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range (0 < x < 1) has been made using 325 and 455 nm excitation wavelengths. The Raman scattering intensities of the LO

ZnS-like and ZnSe-like phonon modes, corresponding to pure S and Se vibrations, respectively, are revealed to be

significantly enhanced when excited with 325 nm excitation in the case of S vibrations, and with 455 nm in the case of the

Se vibrations. This behavior is explained with the interaction of the excitation photons with the corresponding S or Se

electronic states in the conduction band, and further confirmed with first principle simulations. These findings advance the

fundamental understanding of the coupling between the electronic transitions and photons in the case of Raman

resonance effects, and provide inputs for further studies of lattice dynamics, especially in the case of chalcogenide

materials. Additionally, the coexistence of modes corresponding to only S vibrations and only Se vibrations in the ZnSSe

alloys makes these results applicable for the compositional assessment of ZnSSe compounds.

Introduction

Wide band gap Il-IV semiconductor binaries and their solid
solutions have gained considerable attention due to their
potential application in electronic and optoelectronic devices.
The efficient miscibility of the ZnS and ZnSe compounds in the
ZnS,Se,., (ZnSSe) solid solutions over the whole compositional
range, 0 < x < 1, enables easy tuning of the band gap energies
(ranging from 2.67 eV (ZnSe) to 3.66 eV (ZnS)) and the lattice
which additionally the potential
application of these materials. ZnSSe compounds have been
reported as highly suitable and promising materials for blue
lasers, light emitting diodes, light emitters, and wavelength
tunable UV photo detectors, due to their wide direct band gap
and high photoresistivity.l_4 Polycrystalline ZnSSe compounds
are excellent candidates for window and/or buffer layers in

constants, enhances

thin film hetero-junction solar cells and promising alternatives
to the presently explored materials such as CdS, which contain
toxic Cd.>® Additionally, because of its low absorption at
infrared wavelength and exciton binding energy, ZnSSe is
considered as future material in the production of biomedical
labels, output couplers, and optically controlled
switches. Changing the ratio of S to Se of ZnSSe compounds
leads to tuning of the electron affinity and electrical properties
which greatly enhances the blue response of the material’.
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ZnSSe may also appear as a secondary phase in other
multinary compounds, like Cu,ZnSn(S,Se),, which have shown
promising results for application as a thin film absorber layers
in solar cells.®® It has been shown that ZnSSe secondary
phases, besides having unfavorable effects on the conversion
efficiency of solar cells, are also quite challenging for detection
with standard characterization techniques such as X-ray
diffraction (XRD). For all these synthesis and
characterization of ZnSSe materials is a very attractive topic.

reasons,

Until now, a wide range of characterization studies of the
ZnSSe thin films have been reported, including structural,
electrical and optical properties variations in dependence of
the S/Se ratio.>>"1%*®
extensively used for

Raman spectroscopy as such has been
lattice vibration
Raman scattering is a

investigating the
dynamics in these systems.lz'M'U’18
powerful non-destructive method which can provide useful
information on the structure, morphology and chemical
composition of semiconductor materials, as well as on the
photon—electron and electron—phonon interactions occurring
in these materials. Although many studies have been devoted
to compositional dependence of the optical modes in the
ZnSSe systems, most are usually done using standard non-
resonant Raman conditions. The main disadvantage of the
standard excitation methods is the observation of high number
of Raman modes with relatively low intensity, which leads to
difficulties in the determination of peak positions and phase
identification. This is due to very weak Raman scattering
efficiency of ZnSSe compounds caused by weak photon-matter
interaction under standard excitations (514 and 532 nm
Iasers).lg’20 In contrast,

measuring spectra, which are simpler in the sense that the

resonance Raman methods allow
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number of observed independent modes is lower and at the
same time, with several orders of magnitude higher
intensity.zo_22 This allows easier identification of the modes
and facilitates their correlation with other properties, such as
composition, impurities, defects, crystallinity, and electronic
band Additionally, use of resonant Raman
conditions allows the use of shorter integration times, usually
of the order of seconds, which is a significant advantage when
compared to other characterization methods, especially in the
case of nanosystems, where normally long integration times
are required for the structural and electrical characterization.
In this work a study of vibrational properties of ZnSSe solid
solutions, over the full range of anion compositions, 0 <
[SI/([S1+[Se]) < 1, made using resonant Raman
spectroscopy. Special focus is put on the changes in the
integral intensity of the Raman modes sensitive to anion
vibrations, with the variations in the excitation energy. It is
observed that Raman modes corresponding to S vibrations are
exhibiting resonant behavior in the case of 325 nm excitation,
while Raman modes corresponding to Se vibrations become
resonant when probed with 455 nm excitation. This behavior is
explained by interaction of the excitation photons with the
corresponding S or Se states in the electronic band structure,
and confirmed by first principles calculations. The
understanding of this kind of resonance effects could improve
fundamental knowledge not only of the ZnSSe compounds, but
also other types of mixed chalcogenide materials, including Cd-
(S,Se) and Mo-(S,Se),. Finally, these results can be applied for
the development of a simple and non-destructive optical
methodology for the quantitative measurement of
[S1/([S]+[Se]) anion composition in ZnSSe solid solutions by
means of Raman spectroscopy.

structure.

was

Experimental
Thin film formation

Zn precursors of 80 nm were deposited by DC-magnetron
sputtering (Ac450 Alliance Concepts) using a power density of
1.27 W/cm’ onto glass substrates. Binary ZnS thin films were
produced by reactive annealing of the Zn precursors under
sulfur atmosphere at 550 °C, 1bar Ar pressure for 30 min, and
using one crucible with 50 mg of sulfur powder (Alfa-Aesar,
99.995%). ZnSe thin films were produced by reactive annealing
under selenium atmosphere at 550 °C for 30 min with the flow
of Ar to maintain a pressure of 1 mbar, and with one crucible
containing 50 mg of selenium powder (Alfa-Aesar, 99.999%).
To form ZnSSe alloy films a single-step sulfo-selenization
annealing was used.? The process is similar to that used for the
pure ZnS or ZnSe films, but varying the ratio of the mixture of
sulfur and selenium while maintaining the total weight of the
mixture of 50 mg. Two annealing temperature profiles were
employed; “one step profile”: 550°C, 30 min, 1 mbar or 1bar;
and “two step profile”: first 200°C in 1mbar atmosphere and
then 550°C for 30 min in 1 bar atmosphere, which is proved to
be beneficial to obtain various Se-rich thin films. The heating
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rate for all thermal treatments was 20 °C/min and the cooling
process was allowed to proceed naturally.

Characterization

Raman scattering measurements were performed in back
scattering configuration with a LabRam HR800-UV and DXR™xi
Raman Imaging Microscope. For the HR800-UV system, gas
HeCd laser with wavelength of 325 nm was used for excitation.
In this system excitation and light collection were made
through an Olympus metallographic microscope with a laser
spot diameter of the order of 1-2 um. To avoid effects in the
spectra related to potential microscopic inhomogeneities, the
spot was rastered over an area of 30 x 30 umz. Furthermore,
the DXR™'xi Raman Imaging Microscope system works coupled
with a 455 nm laser, with a 1-2 um diameter spot size on the
sample. In all cases, and to avoid the presence of thermal
effects in the spectra, the power excitation density on the
surface of the samples was around 50 W/cm?. Under these
experimental measurement conditions no thermal effects are
observed in the spectra. This has been corroborated by the
analysis of spectra measured with different excitation powers.
The first-order Raman spectrum of monocrystalline Si was
measured as a reference before and after acquisition of each
Raman spectrum, and the spectra were corrected with respect
to the Si line at 520 cm™.

XRD patterns were measured on Siemens D500 diffractometer
with Cu-Ka -radiation (A=1.54056 A) in 6—26 configuration.
Refinements of the lattice constant values were carried out by
Le Bail analysis using the FullProf package.23

The band gap energies were determined from the ultraviolet-
visible (UV-Vis) spectra which were obtained using a Perkin
Elmer Lambda 950 UV/VIS spectrometer.

The composition of the samples was measured using X-ray
fluorescence (XRF) spectroscopy performed on the Fisherscope
XVD system.

The synthesized films have been imaged by scanning electron
microscopy (SEM) using a ZEISS Series Auriga microscope with
5 kV acceleration voltage.

Theoretical calculations

Electronic structure calculations within density functional
theory (DFT) were carried out within periodic boundary
conditions as implemented in VASP, a quantum chemistry
package using plane-wave basis sets.”® 8-atom unit cells were
formed for ZnS, a ZnSSe alloy with 3:1 S:Se ratio, and ZnSe
(Figure 1). The alloy cell of composition Zn,S;Se, provides a
mixture of Zn-S and Zn-Se interactions for comparison with the
binary compounds; however, the effects of long-range
disorder are neglected in this work. The initial lattice
parameters were a = 5.383 A for ZnS and the alloy cell, and a =
5.667 A for ZnSe, based on crystallographic studies;*>*® these
structures were optimized with the PBEsol exchange-
correlation functional, using projecter-augmented wave (PAW)
pseudopotentials optimized for the PBE functional and
including the Zn 3d states as valence electrons. The basis-set
energy cutoff was 500 eV the Brillouin zone was sampled with

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Unit cells for theoretical calculations. Zn (indigo), S
(yellow) and Se (orange) atoms in 8-atom ZnS (a = 5.363 A),
alloy (a = 5.431 A) and ZnSe (a = 5.642 A) unit cells.

a 5x5x5 l-centered k-point grid (reduced by symmetry to 10
irreducible points).27 The ionic positions and lattice parameters
were optimized by a succession of conjugate gradient
procedures until the difference in total energy between
relaxation steps was reduced to below 1 meV. The structures
optimized with PBEsol were then used for electronic structure
calculations with the non-local screened hybrid HSEO6
exchange-correlation functional®®. The same pseudopotentials
and energy cutoff were used for these calculations, while the
k-point mesh density was increased to 15x15x15 (reduced by
symmetry to 120 points). In these cases the initial electronic
structure convergence was achieved with Gaussian smearing
(o = 0.05 eV), and the density of states refined by further SCF
iterations using the tetrahedron method with Blochl
corrections.

Results and discussion

The crystal structure of ZnSSe solid solutions was characterized
by XRD measurements from which representative patterns are
presented in Figure 2(a). All main diffraction peaks have been
identified to the zinc-blende structure,29 and no evidence of
any other phases or impurities have been found. Furthermore,
presence of a single and symmetric (111) diffraction peak in all
measured  patterns implies that all samples are
homogeneously alloyed rather than a mixture of ZnS and ZnSe
phases. The systematic shift in peak positions toward higher
angles as [S]/([S]+[Se]) ratio increases correlates with the
replacement of smaller S atoms with larger Se atoms, which in
turn leads to a decrease in the lattice constants. The lattice
constants of the ZnSSe solid solutions were obtained as result
of the Le Bail analysis, for which zinc-blende structure was
used as a starting model for the refinements. By assuming the
validity of Vegard’s law and using the lattice constants
calculated from the XRD data, the anion compositions
[S1/([S]+[Se]) of the ZnSSe thin films were determined and
presented in Figure 2(b). The obtained
agreement with the previously reported data.
The band gap energies of the ZnSSe compounds have been
evaluated from the UV-vis absorption spectra using the Tauc
relation:>®

results are in
13,30-32

(ahv)" =C(E-Ey) (1)

This journal is © The Royal Society of Chemistry 20xx
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where «a is the absorption coefficient, h is the Planck’s
constant, v is frequency, n=2 for a direct band gap
semiconductor material (such as ZnSSe), C is a proportionality
constant, £ is energy (equal to hv), and E, is the band gap
energy. The estimated band gap energies for each anion
composition of the ZnSSe alloys are shown in Figure 2(b). It is
observed that the band gap energies can be tuned from 3.66
eV in pure ZnS thin films to 2.67 eV in pure ZnSe thin films, just
by changing the anion composition in the samples. The change
in the band gap energies with the anion composition x = [S] /
([S] + [Se]) shows nonlinear behavior and can be fitted as a
quadratic function of x:

Eg(x):ng (ZnS)+(1—x)Eg (ZnS)-x(1-x)b (2)

where Eg(ZnSe), Eg(ZnS), and Eg4 (x) are the band gap
energies of ZnS, ZnSe, and their alloy, respectively, while b is
the bowing constant, and in this case the best fit was obtained
for b=0.70(6) , which is in agreement with previously reported
values.**

The Raman scattering spectra of ZnSSe solid solutions
measured under ultra-violet (UV) (A=325nm, 3.82 eV ) and
blue (A =455nm, 2.72 eV ) excitations are shown in Figures 3.
Raman spectra of the pure ZnS measured under resonant
conditions (UV excitation) is characterized by the strongly
enhanced longitudinal optical (LO) phonon mode observed at
348 cm™.*° This mode is attributed to vibrations of only S
anions in the lattice. An illustration of the normal
displacements of the LO phonon mode, obtained from the first
principles simulations is presented in the inset of Figure 3(a).
Second (LO2) and third (LO3) orders of this mode are also
observed at 696 and 1044 cm™ frequencies, respectively.
Additionally, a lower intensity peak is observed at 277 cm'l,
and attributed to the fundamental transverse optical (TO)
phonon mode. Bands at 419, 635 and 978 cm™ are attributed
to the higher order combination bands of the fundamental
modes.®® In the case of pure ZnSe, a resonant Raman
spectrum is measured under the blue excitation, and
characterized by the strongly enhanced LO mode at 250 cm'l,
attributed to vibrations of only Se anions, and a low intensity
TO mode observed at 205 cm™.%® Again, second (LO2) and third
(LO3) order peaks are observed at 501 and 752 cm?,
respectively. The first order Raman spectra of ZSSe solid
solutions are characterized by the presence of two dominant
peaks in the frequency region 270 — 350 cm'l, and two
dominant peaks in the frequency region 200 — 270 cm™. The
peaks in the higher frequency region are identified as ZnS-like
peaks corresponding to TO and LO phonon modes involving S
vibrations, and the peaks in the lower frequency region are
identified as ZnSe-like peaks corresponding to TO and LO
phonon modes involving Se vibrations.>”* This agrees with the
existence of a two-mode behavior for these peaks, as
previously reported.”'w’ag’40
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Figure 2. (a) Representative XRD patterns of ZnSSe solid solutions for different anion compositions (b) Band gap energies in

dependence of [S] / ([S] + [Se]) compositions and lattice constants

The optical phonon frequencies vary with the changes in
composition. With the increase in S composition, the LO ZnSe-
like peak shifts downward in frequency, while the TO ZnSe-like
peak monotonically moves upward. For the very S-rich
samples, these two modes almost overlap, and then finally
disappear for x = 1. Similar behavior is observed for the LO and
TO ZnS-like peaks with the increase in the Se composition. The
compositional dependence of LO and TO frequencies for both
ZnS-like and ZnSe-like peaks are shown in Figure 4. Solid lines
in Figure 4 present the calculated phonon frequencies of the
modes using the modified-random-element-isodisplacement
(MREI) model.’” Additional information about the MREI model,
as well as the explanation of the calculation process and the
parameter values used for obtaining results presented in
Figure 4, is given in Ref. [17]. The experimental data presented
in Figure 4 is in good agreement with the model predictions
and as well as previously reported results.>**°

Asymmetrical broadening in the low frequency side of the LO
ZnS-like peak can be observed with the decrease in the S
composition in the Raman spectra measured with 325 nm
excitation. Similarly, asymmetrical broadening in a low
frequency side of the LO ZnSe-like peak is noticeable in the
Raman spectra measured with 455 nm excitation, with the
decrease in Se composition. This phenomenon is attributed to
the phonon confinement effects arising from the loss of
translational symmetry in the crystal caused by the alloy
disorder.>*™!

An interesting phenomena which was not previously observed
in the ZnSSe systems, is the intensity dependence of the LO
ZnS-like and LO ZnSe-like modes with the excitation energy.
Figures 5 (a) and (b) present the changes in the intensity of the
LO ZnS-like and ZnSe-like modes with respect to the difference
between the energy band gap and the excitation energy.

Three kinds of resonance behavior can be observed from the
results presented in Figure 5. In case of S-rich ZnSSe samples,
only LO ZnS-like peaks are enhanced when measured with UV
excitation; while LO ZnSe-like peaks do not exhibit resonance
behavior for any of the used excitation wavelengths. A reverse

4| J. Name., 2012, 00, 1-3

situation is observed for the Se-rich ZnSSe samples, where LO
ZnSe-peaks are enhanced in the Raman spectra measured with
blue excitation; while LO ZnS-like peaks show non-resonance
behavior for any of the used excitation wavelengths. Lastly, for
the case of intermediate anion compositions, the LO ZnS-like
peaks become resonant when using the UV excitation and the
LO ZnSe-like peaks become resonant when probed the blue
excitation.

According to these experimental results, UV excitation only
enhances modes correlated to vibrations of S anions, while
blue excitation only induces resonance effects in modes
attributed to vibrations of Se anions. This behavior suggests
that UV photons mostly interact with S electronic states, while
blue photons interact with Se states. Further explanation of
these results can be made by taking in account the electronic
band structure of ZnSSe compounds and working principles of
the resonance Raman effect.

In general, Raman scattering intensity can be defined as:
‘2

42,43

(3)

I(a),)occu;“és-R-éi

2 1
azﬂ:(Ea—hw, —ira)(Eﬁ—hws—il"ﬁ)‘

where @, and ; are the scattered and the incoming photon
frequencies, respectively; E, and Eﬂ are the energies of the
intermediate crystal states, R is the Raman tensor, € and §
are the scattered and the incident polarization vectors, and
r, and Fﬂ are damping constants. The first term in the Eq. 3
represents the dipole transition radiation; the second term
represents the Raman selection rules, which is dependent on
the crystal symmetry, while the last term leads to the
resonance effects. As the incident excitation energy is tuned to
the energy of the intermediate state, the denominator in Eq. 3
becomes smaller, which then leads to the enhancement in the
Raman intensity, and thus the resonance effects. Raman
resonance effects in semiconductors may be achieved if the
excitation energy approaches the band-gap energy, or via the
interaction of the incident photon with the exciton states or
the impurity states.

This journal is © The Royal Society of Chemistry 20xx
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For the pure ZnS and ZnSe compounds, the energies of the
above-gap S and Se states are close to the energy band gap,
which are 3.66 and 2.82 eV, respectively.44 As the energy of
the S states is close to the energy of the UV photons (3.82 eV
or 325 nm), interaction between them will result in decreasing
the denominator value in Eq. (3), which will then lead to the
increase in intensity of the Raman mode associated with this
interaction (LO mode). This is why only LO modes will be
enhanced in the Raman spectra of ZnS when measured with
UV excitation. A similar situation is expected in the case of LO
mode in pure ZnSe when probed with blue excitation (2.72 eV
or 455 nm).

Previous studies of the electronic structure of Zn
chalcogenides identify an increase in the valence band energy
of ~ 0.5 eV between ZnS and ZnSe,“s'46 arising from the lower
binding energy of the Se 4p states compared to S 3p. There is
comparable drop in the conduction band energy, due to the
larger Zn-Se bond length compared to Zn-S, leading to the
overall difference in E; of ~1.0 eV. In the case of ZnSSe
mixtures, both S and Se states are involved. Depending on the
anion composition of the solid solution, the electronic density
of states is expected to interpolate smoothly between those of
the binary compounds.
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Figure 5. Enhancement in the intensity of the (a) LO ZnS-like mode and (b) LO ZnSe-like mode in dependence of the difference
between the band gap energy of the ZnSSe thin films and the excitation energy. Dashed lines are eye guides.
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For crystals with intermediate composition, changes in the S
and Se electronic states are low enough to allow the
preservation of the resonant excitation behavior of the LO ZnS-
like and ZnSe-like modes with the UV and blue excitations,
respectively. However, for S-rich or Se-rich alloys this is not the
case. As example of the last situation, figure 6 shows the full
and species-projected density of states for ZnS, ZnSg75Seg.2s
and ZnSe. As can be seen in the case of ZnSy;5Seq.,s, the
above-gap S states are shifted slightly closer to the Fermi level
in comparison to the pure ZnS compound, while the above-gap
Se states are shifted considerably further from the Fermi level
relative to the pure ZnSe compound.

This means that for S-rich ZnSSe samples, interaction between
S states and UV photons is expected, due to their similar
energies, while no interaction will occur between Se states and
blue photons, because of their energy mismatch. This should
then lead to resonance behavior of the LO ZnS-like modes,
when probed with UV excitation, and non-resonance behavior

This journal is © The Royal Society of Chemistry 20xx

of LO ZnSe-like modes when probed with blue excitation,
which is experimentally observed. Opposite situation is
expected in the case of Se-rich samples. Similar resonance
effects were also observed in the case of kesterite solid
solutions CuZZnSnSXSel_x.47

Finally, these results can be applied for the development of a
simple and non-destructive optical methodology for the
quantitative measurement of [S]/([S]+[Se]) anion composition
in ZnSSe solid solutions by means of Raman spectroscopy,
similarly to the study presented in [*®]. Since intensity of LO
ZnS-like and ZnSe-like modes is proportional to the
concentration of S and Se in the material, respectively, then
plotting the integral intensity ratio of these two bands versus
the anion composition should give the calibration curves which
can be later used for the estimation of anion composition in
unknown ZnSSe samples. An example of this kind of plot is
given in Figure 7. As shown in the figure, for S-poor
compositions changes in the relative intensity of the ZnS-like
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peak are very sensitive to changes in the alloy composition,
while for S-rich compositions changes in the relative intensity
Figure 7. Anion composition in dependence of integral
intensity ratio of LO ZnS-like and LO ZnSe-like peaks calculated
from Raman spectra measured with 325 and 455 nm
excitation.

of the ZnSe-like peak are very sensitive to changes in the alloy
composition. In general, this methodology is completely
independent of the experimental conditions of the
measurements and of the type of samples, which is another
advantage of using Raman spectroscopy for the estimation of
the anion composition in this kind of materials.

Conclusions

This work describes joint experimental and theoretical
investigation of the Raman resonance effects in ZnSSe solid
solutions. Resonance behavior is observed in the Raman
modes corresponding to the anion vibrations, when changing
the excitation energy from UV (325 nm) to blue (455 nm).
Significant enhancement in the Raman intensity of the LO ZnS-
like modes, corresponding to pure S vibrations, is observed in
cases of S-rich and intermediate compositions when excited
with UV energy. On the other side, LO ZnSe-like modes
attributed to pure Se vibrations, are enhanced in the case of
blue excitation for samples with Se-rich and intermediate
compositions. This enhancement of only certain Raman modes
in the spectra is explained by interaction of the excitation
photon with the corresponding S or Se states in the electronic
band structure, confirmed by the first principle
calculations. Raman resonant effects in this case are achieved
due to the tuning of the excitation energy with the energy of
the S or Se electronic states in the conduction band. These
understanding of the

coupling between the electronic transitions and photons in the

and

findings advance the fundamental

case of Raman resonance effects, and provide inputs for
further studies of lattice dynamics, especially in the case of

8 | J. Name., 2012, 00, 1-3

chalcogenide materials. Additionally, application of Raman
resonant conditions in the case of this kind of materials can be
used for developing simple and non-destructive optical
methodology for the quantitative measurement of
[S1/([S]+[Se]) anion composition. They should also enable
easier characterization of the ZnSSe system, like reducing the
integration time of the Raman measurements, which is

extremely important in the case of nanosystems.
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