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ZnSxSe1�x (x = 0, 0.41, 0.51, 0.91, 1) ternary alloy thin films with variable
structural, optical and vibrational properties were prepared by thermal
evaporation of solvothermally synthesized ZnS-ZnSe nanocomposite powders.
The deposited films were uniform and have zinc-blende structure with (111)
orientation. Variation of lattice parameter with composition was slightly non-
linear with a bowing parameter of 0.12 Å. Spin orbit (SO) splitting of the
valence band was observed in binary ZnSe and ternary samples with large Se
atomic concentration such as ZnS0.41Se0.59 and ZnS0.51Se0.49. The SO splitting
energy decreases as the Se atomic concentration in the alloy decreases. Two
phonon modes (corresponding to ZnS and ZnSe bonds) behavior were observed
in the Raman spectra of the ternary alloys. The observed phonon mode fre-
quencies shifted with changes in Se atomic concentration in agreement with
theroretical predictions. Gap mode vibration of Se in ZnS lattice was also
observed at 221 cm�1 in the ternary sample with small Se atomic concentra-
tion (ZnS0.91Se0.09), which also matches closely with theoretically calculated
values.

Key words: II–VI ternary alloy, physical vapor deposition, dual mode phonon
vibrations, spin orbit splitting

INTRODUCTION

ZnSxSe1�x is one of the most technologically
relevant II–VI alloy semiconductors. It is a very
promising candidate for a wide variety of optoelec-
tronic applications such as blue-green LEDs,1,2

blue-green lasers,3 photodetectors,4 and as a buffer
layer in thin film solar cells.5 This is mainly due to
its direct bandgap nature, tunable optoelectronic
properties and flexibility in preparation techniques.
The properties of the material can be tuned between
the respective properties of the two end binary
compounds, i.e., ZnSe and ZnS, simply by control-
ling the composition of the alloy.6–8 This can be

achieved by most thin film deposition processes such
as pyrolitic spray deposition,6 close-spaced subli-
mation,7 plasma-induced isoelectric substitution,8

metal organic vapour phase epitaxy (MOVPE),9

atomic layer epitaxy (ALE),10 etc.
The material, in addition to being very promising

for many electronic applications, also possesses
interesting optical and vibrational behaviors. Spin
orbit (SO) coupling is a very important phe-
nomenon, which affects the band structure in some
of the II–VI compound semiconductors. This effect
splits the valence band at the zone centre into Cv

7
and Cv

8 bands resulting in two direct optical transi-
tions between the valence band and the conduction
band, ðCv

8 ! Cc
6Þ and ðCv

7 ! Cc
6Þ , respectively. The

splitting effect has been reported for compounds
with heavy anions such as CdTe,11 ZnTe,12 CdSe13

and ZnSe.11 The extent of the splitting in these
materials is found to increase with the size of the
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anion constituting the compounds. However, the
effect is absent in those II–VI compounds, which are
made up of smaller anions such as sulfide and oxide
compounds. Since ZnSxSe1�x consists of sulfur and
selenium, one of which is known to cause SO split-
ting, it is expected that the SO splitting phenomena
may also occur in this alloy. Though the band
structure of ZnSxSe1�x has not been well under-
stood, the band gap of these alloys is experimentally
observed to vary with alloy composition.6–8 Study of
the dependence of SO splitting on the fraction of
sulfur content in the alloy will give a better under-
standing of the material property and may also help

in implementing the material for optoelectronic
applications.

Two phonon modes is another interesting feature
of ZnSxSe1�x compounds. As per theoretical predic-
tions, the vibrational characteristic of both ZnS and
ZnSe phonon modes are expected in the Raman
spectra14,15 of the ternary alloy. The frequency of
these phonon modes is predicted to shift with com-
positional variation in such a way that the LO and
TO modes of one of the constituting binary com-
pounds merge together to form either gap mode or
local mode, when the fraction of that anionic ele-
ment responsible for the mode becomes very small.

Fig. 1. SEM images and EDX spectra of the synthesized binary and composite nanoparticles, which are used as evaporation source for
ZnSxSe1�x thin films: (a) x = 0, (b) x = 0.41, (c) x = 0.51, (d) x = 0.91, and (e) x = 1 respectively.
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A small fraction of sulfur in the ZnSe crystal is
expected to form local mode vibrating almost inde-
pendently at a frequency larger than the optical
phonons of ZnSe. Similarly, a small fraction of
Se in ZnS lattice is expected to result in gap mode
vibrations.

In this work, we present our studies on ZnSxSe1�x

thin films prepared by thermal evaporation of
solvothermally synthesized ZnS-ZnSe composite
powders. A systematic variation in structural and
optical properties with composition has been
experimentally observed for ternary alloy systems. SO
splitting of the valence band is also observed in binary
ZnSe and ternary samples with large Se atomic con-
centration such as ZnS0.41Se0.59 and ZnS0.51Se0.49. The
SO splitting energy is found to decrease with the

decrease in the Se atomic concentration in the alloy.
Raman scattering studies have shown the presence of
two-mode behavior in ternary alloys. The observed
phonon mode frequencies are found to shift with
changes in Se atomic concentration as theoretically
predicted. In addition, gap mode vibration of Se
in ZnS lattice was also observed at 221 cm�1 in the
ternary alloy films with small Se atomic concentra-
tion, i.e., ZnS0.91Se0.09, which matches closely with
theoretically calculated values.14,16

EXPERIMENTAL

ZnSxSe1�x thin films (x = 0, 0.41, 0.51, 0.91, 1) were
prepared on Corning 1737 glass by thermal evapora-
tion of solvothermally synthesized ZnS-ZnSe com-
posite powders. In the solvothermal synthesis, zinc
acetate [(CH3COO)2ZnÆ2H2O], sodium sulfite
[Na2SO3] and sodium selenite [Na2SeO3] were used as
a precursor for zinc, sulfur and selenium ions,
respectively. A mixed solution made up of appropriate
amounts of ammonia (NH3ÆH2O), hydrazine hydrates
(N2H4ÆH2O) and de-ionzed water was used as a sol-
vent. The synthesis process follows the usual
solvothermal route similar to the process described
in the literature.17,18 All the powders were prepared
at 180�C furnace temperature for 5 h reaction time.
For each of the binary (ZnS and ZnSe) and ternary
alloy films (with x = 0.41, 0.51 and 0.91), the
respective evaporation sources, i.e., ZnS and ZnSe
powders and ZnS-ZnSe composite powders, were
synthesized using different molar ratios of the anion
salts to vary the relative concentrations of Se and S
atoms in the alloy. To obtain the alloy thin films
with different compositions, the powders were then
thermally evaporated using a molybdenum boat in a
vacuum chamber. All the films were deposited at a
fixed substrate temperature of 200�C on Corning
1737 glass substrates.

Compositions of synthesized powders and thin
films were obtained by energy dispersive x-ray
spectroscopy (EDAX) attached to a scanning elec-
tron microscope (SEM; LEO 1430 VP). Surface
morphology of the films was studied using a Field
Emission Scanning Electron Microscope (FESEM;
RIGMA ZEISS). A HORIBA JOBIN–YVON Lab-
RAM HR spectrometer was used to record room-
temperature Raman spectra. An Ar ion laser with
excitation wavelength of 488 nm and 18 mW power
was used for all the measurements. The spectral
transmittance of the films was recorded between
220 and 2500 nm using aUV–Vis-NIR spectropho-
tometer (Shimadzu UV 3101PC). The thickness
measurements were performed using a Stylus
profilometer. X-ray diffraction (XRD) patterns were
recorded in 2h range of 20�–65� using Cu-Ka
radiation (k = 1.54 Å

´
). Crystallite size, lattice strain

and dislocation density of the films were obtained
from the XRD patterns using the following relation-
ships19:

Fig. 2. XRD patterns of the synthesized composite nanoparticles
showing diffraction peaks from ZnS and ZnSe: evaporation source of
(a) x = 0.41 and (b) x = 0.51 thin films respectively.
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Crystallite size; D ¼ Kk
b cos h

Debye Sherrer’s formulað Þ
(1)

where K(�0.9) is a dimensionless shape factor and b
is the full width at half-maxima (FWHM).

Lattice strain; e ¼ b cos h
4

(2)

Dislocation densities; d ¼ 1

D2
(3)

RESULTS AND DISCUSSION

Figure 1a–e shows the SEM images and the cor-
responding EDX spectra of the synthesized ZnS-
ZnSe nanocomposite powders. The compositions are
an average of the measurements taken over 2–3
different positions in the SEM images. In addition to
zinc, sulfur and selenium, traces of oxygen are also
present in the synthesized powders. XRD patterns of
the synthesized composite powders (Fig. 2a and b)
show diffraction peaks corresponding to the cubic
planes of both ZnSe and ZnS, which indicates the
composite nature of the synthesized powders.

Fig. 3. EDX spectra of the prepared ZnSxSe1�x thin films: (a) x = 0, (b) x = 0.41, (c) x = 0.51, (d) x = 0.91, and (e) x = 1 respectively.
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Figure 3a–e shows the EDX spectra of the films.
The atomic percentage of different ions shown in
this case are also averaged over 2–3 measurements
at different locations on the films. Except for ZnSe,
all the remaining films appear to be slightly Zn rich.
The fraction of sulfur content (x) in the films is
obtained by normalizing the total atomic percentage
of anion content in the films. It is observed here that
the films do not maintain the same composition as
the source material. This may be understood by
looking at the phenomena involved in our sample

preparation process. Although the mechanism
involved in the thermal evaporation process is quite
simple and well understood, our preparation
process, however, involves evaporation of composite
powders consisting of two different binary alloy
compounds with different vapour pressures. The
crystal growth in the thermal evaporation process is
largely determined by the rate of solid transport.
The number of molecules (n) striking a surface of
the substrate per unit area per unit time is related
to the vapour pressure (p) as n ¼ ð2pmkTÞ�1=2 � p,

Fig. 4. FESEM images of ZnSxSe1�x (x = 0, 0.41, 0.51, 0.91, 1) alloy thin films: (a) x = 0, (b) x = 0.41, (c) x = 0.51, (d) x = 0.91, and (e)
x = 1 respectively.
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where m is the molecular mass, and T is the abso-
lute temperature.20 Since the vapour pressure of
ZnSe is higher than the vapour pressure of ZnS,21 it
therefore results in unequal amounts of ZnS and

ZnSe molecules striking the surface of the substrate
even for the same amount of the two materials.
Hence, the formation of Zn–Se bonding in the
resulting alloy is more favourable than Zn-S, and,
thus, the compositions of the resulting alloys do not
match with the source composite powders.

FESEM images of the films are shown in Fig. 4.
The films are deposited uniformly throughout the
surface and consist of densely packed small grains
without any pinholes. ZnS0.41Se0.59, ZnS0.91Se0.09

and ZnS samples consist of small and spherical-
shaped grains with an average diameter of around
50 nm. ZnSe and ZnS0.51Se0.49 samples, on the other
hand, have much bigger irregular-shaped grains of
almost 100 nm diameter. Thus, the dimension of the
grains and, hence, the quality of the film surface is
not monotonically varying with composition.
Though the reason for this is not very clear, it could
be due to some variation in substrate temperature
during deposition.

Figure 5a shows the XRD patterns of ZnSxSe1�x

thin films (x = 0, 0.41, 0.51, 0.91, and 1). Contrary to
the powder samples, where we observed peaks cor-
responding to the crystal planes of both ZnS and
ZnSe, only one distinct characteristic peak corre-
sponding to the (111) plane of zinc blende structure
(PDF #800021, PDF #772100) of the compound is
observed. With the changing composition, the 2h
value of the diffraction peak shifts from 27.26� in
ZnSe (x = 0) film to 28.62� in ZnS (x = 1) film.

Structural parameters of the alloys calculated
from the (111) plane using the Debye–Sherrer for-
mula are given in Table I. The lattice constant ‘a’ of
the films decreases from 5.662 Å to 5.398 Å as x
increases from 0 to 1. As shown in Fig. 5b, this
variation of lattice constant with composition nearly
follows a linear Vegard’s relationship, but with
small deviations. Although most mixed crystals
have been assumed to follow the empirical Vegard’s
relationship, deviation from the linear relationship
has been observed both experimentally and
theoretically.22–24 This could be due to large lattice
parameter differences of the constituting binary
compounds and non-linear variation of cell volume
with compositional changes. The observed lattice
parameter variation given in Fig. 5b follows a sec-
ond-order polynomial relationship, aZnSxSe1�x

¼
ð1 � xÞaZnSe þ xaZnS � xð1 � xÞb, with a bowing
parameter b equal to 0.12 Å.

Fig. 5. (a) XRD pattens of ZnSxSe1�x thin films (x = 0, 0.41, 0.51,
0.91, 1). (b) Plot of lattice constant (a) versus sulfur content (x).

Table I. Structural parameters of ZnSxSe12x thin films

Sample 2h (�) b (FWHM) (�)
Lattice

constant ‘a’ (Å)
Lattice
strain

Dislocation
density (lines/m2)

Average
crystallite size (nm)

ZnSe 27.260 0.316 5.662 1.34 9 10�3 1.37 9 1015 27
ZnS0.41Se0.59 27.880 0.395 5.539 1.67 9 10�3 2.13 9 1015 22
ZnS0.51Se0.49 28.150 0.309 5.487 1.30 9 10�3 1.30 9 1015 28
ZnS0.91Se0.09 28.500 0.386 5.421 1.63 9 10�3 2.03 9 1015 22
ZnS 28.625 0.376 5.398 1.59 9 10�3 1.93 9 1015 23
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The calculated lattice strain and dislocation den-
sity of the films are given in Table I. These
parameters correlate with the grain size of the
particles. Samples with larger grains such as ZnSe
and ZnS0.51Se0.49 have lower lattice strain and dis-
location densities in comparision to the other three
samples. The average crystallite size varies from
20 nm to 27 nm, which is much smaller than the
grain sizes observed in the FESEM images. Since it

is not possible to isolate the size and strain broad-
ening from a single diffraction peak,25 the average
crystallite size as obtained from the Debye–Sherrer
formula is likely to be underestimated, whereas the
strain and dislocation density may be slightly
overestimated.

Figure 6a shows the UV–Vis-NIR transmission
spectra of the thin films at normal incidence. All the
films show good interference patterns in the NIR

Fig. 6. (a) UV–Vis-NIR transmission spectra of ZnSxSe1�x thin films (x = 0, 0.41, 0.51, 0.91, 1), (b–f) (ahm)2 versus hm plot.
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region with a maximum transmittance of about 90%
indicating that the films are uniformly deposited on
the substrate. The optical absorption edge, as
indicated by a sharp drop in the transmittance
spectra, moves towards shorter wavelengths with
increasing x.

Optical parameters such as the refractive index
(n), absorption coefficient (a) and thickness of the
films are determined from the transmission spectra
using the method described by Swanepoel.26 From

these parameters, we obtain (ahm)2 versus hm plot as
given in Fig. 6b–f. The linear dependence of (ahm)2

on hm in the plot indicates the occurrence of direct
optical transition as expected in these semiconduc-
tors. The bandgaps corresponding to each direct
optical transitions are obtained by fitting a straight
line as shown in the figures. The values obtained
from these fittings are given in Table II. The binary
sample ZnSe and the ternary samples with a sig-
nificant fraction of selenium atoms, ZnS0.41Se0.59,
and ZnS0.51Se0.49, posses two bandgaps, Eg1 and Eg2,
corresponding to two direct optical transitions,
ðCv

8 ! Cc
6Þ and ðCv

7 ! Cc
6Þ. However, the remaining

two samples with very small amounts of Se,
ZnS0.91Se0.09 and ZnS possess only one bandgap.
The bandgap values for the binary compounds, ZnSe
and ZnS, are comparable to the respective values as
reported in the literature.19,27,28

Table II. Band gap, refractive index and film thickness of ZnSxSe12x alloy thin films

Sample

Film thickness (nm)

n (550 nm) Eg1 ðCv
8 ! Cc

6Þ (eV) Eg2 ðCv
7 ! Cc

6Þ (eV) S–O splitting (eV)UV data Profilometer

ZnSe 640 670 2.61 2.62 2.79 0.17
ZnS0.41Se0.59 432 500 2.48 2.86 3.02 0.16
ZnS0.51Se0.49 590 550 2.45 2.93 3.07 0.14
ZnS0.91Se0.09 200 200 2.43 3.38 0
ZnS 152 3.77 0

Fig. 7. (a) Plot of SO splitting energy versus fraction of sulfur (x), (b)
plot of energy bandgap versus fraction of sulfur (x).

Fig. 8. Raman spectra of ZnSxSe1�x (x = 0, 0.41, 0.51, 0.91, 1) thin
films.
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The observed two direct optical transitions in
ZnSe have been reported both theoretically and
experimentally.11,29 However, for ternary com-
pounds, the occurrence of two direct optical transi-
tions has not been reported to the best of our
knowledge. The reported ZnSe band structure cal-
culations11 have shown that the valence band splits
at the zone centre into Cv

7 and Cv
8 resulting in two

direct optical transitions as reported in this work.

This splitting is, however, absent in the band struc-
ture of ZnS.30 This splitting is due to the SO coupling
effect in the valence band, often observed in com-
pounds consisting of anions with large ionic radii
such as CdSe, CdTe, etc.11,13,31 In these materials,
the nearly relativistic electronic velocities lead to
sufficiently large magnetic fields so that the
magnetic moments of orbital motion and the spin
motion interact, which result in spin–orbit coupling.

Fig. 9. Deconvoluted Raman spectra of ZnSxSe1�x (x = 0, 0.41, 0.51, 0.91, 1) thin films: (a) x = 0, (b) x = 0.41, (c) x = 0.51, (d) x = 0.91, and
(e) x = 1 respectively.

Studies on Spin Orbit Splitting and Dual Mode Phonon Vibrations in ZnSxSe1�x Ternary Alloys
Films with Varying Se Concentration

3349



However, in the materials consisting of only light
anions such as ZnS, CdS, etc., the magnetic field
generated by orbiting electron is too weak to induce
any coupling with electron spin.

SO splitting energy of all the samples is calcu-
lated from the difference in the energies of the two
bandgaps, Eg1 and Eg2. It is plotted against the
fraction of sulfur (x) in Fig. 7a. The plot shows that,
in addition to the well-known SO splitting in ZnSe,
significant SO splitting is observed even in ternary
samples with a large fraction of Se.

Figure 7b shows the bandgap energy versus x
plot. Dependence of the bandgap on the composition
of the alloy is non-linear as predicted by Vegard’s
law. The second-order polynomial fitting of Eg1and
Eg2, both shown in the figure, results in bowing
parameters of 0.98 and 0.72 eV, respectively. This
bowing is mainly due to the difference in bond
lengths of the ZnS and ZnSe bonds. In ternary al-
loys, this difference alters the bond angles in order
to preserve the bond lengths. This perturbs the
atomic potentials, which results in non-linear var-
iation of bandgap energy even with uniform sub-
stitution of the constituent elements.

The vibrational properties of the films are studied
using Raman scattering measurements. Since all
the films have zinc blende structure with (111) ori-
entation, scattering from both transverse optical
(TO) and longitudinal optical (LO) phonons are
permitted in these measurements. The room-tem-
perature Raman spectra are shown in Fig. 8. The
ZnSe thin film has distinct vibrational bands cor-
responding to TOZnSe, LOZnSe and 2LOZnSe phonons.
The spectra of all the ternary samples exhibit
prominent Raman bands corresponding to both
ZnSe and ZnS like phonons as predicted by a mod-
ified random element isodisplacement model
(MREI).14 However, with the increase in the frac-
tion of sulfur in the film, not only the intensity of
ZnS-like phonon mode increases but we also observe
an increase in the intensity of disorder-induced
phonons (2TA and zone edge LO phonon modes for
ZnS) and the scattering from the substrate. This
substrate scattering largely dominates the Raman
spectra of the ZnS thin films, which are relatively
thin, as shown in the figure. Nevertheless, weak
TOZnS and asymmetric LOZnS can still be identified
from the spectra as indicated.

For detailed investigation of different vibrational
modes, all the Raman spectra are deconvoluted into
the individual phonon modes of ZnS and ZnSe. Fig-
ure 9a–e shows the deconvoluted spectra. Except for
the ZnS sample, the zone centre (k = 0) phonons are
fitted with a Lorentzian peak and the disorder-acti-
vated phonons with a Gaussian peak. Since the ZnS
film is highly nanocrystalline, all the three phonon
modes in ZnS are best fitted with the Gaussian peak.
In all the fittings, the cumulative fits and the raw
data match very well as shown in the figures.
Table III shows the band centre position, the full-
width at half-maxima (FWHM) and the intensity ofT
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the observed phonon modes. All the phonon modes
including the zone centre phonons have FWHM,
which is comparatively much larger than the bulk
values of about 7–8 cm�1 as reported for the II–VI
binary compounds.32 The LO and TO phonon modes
of both ZnSe and ZnS are slightly red-shifted from
the reported values (reported values are at
TOZnSe = 205 cm�1,33–35 LOZnSe = 250 cm�1,33 TOZnS =
277 cm�1,36 LOZnS =350 cm�1 36,37 ).

Strong first-order zone centre phonons such as
TOZnSe, LOZnSe and LOZnS are observed in the
deconvoluted spectra of two of the ternary alloys
with large fractions of Se (ZnS0.41Se0.59 and
ZnS0.51Se0.49). But the third ternary sample, i.e.,
ZnS0.91Se0.09 exhibits phonon mode, LOZnS, and only
one ZnSe-like phonon mode at 221 cm�1. The LOZnS

in all these ternary alloy samples have asymmetric
broadening towards the lower wave number side. It
is fitted with an additional Lorentzian peak, which
is identified as a zone edge LO phonon (ZE LOZnS).
Similar asymmetric broadening is also observed in
the zone centre LOZnSe and LOZnS phonons in the
binary compounds (ZnSe and ZnS). The asymmetric
broadening in both of these binary samples fits well
with an additional Gaussian peak as shown in the
deconvoluted spectra. These are identified as SPZnSe

and SPZnS + ZE LOZnS, as indicated in the figures.
In addition to these optical phonons, disorder-in-
duced acoustic phonons such as 2TAZnSe (transverse
acoustic mode of ZnSe) and 2TAZnS (transverse
acoustic mode of ZnS) are also observed. The
strength of 2TAZnS phonon increases as the sulfur
content increases. The strength of the 2TAZnSe

phonon, however, appears to remain constant due to
the increased scattering from the substrate at
around 135 cm�1. This occurs because of the
decrease in thickness and absorption coefficient in
the samples with larger fractions of sulfur.

The plot of intensity ratio of the two LO phonons

I LOZnSð Þ
I LOZnSeð Þ

� �
against the fraction of sulfur (x) is given

in Fig. 10a. The plot shows that the relative
strength of the zone centre phonons is dependent on
the fraction of sulfur, as has been reported for other
mixed crystals exhibiting two-mode behavior.38 The

intensity ratio I LOZnSð Þ
I LOZnSeð Þ

� �
increases from 0.76 in

ZnS0.41Se0.59 to 1.82 in ZnS0.91Se0.09. This corre-
sponds to the increasing number of the Zn–S bond
(decreasing number of the Zn–Se bond) in the mixed
crystal as more anion sites in the crystal are occu-
pied by S atoms.

Figure 10b shows the Raman shift of the first-
order Raman modes plotted against the sulfur
content (x). The TOZnSe and LOZnSe phonon mode
frequencies, which are widely separated in the pure
ZnSe sample, gets narrower with the increase in
sulfur content. In the ZnS0.91Se0.09 sample, the
TOZnSe and LOZnSe merge, resulting in a weak
phonon at 221 cm�1, which is the gap mode of Se in

the ZnS lattice as theoretically predicted.14,16 In
this sample, the small fraction of Se in the ZnS
lattice vibrates at a frequency lower than the optical
phonons of ZnS, thereby resulting in a phonon mode
at the forbidden gap.

Our observation of asymmetric broadening in
LOZnS phonon mode is a very interesting feature of
ZnSxSe1�x ternary alloys, which, to our knowledge,
has not previously been reported, though similar
broadening in LOCdS phonon modes has been re-
ported in the Raman spectra of CdSxSe1-x thin
films.39,40 In nanocrystalline materials, the surface
phonon modes could result in this asymmetric
broadening, whereas in the case of thin films and
single crystals of CdSxSe1-x, the contribution from
zone edge LO phonon vibrations are believed to be
responsible for the observed asymmetry.39,40

In our analysis of asymmetrically broadened
LOZnS, we used the two-Lorentzian functions as
proposed by both Pagliara et al.39 and Ingale et al.40

We observe that the frequency of additional Lor-
entzian peak shifts in the same manner as the zone

Fig. 10. (a) Plot of intensity ratio of the two LO phonons I LOZnSð Þ
I LOZnSeð Þ

h i
versus fraction of sulfur (x), (b) plot of Raman shift versus fraction of
sulfur (x).
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centre phonon mode, as shown in Fig. 10b. For each
of the ternary alloys, the Raman shift of the addi-
tional Lorentzian peak is about 20 cm�1 below the
zone centre LO phonon mode and both increase with
the sulfur atomic concentration. This additional
Lorentzian peak is, thus, assigned to ZE LOZnS, and
its origin can be understood from the dispersion
curve of the binary compounds (ZnS and ZnSe).41,42

In the dispersion curve of ZnS,41 the LOZnS and
TOZnS phonon modes are still widely separated at the
zone boundaries forming distinct zone edge phonon
vibrations, ZE LOZnS and ZE TOZnS, respectively, at
frequencies which are slightly different from the re-
spective zone centre phonon modes. These phonon
modes can become Raman-active once we have sig-
nificant disorder. The ZE LOZnS frequency being
lower than the zone centre LOZnS phonon for
about 20 cm�1 41 results in asymmetric broadening
of LOZnS on the lower wave number side as observed
in our samples. However, in the dispersion curve of
ZnSe,42 the LOZnSe phonon mode frequency falls
down and merges with TOZnSe phonon mode at the
zone boundaries and results in a zone edge vibra-
tional mode close to the zone centre TOZnSe phonon
mode, which cannot be distinguished. Thus, the zone
edge phonon in ZnSe cannot be distinctly observed as
in the case of ZE LOZnS and, if it becomes Raman
active, it would contribute to the TOZnSe.

The assigned Gaussian peaks in asymmetrically
broadened binary compounds (ZnSe and ZnS) can
also be explained from the above discussion. Since
the asymmetric Gaussian peak in LOZnS is very
large, it could be due to the contributions from both
ZE LOZnS and the surface phonon (SPZnS) mode.
However, since the zone edge contribution does not
occur in ZnSe, a weak Gaussian peak as observed in
the present case could be solely due to the surface
phonon (SPZnSe) mode.

CONCLUSION

We have prepared ZnSxSe1�x (x = 0, 0.41, 0.51,
0.91, 1) ternary alloy thin films with variable struc-
tural, optical and vibrational properties by employing
a simple thermal evaporation route. The dependence
of the lattice constant on the composition has a
bowing parameter of 0.12 Å. Optical studies show the
presence of SO splitting in the ZnSxSe1�x ternary
compounds having a significant contribution of Se,
which has not been experimentally reported so far to
the best of our knowledge. Even though the band
structure of this ternary alloy has not been well un-
derstood, we are able to show that the relative frac-
tion of anions in the alloy not only affects the
bandgap but also determines the extent of SO split-
ting in the valence band. The vibrational properties
of the ternary alloys exhibit two phonon mode be-
havior as predicted by a modified random element
iso-displacement (MREI) model. The changes in Ra-
man shift with the fraction of sulfur content follows

the theoretically predicted pattern. The LOZnSe and
TOZnSe phonon frequencies merge at 221 cm�1 in
ZnS0.91Se0.09, forming the gap mode of Se in the ZnS
lattice. To our knowledge, we are the first to ex-
perimentally report a Se gap mode in a ZnSxSe1�x

ternary system.
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