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The infrared (IR) optical transmittance of the liquid phase epitaxy (LPE) mono-crystalline p-type MCT
(Hg1xCdxTe (x = 0.28)) layers grown on (111) surface of dielectric single crystal substrates CZT (Cdo.96Zno.04Te)
having the same lattice constant as these epitaxial layers, was investigated. The infrared transparency characteristics
of the uncoated MCT layers and those coated with thin (d = 410 nm) CdTe films in the spectral range of free carrier
absorption were studied. The coated with CdTe MCT films shows the increase of transmission coefficients, which
was quantitatively evaluated by the CdTe/MCT/CZT multilayered structures transparency characteristics in the air

environment.
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Introduction

The narrow-gap mercury-cadmium telluride (MCT,
Hgi.«CdTe) is not a novel material for IR detectors.
However, despite the more than 60 years since its
invention and initial synthesis [1], due to its exceptional
physical properties it remains one of the most dominant
and promising materials for the IR quantum cooled
detectors with ultimate performance [2 — 4]. Important
trends for MCT detectors are those that they can be used
at elevated, compared to T = 78 K, temperatures with high
performance characteristics, because of the positive
thermal coefficient dE,/dT, where E; is the band gap. In
any other semiconductor this coefficient is negative (band
gap is decreasing with temperature, e.g., in InSb). In [5] it
was shown that it is possible to design MCT photodiodes
operating up to temperature T =300K with the
performance parameters, limited only by the background
radiation fluctuations, excluding fundamentally the
diffusion current generated by Auger-1 recombination,
which is limiting the IR detector parameters.

The performance of detectors based on narrow-gap
MCT epitaxial layers strongly depends on the substrate
material and its orientation as well. That is a reason why
CZT substrates are among those the most frequently used
due to their good matching with MCT epitaxial layers
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lattice. The purposes of this research were the
investigation of the optical transmittance of the LPE
grown mono-crystalline Hgi«CdiTe (x=0.28, lattice
constant a, = 6.4620 A) layers on (111)B surface of
dielectric single crystal CZT substrates having the same or
very close lattice constant as these epitaxial layers. The p-
type LPE MCT layers with this chemical composition
(x=0.28) are used for manufacturing of photodiode
detector arrays for A = 3 to 5 um spectral region.

I. Spectral transmittance of MCT/CZT
and CdTe/MCT/CZT structures

1.1.  Experimental data

Spectral transmittance T at some wavelength A is
defined by the ratio of the transmitted radiation intensity
I(M) to the incident intensity Io(A) in a small interval of
wavelengths around the central radiation wavelength A,
T=1(A)/1o(A). Here the measurement of spectral
transmittance were fulfilled with a help of PerkinElmer
Spectrum BXII infrared Fourier spectrometer based on a
Dynascan single-beam scanning interferometer with a Ge/
KBr beam splitter accepting radiation normal incidence
(really at small solid angle of aperture). In this work, two
types of samples were examined, namely, LPE MCT
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layers grown on CZT substrates and the same layers
coated with a protective CdTe films.

Good quality of the LPE grown Hg;«CdsTe
(x = 0.28) layers and CdTe/HgCdTe/CZT structures are
proved by a large number of the interference patterns in
the transmission spectra (Fig. 1).
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Fig. 1. Transmission optical spectra (T = 300 K) of the as-
grown and with CdTe cover layer mono-crystalline
Hgi.x<CdsTe/Cdo.gsZno.osTe structures (x = 0.278). For
sample #1 from the interference spectra the thickness of
the HgCdTe layer is dvcr = 16.3 um. For sample #2 the
thickness of HgCdTe layer is close to the thickness of the
layer in the sample #1.

These MCT monocrystalline epitaxial layers were
grown on CZT dielectric substrates, which have a
refractive index nsp = 2.7 [6]. The refractive index of
Hg1«Cd<Te semiconductors depends much on chemical
composition “x” and for layers with x=0.29 is
n(300 K) = 3.41 [7]). This value of n(300 K) = 3.41 will
be taken below in studying the Hg;«Cd<Te (x = 0.28) LPE
epitaxial layers. The high and low frequency dielectric
constants for CdTe at T 300 K are
€0 ="7.05%0.05, & =10.60 £ 0.15 [8].

As one can see from the transmission spectra (Fig. 1)
the transparency coefficient of the MCT/CZT structure
covered with thin CdTe film is increased. The
transparency of different samples and their thicknesses
can deviate a little that depends on the transparency of the
CZT substrate grown by Bridgman method and the
electrical characteristics of LPE layers.

The structural quality of MCT epitaxial layers is also
confirmed by XRD measurements, where narrow peaks in
20— scans in the vicinity of (111)B reflex of LPE MCT
epitaxial layers (FWHM = 45 arcsec) were observed.

The thickness of MCT LPE layers (d = 16.3 um) were
obtained from the pronounced interference fringes in the
transmission optical spectra and the thickness of CdTe
layers (d = 410 nm) were obtained from Scanning electron
microscope data (Fig. 2) at T =300 K.

Low-temperature deposition (T < 100 C) [9] of CdTe
thin protective films slightly changes the chemical
composition at the near-surface thin layer of the initial
MCT layer (Fig. 3), which, however, practically does not
change the measured band-gap value at the half-height of
the transmission maximum.
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Spectrum 2

Fig. 2. Scanning electron microscope (TescanMira 3
MLU) photo of the CdTe/HgCdTe cleaved structure.
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Fig. 3. Distributions of chemical elements in the
Hgo72Cdo2sTe/CdTe cross section structure (EDX

analysis, Oxford Instruments X-max).

Therefore, it will not practically change the cut-off
wavelength of photo-response as at the typical value of the
absorption coefficient in MCT layers o~ 10* cm™ [10] the
depth of intensive absorption is about 2 — 2.5 um (from
a-d ~ 2) where the chemical composition can be changed
with depth. However, annealing at elevated temperatures
significantly contributes the Hg atoms diffusion into the
CdTe layer and leads to occupation the lattice positions of
the Cd atoms, thus forming the HgCdTe structure [11].

2.2, Transmittance of  the multilayer
semiconductor structures: CdTe/MCT/CZT

The Fresnel’s transmittance is defined as T = I/]y,
where Iy is the light energy falling on a body and I is the
light energy passed a body, through a plane-parallel thick
slab with the index of refraction n; = n; in the slab and with
the index of refraction of surrounding medium
n; =n;. It can be calculated taking into account the primary
reflected plane electromagnetic wave and those reflected
in the slab as the result of multiple reflections (Fig. 4)
(assuming that there is no damping, scattering,
luminescence, etc.).
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Fig. 4. Geometry of transmission and reflection of the
plane-parallel transparent slab with refractive coefficient
n; in a media with the refractive coefficient n;.

Assuming the absence of interference fringes as well
and at normal radiation incidence, after the summation
(see, e.g., [12]) the transmittance of a plane-parallel slab
is

and reflectance

Rij = Rj; =

3)

nj-n; 2
- ()
Fresnel’s transmission coefficient T through a plane-
parallel sample imbedded in an air at radiation normal
incidence assuming the radiation intensity (power)
damping proportional to exp(—od) and in the case of
neglecting interference effects but taking into account
multiple reflections will be [12]

_ (1-Ryj)xexp(-a;(A)d;)
1-R¥exp(-2a;(A)d;)

T

x (1—Ry), 4)

where for reflectance (R and R;)) and transmittance (Tj;
and Tj), respectively Egs. 2 and 3 are valid.

Here n; and nj are the indexes of refraction of the two
contacted media and a is the absorption coefficient of a
slab.

For the case of an air around both surfaces of a slab,
n; = n; = 1, nj = n, = n, the reflection and transmission
coefficients are Rj» =Ry =R and o, = o, = a, respectively,
and then it follows the well-known Eq.

_TyTji —R)? —a()d
=R ey T = G-RPxempCaya) )
1-R?-exp(—2a(1)-d)
where transmittance For the case shown in Fig. 5, for multilayer structure
with parallel interfaces at normal radiation incidence the
Ty =1—-R; =Ty, @) transmission coefficient can be written as
exp(-azdp) exp(—asds) exp(-asds)

T=(1-Ry)X X (1 = Ry3) X

1-RZ;-exp(-2azdy)

This Eq. considers multiple internal reflections in
three-layer structure imbedded in an air environment.
Here, it will be taken au(}) = orea(X), where aiiea(R) is the
absorption coefficient of free carriers at certain A, as below
we will consider only this kind of absorption. It is taken
that for airn; =ns =1, oy = as = 0, then
exp(—ouidi) = exp(—asds) = exp(—2a.id;) = exp(—2asds) =1.

Similar considerations of optical transmission in
matrix notation through the planar multilayer structures at
radiation normal incidence, not taking into account the
interference effects as well, but with taking into account
multiple internal reflections, were undertaken in [13].

In the case of sufficiently small absorption, the
internal transmission can be indicated as [14]

Tine = exp(—a - d). (7

Then, in the case of the transmission through the
boundary MCT/CZT, which are the materials with large
refractive indexes but the small difference between them
and small a-d value in MCT layer, this approximation can
be well applied as at the boundary of MCT/CZT (the
structure shown in Fig. 5), the reflection coefficient
R34 = (3.41-2.70)%/(3.41 + 2.70)* = (0.71/6.11)> = 0.0135
and R3s? = 1.82:10* in the denominator of Eq. (4). Even

1-R%,-exp(-2azd3)
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X (1 = R3y) X X (1 = Rys). (6)

1-R2g-exp(—2a4ds)

at oga(X = 10 pm) =~ 20 cm™ and dmcr = 16.3 pm, the
coefficient 20trca(A)-d = 0.0032 and exp(—0.0032) = 0.997.
Therefore, R3s2-exp(—2o-d) = 1.82:1040.994 = 1.81-10™*
and (1 — Rzs>-exp(-20u1)-d)) = 0.999816 =~ 1.

Io l uught <« 1 A n =1
<«—— 2 CdTe n, = 2.655
le—— 3 MCT n; = 3.41
le—— 4 CZT ng=2.70
| 1
I l l <« 5 Air ns =1
Fig. 5. Schematic of the air/CdTe/MCT/CZT/air

multilayer structure.

The data of the refractive indexes “n” used here for
estimations of radiation transmission through the
MCT/CZT interface of the structure shown in Fig. 5 are
cited in Table 1. Similar values of “n”, which are close to
this used data are given in the book [3].



Optical transmittance of CdTe/HgCdTe/CdZnTe structures

Table 1.
Refractive indexes used for the radiation transmission
estimations through the structure shown in Fig. 5.

Table 2.
Normal incidence transmittance for slabs of some
materials in an air (D =n; = 1)*.

Semiconductor | n=(gx)"? | Eg eV Refs.
CdTe 2.655 15 8]

Hgo71Cdo 2o Te 3.41 0.277 [7]

CdossZnoosTe 27 1.49 [6]

However, such approximation (Eq. 7) for one-pass
transmission without taking into account the denominator
[1 — Rj2exp(-2aj(r)-dj)] in Eq. 4 is less valid for
semiconductors and dielectrics with a large difference
between the refractive coefficients at the interfaces with
air (small refractive index n,ir = 1) (see Table 2).

One can see that with increasing difference between
the indexes of refraction of a certain material, and other
medium (here in an air) the deviation between the
estimated transmission coefficients is growing up.

T =(1-Ry3) X (1= Rp3) X (1—R3s) X (1= Rys) X exp(—ayd;) X exp(—asdz) X exp(—asd,),

where for the Rjj reflection, indexes i, j=1...5 correspond
to different layers, and where n; = ns =1 (air), o; = a5 =0.
This Eq. takes into account only the single-pass
transmission through the 3 layers of structure embedded
in an air.

For MCT layers without and with CdTe cover thin
films there is observed the weak spectral dependences of
transmittance in the range (A ~ 6 — 15 pum) out of the
interband absorption at A < 5 pum (Fig. 1). This weak
dependences of T(A) are mainly connected with the
absorption of free carriers in MCT layers.

The free carrier absorption was estimated within the
Drude model approximation using the static conductivity
co = eN-pu = N-e>1/m*, where 7 is the characteristic

e3

2
4m2c3g,

a(/l)fca =

which is the well known expression for free carrier
absorption for two types of carriers [16]. Here m*, and
m*, are the effective masses of holes and electrons
respectively, N, and N are the concentrations of free holes
and electrons, respectively. The holes effective mass

m*, = 0.45-mp [14], my is the free electron rest mass,

m*, = 0.019-mo for MCT with x = 0.28.

Here the intrinsic concentration
Ni(300 K) = 6:10'3 cm™ ~ N for MCT with x ~ 0.28, was
estimated using the expression for Ni(x,T) in [17] and the
mobility of free electrons was taken
tn(300K) ~ 1500 cm?/V-s as measured for n-type MCT
layers (x = 0.28).

Using Eq. (10) there was estimated the free carrier
absorption oU(A)ea ~ 20 cm™! by free holes and electrons at
A = 10 um in MCT layer (dumcr = 16.3 pm). As CZT is a
wide band-gap semiconductor (see Table 1) it was taken

X A2 /n X [Np/yp-
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Glass, Optical
m=1s5 | L i,
Egs. . np=27, _
in the . n =34,
visible | MR e IR
Eq. (5) T=0.923 | T=0.652 | T=0.541
Simplified Eq.
(5) without
R%exp(-2ad) | T=0.9216 | T=0.623 | T=0.494
in the
denominator

*It is taken o 0 for all the materials, which are
considered as dielectrics.

In simplified expression for single-pass transmission
of the structure shown in Fig. 5, without taking into
account the denominators in Eq. 6, the transmission
coefficient is

®)

relaxation time and (®-t)> >> 1 that is valid for MCT
semiconductor in the specified spectral range. Here
o = 2m-c/A is the angular frequency. Then, in this model,
the absorption coefficient of free carriers is [15]

N-e?

nm*ceywt ©)

a(@)fea =

Here N is the concentration of free carriers, n is the
refractive index, e is the electron charge, m* is the free
carrier effective mass, ¢ is the speed of light,
g0 = 8.854-107'2 F/m is the vacuum permittivity. Taking
free carriers mobility as p = e-t/m*, ® = 2n-c/A and
accepting two types of carriers (holes and electrons) it
follows

(mp)” + N/ - (m3)?] (10)

for it difea ~ 0.25 — 1 cm™! as Np < 105 cm™ and there is
vanishingly low intrinsic concentration. The thickness of
CZT layer is dczr = 800 um. These data were used for
estimations of transparency of the air/CdTe/MCT/CZT/air
and air/MCT/CZT/air structures (Table 3).

In the cap layer of a wide band-gap CdTe
E«(300 K) ~ 1.5 eV, Np < 10" cm™, m*, = 0.45-m,.
Because of its thickness dcgre ® 410 nm = 4.1-107 ¢m, the
coefficient ofa-d is small, and exp(—dwa-d) as well as
exp(—2aa-d) are vanishingly small and can’t be taken into
account. In these semiconductors the hole mobility does
not exceed the value p, = 90 ¢cm?V-s [18, 19] and,
therefore, it-can be taken Ouca-dcare~ 0. This value of
1p(300 K) is a characteristic value for HgCdTe layers as
well [20].
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Table 3.
Transmission coefficients of “air/CdTe/MCT/CZT/air” and “air/MCT/CZT/air” structures at A ~ 10 pum.
T, %, experiment, T, %, estimated, T, %, estimated,
Structure without interference W(MCT)gea ~ 20 cm™, U(MCT)fea ~ 20 cm™,
fringes oU(CZT)ea ~0.25 cm’! U(CZT)ea ~ 1 cm!
air/CdTe/MCT/CZT/air, <57 505 557
Eq. 6
. . ~50 - 54, in
alz@;{tizétcézférﬁﬁl)' 6 dependence of the 54.1 50.6
CZT substrate
air/CdTe/MCT/CZT/air,
simplified Eq. 8, =37 77 4.4

It was also supposed that for air oy = ois = 0 and, than
exp(—oidi) = exp(—asds) = 1.

From Table 3 it is seen that in the spectral range of
free carriers absorption the transparency of coated with
CdTe thin films MCT/CZT structures can be increased by
about 5 % in the spectral range of free carrier absorption.

Conclusions

The optical transmittance spectra T(A) of p-type LPE
grown mono-crystalline MCT layers on (111)B surfaces
of dielectric single crystal CZT substrates were
experimentally measured and analyzed. It was shown that
T(A) characteristics of the MCT/CZT structures coated
with thin (d = 410 nm) CdTe films deposited on MCT
layers, exhibited an increase of transparency coefficients

absorption. This increase of transparency was
quantitatively explained by the transmittance of
CdTe/MCT/CZT multilayered structures in the air
environment, taking into account as the differences in the
refractive indexes of the constituents and the absorption of
free carriers as well.
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Onruyne nponyckanns cTpykryp CdTe/HgCdTe/CdZnTe

Inemumym ¢hizuxu nHanienposionuxis im. B.€. Jlawkapvosa HAH Yxpainu, Kuis, Yrkpaina, tsybrii@isp.kiev.ua

Jocnimkeno indpagepsone (I4) ontuune npomyckanss MoHokpucraniyaux mapis MCT p-tumy (HgixCdxTe
(x =~ 0.28)), Bupomenux MeromoM pinkodasHoi emitakcii (LPE), ma moBepxui (111)B niemexrpuannx
MoHokpuctaniyaux minknagok CZT (CdovsZno.osaTe), Mo MaroTh Taky * IOCTIiiHY pelITKH, SIK i Ii emiTakciiHi
mapu. J{ociHKeHO XapaKTepUCTHKH iH(ppadepBOHOI po3opocTi Hemokputux mapis MCT Ta mapiB, MOKpUTHX
ToHKEMH (d ~ 410 M) mniBkamu CdTe, y cnekTpanbHOMY Jiana3oHi MOTIWHAHHS BUIBHIMH HOCISIMH 3apsiy.
[Tniekr MCT 3 mokpurtim CdTe neMOHCTpYIOTh 301IbIICHHS KOE(DIIEHTIB MPOITyCKaHHs, II0 OyJ0 KiTbKICHO
OIIIHEHO 3a XapaKTePHCTHKaMU IMpo3opocTi OaratomapoBux cTpykryp CdTe/MCT/CZT y mnoBiTpsHOMY
CEepEeIOBHIIII.

Kiouosi ciosa: mapu LPE HgCdTe, mokpusHi mapu CdTe, koedinieHT npormyckanss B [U-giana3oni.
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