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Confined transverse-optical phonons in ultrathin CdTe/ZnTe superlattices
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We report far-infrared reflectivity measurements on short-period (CdTe),/(ZnTe), (n =2,3,4,5) su-
perlattices. The superlattices were grown by atomic-layer epitaxy on a thick ZnTe buffer deposited on
[001]-oriented GaAs substrates. The frequencies of transverse-optical phonon modes confined in the
CdTe layers decrease systematically with increasing number of monolayers, n, whereas the correspond-
ing confined modes in the ZnTe layers do not depend on n. It is shown that these data allow one to map
out the dispersion of the transverse-optical modes along the [001] direction in both CdTe and ZnTe.
Furthermore, the strain distribution in the superlattices is analyzed.

I. INTRODUCTION

It is well known that layered semiconductor structures
such as quantum wells and superlattices (SL’s) lead not
only to a modification of the electronic properties but, in
a very similar way, to changes in the phonon properties.
Even though these modifications are often not as obvious
as in the electronic case, their study can lead to a better
understanding of lattice vibrations in crystals.

The modification of the phonon spectrum in superlat-
tices is crucially dependent on the capability of the pho-
nons of one constituent material to propagate in the other
material. Strongly overlapping phonon bands will lead to
folded (but propagating) phonons very similar to elec-
tronic minibands in superlattices. This is mostly the case
for acoustic phonons. For optical phonons, due to their
small dispersion, either folded or strongly confined pho-
nons can occur, depending on the overlap of the disper-
sions in the two constituent materials. For example, it
has been demonstrated recently that optical phonons can
even be confined in a single atomic layer of AlAs embed-
ded in GaAs (since the phonon frequency of AlAs is
sufficiently different from the GaAs phonon frequency). !
On the other hand, GaAs/Al,Ga,_,As SL’s will permit
the existence of folded optical phonons, since GaAs-like
phonons can propagate in both layers.

Extensive investigations have been performed on SL’s
based on the GaAs/Al(Ga)As system by Raman scatter-
ing? "% and recently also far-infrared reflectivity (FIR)
measurements.’ Wide-gap II-VI compound SL’s, which
have become of technological importance due to the ad-
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vent of the blue-green semiconductor junction laser, have
been studied much less. To our knowledge, so far
Raman-scattering experiments have been performed on
CdTe/ZnTe SL’s,'® Cd,_,Mn,Te/Cd,_,Mn,Te, and
ZnSe/Zn;_,Mn,Se SL’s (Ref. 11) in order to get infor-
mation on confined LO modes.

In the present paper, we use far-infrared reflectivity
measurements of CdTe/ZnTe short-period superlattices
to determine the frequency of TO phonons confined in
the CdTe and ZnTe layers. The investigation of superlat-
tices with different periods allows us to map out the TO-
phonon dispersion in both material systems and obtain
information about the strain distribution. It is shown,
that both the ZnTe layers and the CdTe layers are highly
strained.

II. EXPERIMENT

The (CdTe),/(ZnTe), superlattices were grown by
atomic-layer epitaxy (ALE) (Refs. 12 and 13) on an 800-
nm-thick ZnTe buffer deposited on semi-insulting [001]
GaAs substrates. The number of monolayers, n, was the
same for both materials, and varied between 2 and 5.
Therefore, for all superlattice samples investigated, pseu-
domorphic growth occurs for CdTe on ZnTe and vice
versa, in agreement with a recent determination of the
critical thickness in CdTe/ZnTe systems by Cibert
et al."* For n =6, an onset of strain relaxation by misfit
dislocations was observed.'* By variation of the number
of periods N, the total number of monolayers of each
compound is kept constant (N =900) for all SL’s. The
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TABLE I. TO-phonon frequencies.

wro (cm™))

(CdTe),(ZnTe), Periods CdTe-SL ZnTe SL ZnTe buffer
n=2 450 151.7 174.1 180.7
n=3 300 150.3 173.6 181
n=4 225 149.1 173 180.7
n=>5 180 148.6 173.8 180.7

detailed parameters of the samples are listed in Table 1.

The structural properties of the samples were deter-
mined by high-resolution x-ray diffraction using Cu Ka;
radiation and a four-crystal Bartels monochromator.
The diffraction patterns in Fig. 1 show superlattice satel-
lite peaks up to second order. By using ALE growth con-
ditions, one is thus able to control the periods of the su-
perlattice layers with high precision. This is shown in
Fig. 1 by the excellent agreement of the ® values of the
second-order satellite of the (CdTe),/(ZnTe), superlattice
and the first-order satellite of the (CdTe),/(ZnTe), super-
lattice.

Far-infrared reflectivity measurements at nearly nor-
mal incidence were performed at 7=10 K with a spectral
resolution of 0.25 cm~ ! using a Bruker IFS 113v
Fourier-transform spectrometer. In order to avoid
Fabry-Perot oscillations, the substrates were wedged at
an angle of 5°.

III. RESULTS AND DISCUSSION

Experimental reflectivity spectra are shown in Fig. 2
for four short-period (CdTe),/(ZnTe), SL’s (n=2,3,4,5).
In each spectrum, one can clearly distinguish three peaks:
the most prominent peak at about 181 cm ™! is due to the
interaction of the radiation with the TO-phonon mode of
the ZnTe buffer layer. On the low-energy side of this
peak a shoulder appears, which we attribute to the TO-
phonon of the ZnTe layers in the superlattice. The fre-
quencies of the ZnTe TO phonon in the superlattices are
clearly shifted to lower values with respect to their fre-
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FIG. 1. Intensity of the (004) Bragg reflection vs the » angle
of a (CdTe),/(ZnTe), SL (dashed curve) and a (CdTe),/(ZnTe),
(full curve) SL grown by ALE on a ZnTe buffer deposited on a
[001] GaAs substrate. The order of the satellite peaks is indicat-
ed for both SL’s.
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quency in the buffer, but they do not change significantly
with the number of monolayers of ZnTe. The peak
occurring at about 150 cm ™! is caused by the TO pho-
nons in the CdTe layers of the SL’s. The position of this
peak clearly depends systematically on the number of
CdTe monolayers. With increasing number of mono-
layers, the TO-mode frequency is shifted to lower values.

In order to extract the phonon frequencies from the
measured FIR spectra, the experimental data were fitted
to a model that describes each layer (j) of the sample by a
frequency-dependent dielectric function &’ of the form

i2
lw)=¢el, +— ZAE C;)TO_ -~ (1
o~ —iel’

For CdTe and ZnTe A¢/, wjo and IV are treated as
fitting parameters. The values of €/, are 7.1 and 6.7 for
CdTe and ZnTe, respectively.'®> For the GaAs substrate,
the well-established values for these parameters were
used. !

By proper matching of the electric- and magnetic-field
components at the interfaces and the use of the transfer-
matrix method, one can simulate the reflection spectra. 16
The results of the fitting procedure are superimposed
over the experimental data in Fig. 2. Since the difference
between measured and calculated spectra is quite small,
one can determine the phonon frequencies with an accu-
racy of 0.5 cm™ 1 In Table I, the fitted TO-phonon fre-
quencies are listed. The fitted values of Ae/, which deter-
mine the splitting of the LO- and TO-mode frequencies,
lie in the range between 3.1 and 3.5 for the CdTe pho-
nons, i.e., wo=169.5-172.7 cm™!, which is realistic
(the corresponding bulk value is 170 cm™}). 5 For ZnTe
the values of Ae/ range from 2.0 to 3.0, corresponding to
©016=206-218 cm' (bulk value: 210 cm~'). However, in
contrast to the value of w}o, the fitted value of Ae/ de-
pends very sensitively on the absolute reflectivity, which
can vary slightly for different samples. The same is true
for the broadening parameter I'/, for which the fitting
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FIG. 2. Far-infrared reflectivity spectra of four
(CdTe),/(ZnTe), superlattices at nearly normal incidence. The
bold lines represent the experimental data at 7=10 K, the thin
lines are the result of a fitting procedure described in the text.
The arrows mark the TO-phonon frequencies obtained from the
fits. For clarity, the reflectivity curves for the n=3, 4, and 5
SL’s are shifted vertically in steps of 0.1.
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procedure yields values between 5 and 7 cm™~!. There-
fore, Ae’/ and T cannot be determined with a high accu-
racy. This just reflects the fact that, for thin layers, LO-
phonon frequencies cannot reliably be obtained through a
measurement of the infrared reflectivity, but are better
determined by Raman scattering.

We discuss now the effect of confinement on the pho-
non frequencies. In Fig. 3 the TO-phonon frequencies
obtained from the fits for both ZnTe and CdTe are plot-
ted versus the number of monolayers. As mentioned
above, in contrast to the CdTe TO-phonon frequency, the
frequency of the TO-phonon in the ZnTe layers does not
vary with the layer thickness. This different behavior is
interpreted as being caused by the bulk TO-phonon
dispersion relations of ZnTe and CdTe, together with the
effect of confinement. At nearly normal incidence, the ra-
diation can only interact with TO phonons with a wave
vector parallel to the growth direction of the superlattice
(i.e., the [001] direction). As the bulk dispersion relations
in the [001] direction of CdTe and ZnTe (Ref. 15) show,
no TO-phonon mode can propagate in ZnTe at the TO-
phonon frequency of CdTe (and vice versa). The large
difference of the TO-phonon frequencies of about 35
cm ™! and the flatness of their bulk dispersion relations
result in a strong confinement of the TO phonons in the
individual superlattice layers. Therefore, no folded pho-
nons, but rather strongly localized ones, occur. This situ-
ation is similar to the case of short-period GaAs/AlAs
SL’s, where only phonons with wave vector k ~mw/L
can be excited in a layer with thickness L, where m is an
integer. The exact dependence of the wave vector of
confined modes on L and their order m depends on the
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FIG. 3. Frequency of the TO modes confined to the CdTe
layers (filled circles) and ZnTe layers lled squares) as a func-
tion of the number of monolayers in the (CdTe),/(ZnTe), SL’s.
The inset illustrates the connection between the wave vector of
a strongly confined phonon in one layer and the confining length
L. The horizontal lines mark the calculated phonon frequencies
of strained bulk CdTe and ZnTe with strain-tensor components
corresponding to a free-standing CdTe/ZnTe superlattice.
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choice of the model used (see, e.g., Refs. 5-7 for further
discussion).

In our experiment, we only observed ground-state pho-
nons (m =1). Figure 3 shows that the frequency of the
confined TO phonons in CdTe is very sensitive to the
thickness of the layers. Especially for small numbers n of
monolayers, a thickness fluctuation of only one mono-
layer would lead to a significant broadening of the pho-
non peak in the reflection spectrum. Since the peak
reflectivities of the CdTe TO modes for the four SL’s are
clearly different (Fig. 2), we conclude that the thickness
fluctuations are extremely small (much less than one
monolayer).

By varying the layer thickness in the SL’s, one observes
TO phonons at different wave vectors (see Fig. 2) and
thus obtains information on their w(k) dispersion rela-
tion. For CdTe, the TO-phonon dispersion relation
determined by this optical method is plotted in Fig. 4, to-
gether with data obtained by inelastic-neutron-scattering
experiments on bulk CdTe samples at T=300 K.!” Since
at low temperatures the TO-mode frequencies are shifted
to higher values [in the T point from 140 cm ™! (T=300
K) (Ref. 17) to 144.7 cm™' (T=12 K) (Ref. 18)], the
offset between the two ordinate scales is partly due to the
different temperatures of both types of experiments. The
remaining offset of about 3 cm ™! is attributed to a shift
caused by the biaxial compressive strain in all SL sam-
ples. The effect of strain is discussed in the next para-
graph. The range of reduced wave vectors below 0.2 (in
units of 27 /a) was not accessible in the present experi-
ment. For that purpose, (CdTe),/(ZnTe), samples are
needed with the number of monolayers n» = 6. Then, the
lattice mismatch is not only accommodated by strain, but
also by misfit dislocations, since » is above the critical
number of monolayers for pseudomorphic growth of
CdTe on ZnTe.!'* The optically measured dispersion has
an experimental error of 1 cm™ 1" which is much less than
the error bar on the neutron-scattering data. In addition,
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FIG. 4. TO-phonon frequency vs reduced wave vector for
CdTe. The filled circles (left-hand vertical scale) are the result
of the present work (T'=10 K), whereas the open squares
(right-hand vertical scale) are taken from inelastic-neutron
scattering at 300 K (Ref. 17). The offset between the two
different scales is due to the fact that the SL’s are strained, and
partly to the different temperatures of both experiments.
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the excellent agreement of both dispersion relations
confirms the model of confined TO phonons. Since the
TO-phonon frequency of bulk CdTe increases with in-
creasing wave vector, no linear-chain model can be used
for analysis of the confined TO modes, contrary to the
situation found in GaAs/AlAs SL’s.?> Also, no micro-
scopic calculations based on an ab initio scheme have
been published so far for short-period II-VI SL’s, to our
knowledge.

In bulk ZnTe, the TO-phonon frequency is nearly in-
dependent of the wave vector along the [001] direction. !
For that reason, no shift of the confined ZnTe TO-
phonon frequencies is observed in the reflectivity data of
the different SL samples (Fig. 2). The measured value of
the TO-phonon frequency in all ZnTe buffers (180.7
cm ') lies very close to the value for TO-phonons in bulk
ZnTe at T=12 K (180 cm™!).'® Therefore, the difference
between the ZnTe TO-phonon frequencies in the super-
lattices and in the buffer is attributed to the biaxial tensile
strain in the ZnTe layers of the SL’s. This strain is ex-
pected to be large because of the lattice mismatch of
about 6.2% between ZnTe (6.10 A) and CdTe (6.48 A).
The effects of strain on the phonon frequencies are dis-
cussed in the following.

In the zinc-blende lattice, long-range Coulomb forces
split the TO- and LO-phonon modes at the I" point. This
splitting is essentially independent of the strain.!® Conse-
quently, the strain-induced splittings and frequency shifts
are calculated first for the diamond lattice and then prop-
erly transferred to the zinc-blende structure. In a dia-
mond lattice, the threefold degeneracy of the optical pho-
nons in the I' point of the Brillouin zone is lifted by the
strain. A biaxial strain in the plane perpendicular to a
[001] direction results in a change of the optical-phonon
frequencies that can be considered as a sum of two contri-
butions: (i) a shift (AQy) caused by the hydrostatic part
of the strain tensor and (ii) a splitting (A() caused by the
uniaxial part of the strain tensor in a onefold (Qg) and a
twofold (Qj)-degenerate phonon frequency:!*2°

In Egs. (2) and (3), the hydrostatic shift AQy and the
splitting term AQ are given by'>%
AQ, = Si1+285, @
" reo SiutSi Exx
Si—Sp
Ad=deng TS, o (5)

where @, is the phonon frequency without strain, y is the
mode Griineisen parameter, a, the shear deformation pa-
rameter, €,, the in-plane component of the strain tensor,
and S, and S|, are components of the elastic compliance
tensor.

Equations (2) and (3) hold for zinc-blende structure if
w, is substituted by either w{, or w}, in an appropriate
way. Since we observe in our experiment TO-phonon
modes with wave vectors along the growth direction (i.e.,

2001

the biaxial strain is in the plane perpendicular to it) the
TO phonons remain twofold degenerate. Their frequency
is given by Eq. (3):

Qro=0%0+2A0, +1AQ . 6

The strain is determined by the in-plane lattice con-
stant a, of the superlattice layers. We assume that the
lattice mismatch between the CdTe and ZnTe layers in
the SL’s is accommodated by homogeneous strain not
influenced by the ZnTe buffer. Further assuming that the
superlattice is a free-standing one, a, is determined by
the minimum of the elastic-energy density in the superlat-
tice. Taking into account the difference in the elastic
compliancies of CdTe and ZnTe, the in-plane lattice con-
stant is given by

2 2
a. = nlalK1+nzazK2
1 ’
n,a,K,+n,a,K,

7

where n; is the number of monolayers, a; the lattice con-
stant of CdTe (i=1) and ZnTe (i =2). The constant K;
is defined by K; =(S; +5,) "

The in-plane components of the strain tensor €., are
then obtained from

i :;.. (8)

In Table II, the parameters used for calculating the
strain-induced shift of the TO-phonon frequencies are
summarized. Among these, the values for a; and y are
the ones with the highest uncertainty: to our knowledge,
the value of ¥ has been experimentally determined for
ZnTe,?! whereas no experimental data exist for ¥ cgre-
For both materials, a; is not known. Theoretical argu-
ments?"?? indicate that both y and a correlate with the
ionicity of the compounds. Since CdTe, ZnTe, and ZnSe
have approximately the same ionicity, the differences in
the values of ¥ and a, are expected to be small between
these compounds. (As shown in Ref. 21, the values of
Y znTe @and ¥ z4s. are the same within experimental error.)
As an approximation, the values of ¥ and a; are assumed
to be identical for ZnTe and CdTe. Lacking experimen-
tal information on g, for both CdTe and ZnTe, we use
the corresponding value known only for ZnSe (Ref. 19)
for the two other compounds.

Taking the parameters of Table II, the strain-induced

TABLE II. Parameters used for calculating the strain-
induced shift of the TO-phonon frequency in CdTe and ZnTe
(defined in the text).

a w%o Si S
(A) (em™") (107" Pa”!) (100" PaHh y g
CdTe 6.482° 144.7° 4.23* —1.72° 1.7 0.6

ZnTe 6.104* 180° 2.40° —0.87° 1.7° 0.6

#Reference 15.
"Reference 18.
‘Reference 21.
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shift of the ZnTe TO-phonon frequency is calculated by
using Egs. (4)-(8), and a decrease from the bulk value of
180 cm ™! (Ref. 18) to 175.5 cm ™! results. The CdTe TO
frequency increases from 144.7 cm; ! (Ref. 18) to 147.8
cm ™! for these conditions. In Fig. 3, these strain-shifted
values are marked by horizontal lines. Figure 3 shows
that in the straihed-layer SL’s the ZnTe phonon frequen-
cies deviate insignificantly from the calculated line. Since
the values ¥ and a, for ZnTe are not precisely known, the
difference between the calculated value for the ZnTe TO-
mode frequency of about 175.5 cm ™! and the observed
values of about 174 cm ™! are unimportant. The agree-
ment is even better for CdTe. Since for increasing num-
ber of monolayers the effects of confinement are reduced,
the observed CdTe TO-mode frequencies approach the
value calculated for strained bulk CdTe (indicated by the
horizontal line at 147.7 cm ™! in Fig. 3).

Additional support for the assumption of a free-
standing superlattice is obtained from earlier photo-
luminescence measurements on CdTe/ZnTe superlattices
grown on CdTe(,_,Zn,Te buffers (x <0.5).2 These
measurements have shown that independent of the Zn
content of the buffer, the superlattices are in a free-
standing configuration. In our case, the ZnTe buffer
thickness is about 800 nm for all samples. Since the lat-
tice mismatch between the GaAs and ZnTe is as large as
8%, the critical thickness for the pseudomorphic growth
of ZnTe on GaAs is below four monolayers, '* as deter-
mined by in situ reflection high-energy electron
diffraction (RHEED). Therefore, the thickness of the
ZnTe buffer is far beyond its critical thickness. Conse-
quently, the buffer is completely relaxed, as evidenced by
the measured TO-mode frequency and confirmed by x-
ray-diffraction data.!? For the superlattices, our calcula-
tions indicate a free-standing configuration, which is ex-
pected, since their total thicknesses are about 580 nm.
Their average composition (Cd,sZngsTe) has a lattice
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mismatch of 3% with respect to the fully relaxed ZnTe
buffer, which results in a critical thickness of about 13
monolayers. 14 Therefore, the total thickness of the
CdTe/ZnTe stack (1800 monolayers) is again far above
the critical one for pseudomorphic growth on the ZnTe
buffer. Indeed, these results are confirmed by an analysis
of symmetric (004) and asymmetric [(026), (335), (315)]
Bragg reflections on the (CdTe),/(ZnTe), sample. 12

1IV. SUMMARY

The analysis of far-infrared reflectivity measurements
of short-period CdTe/ZnTe superlattices provides accu-
rate information on the effect of confinement and strain
on the TO-phonon modes. The results demonstrate that
the (CdTe),/(ZnTe), SL’s (n=2,3,4,5; number of
periods: 450, 300, 225, 180) grown by ALE are free-
standing. The localization of the TO phonons in the ul-
trathin CdTe layers with very small thickness fluctua-
tions allowed us to obtain precise information on the
dispersion of CdTe TO phonons along the [001] direction
from k=0 to k == /a (halfway between I" and X). Since
for ZnTe, the TO modes show more or less no dispersion,
the frequency of the confined modes in the ZnTe layers is
independent of the ZnTe layer thickness within experi-
mental uncertainty. Consequently, their frequency posi-
tion was used for a strain analysis.
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