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Compositional dependence of the Raman frequencies and line shapes of Cd;_,Zn, Te
determined with films grown by molecular-beam epitaxy
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Raman scattering measurements are used to investigate the lattice-dynamic properties of
Cd,_xZn,Te. The samples were thin films grown by molecular-beam epitaxy on GaAs substrates.
The first-order Raman spectra for the ternary samples show two sets of longitudinal- and
transverse-optical (LO,TO) modes, which arise from CdTe- and ZnTe-like vibrations. The composi-
tional dependence of the lattice frequencies is that of a typical two-mode system. The mode oscilla-
tor strengths were evaluated from the measured frequencies. The line shapes of the LO Raman
bands display asymmetrical broadenings which are observed to increase with decreasing LO-TO
splitting. The LO bands were fitted with the predicted line shapes of the discrete-continuum in-
teraction and the spatial-correlation models. The Fano line-shape of the discrete-continuum interac-
tion model allows good fittings of both sets of LO Raman bands. The spatial-correlation model
does not reproduce the line shapes of the ZnTe-like LO modes for x ~0.5.

There is much current interest in II-VI ternary com-
pound semiconductor for use in a variety of solid-state de-
vices. Concomitant with the growing number of applica-
tions and the standing improvements on device perfor-
mances, research efforts are being carried out in order to
elucidate the intrinsic properties of the materials. The ex-
tensive investigations of Hg;_,Cd,Te are typical exam-
ples of such research activities.! This paper deals with a
novel epitaxial system of II-VI binary alloys, namely
Cd;_xZn,Te. It has been recently shown that
Cd;_,Zn,Te can be grown by molecular-beam epitaxy
(MBE) on foreign substrates and that the epitaxial layers
possess high crystalline quality.>* Three factors have re-
vived the attention paid to Cd;_,Zn,Te. These are (1)
the possibility of MBE growth, (2) the epitaxy achieved on
foreign substrate, and (3) the band-gap tunability over a
large spectral range in the visible.® Nevertheless, the body
of experimental knowledge of its properties is by far less
developed than for other II-VI alloys. Among the few ex-
perimental investigations available, photoluminescence
and EXAFS measurements have proven that the metal
lattice sites are occupied randomly by the cation atoms,>*
and reflectivity measurements have pointed out a two-
mode type of behavior of the lattice vibrations.*®

We report here on the vibrational properties of
Cd,; _,Zn, Te determined with Raman scattering measure-
ments. These were performed on layers grown on GaAs
substrates. The Raman frequencies measured for dif-
ferent values of the Zn content provide an independent
confirmation of the two-mode behavior of the phonon
system, and are used to determine the mode oscillator
strengths. We also study the evolution of the line shapes
of the Raman bands due to the longitudinal-optical (LO)
phonons. Asymmetries and broadenings of the line
shapes are detected. They follow patterns similar to those
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established in other alloy semiconductors. We establish
that the behavior of the Raman line shapes can be corre-
lated with the magnitude of the frequency splitting be-
tween the longitudinal and transverse modes. Our find-
ings constitute a test ground for the models that try to ex-
plain the asymmetrical broadenings by invoking specific
microscopic interactions in the alloy system. We find that
the calculated line shapes with the discrete-continuum in-
teraction model”® reproduce the measured spectra more
satisfactorily than the predicted curves evaluated with the
spatial-correlation model.’

The Cd,_,Zn, Te layers with typical thickness of 1 to 3
pm were grown by MBE on GaAs (001) substrates. The
Zn content was determined by energy-dispersive analysis
of x-rays (EDAX). For x >0.1 the crystalline orientation
of the layers is (001) and for x <0.1is (111). For the Ra-
man scattering measurements, the samples were mounted
in a cold finger of a closed-cycle cryostat and the sample
temperature was kept at ~ 12 K. The 6471- and 6764-A
lines of a Kr-ion laser and several lines of a Rhodamine
6G dye-laser excited the Raman spectra. The energy of
the incoming photons was tuned to 100 to 200 meV above
the fundamental gaps of the samples,’ in order to obtain
through the resonant enhancement a good signal-to-noise
ratio. The scattered light was analyzed with a Spex dou-
ble monochromator and was detected with a GaAs pho-
tomultiplier equipped with photon-counting electronics.
The backscattering geometry was used with incoming and
outgoing polarizations of the photons along the (110)
directions. The selection rules for the zinc-blende struc-
ture allow scattering by transverse-optical (TO) and
longitudinal-optical (LO) phonons in the case of the (111)
surfaces and only by LO-like modes in the case of (001)
surfaces. Some TO intensity appears in the spectra taken
from (001) surfaces in part because of the large angle of
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incidence, which was close to the Brewster angle.

Typical first-order Raman spectra of the samples inves-
tigated are displayed in Fig. 1. For the ternary samples
the spectra consist of four Raman bands. These can be
classified in two main groups. One of the groups involves
the Raman lines labeled LO; and TO,. These lines have
the character of the LO and TO vibrations of ZnTe
(x =1). The other group is made of the LO, and TO,
Raman peaks which originate in CdTe (x =0)-like pho-
nons. In the spectra of Fig. 1 the LO, peaks dominate in
intensity. The presence of the four Raman lines for inter-
mediate values of x is typical of a two-mode system. This
kind of behavior, which was earlier established for
Cd,_,Zn, Te,>® becomes more evident with the informa-
tion of Fig. 2. In this figure, the frequencies of the modes
grouped as explained before are plotted as a function of
the Zn content. The solid lines are interpolations through
the experimental points as visual aids and the dashed lines
represent the extrapolations of the lattice frequencies to
the local-mode frequency of Zn in CdTe and to the gap-
mode frequency of Cd in ZnTe. The overall behavior of
the frequencies as a function of x is similar to that report-
ed for other two-mode alloys.!® The measured frequencies
of the TO and LO phonons of the CdTe and ZnTe layers
are in agreement within the experimental uncertainties
(£0.2 cm™!) with the values measured in bulk samples.
The extrapolations made in Fig. 2 predict a value of 174
cm~! for the local-mode frequency of Zn in CdTe and
145 cm~! for the gap mode of Cd in ZnTe. These num-
bers compare very favorably with the published values for
such frequencies of 167 and 153 cm™!, respectively,
which were determined at room temperature from reflec-
tivity measurements.!® The different values of the local-
mode frequency can be attributed to the effect of the tem-
perature. For the gap-mode frequency, we cannot invoke
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FIG. 1. First-order Raman spectra of Cd,_,Zn,Te for vari-
ous values of x.

frequency shift due to temperature to explain the differ-
ence. We note that the Raman frequencies of the local
and gap modes are closer (within ~10%) than the reflec-
tivity determined ones to the values of such modes calcu-
lated with the assumption of mass substitution.!®

The results presented in Figs. 1 and 2 confirm the
characteristics of the lattice dynamic of Cd;_,Zn,Te in
terms of being a two-mode system. The major quantita-
tive difference between our measurements and those re-
ported in Refs. 5 and 6 is that we obtained a weaker
dependence of the TO, frequency as a function of the Zn
content. On the basis of the observed two-mode behavior,
an effective dielectric function with contributions from
two oscillators can be written

ew)=€,+ 3 Siwtoli)/[wioli)—a?], (1
i=1,2
where €, is the high-frequency dielectric constant and S;
is the mode oscillator strength. The zeros of Eq. (1) are at
the frequencies of the LO modes wyo(i). From the mea-
sured values of wro(i) and wy (i) and by solving €(w)=0
with €, =7.5, we obtain for S; the values quoted in Table
I. The values of S| and S, are approximate due to the
uncertainties in (i) and €,,. Nevertheless, they should be
useful in evaluating the effect of phonon scattering on the
transport properties.

A related aspect of the Raman investigation of the lat-
tice dynamic of alloy system is the behavior of the Raman
line shapes as a function of the composition. In the case
of III-V semiconductor alloys, asymmetrical broadenings
of the Raman bands have been measured.”* "2 Howev-
er, the theoretical explanations of such asymmetries in
terms of the microscopic mechanisms that produce them
are somehow controversial.”® In what follows, we will
consider in detail the evolutions of the LO; and LO, line
shapes of Cd,_,Zn,Te as a function of x. We will also
compare our results with published data for III-V alloys
and with the predictions of the theoretical models.

The LO, and LO, bands of Fig. 1 are singled out and
plotted in a window of —10 to 10 cm™! around their
peaks in Fig. 3. The LO, lines show a symmetrical profile
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FIG. 2. Compositional dependence of the Raman peak fre-
quencies observed in Fig. 1. The solid lines are drawn as visual

aids. The dashed lines represent extrapolated values of the fre-
quencies for the binary limits.
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TABLE 1. Summary of parameters obtained for the mea-
sured Cd;_,Zn,Te samples. S, and S, are the mode oscillator
strengths determined with Eq. (1). Q and T are the asymmetry
parameter and broadening of the Fano line shape given by Eq.
(2), respectively.

Q I' (em™")

Sample X S] Sz LO] L02 L01 L02

1 0 2.95 1.5

2 0.096 0.149 3.3 —6 40 5.4 8

3 028 059 272 20 -20 46 10

4 048 1.1 274 —40 -3 6 10

5 0.54 1.02 254 —100 -25 5 14

6 1 2.62 1.5

for x =0.54, 0.48, and 0.28. Their linewidths are ~5
cm~! larger than that of the LO mode of ZnTe. For
x =0.096, the line shape develops an asymmetry to the
low-energy side. On the other hand, the CdTe-like LO,
modes show an increasingly large asymmetrical broaden-
ing with increasing concentration. One way in which the
observed asymmetries can be quantified is by taking the
ratio of the linewidths measured at half maximum to the
left and to the right of the peak frequency (as in Ref. 9).
With this empirical procedure, we obtain the dependence
of the asymmetry of the LO modes of Cd,_,Zn,Te which
is shown in Fig. 4. Similar data for the Ga,_,Al, As sys-
tem inferred from Fig. 3 of Ref. 9 are also plotted in this
figure. The LO; mode of Ga,;_,Al,As corresponds to the
AlAs-like vibrations and LO, refers to the GaAs-like
ones. We compare Cd;_,Zn,Te with Ga,_,Al,As be-
cause the latter is a very well studied system and can be
taken as a typical representative of alloy semiconductors.
A remarkable similar qualitative behavior of the asym-
metry is observed as a function of composition for both
systems. Another important observation is that the asym-
metry and the broadening of a given LO-like mode in-
creases with decreasing LO-TO splitting for that particu-
lar mode, as shown below. These effects, which are pro-
nounced for the LO, modes because the splittings are
smaller to begin with, are depicted in Fig. 5. The phonon
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FIG. 3. Measured and calculated line shapes of the LO-like
modes of Cd;_,Zn,Te.
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FIG. 4. Concentration dependence of the asymmetry of the
LO-like Raman line shapes. The data of Ga;_,Al,As were tak-
en from Ref. 9. The lines are drawn as visual aids.

splittings of Ga,_,Al,As were taken from Fig. 139 of
Ref. 10.

The compilation of data presented in Figs. 4 and 5
strongly suggests that the asymmetrical broadenings of
the LO lines are due to a Fano-like effect produced by an
anharmonic decay of the LO phonons into a continuum of
other phonons.” The discrete-continuum interaction pro-
duces the Fano profile for the Raman intensity I(w),
which is given by’

o)< |Q+7|2/(147?) . )

In this equation 7) represents the reduced frequency
(w—ap)/T where T is the broadening and Q is the asym-
metry parameter. The solid lines in Fig. 3 give the
predicted Raman bands with Eq. (2). The values of " and
Q that allow the best fits to the experimental lines are tab-
ulated in Table I. The agreement between the theory and
the experiment is good. Both, the symmetrical line shapes
of the LO; modes (large | Q |) and the highly asymmetri-
cal LO, bands (small | Q |) are well accounted for. In the
framework of the “discrete-continuum interaction” model
for the asymmetries to take place, the continuum has to
become Raman active. This can be accomplished by
disorder-induced scattering due to alloying (see, for in-
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FIG. 5. Broadening and asymmetry of the LO, Raman bands
plotted against the corresponding LO-TO splitting. The points
for Ga,_,Al,As come from the data of Refs. 9 and 10. The
solid and dashed lines are drawn as visual aids.
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stance, Ref. 13). The elucidation of the exact nature of
the possible continuum of interacting phonons has not
been attempted in this work. However, we mention two
sources which are likely to provide such continuum. One
is given by the longitudinal-acoustical phonons. They are
expected to overlap in frequency particularly with the
LO, modes as the Zn content increases.'*!* The other is
the interaction between the LO- and the TO-like modes,
in a fashion similar to the relaxation response described
by the central peak theory (see, for instance, Ref. 16).
Changes in the character of TO modes that behave as LO
modes have been reported for heavily doped semiconduct-
ors and similar effects can be anticipated for ternary com-
pounds because of the alloy disorder.!” The patterns de-
picted in Fig. 5 correlate strongly with this second alter-
native.
We also evaluated the line shapes using the expression
for I(w) proposed in the spatial-correlation model,’
1 —q%L2/4
Io)« fo £ ~d’q . 3)
[0—a(q)]*+(Ty/2)

In Eq. (3) 'y is the width of the LO lines of the end point
materials (=~1.5 cm™!), L is the correlation length and

serves as the fitting parameter, and w(q) represents the
LO phonon dispersion which is taken to be given by

wXq)=A +[A*>—B(1—cosmq)]'/?. (4

From the measured dispersion curves with neutron
scattering,'*!> we determined for CdTe A =1.445x%10*
em™2 and B=9.88%x10" cm~*% and for ZnTe,

A4=2.1632x10* cm~? and B=1.637x10® cm™*. The
calculated line shapes with Egs. (3) and (4) reproduce the
LO,-measured ones in a similar fashion as the solid lines
of Fig. 3. We obtained values for L of 15, 10, 9, and 8 A
for x =0.096, 0.28, 0.48, and 0.54, respectively. However,
when we tried to fit the LO, line shapes, in order to repro-
duce the measured widths for x =0.48 and 0.54, the
theory imposes the low-energy tail shown by the dashed
line of Fig. 3. This tail gives an asymmetry not observed
experimentally and, therefore, we conclude that the
spatial-correlation model does not reproduce the measured
line shapes for all values of x. A similar conclusion has
been recently reached in the case of GaAs,_,Sb,.!

In summary, we have performed a Raman scattering in-
vestigation of the lattice dynamic properties of layers of
Cd,_,Zn, Te. We have investigated the compositional
dependence of the frequencies of the long-wavelength
phonons and their Raman line shapes. An empirical
correlation has been established between the behaviors of
the line-shapes parameters and the magnitude of the LO-
TO splittings. Such a correlation, which appears to be a
general characteristic of two-mode alloy semiconductors,
provides supportive experimental evidence for the
discrete-continuum interaction model.
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