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Abstract
Interest to ZnSxSe1−x alloys is due to their band-gap tunability varying S and Se content. Films of
ZnSxSe1−xwere grown evaporating ZnS andZnSe powdermixtures onto SiO2,NaCl, Si and ITO sub-
strates using an original low-costmethod. X-ray diffraction patterns andRaman spectroscopy, show
that the lattice structure of thesefilms is cubic ZnSe-like, as S atoms replace Se andfilm compositions
have their initial S/Se ratio. Optical absorption spectra show that band gap values increase from2.25 to
3 eV as x increases, in agreementwith the literature. Because S atomic radii are smaller than Se, EXAFS
spectra confirm that bond distances and Se coordination numbers decrease as the Se content decrea-
ses. The strong deviation from linearity of ZnSe coordination numbers in the ZnSxSe1−x indicate that
within this ordered crystal structure strong site occupation preferences occur in the distribution of Se
and S ions. The behavior is quantitatively confirmed by the strong deviation from the randomBer-
noulli distribution of the three sight occupation preference coefficients of the strained tetrahedron
model. Actually, the ternary ZnSxSe1−x system is a bi-binary (ZnS+ZnSe) alloywith evanescent forma-
tion of ternary configurations throughout the x-range.

1. Introduction

The achievements in semiconductor technology during the second half of the 1970s led to ‘band gap
engineering’—the formation of semiconductors with tunable band gaps. In fact, the outputwavelength of
optoelectronic devices is strongly linked to band gap energy [1]. Recently, ZnSxSe1−x ternary alloys have been
extensively studied because their emissionwavelength can be tuned gradually by increasing x in the alloy. Tang
et al [2] reported that increasing the S to Se relative content from0 to 100% led to a decrease in the excitation and
emissionwavelengths from465 to 340 nmand from644 to 505 nm, respectively. The color of emission also
changed from red to green. ZnSxSe1−x compounds are also widely used in place of CdS as buffer-layermaterial
for Cu(In,Ga)Se2 (CIGS) thin-film solar cells [3]. These compounds are also used in the fabrication of blue-
green laser diodes [4] and electroluminescent light emitting panels [5].

The ZnSxSe1−x thinfilmswere prepared by themolecular beam epitaxy (MBE) process [1, 2, 4, 6], laser
ablation [7], chemical and physical vapor deposition [8, 9], and chemical bath deposition [10]. In [9] the ZnS
andZnSe powders were thoroughlymixed in proportions providing the concentration of S and Se in the

−ZnS Sex x1 films and deposited on a substrate by close-spaced evaporation. Themethod used in [9] is similar to
the conventional thermal deposition technique, butmore complex. Ashraf et al [11] report results of optical and
structural properties of thin ZnSxSe1−x films obtained by thermal evaporation of ZnS andZnSe powdersmixture
on glass substrate using a complex and expensive setup.
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Wedescribe a novel, simplemethod of thermal deposition for ternary compounds using low cost
experimental equipment [12].We report the results on the structural and optical properties of ZnSxSe1−xfilms
deposited on different substrates, namely quartz, indium tin oxide (ITO),NaCl, and Si. The desired content of
sulfur and selenium in the ZnSxSe1−x filmswas obtained bymixing appropriate amounts of ZnS andZnSe
powders. Thismethodwas used for the first time to deposit ZnSxSe1−xfilms and can subsequently be used to
deposit ZnSxSe1−x onto porous anodic alumina in creating nanostructures [13, 14]. The structure was studied by
x-ray diffraction (XRD) andRaman spectroscopy. Surface imageswere obtained by scanning electron
microscopy (SEM).Optical band gaps and their function of x have also been calculated using standardmethods
and formulae [15].

The local atomic structurewas investigated using the extended x-ray absorption fine structure (EXAFS)
method. Themethodwas used earlier to determine the parameters of the local atomic environment of ZnS [16],
ZnSe [12] and of ZnS0.06Se0.94 [17] thinfilms. EXAFS is powerful, but its accuracy is strongly affected by several
factors, such as sample quality, k-range, data acquisition and, of course, treatment [18, 19]. To extract all
relevant parameters fromEXAFS spectra, a sufficient amount of experimental data is required by the strained
tetrahedronmodel [20]. Themodel then allows retrieving besides the three SOP coefficients, the component
configurations of nearest neighbor (NN) andnext nearest neighbor (NNN) observations of zincblende/
sphalerite andwurtzite ZnS structured crystallinematerials, namely bond-distances and inter bond-angles [20–
23]. The strained tetrahedronmodel was successfully used to analyze EXAFS and neutron-scatter data of twenty-
two different datasets of ternary alloys covering eighteen B3, B4, L12, andC15 structures [22]. Successively, the
statisticalmodel [23, 24]was developed to analyze far infrared (FIR) spectra [25]. Analysis of independent
EXAFS and FIR data for a given alloy yields the same deviations fromBernoulli binomial distributions.

The data here collected allows determining besides the three SOP coefficients, the Zn-Se bond distance of the
3T1 configuration, while extreme site occupation preferences prevent the formation of configurations 2T2

and 1T3.

2. Experimental details

ZnSxSe1−xfilmswith x= 0.36, 0.68 and 0.73were synthesized by using explosive thermal evaporation: powder is
strewn froma vibrating bin to amolybdenumcrucible heated to 1500 °C., and is then evaporated and condensed
on substrates [12]. Thefilmswere deposited on cleaned quartz, indium tin oxide (ITO),NaCl and Si substrates
kept at a temperature of 200 °C in a vacuumof 10−6 Pa. Pure ZnS andZnSe powders weremixed according to the
mass proportions of 1:3, 1:1 and 3:1. The calculated S/Se ratio in ZnSxSe1−xwith relative contents [13],
correspond to 1:3, 1:1 and 3:1 ZnS andZnSemass ratios, respectively.

The chemical compositions of the deposited filmswere tested by secondarymass ion spectroscopy (SIMS)
and result in ZnS0.36Se0.64, ZnS0.68Se0.32 andZnS0.73Se0.27 regardless of the substratematerial. Thefilm
compositions were in good agreementwith the S/Se ratio in ZnS andZnSe powdermixtures. The thicknesses of
thefilms,measured by optical interference were about 150 nm.

XRDpatterns were recorded in the 2θ range of 15–65° by a BRUKERD8 advance x-ray diffractometer with
Cu-Kα radiation. Registrationwas carried out in grazing incidence anglemode using a single Gobelmirror, with
an incident angle of 1°. A Si(Li) solid-state detector was used to detect x-ray radiation.

Scanning electronmicroscopy images were obtained on a Supra LEOmicroscope under the accelerating
voltage of 5 kV andmagnification of 50 000. An illustrative image is given (figure 2). The Raman spectrawere
recorded by using a Renishaw InVia Ramanmicroscope under Ar+ (514 nm) laser excitation in the range
100–600 cm−1. TheUV–vis absorption spectra were recorded on a Perkin-Elmer Lambda 950UV–vis
spectrometer in the range 250–1000 nm.

The local atomic structurewas studied by EXAFS spectroscopy at the Siberian Synchrotron RadiationCenter
(SSRC),Novosibirsk. TheVEPP-3 storage ring (with an electron beam energy of 2 GeV and average stored
current of 80 mA)was used as the radiation source. The x-ray energywasmonitoredwith a channel cut Si(111)
monochromator. The spectrawere recorded under the fluorescentmode at ZnK-edge (EK= 9660 eV) and SeK-
edge (EK= 12 658 eV), with a step of 1.5 eV. For the harmonic rejection, a SiO2mirrorwas used for all
measurements.

3. Results and discussion

TheXRD studywas performed on samples deposited on SiO2 substrate. Figure 1 shows films that have good
crystallinity with the sphalerite (111) texture. There are significant shifts of the (111) peaks for the filmswith
different S/Se ratios, which can be associatedwith changes of the lattice parameter value [26, 11]. Thus, the pure
ZnSe has (111) the peak position at 27.29° (JCPDS # 01-071-5977), whereas for ZnS0.36Se0.64 the peak is shifted
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to 27.54°, for ZnS0.68Se0.32 to 27.8° and for ZnS0.73Se0.27 to 27.84°. Pure ZnS has (111) a peak position at 28.63°
(JCPDS # 01-071-5975). The right inset in the figure shows that the (202) and (113) peaks are shifted to higher
values. The lattice structure does not change and remains a cubic ZnSe-like sphalerite structure while sulfur
atoms occupy selenium sites within the lattice during film formation.

An SEM image of the surface of a ZnS0.73Se0.27film deposited on a silicon substrate is shown (figure 2). The
surfacemorphology offilms deposited on theNaCl, ITO and SiO2 substrates are practically identical and show a
coating, consisting of small (about 2–10 nm in diameter) particles. It is natural forfilms obtained by thermal
depositionmethod [27].

Figure 3 represents the Raman spectra of ZnS0.73Se0.27films deposited on theNaCl, ITO, SiO2 and Si
substrates. The studies indicated that the substratematerials did not influence the shape or position of the ZnSe-
like andZnS-like peaks. Raman spectra of ZnS0.36Se0.64, ZnS0.68Se0.32 andZnS0.73Se0.27 films are compared to
the spectra for the ZnS andZnSefilms (figure 4). ZnSe-like longitudinal and transverse optical (LO andTO,
respectively)modes come closer to each otherwith increasing sulfur content. At the same time the ZnS-like LO
peak is shifted towards higher frequencies. Similar results were reported in [28] for tetrapod-like ZnSxSe1−x alloy
nanostructures and are in good agreement with the theoretical predictions of themodified random element
isodisplacementmodel [29].

Figure 4 also shows the asymmetry of the ZnS-like LOmode peaks towards lower frequencies. This
asymmetry can be explained by the fact that during thefilm formation, sulfur atoms replace selenium atoms in

Figure 1.XRD spectra of ZnSxSe1−xfilms on SiO2 substrate: ZnS0.36Se0.64 (curve 1), ZnS0.68Se0.32 (curve 2) andZnS0.73Se0.27 (curve 3).

1µm

Figure 2. SEM-image of a ZnS0.73Se0.27film on a Si substrate.
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the lattice and it is not knownwhich selenium atom in the lattice was replaced. It should be noted that in contrast
to the other results of the Raman investigation (see, e.g., [29, 30]), ZnS-like TOmode peakswere observed. The
positions of these peaks were not shiftedwith the change infilm composition, and for the ZnS0.36Se0.64film the
ZnS-like TOmode peakmerges with ZnSe-like LOmode peak.

Optical transmittance coefficientT versus wavelengthmeasurements were used to carry out optical studies
onZnSxSe1−xfilms deposited on SiO2 substrates. Figure 5(a) shows the transmittance spectra of ZnS0.36Se0.64,
ZnS0.68Se0.37 andZnS0.73Se0.27films.Optical energy band gap values were determined by themethod described
in [15]. The experimental data near the edge of an absorption level can be described for crystalline films by

σ ω ω ωℏ = ℏ −( )A E( ) , (1)2 2
g

where σ(ω) is the absorption coefficient (determined from the experimental data), ћω= 2πћc/λ is the photons
energy,Eg is the band gap value, whileА is a constant. In an ideal case the optical energy band gap of the films can
be determined by extrapolating the linear portion of the experimental data presenting [σ(ω)ћω]2 versus the
energy (figure 5(b)). The evaluated energy band gap of thefilms varied in the range 2.25–3.0 eVwith the increase
in sulfur composition and is summarized in table 1.

Figure 3.Raman spectra of ZnS0,73Se0,27films deposited on SiO2, Si, ITO andNaCl substrates.

Figure 4.Raman spectra for ZnS0.36Se0.64, ZnS0.68Se0.32, ZnS0.73Se0.27, ZnS andZnSe.
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The dependence of the energy gap of a ternary AIIBVICVI alloy on the composition x at afixed temperature
can be described by the empirical equation [32]:

= + − − −E x xE x E bx x( ) (1 ) (1 ) (2)g g
BC

g
AC

whereEg
BC andEg

AC are the fundamental band gaps of the binary compounds and b is the parameter of optical

mismatch (or ‘bowing’ parameter). For ZnSxSe1−x =E 3.7 eVg
ZnS and =E 2.77 eV,g

ZnSe with Eg(x) calculated
[1]:

= + +E x x2.77 0.21 0.6 (3)g
2

The variation in band gapwith composition is found to be nonlinear, showing a similar bowing; the degree
of nonlinearity can befitted to the following quadratic equation:

= + +E x x2.25 0.21 0.6 (4)g
2

The significant decrease in the experimental band gap values compared to the fundamental values is
probably caused by the formation of extra Tammbands in the gap due to the significant influence offilm/
substrate interface. Tamm showed that in contrast to the situation in the bulk crystal, localized states can appear
on the surface that consist of structural defects, atoms, andmolecules adsorbed from the environment, among
others. This leads, asmentioned above, to a decrease in the band gap. The results obtained are in good agreement
with values presented, for example, by Ashraf et al [11].

Figures 6 and 7 show the normalized oscillatory parts (NOP) and their Fourier-transforms (FT) for EXAFS
spectra recorded on Se andZnK-edges for the ZnSe, ZnS0.36Se0.64, ZnS0.68Se0.37 andZnS0.73Se0.27films. The
parameters of the local atomic structure calculated by the Fourier fitting procedure are summarized in table 1.

It can be seen (figure 6) that the increase in the selenium contents (i.e., concentration of the scattering
atoms) led to an increase in theNOPs amplitudes. For ZnS0.36Se0.64, ZnS0.68Se0.37, and ZnS0.73Se0.27films, the
well-defined peaks attributed to the first coordination sphere and the highly diffuse peaks attributed to the
second coordination sphere can be seen infigure 7. Table 1 shows thatwith decreasing selenium content the
values of bond distances and Se coordination numbers also decrease (figures 8(c), (d)). The concentration of

Figure 5.Absorption spectra (a) and dependence of [σ(ω)ћω]2(ћω) (b) for ZnSxSe1−x thinfilms (x= 0.73—solid line, x=0.68—
dashed line and x= 0.36—dash-and-dot line).

Table 1.Experimental values of band gaps for ZnSe, ZnS0.36Se0.64,
ZnS0.68Se0.32, ZnS0.73Se0.27 andZnS, Eg values calculated [1] versus
experimental values.

ZnSxSe1−x
Composition

Eg calcula-

tion [1]

ExperimentalEg
value

ZnS 3.7 3 [31]

ZnS0.73Se0.27 3.24 2.82

ZnS0.68Se0.32 3.19 2.77

ZnS0.36Se0.64 2.92 2.68

ZnSe 2.77 2.25 [12]
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scattering atoms diminishes as sulfur atomswith smaller atomic radius replace selenium atoms. This leads to a
decrease in the bond distances between selenium and its neighbors (Zn, Se and S), a decrease in the coordination
number (CN) in the Se–Se atomic pair and, as noted above, a shift of the XRD reflections to higher values. At the
same time, the CN for the Zn-Zn atomic pair increases with the increase in the sulfur content. This is also
connected to the fact that sulfur atoms replace selenium atomswith higher atomic radius. Zinc atoms come
closer to each other andmore readily participate in the formation of the coordination sphere.

The EXAFS observations of ZnSxSe1−x coordination numbers and bond-distances of bothNNandNNNat
three xS= [0.36, 0.68, 0.73] values are shown (table 2).

Figure 6.Normalized oscillation parts (a) and Fourier transforms (b) of Se K-edge EXAFS-spectra.

Figure 7.Normalized oscillation parts (a) and Fourier transforms (b) of ZnK-edge EXAFS-spectra.
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The 150 nm thickfilm,with lattice parameters aZnSe = 0.567 nmand aZnS = 0.541 nm, contains∼300 layers.
Wemay then consider the film growth to have a prevalently ordered crystal structure. A best fit of thewhole set
of point values can then be achieved using the strained tetrahedronmodel [20].

The strained tetrahedronmodel assumes that canonically a B3, B4, L12 tetrahedron structure, hence that of
sphalerite ZnSxSe1−x, consists offive tetrahedron configurations {

4−kTk}k=0,4 (where
4T0 and

0T4 are binary ZnSe
andZnS, respectively, while the remaining three configurations are ternary since each contains all three atoms
Zn, Se, and S). The tetrahedron configurations imply three SOP coefficients, and nineteen elemental ternary
bond distance parameters (sixNNand thirteenNNN); tetrahedron constraints reduce the bond-distance
degrees of freedom to ten [20]. Thus, to allow a best-fit analysis of a complete tetrahedron structure with thirteen
free parameters (NN andNNN), at least fourteen observed data are required, as in our case (table 2). In a zinc-
blend alloywith no site occupation preferences (SOPs) all atoms are distributed randomly and are described by
Bernoulli binomials (figure 8(a)). In the case of preferences, distributions deviate fromBernoulli values
(figure 8(b)). For data bestfitting, we used the routineMicrosoftOffice Excel Resolver with the defaultNewton
method.We underline here that analysis of independent EXAFS and FIR data for a given alloy yields the same
deviations fromBernoulli distributions.

A bestfit of the experimental observations (table 2) yields the three SOP-coefficient values, i.e. the
attenuationwith respect to Bernoulli values, one for each of the three ternary configurations:Ck= [0.12, 0, 0.03].
Thus, as xS goes from0 to 1, the ZnSxSe1−x evolves without the formation of either 2T2 or

1T3 (figure 4, top right).

Figure 8.Graphical results of the strained tetrahedronmodel analysis of our ZnSxSe1−xEXAFS experimental observations: (a)
Random configuration probabilities versus xS, (b) ZnSxSe1−x configuration probabilities versus xS, (c)NN coordination numbers
ZnSe andZnS versus xS, (d) Bond-distances (Å)NNZnSe andNNNZnZn and SeSe versus xS.

Table 2.Bond distances (R) and coordination numbers (N) obtained by Fourier transformmethod for atomic pairs Zn–Zn,
Zn–Se, Se–Zn and Se–Se, where subscripts 1 and 2 refer to the coordination shell, respectivelyNNandNNN.

Se–Zn Se–Se Zn–Se Zn–Zn

R1, Å СN1 R2, Å R1, Å СN1 R2, Å

Crystallographicmodel 2.450 4 4.00 2.450 4 4.00

ZnSe 2.45 ± 0.01 3.9 ± 0.5 3.99 ± 0.02 2.44 ± 0.01 4.0 ± 0.5 3.99 ± 0.02

ZnS0.36Se0.64 2.44 ± 0.01 2.9 ± 0.5 3.98 ± 0.02 2.42 ± 0.01 3.0 ± 0.5 3.98 ± 0.02

ZnS0.68Se0.32 2.43 ± 0.01 3.4 ± 0.5 3.89 ± 0.02 2.41 ± 0.01 2.7 ± 0.5 3.97 ± 0.02

ZnS0.73Se0.27 2.43 ± 0.01 2.7 ± 0.5 3.71 ± 0.02 2.42 ± 0.01 2.5 ± 0.5 3.89 ± 0.02
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From the literature, bond distances of the binary compounds are ZnSed= 2.454 Å and ZnSd= 2.342 Å. The EXAFS
observations of ZnSxSe1−x coordination numbers and bond distances of bothNNandNNNat three x values are
shown (table 3 andfigures 8(c), (d)).

4. Conclusion

Three ZnSxSe1−xfilms (x = 0.36, 0.68 and 0.73)were successfully grown by thermal deposition of amixture of
ZnS andZnSe powders onto four different substrates SiO2, Si, ITO andNaCl. Thefilm compositions
determined by the right choice ofmass proportions of ZnS andZnSe powders showed a good agreement with the
S/Se ratio in the initialmixtures defined by SIMS. Both x-ray diffraction andRaman spectroscopy show similar
structures for thesefilms deposited on the four different substrates.Moreover, XRDpatterns show that the (111)
ZnSe-like peaks shift from27.54° for ZnS0.36Se0.64 to 27.84° for ZnS0.73Se0.27. As the sulfur content increases, the
band gap of thefilms shifts from2.25 to 3 eV.We associate the deviation of the experimental values with respect
to the calculated ones to energy band deformations induced by significant disturbances of the structure due to
the formation of extra Tammbands in the gap, to the strain induced at the film/substrate interface as well as to
the presence of contaminants present in the surface layers once the samples were exposed to air. The band gap
value dependence on the sulfur content x has been approximatedwith an empirical formula (equation (2)) with
a bowing parameter of 0.6. Of the threefilms, ZnS0.68Se0.37 andZnS0.73Se0.27 with a 5%difference in content
show slightly different behaviors, while ZnS0.36Se0.64 with an x= 0.36 content strongly deviates in behavior.

The EXAFS analysis applied for the first time to the ZnSxSe1−x system shows large changes in the ZnSe-like
atomic structure versus x. Indeed, the concentration of the scattering atoms decreases as sulfur atomswith their
smaller atomic radii replace Se atoms. Raman spectroscopy confirms this behavior and as x increases, the ZnSe-
like LO andTOmodesmove closer to each other, the ZnS-like LOpeak shifts towards higher frequencies, i.e.,
towards the ZnS LOmode position. All data indicate that these ZnSxSe1−x ternary films grewwith a homogenous
composition.

Regarding the anomalous behavior of this ternary composition, we have to consider that for a ternary alloy
with no SOPs all atoms are randomly distributed and their distribution can be described by Bernoulli binomials.
Observed EXAFS data of zinc-blend structured ZnSxSe1−x, coordination numbers and bond-distances ofNN
andNNN, analyzed using the strained tetrahedronmodel under the assumption of an ordered crystal structure
with negligible amorphous phases, indicate a different behavior. The best fit of the experimental spectra yields
three SOP-coefficient values with a clear attenuationwith respect to the randomBernoulli values, one for each of
the three ternary configurations. For the ZnSxSe1−x the three SOP coefficients {Ck}k=1,3 turn out to beCk= [0.12,
0, 0.03], i.e. throughout the x= [0;1] range, the ternary ZnSxSe1−x system is essentially a bi-binary (ZnS+ZnSe)
alloywith an evanescent formation of the ternary configuration 3T1, while

2T2 and
1T3 are not present.
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