnTe. Figure 5 shows the a of the high-
resistivity CdZnTe at each temperature and wavelength.
Also, because all the measured a are neither significantly
above nor below zero, we set the 5o upper limits of the
a <0.11 cm~!. « of the high-resistivity CdZnTe is lower
than that of the low-resistivity one (a > 0.35 cm™!) in the
main text at all the measured wavelengths and temperatures.

Following that, we compare our result with the previ-
ous result at room temperature. Kaji et al. '° revealed that
CdZnTe with lower resistivity absorbed more at room
temperature. The room-temperature @ of the CdZnTe with
a resistivity of p = 3.5 x 10'° Qcm measured by them is
less than 0.01 cm~'in the wavelength range of A = 6.45-
15.1 pym. The room-temperature absorption coefficient
measured by them and that measured by us are consistent,
although we can only restrict @’s upper limit. In addition,
our result reveals that CdZnTe with lower resistivity has
higher absorption even in the temperature range of 8.6-300
K, whereas they revealed this relation only at room tempera-
ture (T ~ 295 K).
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Fig.5 The upper limits of the « of the high-resistivity CdZnTe in the a 6.45, b 10.6, ¢ 11.6, and d 15.1 ym bands. Purple, green, sky-blue, and
orange arrows show the 5o upper limit of the a in the 6.45, 10.6, 11.6, and 15.1 um bands, respectively (Color figure online).

Next, we compare the high-resistivity CdZnTe with
the a prediction based on room-temperature resistivity.
As discussed in the main text, the trapped-carrier absorp-
tion coefficient is inversely proportional to resistivity and
mobility. According to the model, the main absorption
cause is trapped-carrier absorption. Because the low-resis-
tivity CdZnTe is p-type and the high-resistivity CdZnTe is
n-type, we consider the absorption due to electrons trapped
at the donor level. We assume that electron mobility is the
same as in CdTe (~ 700 cm?V~!sec™!, 2%). We also assume
that trapped electron absorption follows the same order
as trapped-hole absorption. Under these assumptions, the
estimated absorption coefficient due to trapped electrons is
negligible (a < 1072 cm™). As a result, we consider the lat-
tice absorption ;. and Te-precipitates attenuation ar,,
as dominant causes, which are ignored in the main text.
As discussed in the main text, the sum of @ and ap,
at 7=8.6 K is considered to be less than that at 7 = 300 K
(a < 0.006 cm™! at A = 6.45-15.1 uym). Therefore, we can
predict that the a of the high-resistivity CdZnTe at 8.6 K is
a < 0.006 cm~!. Our result is consistent with this prediction,
although « has such a large uncertainty that we can only
obtain the upper limit of the @. A more precise measurement
system is needed to reveal the temperature dependence of
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the & of high-resistivity CdZnTe because the a is lower than
the uncertainty of our measurement system.

Appendix B: Sample holders

Figure 6 shows the sample holders for thick and thin sam-
ples. To secure thermal contact, we screw the top of the
thick-sample holders to the cold head surface with screws
and hold them from the side with a copper plate and indium
sheets. To monitor the temperature of the sample, we place
a calibrated Cernox temperature sensor (CX-1030-SD-HT-
1.4L; Lakeshore inc.) on the side of the sample. A tempera-
ture monitor (Model 218, Lakeshore inc.) is used to moni-
tor the sensor signal. On the other hand, the thin sample is
clamped between the thin-sample holder and the holding
plate. We screw the thin-sample holder to the cold head and
insert indium sheets between the sample and the thin-sample
holder to secure thermal contact, To monitor the sample
temperature, we use the same temperature sensor used in
the thick-sample case on the holder.
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