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ABSTRACT. The linear optical properties of Cu,ZnSn;Ge,Ss high quality single
crystals with a wide range of Ge contents (x = 0.1, 0.3, 0.5, 0.7, 0.9 and 1) have been
investigated in the ultraviolet and near infrared range using spectroscopic ellipsometry
measurements. From the analysis of the complex dielectric function spectra it has been

found that the bandgap E, increases continuously from 1.49 eV to 2.25 eV with the Ge
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content. Furthermore, the evolution of the interband transitions E;x and Eig has been
also determined. Raman scattering using three different excitation wavelengths and its
analysis have been performed to confirm the absence of secondary phases in the
samples, and to distinguish between stannite, wurtzite, wurzstannite and kesterite
structures. Additionally, the analysis of the high resolution Raman spectra obtained in
samples with different [Ge]/([Ge]+[Sn]) ratios allows describing a bimodal behavior of
the dominant A modes. The understanding of the incorporation of Ge into the
Cu,ZnSnS, lattice is fundamental in order to develop efficient bandgap engineering of
these compounds towards the fabrication of kesterite based solar cells with enhanced

performance.

KEYWORDS. Cu,ZnSn;Ge,Ss kesterite; Spectroscopic Ellipsometry; Raman

scattering; Band-gap tuning; Solar cells.

1. Introduction

Nowadays, Cu,ZnSn(S,Se); (CZTSSe) compound is attracting special attention as a
promising light absorber candidate for thin film solar cells because of its appropriated
optical and electronic properties. Moreover, this compound is based on earth abundant
and low toxic elements. However, the last record efficiency reported of 12.6% [1] is still
very far away from the highest performance of Cu(In,Ga)Se, (CIGSe) solar cells, 21.7%
[2]. One of the key of the success of CIGSe is the capacity of tuning the absorber band
gap [3]. Recently, it has been shown that this band gap tuning can be also applied on
CZTSSe by partially replacing tin with germanium [4,5] . The role of the Ge/Sn ratio in
CuyZnSn; xGey(S,Se)s (CZTGSSe) is analogous to the Ga/ln ratio in high efficient
CIGSe solar cells. Moreover, there is an advantage in terms of reduction of costs by
using the Ge/Sn pair instead Ga/ln. Note that due to competition between the
photovoltaic and the semiconductor and optoelectronics industries for the use of In and
Ga resources, the price of the absorber could be very high [6]. Furthermore, the scarcity
of In in the crust of earth might become a limitation in the near future in order to
achieve the production of solar cells to cover the power annual demand by chalcopyrite
thin film technology [7]. Improved efficiency of kesterite thin film solar cells has been
already reported by replacing Sn with Ge, with device efficiencies of 9.4% [8]. In spite
of this promising result for CZTGSSe compounds, there is not much known about their
fundamental properties, and more particularly about the effect on the optical properties
of the atomic ratio x = [Ge]/([Ge]+[Sn]). So far Morihama et al. [9] have reported
information on structural properties of Cu,ZnSn;  GesSes (CZTGSe) compounds by X-
ray diffraction and determined the band gap energies by diffuse-reflectance spectra, and
Grossberg et al. [10] have studied the recombination mechanisms of CZTGSe by
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photoluminescence. In both cases, a linear increase of the bandgap from 0.9 eV to 1.3
eV at room temperature with the Ge content was shown. On another hand, there is even
less information about the fundamental properties of Cu,ZnSn;GeSs (CZTGS)
compounds. A fundamental band gap energy Ey = 2.2 eV and 2.0 eV for Cu,ZnGeS,
single crystal and single-crystalline nanowire arrays respectively have been reported in
[11] and [12] respectively. Recently, Eo = 1.59 and 1.90 eV have been determined for
CuyZnSng9Gey 1S4 and CuyZnSng sGeg sS4 single crystals respectively by spectroscopic
ellipsometry [5]. The addition of Ge gives the possibility to control the bandgap of the
absorber in a wider region from 1 to 2.3 eV, expanding the range of values available by
varying the anion compositions in CZTSSe [13]. Moreover, it is expected for CZTGS
compounds a linear decrease of the cell parameters when the Ge content increases, like
the linear decrease reported in [9] for CZTGSe, which would control the lattice
parameters depending on the Ge/Sn ratio. These are of main interest for the
development of new multi-junction devices where photovoltaic conversion is optimized
by improving the device efficiency in different spectral regions.

The objective of this work is to provide a thorough investigation of the optical,
electronic and vibrational properties of Cu,ZnSn; Ge,Ss (CZTGS) single crystals as a
function of the Ge content for a wide range of compositions, x= 0, 0.1, 0.3, 0.5, 0.7, 0.9
and 1 in a broad energy range from the near infrared to ultraviolet (0.8 eV to 4.6 eV).
The composition of the crystals has been determined by energy dispersive X-ray (EDX)
analysis. The dielectric constants for each selected composition were determined from
variable angle spectroscopic ellipsometry measurements. This data were analysed to
determine the fundamental band gap and the interband transition energies. Moreover,
the near-surface region of every crystal has been studied by Raman spectroscopy.
Raman spectroscopy is a technique based on the evaluation of the inelastic scattering
process of molecules or crystals under monochromatic light. The evaluation of the
energy of inelastic scattered photons in a crystalline material provides information on
the vibrational energy and its density in the lattice (phonons) which is strongly sensitive
to the atomic composition, crystal structure and crystal quality. As a result, Raman
spectroscopy provides direct information of the chemico-physical properties of the
material evaluated. For this reason, this technique is able to give reliable information
about the crystalline structure and inhomogeneity on the surface. In this study three
different wavelengths have been applied on the surface of the single crystals to be able
to distinguish the presence of different secondary phases [14-16]. Additionally, the
Raman characterization allowed evaluating the evolution of the Raman spectra with the
[Ge]/(|Ge]+[Sn]) ratio. The study of the vibrational properties on chacogenides solid
solution  systems such as  Cu(S,Se)[17],Cu(In,Al,Ga)(S,Se), [18-20],and
Cuy(Fe,Zn)Sn(S,Se)s [15,21,22] has demonstrated a high potential to evaluate the
physical and chemical properties of the material such as the composition, crystal quality
and presence of secondary phases, and opened the possibility of developing
methodologies for non-destructive and high-accuracy compositional assessment.



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

2. Experimental
2.1. Synthesis of single crystals

CuyZnSn; 4GesS4 single crystals were synthesized by chemical vapor transport (CVT)
of the elements [23]. Previously, several bulk kesterite compounds with different Ge/Sn
ratios were grown by a modified Bridgman method, using constituents with purities >
99.999%. The growth was carried out in an evacuated quartz ampoule introduced in a
vertical furnace, followed by a heating ramp up to 1173 K avoiding overpressures.
While the compound was liquid, a vibration movement was applied to the ampoule to
improve the homogenization of the samples. The ampoule was then cooled down and an
ulterior homogenization process was applied at 973 K for 7 days. The samples were
grinded and used as source materials for the CVT synthesis.

The CVT process was performed in another quartz ampoule filled with the grown
compound and adding 5 mg cm™ of iodine, located in a furnace with two independent
heating zones. lodine was used as transport agent. The temperature at the crystallization
zone was kept at 970 K, around 80 K lower than the temperature at the reaction zone
(1050 K), and both were maintained for 8 days [5] . Varying the amount of Ge and Sn,
seven CuyZnSn; xGe,S4 samples with x= 0, 0.1[5], 0.3, 0.5, 0.7, 0.9 and 1 were grown.

2.2.Characterization of Cu,ZnSn;.xGesS4 single crystals

The composition of the samples was measured by energy dispersive X-ray (EDX)
(Oxford Instruments, model INCAx-sight) inside a Hitachi S-3000N scanning electron
microscope. The measurements were performed at 25 kV operating voltage and the Cu-,
Zn-, Ge-, S-K lines and Sn-L line were used. Table 1 shows the composition of the
investigated samples. The relative error of the concentration values is 1% maximum.

To clarify the presence of secondary phases and to extract structural and vibrational
information from the different CZTGS compounds, systematic Raman scattering
measurements were carried out. The Raman spectra were obtained with a Horiba Jobin
Yvon LabRam HR800-UV matched with an Olympus metallographic microscope.
Backscattering measurements were done with three different excitation wavelengths
(532, 325, and 785 nm) focusing the laser spot onto the single crystal, and orientating
the excitation light polarization along the crystal grown direction. The use of different
excitation wavelengths allows the selective enhance of the secondary phases modes and
the activation of different CZTGS ones. The laser spot size is of the order of 1-2 um,
but in order to integrate the potential secondary phases, a spot raster facility that extends
the analysis to an area of 30 um x 30 um has been used. In all Raman measurements,
the power density for all excitation wavelengths has been kept below to 16kW/cm? to
avoid thermal effects. All spectra have been calibrated using a Si single crystal as
reference and imposing the Raman shift for the main Si band at 520 cm™. Simultaneous
fittings of spectra with Lorentzian curves have allowed the identification of the peaks
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attributed to their optical modes. The position of each Raman peak is presented in Table
2.

The measurement of the spectroscopic ellipsometry parameters y and o of the crystals
was carried out using a variable angle spectroscopic ellipsometer (Woollam VASE) at
room temperature at three incidence angles of 60°, 65° and 70°, to ensure a consistent
and accurate determination of the dielectric function, in the 0.75-4.5 eV photon energy
range, using 0.03 eV steps. In order to obtain reliable data for the optical properties of
the bulk crystals, the preparation of a good quality surface is extremely important to
minimize the surface roughness and oxide formation effects [24,25]. Recently, we have
observed the modification of the values of the effective transitions energies because of
the presence of GeO, on the surface of these compounds [5]. Therefore, the crystal
samples were thoroughly polished using a colloidal silica polishing suspension
(Mastermet) in order to remove the oxides that might form at the surface, and the
ellipsometric parameters y and 6 were measured immediately after that. The complex
effective dielectric function (g(E)= ,(E) + i&y(E)) was determined by simulations with the
WVASE ellipsometry analysis software assuming a two-phase (substrate-ambient)
model [24,25]. The second derivative spectra of the real (g;) and imaginary part (g;) of
the effective dielectric functions and their extrapolation have been used to determine the
change of the fundamental band gap E([11] as a function of the compositional changes,
and the corresponding interband transitions E;5 and E;.

3. Results

CZTSSe-type compound can crystallize in two different structures, the stannite (space
group [-42m) and the kesterite (space group 1-4). These two structures are very similar
with the only difference in the distribution of the cations in the tetrahedral sites [26].
This slight difference between these two crystallographic forms increases the difficulty
to distinguish them. It is possible to determine the structure of these compounds by
neutron diffraction experiments [27,28] but Raman spectroscopy measurements are also
a powerful tool to distinguish between stannite and kesterite [15] and the chemicals
inhomogeneity [14,16,17]. In this work, that technique was used to confirm the
presence of a single phase material, so that the optical characterization could be carried
out on the samples accurately.

Figure 1(a) shows the Raman spectra (in the region of 150-500 cm™ and 650-750 cm™)
obtained for CUQZHSHS4 (CZTS), CU.QZII(SH()5GC().5)S4 (CZTO,5G(),5S), and CUQZHGCS4
(CZGS) single crystals samples. Additionally, figure 1(b) shows the position of the
main bands obtained under different excitation wavelengths, which are the more
sensitive conditions in order to detect secondary phases. The Raman excitation using
different wavelengths allows increasing the Raman cross-section efficiency of different
compounds through the resonance or pre-resonant process. These processes enhanced
several orders of magnitude the Raman contribution of the modes related to the phase
that undergoes the resonant or pre-resonant effect. These processes occur when the
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energy of the incident laser is coupled with the energy between the electronic ground
energy level and other real electronic energy levels of the compound (resonant
conditions) or close to this (pre-resonant condition). Applying these conditions is
possible to select the proper excitation energy to detect low concentrations of secondary
phases. This shows, Raman spectroscopy as a very sensitive technique, as reported for
the CZT(S,Se) system [29-31] . Under 325 nm (3.8 V), 532 nm (2.4 ¢V) and 785 nm
(1.6 eV) excitation wavelengths, the ZnS [29], SnS, [32], Sn,S3[16,33], SnS [16,34],
GeS [35] (direct band gaps of 3.7 eV, 2.5 eV, 2 eV, 1.4 eV and 1.6 eV, respectively)
present resonant or pre-resonant conditions. Cu,4S [17,36], GeS, [37], Cu,SnS;
[32,38,39], and Cu,GeS; [40] phases do not show a resonant Raman scattering process
under these excitation wavelengths because their band gap energies are not coupled with
the excitation energy used. Nevertheless, the characteristic peaks of these secondary
phases (Cuy«S, GeS;, Cu,SnS;, and Cu,Ge) are not overlapped with the main CZTGS
peaks, and therefore the detection of these secondary phases is not compromised and
could be detected at 532 nm excitation wavelength.

The application of the multiwavelength excitation methodology described by
Dimitrievska et al. [41] based on the simultaneous fitting of the Raman spectra obtained
under resonant, and non-resonant conditions (325, 532 and 785 nm excitation
wavelengths) allows determining the characteristic peaks of CZTS, CZT(5GosS and
CZGS samples. The comparison of the peak positions reported for kesterite [41,42],
wurzite [43], and wurtztannite [44] crystal structures allows identifying the structure of
the CZTGS system as kesterite type (Table 2). This result is in agreement with CZTS
X-Ray diffractogram JCPDS 26-0575 database and the X-Ray diffractogram measured
from the CZTS, CZTs5GosS and CZTGS single crystals powder samples (see Figure
2(a)). Figure 2(b) displays a zoom-in of the 112 peak, showing that all the samples are
single phase. Moreover, Figure 1 shows the Raman spectra of the CZTGS compounds
with the dominant peaks for each secondary phase. As it can be seen in Figure 1, there
is no evidence of the presence of secondary phases in the CZTGS samples.

In order to evaluate the dependence of the dominant Raman contributions (A" and A?
peaks) with the Ge content in the solid solution, Raman spectra of CZTGS single
crystals samples with [Ge]/([Ge]+[Sn]) ratios close to 0, 0.3, 0.5, 0.7, 0.9 and 1 under
532 nm excitation wavelength have been measured (see figure 3). All these Raman
spectra show the characteristic peaks of the kesterite structure, where A'= 359 cm™, A’=
296 cm’! are the main modes of CZGS, and Al=338 cm'l, A’=287 cm’1 are the main
ones for CZTS.

Figure 4 shows the experimental spectral dependence of the dielectric functions of
several Cu,ZnSn;Ge,Sy single crystals. The spectra exhibit several clear interband
critical points (CP) structures analyzed in terms of standard analytic line shapes:

g(w) = C— Aexp®(w — E + i)™ (1)


https://en.wikipedia.org/wiki/Laser
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where A is the amplitude, E is the energy threshold, /" is the boarding, and @ is the
excitonic phase angle [25]. These parameters are determined by fitting the numerically
obtained second derivative spectra d’e(E)/dE* of the experimental £(E) to equation (1).
The exponent m has the value -2 for one-dimensional, 0 for two-dimensional, and % for
three-dimensional critical points. From the CPs, information on the energy separation of
valence and conduction bands can be obtained. Previously, calculations based on
different features observed in complex dielectric constants have been reported in CZTS
[45] and CZGS [11] bulk crystals. Here the €(E) spectra show three CPs structures: E,
E1 A and EIB-

To obtain the CP’s energies, the &(E) spectra were smoothed by fast Fourier transform
filtering before fitting d*e(E)/dE”. Figure 5 exhibits the second derivatives of the real
and imaginary parts of the dielectric functions and their fittings by using equation (1) of
three samples. The fittings have been done taking into account CPs of 3D-type for the
fundamental absorption edge E¢=E, and 2D-type for the second, E;, and third, Eg,
transition energies.

4. Discussion

Recently, Dhruba et al. [42] have reported the Raman evolution of the CZTGS kesterite
type system. In [42], the reported Raman spectrum of CZTGS sample with a
[Ge]/([Ge]+[Sn]) = 0.5 shows a clear asymmetric and broad band centered at 347 cm™.
This band has been assigned to pure chalcogenide S-S vibration, and their asymmetry
and high FWHM have been attributed to the presence of the cationic disorder originated
from the solid solution composition. In this work, the Raman spectrum obtained for a
similar [Ge]/([Ge]+[Sn]) ratio (single crystal sample CZT,5GosS) shows a splitting of
such broad and asymmetric bands in two resolved contributions centered at 342 and
352 cm™. In order to evaluate the interpretation of this band splitting, the evolution of
these two peaks with the x=[Ge]/([Ge]+[Sn]) ratio has been analyzed. Figure 3 shows
the Raman spectra obtained for the different x=[Ge]/([Ge]+[Sn]) compositions from 275
to 380 cm™ Raman shift. Increasing the Ge content results in a decrease in the intensity
of the higher energy peak (lower Raman shift), while the intensity of the lower energy
peak (higher Raman shift) increases. The Raman shift extrapolation of these two
contributions at [Ge]/([Ge]+[Sn])=0 and 1 allows identifying the lower energy
contribution as Sn-like peak, while the higher contribution one as Ge-like peak [46].
This indicates that as Germanium is incorporated in the CZTGS structure, the A mode
shows a bimodal behavior. A detailed examination of the diffraction peaks for the
CZT5GosS sample (figure 2 (b)) does not show evidences of asymmetry or splitting of
peaks that could be attributed to presence of mixed CZTGS kesterite compositions. This
suggests that the Raman splitting of the A peak observed in the Raman spectra is
intrinsic to the CZTGS solid solution.

Table 3 shows the energy threshold of the fundamental absorption edge Eo = 2.25eV for
CuyZnGeS,4 (CZGS), which is in good agreement with the 2.27 eV of the kesterite
CZGS theoretical calculations [26] and that obtained experimentally in single crystals
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by ellipsometry [11]. This Ey is assigned to the electronic transition at the I'(000) point,
corresponding to a direct transition from the valence-band maximum (VBM) to the
conduction-band minimum (CBM). For the same compound, the energies of the second
threshold E 4 and the third E;p are 2.92 eV and 4.24 eV respectively. These energies are
very close to that reported from theoretical band structure studies [26] for the
transitions at the high critical points N(A): 2I1/a (0.5 0.5 0.5), T(Z): 2I1/a (0 0 0.5) and
I5:(0 0 0) of the first Brillouin zone for the E;, E;p and E, transitions, respectively.

The partial substitution of Ge by Sn leads to a decrease of the E values as displayed in
Table 3. Ej values of 2.20, 1.97, 1.90, 1.69, 1.59 and 1.51 eV were determined for Ge
contents corresponding to x of 0.9, 0.7, 0.5, 0.3, 0.1 and 0, respectively. Figure 6
displays the wvariation of the fundamental energy E, with the experimental
[Ge]/([Sn]+[Ge]) atomic ratio and its linear fitting. The band gap evolution follows
Vegard’s law, as already observed for Cu,ZnSn;GesSes [9].Theoretical works [26]
suggest that Zn does not have an important role in the change of the band gap energy, so
the deviation from a linear increase of Eo with the Ge content may be related to the
different Cu concentration of the samples. The reason of this deviation may be
originated in the Cu-S p-d coupling that determines the VBM level, and the Cu-poor
samples show higher band gaps due to the decrease in the VBM [26,47,48]. The
phenomena of the “vacancy compound” for Cu-poorer thin films, increasing Ey have
been widely used in the chalcopyrite compound to improve their efficiency like in the
case of CISe/CdS interface [49]. The composition of the kesterite plays an important
role because the highest performance obtained for CZTSSe-based solar cells are
obtained for Cu-poor kesterite layers.

In the case of E;5 and E;g, values of E|o of 3.04, 2.92, 2.82, 2.76 2.75, and 2,69 eV,
and E;g =4.19, 4.20, 4.21, 4.10, 4.09, and 4.01 eV were obtained for x = 0.9, 0.7, 0.5,
0.3, 0.1 and O respectively. To our knowledge, at present there are no available band

structure calculations for these pseudo-quaternary compounds; however the same
behavior as for CZTGS could be expected.

Following the band gap theoretical calculations [26,50], we can also conclude that our
samples present a kesterite structure due to the fact that the stannite band gap is clearly
smaller than those presented in this work. This result agrees with Raman and XRD
measurements. Furthermore, it has been shown that spectroscopic ellipsometry is an
excellent non-destructive technique to determine the band gap energy and to distinguish
between kesterite and stannite structures. Additionally the presence of the energy band
around 4eV at I' point for all [Ge]/([Ge]+[Sn]) ratios is in agreement with the presence
of an enhancement of the weaker Raman peaks by resonance process under 325nm (3.8
eV) as reported in [38] for the CZTS compound.
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5. Conclusions

Cu,ZnSn; ,Ge,Sy single crystals with different x = Ge/([Ge]+[Sn]) atomic ratios were
synthesized by chemical vapor transport. This work presents the wide band-gap tuning
of CZTGS, varying E, from 2.25 to 1.51 eV when x changes from 1 to 0, as measured
by spectroscopic ellipsometry. Raman scattering experiments have allowed the
identification of the crystal structure of the CZTGS system with the kesterite type.
Additionally, the Raman experiments performed on single crystals in the entire range of
[Ge]/([Ge]+{Sn]) atomic ratios has allowed reporting the evolution of the A' and A’
modes with the Ge incorporation on the CZTGS solid solution and describe the bimodal
behavior of the A' in CZTGS kesterite solid solution system. This work shows an
interesting perspective for the development and characterization of new multi-junction
devices based on kesterites where the photovoltaic efficiency will be optimized by
improving the device performance in different spectral regions by a suitable design of
the absorber film composition.
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Table

Table 1. Composition of the single crystals measured by EDX.

Cu n Sn Ge S Cu/(Zn (Cu+Zn)

Sample at%) (at%) (at%) (at%) (at%) +IV) av GV SM
CuZnGeS, 2695 1138 - 1108 5059 120 3.45 100 1.02
CuZnSno GeosSs 2481 1178 085 980 5132  1.09 3.43 092  1.08
CuZnSnesGeosSs  27.18 1190 339 848 4905  1.14 329 071 0.96
CuZnSnesGeosSs 2462 1207 563 677 5091  1.01 296 055  1.04

CuZnSno-,GeosSs 2649 1178 917  3.55 4900  1.08 3.01 0.28
CuZnSnesGeosSs 2477 1313 1129 104 4977  0.97 307 008 099
Cu,ZnSnS, 2448 1213 1271 - 5068  0.98 2.88 - 1.02

Note: M= Cu + Zn + Sn + Ge; IV = Sn + Ge



Table 2 revised

Table 2. Frequency (in cm™) of the clear resolved peaks of Raman spectra measured in
the regions 200-450 cm™ and 650-750 cm™. These are compared to the experimental
Raman shifts reported in CZTGS samples. In bold are reported the excitation
wavelengths (in nm) used in the Lorentzian curve fitting analysis. Underlined are
indicated the bands related to second order Raman scattering process.

CZTS CZTS CZTy5GosS CZTy5GosS CZGS CZGS CZGS
Kesterite wurtzite Kesterite wurtzite Kesterite Wurtzstannite wurtzite
This This This
work [41] [43] work [42] [43] work [42] [44] [43]
325, 325, 325, 325, 514
532, 532, 514 532, 532 514 532, 532 785 514
785 785 785 785
166 153 157 161
251 255 184 191 164
263 263 256 262 178
271 270 270 274 273 184
287 287 280 295 293 273
302 302 292 292 315 315 277
317 316 314 339 289
320 331 359 357 241 354
332 343 382 314
338 338 332 347 343 402 403 333
347 347 352 362
353 367 383
367 367 379 386
374 374 391 395 407
418
672 696 715



Table

Table 3. Transition energies Eg, Ei5 and E;p values of Cu,ZnSn; ,GexS4 (x =0.1, 0.3,
0.5,0.7,0.9 and 1).

Eo
(#0.03) E2(x003) E;3(x0.03)

Sample (eV) (eV) (eV)
CuzZnGeSy 2.25 2.92 4.24
CU2Znsn0_1Geo,9S4 2.20 3.04 4.19
Cu,;ZnSny3GeosS4 1.98 2.92 4.20
Cu;ZnSno_sGeo,SS4 1.90 2.82 4.21
Cu,ZnSny;Gey 354 1.69 2.76 4.10
Cu;ZnSno,gGe0,184 1.59 2.75 4.09

Cu,ZnSnS4 1.51 2.69 4.01
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Figure Captions revised

Figure Captions

Figure 1: (a) Raman spectra under 325, 532, and 785 nm excitation wavelengths for
CZTS, CZT(5GosS and CZGS. (b) Summary of the reported main peaks for the possible
secondary phases (ZnS [29], Cu,«S [17,36] , SnS [16,34] , Sn,S5[16,33], SnS, [32],
GeS [35], GeS;,[37], Cubic Cu,SnS; [38], tetragonal Cu,SnS; [32,38], monoclinic
Cu,SnS; [39], Cup,GeS;[40]). The red labels indicate the Raman spectra reported under
resonant conditions.

Figure 2: X-Ray diffractogram of CZTS, CZT0.5G0.5S and CZGS single crystals (a),
and detail of (112) plane (b).

Figure 3: Raman spectra detail of the A* and A' region under 532 nm excitation
wavelength obtained for different x=[Ge]/([Ge]+[Sn]) compositions

Figure 4. Experimental spectral dependence of dielectric function &(E)= &(E) + igy(E)
of CuyZnSn; Ge,S4 single crystals. The spectra exhibit three CP structures, Eg, Ej4 and
E g for each compound

Figure 5. Second derivative spectra of the experimental real and imaginary dielectric
functions and the fitting based on equation (1) of Cu,ZnSng3Gey7S4, Cu,ZnSng 7Ge3S4
and Cu,ZnSng 9Gey 1S4 single crystals. The transition energies Eo, E14 and E ;5 values are
given.

Figure 6. Variation of the fundamental band gap energy with the x=[Ge]/([Sn]+[Ge])
atomic ratio. The solid line represents the linear fit of the experimental data.



