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Abstract. Ellipsometric measurements of the dielectric functions of Cd1−xZnxTe solid
solutions are given for the first time for the whole composition range at room temperature
(293 K) between 0.75 eV and 5.7 eV. The energy and the broadening parameters for each
critical transition are given as functions of the composition. The upward bowing of the energies
is compared to theoretical estimates. The spin–orbit splittings in the valence band show a
negligible bowing. Alloying leads to a small broadening which is negligible for the fundamental
gap.

1. Introduction

Cd1−xZnxTe (CZTx) is now a leading material for epitaxial growth [1–3]. For instance
it can be matched to HgCdTe for lowx-values [4]. These solid solutions can be used in
high-energy photon detectors [5] and also for bulk photorefractive devices when they are
semi-insulating [6]. CZT are basic materials in heterostructures, leading to an enormous
literature. CdTe/CdZnTe superlattices can block threading dislocation in heteroepitaxial
growths [7]. These heterostructures have been thoroughly investigated, in the vicinity of
the fundamental gap, mainly by optical techniques [8]. Recently these methods have allowed
the characterization of the piezoelectric field in heterostructures grown along polar axes of
the crystal [9].

The study of the optical properties of these solid solutions began in the seventies on
bulk samples [10, 11, 12] and on thin films [13]. There are a great number of contradictions
in the experimental results [14]. The variations of the energy of the critical transitions were
found to be linear inx in [11] and [15] while they appear to be nonlinear in [10] and [12].
Moreover shoulders in the reflectivity and optical absorption curves have been attributed to
transitions namede1 ande1+11 belowE1 andE1+11, and two others around the transition
namedE2 [10, 11, 13]. Howevere1 and e1 + 11 were not evident in electroreflectance
data [12].

As CZT became an important material its fundamental gapE0 was measured at differ-
ent temperatures and by several techniques [2, 16, 17]. There is also a relatively high
discrepancy as regards the bowing parameter ofE0 [18] which increases from 0.139 eV as
measured for epitaxial layers [16] to 0.32 eV as measured using photoreflectance for bulk
materials [2]. Very recently the dielectric function has been deduced from spectroscopic
ellipsometry (SE) [19] measurements, between 1.1 and 5.6 eV for three compositions
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(x = 0.2, 0.5 and 0.7) at room temperature. These latter experimental data show only
the transitions namedE0, E0 + 10, E1, E1 + 11 andE2 [19], but there is no evidence of
e1 and e1 + 11, nor of the others nearE2. The complex dielectric functionε = εr + iεi

is calculated using a model dielectric function (MDF) which needs the knowledge of the
energyE`, the broadening parameter0` and the oscillator strengthA` for each critical
transition`. Following the results of [11] and [15] all of these necessary parameters have
been interpolated linearly between their values corresponding to the end binaries CdTe and
ZnTe, which have already been determined in the MDF model [20, 21].ε calculated for
x = 0.5 agrees reasonably withε measured by SE. This agreement comes quite as much
from the limited difference between the actual value of the parameters and the interpolated
ones as from the comparison itself which is performed onε and not on its derivatives.

This paper presents experimental results on the pseudo-dielectric function of CZT
samples measured at room temperature for seven different compositions. The experimental
results are analysed in the critical-point (CP) model [22]; the energies of the critical
transitions and the corresponding broadening parameters are given as functions ofx and
discussed. The paper is organized as follows: the growth of the compounds, the surface
preparation and the ellipsometric measurements are described in section 2, and the dielectric
function analysis is recalled in section 3. Section 4 describes the results on theE` and0`.
Finally section 5 gives a discussion of the results.

2. Material growth and sample surface preparation

CZT ingots were grown by the travelling-heater method (THM) using CdTe and ZnTe as
source materials and Te as the solvent. The growth technique is described in great detail in
[23] to which the reader is referred. The cross sections of the CdTe and ZnTe parts of the
source ingot were varied along the growth axis so as to obtain a graded-composition ingot.
The temperature of the hot zone was 900◦C and the growth rate 4 mm per day. The ingot
was constituted of monocrystalline grains of large size ('10 mm). Slices of 2 mm thickness
and 15 mm diameter were cut with faces perpendicular to the growth axis. Anx-mapping of
the composition of the two faces of each slice was monitored with a microprobe [24]. Only
samples where the overall deviation ofx over the whole face was lower than 0.02 were
kept for ellipsometric measurements. The optical elliptic spot on the sample was placed in
a part where the composition gradient was the lowest but also outside the grain boundaries.
We estimate that the maximum variation ofx over the whole lighted area was lower than
0.002; however, thex-value is given with an uncertainty of±0.005. ε does not depend
on the crystallographic orientation of the probed surface for cubic crystals; however, the
reaction rates of the chemical reactants and the surface roughness may depend on sample
crystallographic orientation which is not controlled. The binaries CdTe and ZnTe underwent
a stoichiometric annealing at 750◦C under an overpressure of the metal constituent at 720◦C
for 100 h to decrease the number of Te precipitates. The ternaries were not annealed as we
were not able to find a reliable stoichiometric annealing for the whole composition range.
The slices were mechanically polished with alumina of grain size 0.3µm and then with
alumina of grain size 0.04µm. The slices were then chemomechanically polished with
0.5% Br2–methanol (Br–MET). They were then ready for the last etching processes under
ellipsometric control.

Ellipsometric measurements were performed with a phase-modulated spectroscopic
ellipsometer UVISEL (Instrument SA) at room temperature (293 K). The ellipsometric
anglesψ and1 are defined byrp/rs = tanψ ei1 wherers is the reflectivity for a polarization
of the light perpendicular to the plane of incidence andrp corresponds to a polarization
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parallel to the plane of incidence. The valueε(E) is easily deduced if no overlayer is
considered (the two-phase model) [25].

Figure 1. The real partεr of the dielectric function of Cd1−xZnxTe versus the photon energy
E for: x = 0, - - - - - -; x = 0.19, —— - - ——; x = 0.41, —— - ——;x = 0.64, - - - -;
andx = 1, —.

The highest value ofεi at theE2-peak near 5 eV was used to check the optical quality
of the surface [26, 27]. This check can be performed on the ellipsometer as the sample is
placed in a windowless cell under flowing argon where it can be flushed with solvents or
reactants. A great number of surface treatments have been tested, especially those which
have been cited in the literature on II–VI compounds for surface treatments. The highest
value ofεi(E2) was reached when the sample was freshly chemomechanically etched with
0.1% Br–MET, thoroughly rinsed with electronic-grade methanol, carried under methanol
to the ellipsometer where it was mounted in the argon flow, and flushed for a final time with
methanol. This result is consistent with those of Viña et al for HgCdTe [27] and of Sato
and Adachi for ZnTe [21], who used also Br–MET. We wish to point out the importance
of on using a low-concentration Br–MET solution (∼0.1%). However, there is no further
improvement inεi(E2) when using Br2 concentrations lower than 0.1%. Theεi(E2)-value
for CdTe [100] (12.15) is found to be as high as the value in red in figure 1 of [26] (12.1
to the reading accuracy). On the other hand, we found a slightly higher value ofεi(E2) for
ZnTe [100] (15.8) than that of Adachi and Kimura who giveεi(E2) = 15.2 [19]. All other
processes, such as the stripping with NaBH4 [28], and the neutralization with KCN [29,
30], led to lowerεi(E2)-values corresponding to the presence of an overlayer.εi(E2) for
CdTe decreases slowly with a time constant of about 30 h to an asymptotic value 7% lower
than the initial one. This decrease corresponds to an oxidation of the surface which is not
fully protected from the ambient in the windowless cell. The time constant decreases with
compositionx and reaches 4 h for ZnTe. The overlayer can be removed after 30 h by a
stripping with pure methanol as the initialεi(E2)-value can be recovered. This overlayer is
only partly removed after a long rinsing (0.5 h) in deionized water. Water removes surface
oxides as for GaAs [31]; however, the remaining dissolved oxygen continues to oxidize
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CZT. It is necessary to use water with a very low concentration of oxygen to achieve a
nearly oxide-free surface [32].

Figure 2. The imaginary partεi of the dielectric function of Cd1−xZnxTe versus the photon
energyE for the same compositions as in figure 1.

For Zn-rich samples the surface degrades too quickly during the time of 20 minutes
necessary to monitor1 and ψ between 1.5 eV and 5.7 eV in steps of 10 meV. To
overcome this difficulty, the ellipsometric data are monitored during wavelength scans
which are sequentially repeated 10 to 15 times during the surface degradation [33]. The first
wavelength scan is started at the photon energyE2 when the last rinsing gives the highest
value of εi(E2). The time of each measurement ofψ, 1 andE is referred to the starting
time of the first scan. For eachE-value, variations ofψ and1 with time t , related to surface
degradation, can be very well fitted with the arbitrary but simple functionr + u/(s + t);
r + u/s gives the value corresponding to the less degraded surface. This method is very
time consuming but it is also an averaging procedure which increases the signal/noise ratio
of the ellipsometric data. The data on the near-infrared domain (0.75 eV< E < 1.5 eV)
are obtained in a separate run of scans as the measurements in this spectral range require
the optical fibres which link the different optical components of the ellipsometer to be
changed. The sample surface is processed a further time,in situ, on the ellipsometer, to
verify thatεi(E2) reaches its highest value. Successive wavelength scans are then performed
as previously described, the reference time being that of the maximum ofεi(E2) just after
the stripping.

3. Dielectric function analysis

The real and imaginary parts of the pseudo-dielectric functionε are deduced, for each value
of E, from ψ- and1-values extrapolated tot = 0, using the two-phase model [25] in which
the surface is considered perfectly flat between the bulk of the sample and the air.εr and
εi are shown respectively in figure 1 and figure 2 for only five selected compositions for
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clarity. ε is linked to the structure of electronic states of the ternaries which is similar
to that of the end binaries. The band structure of CdTe and ZnTe has been calculated by
several methods and in particular by an empirical pseudopotential method. The energy of
the states is drawn for directions of high symmetry in the Brillouin zone in figure 1 of [34]
for CdTe and figure 1 of [35] for ZnTe. The main interband transitions that we are concerned
with in the spectral range studied areE0(0

v
8 → 0c

6), E0 +10(0
v
7 → 0c

6), E1(0
v
4,5 → Lc

6) or
(3v

4,5 → 3c
6), E1+11(L

v
6 → Lc

6) or (3v
6 → 3c

6) andE2, including likely several transitions
which appear to be separated at low temperature [34, 35] but are not definitely assigned.
This broad band of the whole group of transitions has often been described with a harmonic
oscillator lineshape [19, 20] but also with a one-dimensional maximum lineshape [27].

Figure 3. The third derivatives ofεi (—) and ofεr (- - -) for Cd0.5Zn0.5Te versus the photon
energyE. The energies of the critical transitions are indicated by arrows.

The spectral analysis ofε follows the usual CP description. The contribution around a
threshold energyE` is given by the expression [22]

L`(E) = A`0
−n
` eiθ` (E − E` + i0`)

n + F(E). (1)

A` is the oscillator strength,0` the broadening parameter andn the order of the transition
(n = 1/2 for a 3D transition,n = 0 (logarithmic) for a 2D transition,n = −1/2 for
a 1D transition andn = −1 for a discrete exciton).F(E) is a slowly varying function
coming from remote transitions; its derivatives are often assumed to be negligible.θ` is a
phase angle whose value is a multiple ofπ/2 for transitions between uncorrelated electron
states. Other values ofθ` represent a mixture of contiguous CPs due to excitonic effects
[27, 36]. The fit of the parameters defined in (1) is performed simultaneously on the third
derivatives ofεr(E) and εi(E), which are calculated numerically from the experimental
data. Statistical errors inψ- and1-values extrapolated tot = 0 are low enough for us to
obtain good results without applying any smoothing procedure. However, it is necessary
to apply a slight smoothing with an exponential regression to analyse the weak transition
at E0 + 10. This smoothing is only applied after the calculation of the first derivative and
the two next ones when it appears necessary. However, this smoothing is not applied to
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Table 1. Values of the parametersa`, b`, c` deduced from the fit of critical-point energy
variations with a second-order polynomial of compositionx ([a] this work for E0).

a` b` c` Error bar (meV)

E0 [a] 1.518 0.486 0.269 ±11
[12] 1.46 0.51 0.23
[16] 1.51 0.606 0.139
[17] 1.464 0.496 0.229

E0 + 10 2.452 0.499 0.242 ±24

E1 3.362 0.028 0.242 ±7

E1 + 11 3.96 0.012 0.26 ±9

E2 5.04 0 0.24 ±50

εr(E) and εi(E) as it can lead to arbitrary distortions of the lineshapes. Figure 3 gives
an example of numerically calculated third derivatives; the transition energies are indicated
by arrows. The fit of the parameters defined in (1) was performed with the Levenberg–
Marquardt method [37]. In order to avoid the effect of possible distortions in the numerical
calculations, the lineshapes described by (1) are also numerically calculated and smoothed
with the same procedures as was applied to calculate the third derivatives from experimental
data. This type of fit proposed by Garlandet al [38] appears to give the most stable and
reliable solutions. The same level of smoothing, when it is used, is applied to all of the fits
corresponding to the same CP transition whatever the compositionx is.

4. Critical-point parameters for CdZnTe

The variations of the transition energies withx are given in figure 4. They are described
with quadratic laws:

E`(x) = a` + b`x + c`x
2 (2)

where the values ofa`, b` andc` for the different transitions are given in table 1.
The best fit of the experimental data for theE0-transition is obtained with a 3D lineshape.

The phase angleθ0 remains around 150◦ when x varies; this value is higher than that of
π/2 corresponding to transitions between uncorrelated states near a minimum. In return
a fit with an excitonic lineshape is nearly as good as that with a 3D one. Therefore the
corresponding phase angle takes values scattered over a 40◦ space around 290◦. This mean
value is far from that of a pure excitonic transition (θ = π ) and is related to a Fano profile
[36, 39]. The border between excitonic transitions, clearly identified at low temperature
in ZnTe and CdTe [18, 39], and transitions between weakly correlated states is probably
in the vicinity of 300 K as also proposed for GaAs [39], although the binding energy of
the exciton is higher in CdTe and ZnTe than in GaAs. All of the results concerning the
E0-transition are deduced from fits performed with a 3D lineshape, which leads obviously
to a longer broadening parameter than with an excitonic lineshape. The transitionE0 + 10

is best fitted with a 3D lineshape; the phase angle for CdTe (182) and ZnTe (175) is near
the value ofπ corresponding to an excitonic transition.

Parameter values characterizing the transitionsE1 andE1 +11 given here are obtained
with a simultaneous fit of the third derivatives of the experimental data between and around
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Figure 4. Experimental values of the critical transition energiesE` versus compositionx for
Cd1−xZnxTe: ◦, this work; ♦, from [10]; ×, from [12]; O, from [20] and [21];M, from [26];
+ from [27].

Figure 5. Experimental values of the broadening parameter0` versus compositionx for
Cd1−xZnxTe: ◦, this work for the transitionsE0, E1, E1 + 11 and E2; ♦, this work for
E0 + 10; M, from [20] and [21].

E1 andE1 +11 with a 2D (n = 0) lineshape. However, they can be fitted just as well with
an excitonic lineshape (n = −1). The values of the parameters so deduced for ZnTe and
CdTe are given in table 2. The broadening parameter needs to be larger with an excitonic
lineshape than with the 2D one. The phase anglesθ vary almost linearly withx between the
values corresponding to the end binaries which are given in table 2 whatever lineshape is
used for the fit. These monotonic variations of the phase angles express a gradual increase
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Table 2. Values of the parameters defined in equation (1) for the transitionsE1 andE1 + 11

in ZnTe and CdTe obtained after a fit with a 2D CP lineshape and an exciton lineshape.

2D CP (n = 0) Exciton (n = −1)

ZnTe CdTe ZnTe CdTe

E1 (eV) 3.636± 0.001 3.351± 0.002 3.629± 0.001 3.351± 0.005
θE1 (deg) 304± 1.5 304± 2 203± 1 215± 2
0E1 (eV) 0.041± 0.001 0.066± 0.001 0.085± 0.001 0.113± 0.001
AE1 4.44± 0.11 3.38± 0.10 6.74± 0.06 4.04± 0.07

E1 = 11 (eV) 4.223± 0.003 3.945± 0.005 4.221± 0.002 3.937± 0.004
θE1+11 (deg) 311± 3.3 325± 5 219± 2 225± 4
0E1+11 (eV) 0.078± 0.003 0.099± 0.003 0.138± 0.002 0.164± 0.004
AE1+11 3.14± 0.18 2.15± 0.10 4.01± 0.1 3.93± 0.12

in excitonic contribution from CdTe to ZnTe.
The broadening parameters for all of the transitions are reported in figure 5. These

variations are better described by anx(1 − x) relation than the [x(1 − x)]1/2 one which is
associated with exciton broadening due to disorder. There is no effect of the atomic disorder
on 0E0 as it varies linearly between the value of CdTe (12 meV) and that of ZnTe (9 meV).
This is possibly also the case for0E0+10 although experimental results are scattered as fits
of the experimental results are not so good for this weak transition.10 and11 are given in
figure 6. Their values for the end binaries agree with other determinations already given in
the literature which are also reported in figure 6.10 can be considered as varying linearly
with x between its values corresponding to the end binaries which are slightly different
[14], whereas11 appears almost constant throughout the whole composition range. The
E2-transition is fitted with a 2D (n = 0) lineshape as the correspondingε describes better
a group of several transitions near the same energy [27, 36, 39].

5. Discussion of the results

The values of the transition energies for the binaries are in good agreement with those given
in the literature. Some of them are reported in figure 4 together with the corresponding
references. The coefficientsa`, b`, c` of the quadratic law forE0 are compared with already
known results in table 1. The bowing of 0.27 eV found forE0 at room temperature is very
near to the values given for bulk compounds [10, 12, 17] but about twice that obtained for
epitaxial layers [16].

To the authors’ knowledge no specific calculation of the electronic structure of CZT
alloys have been published. The fundamental gap variations withx can be expressed in
terms of the dielectric two-band model [40]. The bowing is divided into two contributions:
C = Ci + Cd . The intrinsic bowingCi is obtained in the virtual-crystal approximation
(VCA) assuming that the lattice constant and all other parameters vary linearly withx. The
calculation givesCi = 0.08 eV. The extrinsic bowingCd is a local effect coming from the
fluctuations of the potential seen by the electrons.Cd calculated with the dielectrically
defined electronegativity difference between cations [41] takes a value of 0.25 eV for
CdTe–ZnTe alloys. This leads to a valueC = 0.33 eV which is a little higher than the
experimental value. The broadening parameter0E0 remains small and displays no bowing
with x, showing that disorder does not affect this parameter. At room temperature the
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Figure 6. Experimental values of10 and 11 versus the compositionx for Cd1−xZnxTe: ◦,
10 and•, 11 from this work; ×, from [12]; �, from [14]; O, from [20] and [21];M, from
[26]; divided square, from [48].

criterion for a negligible excitonic coupling: ¯h0E0 � 70Eex , where Eex is the exciton
binding energy whose value is around 10 meV, is far from being verified [12]. The exciton
contribution remains high at this temperature, as is also indicated by the phase angle which
is different from the value ofπ/2 corresponding to uncorrelated 3D transitions. The line
broadening of the bound exciton (A0X line) at 1.6 K increases from about 1 meV for both
binaries to 11 meV nearx = 0.7 [42]. The increase in line broadening with alloying is a
consequence of the statistical fluctuations in the local concentrations of the cations Cd or
Zn. Such an increase in0E0 is not found here and demonstrates that the thermal energy
at 300 K is high enough to suppress localization effects. The broadening of the electronic
states in the alloy [43] gives another contribution to0E0; our results show that it is very
weak in CdZnTe. The spin–orbit splittings in the valence band,10 and11 (cf. figure 6),
do not present a significant bowing. This behaviour is found for10 for HgZnTe [33] and
probably for HgCdTe; on the other hand11 has a quadratic variation with composition in
a great number of III–V and II–VI alloys [27, 44].

An estimation of the bowing of10 made using the heuristic model of Van Vechten
et al [44] leads to a value of 4.5 meV which cannot be established with the determination
accuracy of10. The 10-bowing can be also estimated in the tight-binding approximation
as was done recently for II–VI binary compounds [45].10 = a21(VI) + b21(II) where
1(VI) and1(II) are properly renormalized spin–orbit splittings for the cation (II) and the
anion (VI) [46], a2 + b2 = 1 and [47]

α

β
= −2V

EV I
p − EII

p + [(EV I
p − EII

p )2 + 4V 2]1/2
.

HereEV I
p andEII

p are the energies of the atomic p states of the VI and II elements, andV

are the matrix elements connecting p states of nearest neighbours separated by the distance
d. V = 12.8/d2 (in eV Å−2) gives a good approximation of this matrix element.EII

p has
the same value (3.38 eV) for Zn and Cd [47] andα/β depends only onV ∝ 1/d2. V is
calculated assuming thatd is the same for the Zn–Te an Cd–Te bonds. Then, the variation
of 10 is scaled to the experimental values of ZnTe and CdTe rather than the calculated ones
[45] for which the difference between the values of10 is lower. The calculation gives a
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bowing parameter of 6 meV which cannot be demonstrated experimentally. In CZT the
distribution of nearest-neighbour distances is bimodal [48]; however, a linear mixing of the
values ofα andβ calculated with the actual Zn–Te and Cd–Te distances forx = 0.5 leads
practically to the same value of the bowing parameter. A linear variation of10 with x

gives thus a good approximation to the spin–orbit splitting at0. Our values of10 agree
well with that of 0.91 eV found forx = 0.2 [49] as deduced from photoelectron emission
spectroscopy experiments, which show however a strong bowing in the width of this split-
off band [49]. The bowing of10 is also evaluated on the basis of the phenomenological
description given in [43]. This leads to a low negative bowing of about 15 meV which
appears difficult to establish from experimental data.

The departure ofE1 andE1 + 11 from the linear variation between the values for the
binaries is symmetric (cf. figure 5) and is well described by anx(1 − x) relation. This
behaviour is like those found for a great number of ternary compounds. It is different from
those found for HgCdTe [27] where the deviation from linearity is at its maximum for
x ' 0.8 and for HgZnTe where the maximum is nearx ' 0.55 [33]. The asymmetry in
the variations ofE1 andE1 + 11 must be due therefore to Hg atomic levels and not to the
bimodal distribution of near neighbours in HgZnTe and HgCdTe.

The quadratic expression (2) does not describe properly the variations ofE2 with
composition. In factE2(x) has an S shape with a minimum nearx = 0.2 which is not
clearly visible in figure 4. Reflectivity [10, 11] and absorption spectra [13] display shoulders
near 5 eV which are assigned to theE0(0

v
8 → 0c

7) transition. These shoulders are seen in
reflectivity curves at 15 K for the binaries CdTe [34] and ZnTe [35] and also at 77 K [50].
For ZnTe, the shoulder remains weak at room temperature in [35] but is not visible in the
reflectivity spectra of [50]. This shoulder is disappearing for CdTe at 300 K [50]. Room
temperature ellipsometric measurements on CdTe [20] and ZnTe [21] have not revealed
a singularity below theE2-transition in the vicinity of 5 eV. TheE0-transition merges
probably in the low-energy part of theE2-peak; it decreases in energy and amplitude when
x increases [43, 10]. This leads probably to the nonmonotonic variation of the energyE2.
This hypothesis can also explain the relatively large scatter in values of0E2. The bowing
for all of the critical transition energies is around 0.25 eV which leads to shifts of about
60 meV forx = 0.5 with regard to linear interpolations. This linear interpolation scheme
used by Adachi and Kimura [19] for all of the parameters defining the critical transitions
appears to be a crude approximation.εr andεi so calculated and with the MDF model do
not reproduce well the experimental results forx = 0.5 (see figure 8 of [12]). A comparison
of calculated and experimental derivatives ofεr andεi shows better the differences due to
the linear description ofE`, 0` andA`.

Finally we want to stress that the optical dielectric response of CZT does not show
any significant behaviour which can be related to clustering effects or bond strengthening
betweenx = 0 andx = 0.1 as evident from the vibrations of cation atoms [51]. Likewise
there is no evidence of a ferroelectric transition when the Curie temperature in CZT has
been found above room temperature forx > 0.04 [52].

6. Summary

The dielectric response measured by spectroscopic ellipsometry for CdZnTe solid solutions is
given for the first time for the whole composition range. The dielectric function is analysed
with the critical-point model and the parameters associated with each critical transition are
given and discussed.
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