PHYSICAL REVIEW B 77, 235201 (2008)

Anharmonic effects and Faust-Henry coefficient of CdTe in the vicinity of the energy gap
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Crystallodynamic properties of CdTe are studied, by Raman spectroscopy, as a function of the temperature
and excitation energy. The temperature dependence (in the range of 20-300 K) of the peak frequency and the
full width at half maximum of the Raman scattering bands, which were obtained from the ¢=0 optical (LO
and TO) lattice vibrations, are mainly attributed to the anharmonic effects due to the phonon decay toward the
q # 0 points of the Brillouin zone. The intensity ratio (LO/TO) of the phonons is also studied as a function of
the temperature and excitation energy, leading to a Faust-Henry coefficient that is nearly constant over the

energy range investigated (1.49-1.54 eV).
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I. INTRODUCTION

CdTe is a zinc blende type semiconducting material of the
II-VI group with a direct energy gap in the infrared range
(1.49-1.59 eV) and it is an appealing candidate for several
optoelectronic applications that rely on its interesting
electronic,'~ crystallodynamic,*~8 and piezoelectric®~!! prop-
erties. Specifically, CdTe, as well as the Cd;_ .M, Te ternary
compounds (where M is a metal, e.g., Zn, Mn, Hg), is a key
material for gamma and x-ray detectors,'? solar cells,3 laser
windows, and electro-optic modulators. Furthermore, CdTe
can be potentially incorporated in electronic structures, glass
matrices, or solution precipitations in the form of quantum
dots or nanorods,'* the size of which determines their absor-
bance and luminescence properties, with various applications
in microelectronics, optics, and biology.

Despite the intensive studies on the various physical prop-
erties of CdTe during the last decades (see above), there are
physical aspects of the material that either have not been
investigated at all or need further confirmation by comple-
mentary experimental methods, in addition to the results re-
cently appearing in the literature. An important parameter to
be explored is the Faust-Henry coefficient (FHC), C
:e*/MwZT[(ax/(?u)/(&X/&E)], which is of basic, as well as
of technological, interest since it is a measure of the relative
contribution (to the linear susceptibility y) of the deforma-
tion potential coupling (dy/du) to the electro-optical mecha-
nism (dy/JdE); e*, M, and w; are the transverse effective
charge, the reduced mass, and the frequency of the transverse
optical phonon, respectively. As far as we know, the value
(C) for CdTe, in the frequency range close to its energy gap,
has not been unquestionably, published up to now. From
early data on the LO/TO intensity ratio,'? it can be deduced
that the Faust-Henry coefficient shows a nonlinear dispersion
from —0.15 to —0.8 in the excitation-energy range of 1.50-
1.56 eV. On the other hand, a value of C=-0.5, which was
deduced via the relation C=(d5"/dy;)~1 (Ref. 16) by the
electronic part of the nonlinear electro-optic coefficient
(d5°=36.4 pm/V) and the second harmonic generation co-
efficient (d4El=73 pm/V) at 0.83 eV (Ref. 17) (i.e., far below
the low-T fundamental energy gap of CdTe at 1.59 eV), does
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not fall on the tendency of the above mentioned dispersion.

At the same time, the temperature dependence of the pho-
non characteristics of CdTe and the associate anharmonic
analysis is also missing from literature with the exception of
a quite recent work,'® wherein the fundamental (TO) and the
higher-order phonon—phonon interactions are studied
through the temperature dependence of the dielectric func-
tion. This investigation, however, is carried out at a fre-
quency range covering the 2TA(X) critical point but with an
upper limit by ~50% lower than the frequency range of the
optical-phonon branches. Consequently, the above work does
not concern direct measurements of the TO phonon but is an
indirect calculation of the frequency and damping rate
through measurements of the absorption and refractive index
spectra in different temperatures. As a result of this work,
there is only a brief discussion of the anharmonic effects
while the main result is the calculation of the effective
charge.

In the present paper, we present a systematic Raman study
of CdTe under different temperatures (22-300 K) and exci-
tation energies (1.49-1.54 eV). The analysis of the Raman
measurements leads to results related to the anharmonic ef-
fects, as well as to the calculation of FHC. The study of
anharmonic behavior, which leads to the separation of the
phonon-decay (direct) and the volume-expansion (indirect)
effects, is done in the lines of several previous studies con-
cerning the anharmonic effects in molecular,'*-?! jonic,?>>
as well as mixed ionic-covalent®®~28 crystals. The FHC, on
the other hand, is related to the intensity ratio of optical
phonons (LO/TO). The study of the FHC as a function of
temperature and excitation energy shows the change in the
scattering efficiency when both the deformation potential and
the electro-optic mechanisms are affected.

This paper is organized as follows: Section II describes
the experimental conditions. In Sec. III, (a) the experimental
results are presented, (b) the temperature dependence of the
phonon frequency shifts and linewidths are analyzed by the
anharmonic effects of the material, and (c) the FHC is deter-
mined as a function of temperature and excitation energy. In
Sec. IV, all of the above issues are discussed in comparison
to the corresponding results obtained in other III-V and
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II-VI semiconductors while some general trends are pre-
sented.

II. EXPERIMENTAL DETAILS

The undoped CdTe samples used in this work were rect-
angular single crystal plates (provided by Keystone Crystal
Corporation) with typical dimensions of a few millimeters
and with faces used for backscattering geometry of either
(110) or (001) crystallographic orientation. Fine polishing of
the samples and Raman experiment configurations were
carefully conducted under the same conditions for different
samples in order to obtain reliable data from the Raman scat-
tering.

The Raman spectra were excited with a Ti:sapphire laser
(Spectra-Physics, 3900S) pumped by an argon ion laser
(Spectra-Physics, Stabilite 2017). An excitation beam with a
power from 30 to 120 mW (depending on the experiment)
was focused on the scattering face by a spherical lens of 75
mm focal length. The power level, in combination with the
excitation-beam spot diameter (>40 um), ensures the mini-
malization of the laser heating effects. For the anharmonic-
analysis data, unpolarized (both incident and scattered radia-
tions) spectra have been measured in order to record both LO
and TO bands since intensities were not taken into account in
this analysis. For the Faust-Henry coefficient calculations,
parallel and perpendicular polarization orientations were
used for the incident and the scattered light with respect to
the crystallographic orientations [001] and [110], as it is de-
scribed below [see Sec. III C] and in the discussion related to
Eq. (6), (as well as in Ref. 40, therein). The scattered light
was analyzed by a SPEX 1403 double spectrometer and de-
tected by a cooled photomultiplier tube (C31034 RCA), and
the spectra were recorded by standard photon-counting meth-
ods. The temperature was controlled by using a closed-circle
He cryostat (CCC1104 Oxford Instruments).

For the anharmonic analysis, the backscattering Raman
spectra were measured along the [110] direction. For this
direction, the selection rules impose scattering only from the
TO phonons. However, deviation from the selection rules
also leads to scattering from the LO phonon. This is due to
the resonance effects since the Ti:sapphire laser emits in the
range of the CdTe energy gap.

The excitation energies varied from 1.537 to 1.454 eV
while the temperature was changed from 22 to 300 K. The
initial excitation energy at 22 K has been chosen so that both
optical-phonon types appear in the spectra. The appropriate
energy region to achieve that is 775.2-826.5 nm
(12900-12 100 cm™"). Outside this region, either the lumi-
nescence background was strong enough to cover the TO
phonon or the excitation energy is quite far from the energy
gap, preventing the resonance phenomena to appear. Further-
more, for the accurate determination of the phonon line-
widths, the slit size was kept very low and progressively
reduced at low temperatures, allowing less than 10% of over-
estimating error.

For the calculation of the FHC, Raman backscattering of
the Raman scattering was performed along the [110] direc-
tion where TO phonons are ‘“allowed,” while the Raman
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FIG. 1. Unpolarized Raman backscattering spectra along [110]
of bulk CdTe at various temperatures. The excitation energies used
for recording the spectra sequentially from bottom to top were
1.537, 1.537, 1.537, 1.500, 1.488, 1.475, 1.463, and 1.454 eV.

spectra that was obtained by backscattering along the [001]
direction produced LO phonons, in accordance to the selec-
tion rules. The measured spectra were further corrected for
the finite width of the spectrometer resolution function,?® that
is, a triangular function for the specific wave number range
and slits’ width. The measurements were carried out either at
constant temperature 22 K, by varying the excitation wave-
length, or by varying the temperature. For the measurements
with an increasing temperature, we have decreased the exci-
tation energy in such a way as to follow the corresponding
temperature dependence of the energy gap and keep the same
near-resonance conditions, allowing a standard 64 meV dif-
ference between the excitation and the band gap energies.
The exact temperature dependence of the energy gap was
determined by using photoluminescence measurements,
which were initially performed down to 22 K. An E,(T)
=E,(0)-Shw[cot(hw/kT)~1] dependence was estimated
with Aiw=6.24 meV, E,(0)=1.591 eV, and §=4.904, in ac-
cordance to Ref. 30.

III. RESULTS AND ANALYSIS
A. Raman spectra

In order to study the anharmonic effects, Raman back-
scattering at near resonance conditions was performed along
the [110] direction. In Fig. 1, the characteristic Raman spec-
tra are shown for the two types of phonons acquired at dif-
ferent temperatures.
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FIG. 2. Temperature dependence of the experimentally obtained
LO and TO Raman frequencies (full squares) of CdTe. The solid
lines are polynomial fits. The TO data from Ref. 18 are also shown
(open squares).

Similar spectra that were measured with the variable ex-
citation energy show no significant changes, as it will be
shown below (calculation of the Faust-Henry coefficient by
the LO/TO intensity ratios). By increasing the temperature,
the phonon frequencies (energies) of the two modes de-
crease, their full widths at half maximum (FWHMs) in-
crease, while their intensities decline because of phonon-
decay mechanisms. Above 200 K, the TO Raman peak is
hardly resolved due to the luminescent background increase.
Phonon frequencies vs temperature for the LO and TO
modes are shown in Fig. 2 as full squares. The data are fitted
with second-order polynomial curves (solid lines) with zero-
temperature TO and LO frequencies w(0) that were predicted
to be equal to 144.8 and 171.4 cm™!, respectively. In Fig. 2,
the TO frequencies from Ref. 18 (open squares) are also
shown for comparison.

B. Anharmonic analysis

The above results are used for the anharmonic analysis of
CdTe. In the case of an ideal crystal, the shape of the scat-
tering zone is a delta (8) function, while in the case of a real
crystal, the shape of the scattering zone is described by a
symmetric Lorenzian curve. The width of this curve is due to
the lifetime of the phonons (7), i.e., the time until the
phonons decay, via anharmonicity. This effect is temperature
dependent and arises from the decay of phonons from the
center of the Brillouin zone into combinations of phonons
with a zero total wave number and a total frequency that is
equal to the zero-temperature frequency (as a consequence of
energy and momentum conservation).

1. Raman shifts

While a phonon frequency is primarily determined by the
harmonic part of the vibrational potential energy, its varia-
tion with temperature is entirely determined by the anhar-
monic part.3' A change in temperature, in addition to the
effect on the vibrational amplitudes of the atoms about their
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equilibrium positions (direct-explicit effect), also alters the
interatomic spacing (indirect-implicit effect) because of vol-
ume expansion, which in turn, affects the bond force
constants.?’ The contribution to the phonon frequencies can
be deconvolved and separately studied for explicit
(AQemperature) and implicit (ALQyome) effects. Following the
thermodynamic considerations, we have

do _ (a_w) /_f(a_w> M
ar  \dr), «\oP);
where B=(1/V)(dV/dT)p is the volume thermal expansion
coefficient, k=—(1/V)(dV/dP); is the volume compress-
ibility, and y=(1/kw)(dw/IP)y is the Griineisen param-
eter, which is different for the TO and the LO mode. There-
after, the contribution of the volume expansion to the

frequency shift AQ,gume(7) can be directly calculated by in-
tegration of the implicit second term in Eq. (1),

_ Té’(a_w) :
A(1v01ume(T)__j0 K\ gP TdT (23)
T
= f BawdT’ (2b)
0
T
z—w(O)‘yf BdT' . (2¢)
0

In the calculations below, we have used Eq. (2b), which
holds under the assumption that y"") are pressure indepen-
dent and are constant over the temperature range of the ex-
periment. This approximation results in a simple w~ V™7 re-
lation between the frequency and volume, and it is applied to
3D covalent crystals,? such as semiconductors of the groups
IV, III-V, and II-VI, where y'“) is on the order of unity. The
values y'=1.61 and 9'=1.01 are known from the CdTe
literature.? It should be mentioned that, at this point, instead
of Eq. (2b), either Eq. (2a), under the assumption of a con-
stant dw/dP slope, or even the simple form in Eq. (3), which
assumes further that w(7) = w(0), could be used. The results
of the calculations with different methods are very similar.
Now, regarding the temperature dependence of the vol-
ume thermal expansion coefficient 8, it is deduced by the
experimental values of the linear thermal expansion coeffi-
cient a(T)=B(T)/3 at temperatures of 0-35 and 300 K (Ref.
7), as well as between 55-100 K (Ref. 6). Negative « values
at low temperatures are common in semiconductors [also
found, for example, in ZnSe (Ref. 34)]. The literature results
are plotted in Fig. 3 and fitted by the following expression:

c(ffer(s) o

where the E, F, and G constants are equal to (1.14+0.04)
X 1073, (69.1+2.8) X 1073 K, and (65.85+0.98) X 103 K,
respectively. Although B(T)=(E/T—-F/T?)sinh~>(G/T) is the
relation that was used for the best fit in previous studies,®
this was not possible in our case because of the negative
values of 8 in the low temperature range. Nevertheless, the
numerical fit to the experimental data is reasonably good, as
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FIG. 3. Volume thermal expansion coefficient 8 of CdTe for
various temperatures 0-300 K. The data points are results from
literature (Refs. 6 and 7). The line fit according to Eq. (3) is shown.
The inset (in logarithmic temperature scale) is added to confirm the
fitting quality and elucidate the range of deviation from the experi-
mental data.

it can be seen from Fig. 3 and from its inset (wherein a
logarithmic temperature scale is used in order to better
clarify the slight deviation of the numerical fitting in the
reproduction of the experimental data minimum).

The integral of Eq. (3) for each temperature (7) is calcu-
lated by using . The calulated “volume contribution” fre-
quency shifts from Egs. (2b) and (3) and the polynomial of
Fig. 2, are shown with solid lines in Fig. 4. When the implicit
effect is known, the explicit effect on the phonon frequency
shifts can be merely determined by subtracting the indirect
from the experimentally observed total Raman shifts. This is
done in Fig. 4, which presents the corrected LO and TO
phonons shifts (data in symbols). The anharmonicity theory
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FIG. 4. The calculated volume-expansion contribution to the TO
and LO anharmonic frequency shifts of CdTe are shown by the
solid lines. The Raman shifts calculated from the data in Fig. 2,
after the correction for the implicit effect, are shown by the sym-
bols. The dashed lines are fits of the corrected shifts (explicit tem-
perature effect) to Eq. (4), with ¢ as a free parameter and d=0.
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TABLE I. Fitting parameters that were deduced from the tem-
perature dependence of the anharmonic phonon frequency shifts
[w(0),c] and linewidths (I'y,a) for CdTe. ZnSe results (Ref. 38 and
Appendix) are shown for comparison.

w(0) c Iy a
(em™) (em™) (em™) (em™)
TO(CdTe) 1448 -0.78+0.10 0.18+0.10 0.91+0.15
LO(CdTe) 1714 -1.11=0.05 0.16=0.05 0.88+0.10
LO(ZnSe)  259.5 —0.94+0.05 0.67

36,27

that comprises of three- or four-phonon processes pre-
dicts that the remaining shift AQ(7) is equal to
AQT) = c(1 +2n,) +d(1 +3ny+3n3) —c—d
= A()temperature(T) -c—d, (4)

where n, and n; are the statistical Bose—Einstein numbers
{n=[exp(hw/kT)-1]""} of the phonons at the frequencies
w(0)/2 and w(0)/3, and ¢ and d are constants, which repre-
sent the contributions in AQyyperaure(T) from the phonon
decay in two or three phonons, respectively. The last con-
stant term secures a zero shift at 0 K and it has to be added
to AQ(T) for counting the total explicit AQmperature(T) €f-
fect. The corrected AQ(T) data in Fig. 4 have been fitted
according to Eq. (4) by considering only the first bracket
term in the equation, which is dominant in the temperature
range of the experiment. Fitting with the complete form does
not significantly improve the quality of the fit, whereas the
error of d is bigger than the deduced value itself.

In conclusion, the anharmonic analysis ascertains a small
volume contribution in the phonon frequency shift despite
the polar character of the material, which is a fact that is
explained in Sec. IV. The value of the fitting parameter c,
together with the corresponding one for ZnSe (see the Ap-
pendix), is shown in Table I.

2. Linewidths

In Fig. 5, we present the temperature dependence of the
FWHMs of the TO and LO phonon peaks in the Raman
spectra (full squares), wherein, TO bandwidths from litera-
ture (see Ref. 18; open squares) are also shown for compari-
son. As it is evident, the direct estimation through the Raman
spectra leads to FWHMs smaller by a factor of two in com-
parison to the ones indirectly obtained by the conventional
terahertz time-domain method since the frequency range
considered (in the terahertz studies) does not include the
whole bands. The experimental Raman data for the widths
are omitted when their error bars are on the order of magni-
tude of the FWHM. According to the anharmonic theory, the
temperature dependence of the linewidths for phonons,
which decay into two or three phonons, is

I(T) =Ty +a(l +2ny) + b(1 + 3n5 + 3n3), (5)

where a and b are constants with the same physical meaning
as ¢ and d, and I'j) is a constant that represents any residual
broadening due to lattice imperfections.’’
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As it was done for the shifts, the FWHM data points are
also fitted only with the first term of Eq. (5). The deduced
values of a are given in Table I and compared well to those
found for the ZnSe LO mode.

From the linewidth, the TO- and LO-phonon lifetimes can
be deduced by the 7(ps)=100/[3 7 (cm™")] relation. Accord-
ingly, 10=12.0%£1.4 ps and 7po=11.7%1.9 ps are pre-
dicted at O K, and 73 5=2.3*+0.3 ps at 300 K. The last value
is well above that (0.75 ps) obtained by transient picosecond
Raman spectroscopy.’® Apparently, measuring the phonon
lifetimes is very sensitive to the presence of defects in the
crystal and to the experimental method used.

C. Faust-Henry coefficient

The Faust-Henry coefficient (C) expresses the ratio of the
lattice to the electronic contribution in the linear electro-
optic tensor. Experimentally, it can be calculated via the ratio
(Pexper) Of the scattering efficiency by LO (lattice and elec-
tronic contribution) to the scattering efficiency by TO (only
lattice contribution) phonons*” as follows:

C!)%O ]’lLo+1 wio wTo

1/2 | -1
X(P—L)} , (6)

Ptheor

where o g 1o are the LO and TO phonon frequencies, wEO,TO
are the Stokes scattering frequencies, n oo are the LO and
TO Bose-Einstein occupation numbers, and py,.., is the ratio
of the Raman-tensor elements, LO/TO, according to the se-
lection rules, where only the scattering geometry, incident
and scattered light polarizations, and symmetry consider-
ations (in the form of the appropriate Raman-tensor ele-
ments) are taken into account.

In Fig. 6(a), we present the calculated dependence of C on
the excitation energy on the base of our Raman data for
values lower than the CdTe energy gap (1.591 eV) at 22 K.

T
300

In Fig. 6(b), we show the temperature dependence of C. The
corresponding measurements were taken by changing the ex-
citation energy E,, with temperature, in such a way that the
difference between E, and the energy gap remain constant in
order to keep it at the same level against any resonance ef-
fects. Two different data sets were deduced by the experi-
mental ratio of the LO intensity from the intensity of the two
differently polarized TO phonons [conventionally denoted as
TOy, and TOy, meaning vertically (L [001]) and horizontally
(I [001]) polarized TO phonons, respectively]. The two sets
did not show any systematically different behavior. Concern-
ing the energy dependence of the Faust-Henry coefficient C,
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FIG. 6. (a) Energy (at =22 K) and (b) temperature (with E,
—E,=64 meV) dependences of the Faust-Henry coefficient that
were deduced from the intensity ratio of the LO over any of the two
degenerate TO phonons alternatively oscillating with either perpen-
dicular (circles) or parallel (squares) polarization, relative to the
[001] axis. In (b), the representative error bars were drawn only for
one point of each data group. Similar or lower errors apply to all
other data points. The apparent variation vs energy is discussed in
Sec. I C (see text). The solid line is a linear fit of the energy
dispersion data.
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as it is displayed in Fig. 6(a), there is a tendency of an os-
cillation as a function of energy. One can estimate the ap-
proximate periodicity in the energy scale in the order of
(1525—-1505 meV)=20 meV, ie., =160 cm™', which is
close to the average frequency of the optical phonons [e.g.,
using the data of w, from Table I, (wro+w)/2
~ 158 cm™!]. This correlation might suggest resonance phe-
nomena with optical-phonon replicas. However, the variation
is on the order of magnitude of the error bar, as shown in Fig.
6; therefore, such an attribution is considered as rather risky.
It is decided, consequently, to simply take the average C
value, with an almost negligible energy dependence, as it is
shown below. The results of the calculations according to Eq.
(6) yielded a mean value of C=-0.14*0.12. This mean
value does not disagree with the results deduced from Ref.
15, although the data of the present work show no significant
dispersion in the energy range examined, in contrast to the
former ones. Our data imply a very weak energy dispersion
of C, (=-1.5 eV~!; see below, in Sec. IV), while an increase
in the temperature up to 120 K does not affect it. In the past,
negative FHC values that lie in between 0 and —0.7 have
been found for all semiconducting materials of the groups
III-V and II-VL.*! Negative values of C are also theoretically
predicted by Flytzanis in Ref. 42.

IV. DISCUSSIONS AND CONCLUSIONS

Models*? that describe the anharmonic behavior of cova-
lent crystals do not take into account the Coulomb inter-
atomic forces; hence, they cannot be adapted in the case of
piezoelectric crystals. An alternative way of looking at the
relative importance of the two contributions (temperature
and volume) is to calculate the implicit factor n (ratio of the
volume to the total effect**),

_ A‘(lvolume(T)
A()volume(T) + A(Ztemperalure(T) .

n (7
The implicit factor value of a material is usually correlated to
its crystal type,** specifically in the following ways:

(a) Values lower than 0.5 indicate a covalent crystal or
internal modes in molecular crystals. In this case, there is a
charge overlap between the vibrating units.

(b) Values near unity indicate ionic crystals or external
modes in molecular crystals. In this case, the vibrations in-
volve relative motions of electronically nonoverlapping
closed-shell entities.

(c) Values higher than unity indicate opposite sign
contributions from the two effects (implicit and explicit) or
the cancellation of the two effects if the factor becomes
infinite.

The calculated temperature dependence of the implicit
factor for the two optical phonons of CdTe is shown in Fig.
7. Despite the ionic character of the material, the factor takes
very small values near zero for both the TO and the LO
modes in the whole 0-300 K temperature range. Below 120
K, it is negative, while by increasing the temperature, it pre-
sents a tendency to increase and reach a flat level. The results
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FIG. 7. Temperature dependence (0-300 K) of the implicit fac-
tor (n), for the two optical phonons (LO, TO) of CdTe and the LO
of ZnSe.

of the temperature dependence of the implicit factor for the
ZnSe LO phonon mode are shown for comparison as well.
The calculations for ZnSe are presented in the Appendix.
The two materials have similar electronic config-
urations (Cd:[Kr]4d'%5s> and Te:[Kr]4d'%5s?5p*, and
Zn:[Ar]3d'%s? and Se:[Ar]3d'%4s%4p*) and similar frac-
tional ionic characters [0.685 for CdTe (Ref. 45) and 0.63 for
ZnSe].

Generally, the assumption of a significant contribution in
anharmonicity from the implicit effects is based on the exis-
tence of electronically nonoverlapping closed-shell entities,**
which is characteristic of ionic compounds. In our case,
CdTe is a mixed ionic-covalent crystal; consequently, it is
questionable which of the two mechanisms, i.e., the volume
expansion or the phonon decay, dominates the Raman shift
vs temperature. Despite that, the implicit factor n is well
below 0.5 and resembles the one found in Si (n=0.1 at RT*%),
which has the [Ne]3s%p? electronic structure and purely co-
valent character. The above tendency for n is also found for
ZnSe (see Fig. 7), as well as various copper halides,”® which
have a large fractional ionic character® as well.

Apparently, the various semiconducting compounds
present a very small implicit factor independent of the par-
tially ionic character of the bonding. This might be due to the
electronic structure of the materials, which form the tetrahe-
drally coordinated zinc blende structure. Accordingly, d or-
bitals might play an important role in the clear description of
the bonding, as well as in the atomic interactions. It would be
interesting, therefore, to confirm this possibility by means of
theoretical calculations supported by independent experi-
mental evidence from other compounds.

As far as the FHC is concerned, we can see that C is
almost temperature independent while the dependence of C
on the excitation energy, according to our data, is very small
(ACy/AEx=-1.7+1.0eV™!, ACy/AEx=—14=*1.1eV7).
This fact denotes a balance between deformation potentials
(due to the lattice deformation) and the electro-optic contri-
bution (due to the longitudinal vibrations)*! at the phonon
scattering process. Indeed, for excitation-photon energies lo-
cated lower than the energy gap, there is a priori no reason
for C to exhibit strong dispersive effects. The tendency of C
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to get increasing negative values when approaching the en-
ergy gap (negative AC/AE, slopes) reflects the gradual
strengthening of the electro-optic contribution. Our poor cor-
relation to the previous data,'>!” concerning the value and
the energy dispersion of the Faust-Henry coefficient, needs
further elucidation.

Concerning the comparison of the temperature depen-
dence of the phonon characteristics (peak position and band-
width), as it is deduced either by Raman or by conventional
terahertz time-domain spectroscopy,'? it is obtained that the
Raman scattering yields more reliable results, at least as far
as the terahertz measurements do not cover the whole fre-
quency range corresponding to the TO phonons. Actually,
while the temperature dependence of the TO-frequency in-
duced by the two methods is almost the same with the Ra-
man data exhibiting a less noisy tendency, the TO-bandwidth
obtained by the Raman method shows a weaker temperature
dependence, which we claim as more reliable with respect to
the ones indirectly obtained by the terahertz measurements.

In conclusion, we have studied by using Raman spectros-
copy the anharmonic effects of CdTe through the tempera-
ture dependence of the frequencies and widths of the TO and
LO phonons in the frequency range right below the energy
band gap. Despite the ionic character of the material, the
volume contribution to the anharmonicity is fairly small.
This behavior is probably common for all semiconductors
with a diamond or zinc blende structure. The Faust-Henry
coefficient was determined to be equal to —0.14 = 0.12 in the
whole temperature and energy range of the experiment, and
in accordance to the corresponding values in other semicon-
ductors.
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APPENDIX

1. Anharmonic analysis of the LO phonon frequency shifts in
ZnSe

For the anharmonic analysis of the LO frequency shifts in
7ZnSe, we have used the results of Ref. 38 and corrected it for
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FIG. 8. Calculated volume contribution to the total LO Raman
shift of ZnSe (solid line). The corrected data of Ref. 38 are shown
and fitted (dashed line), according to the anharmonic temperature
first bracket term in Eq. (4).

the implicit effect in the same way as it was done for CdTe.
The data of the volume-expansion coefficient at various
temperatures>* were fitted with a similar formula to Eq. (3)
with —1.2 as the power of the sinh function, i.e., B(7)
=(E/T-F/T?sinh™'"*(G/T), and E=0.69X1073, F
=0.0336 K, and G=96.6 K.

The calculated volume contribution to the total shift is
shown in Fig. 8 together with the corrected Raman shifts.
These data account for the temperature contribution to the
shift and have been fitted to Eq. (4), resulting in ¢ equal to
—0.94 (see Table I). The small ¢ value justifies the nearly
linear dependence of the LO Raman frequencies of the iso-
topic modified ZnSe samples on =2, where w is the ZnSe
reduced mass.*’ Otherwise, a significant shift to the higher
energies would be observed.*® The results for the calculated
temperature dependence of the implicit factor are shown in
Fig. 7.
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