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Room temperature measurements of the far-infrared (FIR) reflectance spectra are reported for the polar optical
phonons in a series of bulk CdxZn1−xTe (0 � x � 1) and CdSexTe1−x (0 < x � 0.35) crystals grown by Bridgman
technique. The composition-dependent spectra exhibited many fundamental aspects of lattice vibrations, while
the results of long-wavelength optical modes for the end member binary compounds displayed phonon values in
good agreement with the existing inelastic neutron scattering and/or Raman spectroscopy data. Using a standard
methodology of multilayer optics with effective-medium dielectric tensors, we simulated the FIR transmission
and reflectivity spectra at oblique incidence (Berreman’s effect) in many II-VI free-standing thin films, epilayers
and superlattices. Berreman’s approach provided us with a strong basis for analyzing the infrared experimental
data and offered an effective means of estimating the zone-center transverse and longitudinal optical (ωTO, ωLO)
phonon frequencies in polar-semiconductor thin films and heterostructure materials of increasing technological
importance.
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I. INTRODUCTION

The optical, structural, and electrical properties of lu-
minescent II-VI compound semiconductors1–14 with band-
gap energies ranging from 0 to 4 eV are appealing for
ultrasensitive multiplexing/multicolor applications in a variety
of emerging areas of biotechnology, nanoscale optoelectronics,
and nanophotonics.8–14 By varying the composition and
controlling the lattice constants in ternary or quaternary
alloys, we can achieve greater flexibility of tuning emission
and absorption wavelengths for high-efficiency solid-state
light emission sources.15–27 Earlier, the applications of II-VI
materials for photonic devices were hampered primarily by
the availability of poor-quality crystals and the difficulty
of managing doping.28–33 Progress in the modern crystal
growth techniques such as metalorganic vapor phase epi-
taxy (MOVPE),34 metalorganic chemical vapor deposition,35

molecular beam epitaxy (MBE),36,37 chemical beam epitaxy,38

and hot wall epitaxy39 has offered higher quality and greater
versatility in the preparation of thin films with controlled
doping on many convenient substrates.40–42 The ability to
prepare zinc–cadmium (mercury)–based binary [AB, with
A = Zn, Cd, and Mn (Hg) and B = S, Se, and Te]
compounds43–45 and thin films of ternary A1−xBxC (e.g.,
Cd1−xZnxTe, CdTe1−xSex , etc.) or quaternary A1−x−yBxCyD

(e.g., Cd1−x−yZnxMnyTe, CdSexSyTe1−x−y , etc. where C and
D can be the elements of the binary compound AB) alloys with
precise chemical compositions x, y has now opened up many
possibilities of using II-VI materials in various technological
applications. Both MOVPE and MBE techniques are capable

of producing thin films of different compounds and crystal
structures that are not the lowest-energy configurations in
bulk materials. For instance, both CdTe and ZnTe exhibit
in the zinc-blende phase, while bulk CdS and CdSe reveal
wurtzite crystal structures. The later compounds can be grown,
however, in thin-film forms on GaAs (100) substrates,46,47

where the fourfold periodicity of the underlying layer causes
adoption of the metastable zinc-blende structure for CdS and
CdSe rather than their lower-energy wurtzite phase. These
characteristics have injected many excitements to the crystal
growth community,34–47 providing opportunities to design a
variety of lattice-matched heterostructure materials and to fab-
ricate various devices for optoelectronics and integrated optics.

Apart from bulk materials, II-VI–based thin films, epilay-
ers, ternary alloys, and superlattice (SL) structures grown on
various substrates have presented strong interest in many appli-
cations, including photonics, photoconduction, photovoltaic,
x-ray detectors for medical imaging, and diagnostics.48–52

While the high-absorption coefficient of Cd1−xZnxTe has
made it enviable for room temperature x-ray and γ -ray
detectors, the band gap of ∼1.5 eV of CdTe is perfectly
matched to the distribution of photons in the solar spectrum for
its use in the high-efficiency photovoltaic cells.53–55 Despite
the significance of II-VI epilayers, alloys, and low-dimensional
systems for optic and photonic applications,48–55 only a
limited number of investigations have been carried out of
their basic properties56–68 especially the physics behind those
characteristics that determine the importance of such materials
at a practical level. To a large degree, many fundamental
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properties of the epitaxially grown II-VI materials de-
pend upon their lattice dynamics and electron–phonon
interaction.69–73 Scattering of thermal neutrons by solids56

(e.g., ZnS, ZnSe, ZnTe, and CdTe) is by far the most useful tool
for studying lattice vibrations, since their interaction extends
over almost the entire range of energies and wave vectors in the
Brillouin zone. Unfortunately, the neutron scattering method
cannot be applied to thin films or nanostructured materials (SLs
and/or quantum wells, etc.) because the available epitaxially
grown samples are too lean to obtain measurable signals
to resolve modes and branches of the phonon dispersions
lying very close in frequency. On the other hand, besides the
conventional use of determining vibrational frequencies, the
far-infrared (FIR)74–85 reflectance/transmission spectroscopy
and Raman scattering86–90 have shown excellent capabilities
of measuring many electrical and structural parameters of
semiconductor thin-film alloys, including layer thickness, free-
carrier concentration, scattering time, and composition x. Al-
though a significant amount of published work exists on Cd-Zn
chalcogenides—dealing mostly with the specimen53–55 prepa-
ration and measuring electronic and structural properties—the
studies of lattice dynamics, elastic, and thermodynamic prop-
erties in their zinc-blende phase are either scarcely known59 or
contradictory.68 Acquiring the correct knowledge of phonon
dispersions in II-VI compound semiconductors is crucial per
se for the characterization of free-standing chalcogenide thin
films, ternary alloys, and epitaxially grown heterostructural
materials and devices. In the framework of a realistic rigid-
ion model, it has been possible to describe accurately the
structural, phonon, and lattice dynamics properties of both
perfect and imperfect compound semiconductors.91–97

The purpose of the present work is to report the results of a
comprehensive theoretical and experimental investigation for
the vibrational properties of bulk Cd-Zn chalcogenides, ternary
alloys, and their SLs. By using a Fourier transform infrared
(FTIR) spectroscopy, we have portrayed our room temperature
results of the polar optical phonons for Cd1−xZnxTe (0 < x <

1) and CdSxTe1−x (0 < x � 0.35) alloys (c.f. Sec. II) grown by
Bridgman technique. A succinct description of the dielectric
response theory is outlined in Sec. III A for studying the FIR
reflectance at near-normal incidence in bulk semiconductor al-
loys, thin films, and heterostructures. In Sec. III B, we delineate
a standard methodology of the multilayer optics to examine
the FIR reflectance and transmission spectra85 at oblique
incidence (Berreman effect82) in thin epilayers (see Fig. 1)
and SLs (see Fig. 2). The experimental results are analyzed
(c.f. Sec. IV) by using parameters derived from the realistic
lattice dynamics scheme,98 providing valuable information on
the structural identity and crystalline quality of the material
samples. Theoretical calculations of the reflectance spectra at
normal incidence in CdxZn1−xTe (0 < x < 1) and CdTe1−xSex

(0 < x � 0.35) ternary alloys (c.f. Sec. IVA) are found to agree
well with our experimental data. In Berreman’s effect, if the
wavelength λ of the FIR radiation incident at an angle θ on a
film of thickness d (with d � λ) has an electric vector polarized
perpendicular to the plane of incidence (c.f. Fig. 1), there
occurs one transmission Ts (s-polarization) minimum at the
transverse optical (TO) mode; for an electric vector polarized
parallel to the plane of incidence, there are two transmission Tp
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FIG. 1. Polar semiconductor thin film grown on a thick substrate.
The directions of the s (perpendicular, ⊥) and p (parallel, ‖)
components of the FIR radiation incident are at an oblique angle
to the surface of a thin film (perpendicular to the phonon wave-vector
�q) of thickness d � λ grown on a thick substrate.

(p-polarization) minima observed at the TO and longitudinal
optical (LO) modes.83–85 At normal incidence, on the other
hand, only one transmission minimum at the TO frequency
is observed independent of the polarization. Consistent with
the experimental results (c.f. Sec. IV B), our calculations of
the FIR transmission and reflection spectra in the s- and p-
polarization for the free-standing CdTe thin films, CdSe/GaAs
epilayers, and (CdSe)m/(ZnTe)n SLs have provided strong
revelations of the distinct minima corresponding to the TO,
TO, and LO phonons, respectively. Results of the numerical
simulations are compared and discussed with the existing FIR
reflectivity/transmission spectra in Sec. IV, with concluding
remarks presented in Sec. V.

II. EXPERIMENTAL DETAILS

A. CdSexTe1−x and Cd1−xZnxTe ternary alloys

The material samples used in the present study were
grown at the Massachusetts Institute of Technology using
the Bridgman technique. The CdSexTe1−x (0 < x � 0.35)
and CdxZn1−xTe (0 < x < 1) ternary alloys were prepared
by reacting the 99.9999% pure elemental constituents in the
evacuated sealed quartz tubes ∼1150 ◦C. The composition
values x determined from the mass densities, and the precast
alloys were thin films by directional solidification at the rates
of 0.8–1 mm/h for CdSexTe1−x and 1.2 mm/h for CdxZn1−xTe
in a Bridgman-Stockbarger–type furnace. The resultant boules
cut into slices, 1–2 mm thick, perpendicular to the growth axis
were annealed at 650 ◦C in a Se-saturated or Cd-saturated
atmosphere to improve the crystalline perfection. Finally,
the sample surfaces were prepared by lapping, mechanical
polishing, and etching in a bromine–methanol solution. The
alloy composition set by the ratio of constituents before growth
was confirmed by the x-ray diffraction and transmission
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FIG. 2. Polar semiconductor SL grown on a thick substrate. The
polar semiconductor SL structure consists of two optically isotropic
layers (AC and BC) of thickness dAC and dBC consisting of repeat
period p grown alternately on a thick substrate.

measurements after preparation. All samples were found to
be single crystal with the zinc-blende structure.

B. FIR reflectivity

The room temperature FIR reflectance spectra for
CdxZn1−xTe (0 < x < 1) and CdTe1−xSex (0 < x � 0.35)
samples at near-normal incidence (see Figs. 3 and 4) were
measured at the National Taiwan Normal University. We used
a Bruker IFS66 spectrometer with KBr beam splitter and
a deuterated triglycine sulfate detector to achieve the good
signal-to-noise ratio in the spectral range 40–250 cm−1 at a
resolution of ∼0.1 cm−1. The incident angle was set ∼9◦—a
negligible deviation from the near-normal incidence. The
reflection coefficient was measured by rationing the intensity
of the light reflected from the sample against that reflected
from a reference mirror made of a silver coin with about 99%
reflectance. Since the masses of Cd and Zn in CdxZn1−xTe are
quite different from those of Se and Te in CdTe1−xSex alloys,
we expected the vibrational spectra in the two-semiconductor-
material systems to be qualitatively distinctive. The measured
FIR reflectance spectra of all CdxZn1−xTe and CdTe1−xSex

samples were analyzed theoretically in terms of an effec-
tive dielectric function with optical constants (see Table I)
using the classical Drude-Lorentz oscillators (c.f. Sec. IIIA),
representing the lattice and free-carrier contributions. The
results of a modified random-isodisplacement (MREI) model
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FIG. 3. Room temperature FTIR reflectivity spectra for bulk
CdSexTe1−x (x = 0.05, 0.15, 0.25, and 0.35) samples grown by the
Bridgman technique.

describing the behavior of optical phonons in Cd1−xZnxTe and
CdTe1−xSex with x are shown in Fig. 5.

III. THEORETICAL CONSIDERATIONS

Optoelectronic devices based on II-VI compound semi-
conductor alloys and their multilayer structures are generally
composed of various thin homo- or heterofilms of different
thicknesses, compositions, and doping levels.1–14 Such novel
metastable materials, unavailable in nature, are being prepared
by modern epitaxial growth techniques.34–42 Understanding
their physical properties in the context of controlling param-
eters (viz. the band gaps, lattice constants, compositions, and
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FIG. 4. Room temperature FTIR reflectivity spectra of bulk
Cd1−xZnxTe (x = 0.2, 0.3, 0.5, 0.9, and 1.0) samples grown by the
Bridgman technique.
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TABLE I. Optical parameters fitted by the dielectric response model for (a) Cd1−xZnxTe and (b) CdSexTe1−x ternary alloys in the
long-wavelength limit.

(a) Cd1−xZnxTe CdTe-like mode ZnTe-like mode Mixed mode

x ε∞ S1 ωTO1 �1 S2 ωTO2 �2 S3 ωTO3 �3

0.0 8.52 3.7 141.7 8.63
0.2 8.17 3.2 145.6 9.28 0.45 171.73 10.86
0.3 7.96 2.90 149.2 12.9 0.64 176.52 7.3
0.5 7.81 2.2 152.0 13.72 0.93 182.07 5.6
0.9 7.05 0.15 158 15.0 2.33 182.0 3.99
1.0 6.91 3.14 182.5 3.33

(b) CdSexTe1−x CdTe-like mode CdSe-like mode Mixed mode

x ε∞ S1 ωTO1 �1 S2 ωTO2 �2 S3 ωTO3 �3

0.05 8.59 4.05 140.06 8.63 0.054 174.0 7.54
0.15 8.74 3.81 141.81 8.03 0.28 178.67 17.16 0.057 174.48 10.11
0.25 8.86 3.94 142.25 10.43 0.33 180.42 11.32 0.096 172.0 10.11
0.35 9.07 3.53 145.46 12.89 0.55 180.42 11.83 0.25 170.0 9.76

valence band offsets in quantum well structures) have created
significant interests and challenges for their use in designing
novel materials and devices. From an experimental standpoint,
the detailed information about the lattice vibrations of any
perfect or imperfect crystal can be obtained using optical
methods that measure the frequency-dependent response to
an external probe. The inelastic coherent neutron scattering
method, the most efficient means to reveal the normal modes in
bulk materials, has not been applied, to the best our knowledge,
to cubic phase of CdSe. On the other hand, FIR spectroscopy
and Raman scattering data available in recent years can be
used to understand the structural and vibrational properties of
CdTe1−xSex alloys and CdSe/ZnTe SLs.74–85

A. Classical theory of FIR reflection at normal incidence

In the FIR region, the physical processes involved in crystal
lattices can be described by the interactions between radiation
and matter. This interaction is articulated by the wave vector
and frequency-dependent dielectric response function ε̃(ω,�q).
In zinc-blende-type polar semiconductor materials, two main
processes contribute to ε̃(ω,�q): (1) the free-carrier effect
[ε̃e(ω,�q)] from the electrons in the conduction band or from
the holes in the valence band and (2) the lattice effect [ε̃i(ω,�q)]
from the optical phonons.74–81,99 In the limiting case, where
the wave-vector �q approaches to zero, the general form of the
dielectric function in classical model takes the form

ε̃(ω) = ε̃e(ω) + ε̃i(ω) (1)

with

ε̃(ω) = ε∞

[
1 − ω2

p

ω(ω + iγ )

]
+ Sω2

T O(
ω2

T O − ω2 − i�ω
) , (2)

where, the term ωp =
√

4πηe2

m∗
e ε∞

in Eq. (2) represents the plasma

frequency, η stands for the free-carrier density, m∗
e is the

effective mass, γ (�) signifies the plasmon (phonon) damping
coefficient, ωT O symbolizes the TO phonon frequency, and S is
the oscillator strength. Calculation of the dielectric function in

semiconductor materials is the foundation of relating phonon
frequencies to the FIR reflectivity spectrum.

1. Bulk ternary alloys

In a zinc-blende-type polar semiconductor ternary alloy
(e.g., A1−xBxC), the complex dielectric function (Eq. (2)) can
be rewritten as

ε̃(ω) = ε∞x

[
1 − ω2

p

ω(ω + iγ )

]

+
∑
j=1,2

Sjxω
2
T Oxj

ω2
T Ojx − ω2 − i�j x

ω
, (3)

where, the term ε∞x
represents the high-frequency dielectric

constant taken as a weighted average between the correspond-
ing values of the pure binary compounds AC-BC, Sjx is the
oscillator strength, ωT Ojx and �jx represent, respectively, the
resonance frequency and the damping parameters of the jth
TO phonon for different composition x.

In general, the dielectric function of the alloy ε̃(ω)[=
ε1 (ω) + iε2 (ω)] can be separated into the real [ε1(ω)] and
imaginary [ε2(ω)] parts, where ε2(ω) represents the absorption
of energy as a function of frequency and therefore affects
directly the reflectivity spectrum of the material. The dielectric
function ε̃(ω) can also be related to the real and imaginary parts
of the complex refractive index, ñ[ = n + iκ] = √

ε̃:

n2 − κ2 = ε1, (4a)

2nκ = ε2, (4b)

where the optical constants n and κ are the index of refraction
and the extinction coefficient, respectively. Once the dielectric
function is known, the reflectance coefficient r̃ ,

r̃ =
(

1 − √
ε̃

1 + √
ε̃

)
, (5a)
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FIG. 5. Variation of experimental results of optical phonon
frequency (cm−1) versus x for (a) CdSexTe1−x (��∇�) and (b)
Cd1−xZnxTe (��∇�). The solid lines are the results based on the
MREI model.

and hence the power reflection R(ω) at normal incidence

R(ω) = |r̃|2 , (5b)

for semiconductor alloys can be calculated.

2. Thin films, epilayers, and/or heterostructures

As the penetration depth of the FIR radiation is ∼3 μm in
nontransparent materials, the reflectivity in a polar thin film
and/or heterostructure of thickness much smaller than 3 μm is
expected to provide structural information of its constituents
and the substrate on which the material is grown. Once the
dielectric functions of the binary or ternary alloys are known,

the reflection and transmission spectra of thin films, epilayers,
and/or SLs can be easily obtained.

To treat the reflectance and transmission of a thin film
grown on a substrate (c.f. Fig. 1), we adopted a three-medium
“air–film–substrate” system with dielectric functions ε1 = 1
(air), ε2 = ε̃tf (thin film), and ε3 = ε̃s(substrate). Following
Cadman and Sadowski,100 the reflection r̃123 and transmission
t̃123 coefficients at normal incidence for such an epilayer of
thickness d can be written as

r̃123 = r̃12 + r̃23 exp[i2β]

1 + r̃12r̃23 exp[i2β]
, (6a)

t̃123 = (1 + r̃12)(1 + r̃23) exp[i2β]

1 − r̃12r̃23 exp[i2β]
, (6b)

where r̃ij = ñi−ñj

ñi+ñj
are the Fresnel coefficients and β =

2πdω
√

ε̃2 is a phase multiplier. The power reflection R(ω)
and transmission T(ω) are simply given by

R(ω) = |r̃123|2 (7a)

T (ω) = |t̃123|2. (7b)

In an effective medium theory, the preceding approach for
thin films can be extended to the SL structure displayed in
Fig. 2. The dielectric function ε̃SL of the SL is a diagonal
tensor whose components in the long-wavelength limit can be
written as weighted averages of the dielectric functions of the
constituent layer materials. For the FIR radiation with electric
field parallel to the layers, the ε̃SL in the effective medium
approximation, takes the form

ε̃SL(ω) =
[
ε̃AC(ω)δ + ε̃BC(ω)

δ + 1

]
, (8)

where ε̃AC and ε̃BC are the dielectric functions of bulk
materials AC and BC of the constituent layers forming the SL
and δ = dAC

dBC
is the ratio of thicknesses of the two alternating
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FIG. 6. Calculated transmission of the free-standing CdTe films
as a function of frequency (cm−1) in the p-polarization for θi =
45◦ with increasing thicknesses. The spectra for films of different
thickness are vertically displaced for clarity.
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FIG. 7. Calculated transmission of CdSe/GaAs epilayers grown
on GaAs substrate as a function of frequency (cm−1) in the s-
polarization (dotted line) and p-polarization (full line) for θi = 45◦

with increasing thicknesses. The spectra for the films of different
thickness are vertically displaced for clarity.

layers (c.f. Fig. 2). For oblique incidence, Eqs. (6a) and (7a)
for studying the reflectance and transmission coefficients are
no longer valid, because R(ω) and T(ω) become complicated
functions of both the angle of incidence and the polarization
(c.f. Sec. IIIB).

B. FIR reflection and transmission at oblique incidence

In the conventional FIR spectroscopy, the measurements
of reflection and transmission at near-normal incidence are
used to extract optical constants in compound semiconductors.
Due to the transverse characteristics of the electromagnetic
radiations, we expect to observe in polar materials only the
zone-center TO phonons at normal incidence. In thin films,
however, the interaction of electromagnetic field with the
material can be enhanced by an oblique incidence. Using
infrared (IR) spectroscopy (transmission or reflection) at an
oblique incidence, Berreman82 first predicted theoretically and
demonstrated experimentally the observation of TO and LO
phonons in LiF thin films grown on a collodion film. For
p-polarized light, the LO structure is generated by the surface
charges due to the normal component of the electric field.
Many transmission measurements at oblique incidence have
now been reported in the literature on a diverse group of II-VI
free-standing thin films, epilayers, and SLs,85 offering a direct
ratification of the Berreman effect. More recently, the detection
of the p-polarization minima associated with the TO phonon
and the high-frequency LO phonon–plasmon–coupled L+
modes has made the FIR transmission spectroscopy a highly
sensitive tool for estimating the free-charge-carrier density in
doped semiconductor thin films.84,96 In the framework of a
multilayer optics and using the effective medium dielectric
tensor, we can simulate the transmission and reflection spectra

at oblique incidence for free-standing thin films, epilayers, and
SLs.

As mentioned earlier, the polar II-VI semiconductors
exhibit distinct response to the FIR radiation between s- and
p-polarization when the light is incident obliquely to the
surface of the material. Here, the terms s and p imply the
directions of the linear polarization that are perpendicular and
parallel, respectively, to the plane of incidence. Berreman’s
argument consisted of the demonstration that for thin films
(d � λ) the long-wavelength phonons have the wave-vector
�q perpendicular to the film surface such that the normal
incidence radiation can interact only with the TO modes
(parallel to the surface). On the other hand, the p-polarized
component of the oblique incident radiation, as shown in
Fig. 1, has subcomponents parallel and perpendicular to
the film surface, which can excite TO and LO phonons,
respectively.

Following Piro,101 the analytical expressions for R(ω) and
T(ω) at an arbitrary angle of incidence θ i can be derived for
an isotropic layer of thickness d grown on a thick isotropic
substrate. The dielectric tensor ε̃SL of the SL consisting of
two optically isotropic layers AC, BC grown alternately on a
substrate (see Fig. 2) has the form of a uniaxial crystal of D2d

symmetry:

ε̃SL(ω) =

⎡
⎢⎣

ε̃⊥ 0 0

0 ε̃⊥ 0

0 0 ε̃||

⎤
⎥⎦ . (9)

Here, the z-axis is set along the optical axis perpendicular
to the plane of the SL. If the wavelength of the radiation is
large compared to the period d ( = dAC + dBC) of the SL, the
electromagnetic boundary conditions give the values of ε̃⊥ and
ε̃||:

ε̃⊥(ω) = ε̃AC(ω)dAC + ε̃BC(ω)dBC

dAC + dBC

(10a)

and

ε̃||(ω) = (dAC + dBC)ε̃AC(ω)ε̃BC(ω)

dACε̃BC(ω) + dBCε̃AC(ω)
. (10b)

For a SL grown on a thick substrate, the amplitude
reflectance r̃s(p) (or amplitude transmittance t̃s(p)) and hence
the power reflectance Rs(p)(ω) = |r̃s(p)|2 (or the power trans-
mittance Ts(p)(ω) = |t̃s(p)|2) can be obtained using

r̃s(p) = (1 − P ) cos Q − i(R − S) sin Q

(1 + P ) cos Q − i(R + S) sin Q
, (11a)

t̃s(p) =
(

cos ξ − i

2
ζ sin ξ

)−1

; (11b)

the terms P, Q, R, S, and ξ and ζ in the s(p)-polarization are
given elsewhere.98

IV. NUMERICAL COMPUTATIONS RESULTS AND
DISCUSSIONS

A. IR reflectivity at near-normal incidence

In Figs. 3 and 4, we displayed the results of our room-
temperature measurement of the FIR reflectance spectra at
near-normal incidence for four CdTe1−xSex (0.35 � x > 0.05)
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and six samples of ternary Cd1−xZnxTe (1 � x > 0) alloys, re-
spectively. The experimental data is synthesized theoretically
in terms of an effective dielectric function (Eq. (2)) by the
superposition of damped harmonic oscillator using appropriate
optical constants (see Table I), e.g., the number of phonon
modes, phonon frequencies oscillator strengths, and phonon
damping. Most calculated attributes are found to be in good
agreement with the observed FIR reflectance features.

In Fig. 4, we displayed several representative sets of our
room temperature reflectance spectra for Cd1−xZnxTe (x =
0.0, 0.2, 0.3, 0.5, 0.9, and 1.0). The FIR spectra of the alloys
in the long-wavelength range are mainly modulated by the TO
phonons. The Cd1−xZnxTe shows a typical of the “two-mode”
system, where the two (LOi − TOi ; i = 1, 2) zone-center
optical phonons are characterized as the CdTe-like and ZnTe-
like due to their obvious relationships to the reststrahlen bands
with the gap (ZnTe:Cd ≈ 154 cm−1) and the local (CdTe:Zn
≈ 170 cm−1) modes occurring at the respective ends of the
alloy systems. At x = 0, a broad band corresponding to the
IR active mode of the pure CdTe is exhibited between 130
and 170 cm−1, while for x = 1 a single band of bulk ZnTe
is seen between 175 and 215 cm−1. In the alloy sample with
the composition x = 0.9, we see a weak but not clearly visible
CdTe-like shoulder ∼155 cm−1. As the composition x changes
(0.5 → 0.3 → 0.2), the CdTe-like modes at the lower-energy
side and the ZnTe-like modes at the higher-energy side become
visible—clearly revealing the two-mode behavior for the alloy
system.

In the CdSexTe1−x (0.35 � x > 0.05) alloy system, however,
the zone-center optical phonons in the experimental reflectance
spectra revealed a variety of behavior patterns depending upon
the vibrational characteristics of the end members. We can note
from Fig. 3 that for frequency < 170 cm−1 there are regular
reststrahlen band characteristics of the CdTe-like TO phonon
in all samples. As the Se composition in CdTe1−xSex increases,
the band intensity of the CdTe-like TO mode decreases—its
peak position shifts toward the higher-energy side, while the
intensity of the CdSe-like TO mode increases, showing a split
(x > 0.05) into an unresolved third band appearing between
the CdTe-like and the CdSe-like TO modes for x = 0.25 and
0.35. It should be mentioned here that such a phonon behavior
pattern is seen in several one- and two-mode-type ternary
alloy systems and is likely to be the result of the �q-vector
relaxation induced by alloy disorder.95 The fluctuation of alloy
potential in CdTe1−xSex removes the translational invariance
of the lattice, causing the breakdown of the �q = 0 selection
rule—thus allowing additional band to appear between the two
TO phonon modes of the end members. The MREI approach in
CdTe1−xSex alloys cannot account for the observed line shape
changes because the model assumes an ideal effective medium
that is perfectly homogenous at the local region and the
statistical average of the neighboring atoms depends upon the
composition x. To treat the vibrational characteristics of a “dis-
ordered” semiconductor alloy effectively, we have to choose
either a percolation-based approach102 or a microscopically
averaged Green’s function methodology.93 Our calculations of
the density of states using a comprehensive Green’s function
formalism98 provided support to the observed additional band
in CdTe1−xSex (x > 0.05) originating from a “nonrandom”
alloy disorder. The results of an MREI model describing the

behavior of optical phonons in Cd1−xZnxTe and CdTe1−xSex

as a function of x are shown in Fig. 5. The frequencies of
TO2 and LO2 modes determined from the MREI model in
CdTe1−xSex for x = 1, 0 are consistent with the values obtained
from the lattice dynamics calculations of phonons for the CdSe
and CdTe crystals with the zinc-blende crystal structure.98

B. IR reflection and transmission at oblique incidence

The IR transmission/reflection spectra at oblique incidence
(θi = 45◦) for free-standing thin films, epilayers, and SLs
grown on different substrates with increasing film thickness
can be calculated following the procedure described in Sec. III.
In thin polar materials (d � λ), as anticipated by theory
and verified experimentally (Berreman’s effect82), only TO
phonons in the s-polarization and TO, LO phonons in the
p-polarization are expected from the transmission/reflection
spectra at oblique incidence. Here, we illustrate and discuss
our simulation results of the transmission and reflection
spectra at oblique incidence for thin semiconductor films
and multilayer structures by using the methodology described
in Sec. III B. The presentation of our calculations for the
free-standing CdTe film (c.f. Sec. IV B 1), CdSe/GaAs (001)
epilayers (c.f. Sec. IV B 2), and (CdSe)m/(ZnTe)n/GaAs (001)
SL (c.f. Sec. IV B 3) provides a strong basis for analyzing
the FIR experimental data and offers an alternative and
effective means of determining optical phonon frequencies
in technologically important polar heterostructure materials
prepared by the epitaxial techniques.

1. CdTe free-standing films

Following the method of Sec. III and using the optical
constants of CdTe (see Table I), we display in Fig. 6 the
calculated results of the transmission spectra at oblique
incidence θi = 45◦ in the p-polarization for free-standing
CdTe thin films with varying thickness. The results revealed
transmission dips near ωTO = 142 cm−1 and ωLO = 169 cm−1

frequencies in very good agreement with the existing inelastic
neutron scattering56 and Raman spectroscopy85 data. The
study clearly demonstrated the progression from the two
transmission dips for ultrathin films to a broad region of
transmission covering the entire reststrahlen band for relatively
thick films. Again, as the CdTe film thickness increases, we see
interference fringes emerging below the TO frequency region
for thick films—caused primarily by the rapid increase in the
dielectric function ε̃(ω) for frequencies lying close to the pole
at ωTO.

2. CdSe/GaAs (001) epilayers

The CdSe films grown on (001) GaAs by MBE techniques
are known to possess zinc-blende structures.46 The perusal
of Fig. 7 reveals our results of the transmission spectra in
CdSe epilayers at oblique incidence (θi = 45◦) with increasing
film thickness—exhibiting TO phonon in the s-polarization
and TO, LO modes in the p-polarization at frequencies near
ωTO = 172 cm−1 and ωTO = 172 cm−1, ωLO = 213 cm−1,
respectively. Clearly, the LO phonon frequency measured by
the Raman spectroscopy near ωLO = 212.6 cm−1 is in very
good agreement85 with the value derived from the transmission
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FIG. 8. Calculated reflectivity of CdSe/GaAs epilayers grown on
GaAs substrate as a function of frequency (cm−1) in the s-polarization
(dotted line) and p-polarization (full line) for θi = 45◦ with increasing
thicknesses. The spectra for the films of different thickness are
vertically displaced for clarity.

spectra at oblique incidence. In the Raman backscattering,
as the TO phonon is forbidden in the CdSe/GaAs (001)
geometry, the value of ωTO = 172 cm−1 obtained from the
transmission study has provided strong justification to the
frequency deduced from the realistic lattice dynamics,98 as
well as MREI model (see Fig. 5) calculations. Moreover,
the frequencies of the LO and TO phonons in CdSe are
found to satisfy the Lyddane-Sachs-Teller relation (εo/ε∞ =
ωLO

2/ωTO
2).

Similar to the FIR transmission spectra, we display in Fig. 8
our results of the calculated reflectivity spectra at an oblique
incidence (θi = 45◦) for CdSe/GaAs (001) epilayers with in-
creasing CdSe thickness. It should be borne in mind that in the
binary semiconductors the reflectance spectra generally drop
to a minimum at the plasma edge that is obviously dependent
upon the carrier concentration and exhibit a peak near the TO
phonon frequency. In a semi-insulating material with ωp ≈
0, (Eq. (2)), the ωTO phonon peak dominates at near-normal
incidence; at an oblique incidence (θi = 45◦), a maxima is
expected to occur at ωTO and a dip near ωLO (Berreman effect)
is expected in the p-polarization reflectivity.89 Extending the
arguments from a free-standing film to an epilayer structure,
our results of the reflectance study in CdSe/GaAs (001) clearly
exhibited the major attributes of the CdSe and GaAs optical
phonon energies. These results provided strong justifications
for the polarized transmission and reflectivity studies being
applied successfully to many technologically important thin
multilayer structures for extracting useful information about
ωTO, ωLO phonons in the individual layers (e.g., epitaxi-
ally semiconductor SLs grown on different substrates; c.f.
Sec. IV B 3).
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FIG. 9. Comparison of the transmission spectra for a CdSe/ZnTe
SL grown on GaAs substrate as a function of frequency (cm−1) for
normal and oblique incidence: (a) experimental result at T = 5 K
from Ref. 85 and (b) our theoretical calculation. The SL consisted of
25 repeat periods of 90-Å ZnTe and 45-Å CdSe.

3. (CdSe)m/(ZnTe)n/GaAs (001) SLs

In this section, we demonstrate and confer our theoretical
(c.f. Sec. III B) results of the transmission and reflectivity
spectra for a (CdSe)m/(ZnTe)n SL grown on GaAs (001) sub-
strate. To contrast the simulated spectra at oblique incidence
against the experimental transmission data, we examined the
SL structure consisting of 25 repeat periods of 90 Å of
ZnTe and 45 Å of CdSe grown on GaAs (001) substrate
by MBE. The polarized FIR transmission spectra for the SL
were obtained using a BOMEM DA.8 rapid scanning FTIR
spectrometer.85 The experimental data at oblique incidence
displayed in Fig. 9 (a) compare fairly well with our cal-
culated transmission spectra reported in Fig. 9 (b). Again,
the transmission dips associated with CdSe and ZnTe at
normal (θi = 0◦) and oblique (θi = 45◦) incidence provided
strong corroboration to the values of ωTO (≡171. 4 cm−1

CdSe; 181.8 cm−1 ZnTe) and ωTO, ωLO (≡211.3 cm−1 CdSe;
210.4 cm−1 ZnTe) phonons.98 As the TO and LO modes in
CdSe and ZnTe layers are separated by ∼10 and ∼1 cm−1,
respectively, the transmission minima occurring at appropriate
frequencies with proper splitting elucidates the importance of
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FIG. 10. Calculated reflectivity spectra for a CdSe/ZnTe SL
grown on GaAs substrate as a function of frequency (cm−1) for
normal θi = 0◦ and oblique incidence θi = 45◦ (s- and p-polarization).
The SL consisted of 25 repeat periods of 90-Å ZnTe and 45-Å
CdSe.

the present methodology. Again, due to a small (∼0.76%)
lattice mismatch between cubic CdSe and ZnTe, the shifts of
optical phonon frequencies in the SL structure are found to
be negligible compared to their “strain-free” phonon energy
values.98

In Fig. 10, we present the results of our s- and p-polarized
FIR reflectance calculations at normal (θi = 0◦) and oblique
(θi = 45◦) incidence for the same (CdSe)m/(ZnTe)n/GaAs
(001) SL structure used in the calculation of the transmission
spectra (see Fig. 9). Consistent with the results displayed in
Fig. 8, the reflectivity spectra for the SL structure exhibit two
maxima at ωTO near ∼171.4 and 181.8 cm−1 at normal (θi =
0◦) and s-polarized oblique (θi = 45◦) incidence related to the
ωTO modes of CdSe and ZnTe, respectively. In the p-polarized
reflectivity spectra, in addition to the TO modes, we find two
clearly visible dips (one pronounced and the other weak) near
∼210.4 and 211.3 cm−1 exhibiting the LO phonons of ZnTe
and CdSe, respectively.

V. CONCLUSIONS

We have performed FIR reflectance measurements on a
series of good optical-quality zinc-blende-type CdxZn1−xTe
(0 � x � 1), CdSexTe1−x (0 < x � 0.35) material samples
grown by Bridgman technique. In CdxZn1−xTe alloys, the
composition-dependent spectra exhibited many fundamental
aspects of the lattice vibrations, while the results of long-
wavelength optical modes of the end members displayed
zone-center phonon values in good agreement with the existing
inelastic neutron56 and/or Raman scattering85 data. The optical
phonons in the reflectance spectra of CdSexTe1−x (0.35 � x >

0.05) alloys, on the other hand, revealed a variety of behavior
patterns depending upon the vibrational characteristics of
the end members. Based on the calculations of density of
states using Green’s function theory, the unresolved phonon
feature seen between CdSe-like and CdTe-like TO modes in
CdSexTe1−x for (x > 0.05) is suggested to be originating
from a nonrandom alloy disorder.98 Simulation results of the
FIR reflectance and transmission spectra at oblique incidence
(Berreman’s effect) are presented for a variety of II-VI
free-standing thin films, epilayers, and SLs using a standard
methodology of multilayer optics (d � λ) with effective-
medium dielectric tensors. For cubic CdTe, CdSe, and ZnTe
thin films, the values of optical phonons extracted by the
Berreman technique are found in very good agreement with
the existing data from inelastic neutron scattering and Raman
spectroscopy. Comparison of the calculated transmission
spectra for the (CdSe)m/(ZnTe)n/GaAs (001) SL not only has
provided an excellent accord with the experimental results
but also has revealed distinctive minima associated with the
appropriate phonons of CdSe and ZnTe. In conclusion, the
Berreman method has provided a strong basis for analyzing
the IR experimental data at oblique incidence and offered an
effective means of estimating the zone-center TO and LO (ωTO

and ωLO) phonon frequencies in polar-semiconductor thin
films and heterostructure materials of increasing technological
importance.
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