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ABSTRACT: Selenization, sulfurization, and sulfo-selenization of electrodeposited 
metal precursor (Cu−Sn−Zn) at high temperature (500−600 °C) in S, Se, or S + Se 
(mixed) atmospheres are used to understand the thermodynamics of chalcogenide 
incorporation reaction. Phase-pure CZTSe and CZTS were obtained after annealing 
at 500 °C for 1 min in Se (selenization) and 600 °C for 10 min in S (sulfurization) 
atmospheres, respectively. CZTSSe solid solutions are synthesized by the sequential 
annealing of metal precursors in S and Se atmosphere separately or in the mixed (S + 
Se) atmosphere. In the S-rich mixed atmosphere, S-rich CZTSSe solid solution is 
formed at all annealing conditions. Surprisingly, in a Se-rich mixed atmosphere, longer 
annealing at 600 °C yields S-rich CZTSSe. The CZTSSe film formed by annealing in 
near equimolar S/Se atmosphere exhibits a compositional gradient across the 
thickness. These results suggest that the crystallinity, composition, and hence the 
bandgap of CZTSSe can be precisely controlled by the proper choice of annealing 
temperature, duration, and atmosphere. 
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1. INTRODUCTION 

Cu2ZnSnS4−xSex (CZTSSe), a solid solution compound with 
the kesterite structure, has been investigated by numerous 
researchers as an absorber material in thin  film solar 
photovoltaic (PV) devices.1 The compositional variation 
afforded in this solid solution system allows for the bandgap 
tuning2−4 and grain size control.5 Solar cells fabricated with the 
optimal composition of CZTSSe have reached an efficiency of 
∼12.6%.6 The CZTSSe solid solution is generally synthesized 
by three routes: (a) selenization of CZTS, (b) sulfurization of 
CZTSe, or (c) sulfo-selenization of Cu−Sn−Zn (CTZ) 
metallic precursor. 
There have been several reports on the synthesis of CZTSSe 

from CZTS nanoparticles/thin films by selenization at high 
4,7−10temperature. Cao et al. used binary (ZnS) and ternary 

(Cu2SnS3) chalcogenide nanoparticles to form a CZTS ink. 
The dispersed nanocrystal ink was spin-coated and then 
selenized to form the CZTSSe.4 Agrawal et al. started with the 
CZTS thin films on Mo-coated glass substrates and selenized it 
to produce dense and uniform CZTSSe thin film.7 

Alternatively, Ikeda et al. started with an electrodeposited 
CZTSe film, which was sulfurized subsequently to yield 
CZTSSe solid solution.11 In all of these cases, a precursor 
having S (CZTS) or Se (CZTSe) is annealed in an atmosphere 
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containing the other chalcogenide element. The sulfo-
selenization of a CTZ precursor either in a sequential manner 
(S and then Se or vice versa)12 or in a single chamber setup 
(sulfo-selenization)13,14 has also been used to synthesize 
CZTSSe. However, the effect of process parameters on the 
chalcogenide incorporation (S and Se replacement reaction 
and its impact on crystallinity) have not been explored well. 
This article reports on the S/Se incorporation reaction 

leading to the formation of CZTS, CZTSe, and CZTSSe by 
three different methods: selenization of CZTS, sulfurization of 
CZTSe, and sulfo-selenization of CTZ metal precursor. The S/ 
Se molar fraction in the respective chalcogenide compound 
was investigated using X-ray diffraction. Rapid thermal 
processing (RTP) was used for the synthesis as the slow 
annealing process leads to the formation of secondary phases 
and voids at the absorber/substrate interface due to elemental 
loss.15−17 

2. EXPERIMENTAL DETAILS 
Mo-coated soda lime glass substrates were used for metal precursor 
deposition. The soda lime glass substrates were cleaned for 15 min via 
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sonication, sequentially in a phosphate-free soap solution, deionized 
(DI) water, acetone, DI water and finally dried with N2 jet before 
deposition. Further, ∼650 nm thick bilayer of Mo was deposited on 
the clean glass substrate via RF sputtering. Prior to electrodeposition, 
Mo-coated glass substrate was again cleaned with 28% NH4OH 
solution followed by rinsing with DI water and finally dried with N2 

jet to remove the native oxide layer formed at the surface. The 
electrodeposition was carried out in a conventional three-electrode 
setup using an Ag|AgCl (saturated KCl; +0.197 V vs RHE) reference 
electrode, platinum foil counter electrode, and Mo-coated glass as 
working electrode. The bath parameters and the potentials applied for 
the electrodeposition of the three metal layers are given in Table S1 
(Supporting Information). The [Cu/(Sn + Zn)] and [Zn/Sn] 
composition ratios of the CTZ metal precursors were fixed at 0.83 
± 0.02 and 1.36 ± 0.06, respectively. As reported in the literature, this 
leads to a Cu-poor, Zn-rich quaternary phase, which gives the best 
device performance.6 A schematic of the precursor stack on Mo-
coated glass is shown in Figure 1a. The total thickness of the Cu-Sn-
Zn metal precursor stack was ∼ 650 nm (see Figure S6). Scragg et al. 
suggested that the electrodeposition of Cu on Mo substrates from 
acidic electrolyte and Zn on Sn substrate is difficult to achieve.18 

However, under the specific deposition conditions with careful 
optimization of deposition potential it is possible to obtain Cu on Mo 
substrate and Zn on Sn surface. The optimization processes of Cu 
deposition potential from acidic electrolyte on Mo and Zn deposition 
on Sn substrate are given in Supporting Information. 
The electrodeposition of all the metal layers was carried out from 

divalent ions (+2) present in the solution (1C of charge equivalent to 
∼5.18 μmol). Thus, the overall composition of Cu-poor and Zn-rich 
CTZ metal precursors was Cu(2.59 μmol)−Sn(1.29 μmol)−Zn(1.81 
μmol). Thereafter, [Cu/(Sn + Zn)] and [Zn/Sn] proportions of the 
deposited precursors were confirmed from XRF. 
The conversion of the CTZ precursor to compound semiconductor 

was performed in a rapid thermal processing furnace (ULVAC Mila 
3000). As-deposited CTZ precursors were placed inside the annealing 
chamber in a quartz tube along with S, Se, or S + Se powder. Prior to 
the annealing step the chamber was purged with argon for 30 min. 
The annealing procedure was done at atmospheric pressure under 
three different temperatures (500, 550, and 600 °C) and duration (1, 
5, and 10 min). All the experiments were performed with 5 mg each of 
S, Se, or S + Se loaded in the chamber. The ramp-up rate was fixed at 
10 °C s−1. After the annealing process, the system was passively 
cooled down and purged with Ar for 15 min to remove the S/Se 
vapor. 
Figure 1b shows the annealing chamber for sulfurization, 

selenization, or sulfo-selenization. The outlet of the quartz tube is 
directly connected to the exhaust blower to remove the toxic gases (S 
and Se vapor) from the chamber. Annealing in pure S and Se 
atmosphere yields phase-pure CZTS and CZTSe, respectively. The 
phase-pure CZTS and CZTSe were then used as precursors for the 
synthesis of CZTSSe by annealing in Se and S atmosphere, 
respectively. Further CTZ precursors were annealed in S + Se 
(equal amount of S and Se and Se-rich S + Se) atmosphere to study 
its conversion to chalcogenide. The final product (CZTS, CZTSSe, or 
CZTSe) after sulfurization, selenization, and sulfo-selenization is 
depicted in Figure 1c. 
For clarity, the samples are labeled in the format “P-A-tt-TTT” 

where “P” stands for the precursor (CTZ, CZTS, or CZTSe), “A” the 
atmosphere used for annealing (S, Se, or S + Se), “tt” the duration of 
heat-treatment (1, 5, and 10 min), and “TTT” the heat-treatment 
temperature (500, 550, and 600 °C). For example, CTZ-S-10-500 
indicates CTZ precursor annealed in S atmosphere for 10 min at 500 
°C. The structural properties of the films were characterized using X− 
ray diffraction (XRD, Bruker D8) and laser Raman spectroscopy with 
excitation laser wavelength of 532 nm (Jobin−Yvon, France). Rigaku 
Smartlab X-ray diffractometer was used for grazing incident XRD (GI-
XRD) analysis. 

Figure 1. Schematic of the process flow diagram from Cu−Sn−Zn 
(CTZ) to CZTS, CZTSe, and CZTSSe: sequence of the metal 
precursor synthesis (a); conversion process from precursor to CZTS/ 
CZTSe/CZTSSe (hot zone (red) and cold zone (green) are marked 
in the figure) (b); final product (c). 

3. RESULTS AND DISCUSSION 
3.1. XRD and Raman Analysis of the CTZ Precursor 

Annealed in S and Se Atmosphere. Figure 2 shows the 
XRD patterns of the metal precursors sulfurized at 600 °C for 
10 min (Figure 2a) and selenized at 500 °C for 1 min (Figure 
2b). The XRD patterns of the metal precursors sulfurized/ 
selenized under the other conditions are shown in the 
Supporting Information (Figure S7). The maximum annealing 
temperature is chosen to be 600 °C. Higher temperatures lead 
to dissociation of the quaternary compound19 as well as 
softening of the glass substrates. The maximum annealing 
duration was 10 min as there was no observable change in the 
XRD patterns after longer annealing. The sulfide/selenide 
phases in the samples are identified by comparing their XRD 
patterns with the respective standard data of the binary, 
ternary, and quaternary phases (JCPDS file numbers 00-026-
0575 for CZTS, 00-027-0198 for CTS, 00-003-0570 for ZnS, 
00-002-1248 for Cu2S, 001-078-2121 for CuS and 01-080-
6853 for CZTSe, 00-006-0427 for CuSe, 01-089-2879 for 
CTSe, 37-1463 for ZnSe). 
In Figure 2a, the major diffraction peaks at ∼28.55°, 

∼47.32°, and ∼56.18° correspond to the (112), (220), and 
(312) planes of CZTS (Δ), respectively. The diffraction peaks 
of secondary phases such as Cu2S, CuS, or SnS (∼26.03°, 
∼27.51°, and ∼31.55°) are not observed for the samples 
annealed at 600 °C for 10 min. However, additional diffraction 
peaks at 2θ values of ∼29.34°, ∼31.86°, and  ∼46.37° 
corresponding to the Cu2S phase are observed with the films 
obtained from the sulfurization at all other annealing 
conditions (parts a and b of Figure S7)). Similarly, in Figure 
2b, the major diffraction peaks at ∼27.30°, ∼45.36°, and 
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Figure 2. XRD patterns and Raman spectra of thin films synthesized by sulfurization at 600 °C for 10 min and selenization at 500 °C for 1 min of 
electrodeposited CTZ metal precursors: XRD patterns of CZTS (a) and CZTSe (b); Raman spectra of CZTS (c) and CZTSe (d). 

Figure 3. XRD patterns of the CZTSSe film in the 2θ range of 25−33°. Phase-pure CZTS (CTZ-S-10-600) annealed in Se atmosphere at 500, 550, 
and 600 °C for 1 min (a), 5 min (b), and 10 min (c); similarly phase-pure CZTSe (CTZ-Se-1-500) annealed in S atmosphere at 500, 550, and 600 
°C for 1 min (d), 5 min (e), and 10 min (f). The vertical lines in the plot at a lower and higher 2θ angle correspond to CZTSe (2θ = 27.30°) and 
CZTS (2θ = 28.55°), respectively. 

∼53.78° correspond to the (112), (220), and (312) planes of 
CZTSe (▲), respectively, with no signature peaks of the 
impurity phases (Cu2Se, CuSe, or SnSe). The lattice 

comparatively smaller (a = 5.6882 and c = 11.3378 (JCPDS 
04-001-6295)) than many of the earlier reports13,20 because 
the RTP creates tensile stress in the films.21 

parameters of CZTSe in the present work are a = 5.648 and 
c = 11.3040 Å (JCPDS 01-080-6853 for CZTSe). It is 

It is observed that the intensity of reflections (peaks) 112, 
220, and 312 of CZTS and CZTSe increases with the 
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sulfurization/selenization temperature and duration (Figure 
S7) suggesting an increment in grain size.19 The relative 
intensity of (220) and (312) with respect to (112) (I(220)/I(112) 
= 0.41) (I(312)/I(112) = 0.16) in the XRD pattern of CZTS is 
lower than that of the standard powder pattern (CZTS 
JCPDS: 00-026-0575) (I(220)/I(112) = 0.91 and I(312)/I(112) = 
0.25), indicating a [112] texture. In case of CZTSe, the 
intensity ratios of I(220)/I(112) (1.05) and I(312)/I(112) (0.46) are 
higher than that of the standard powder pattern (CZTSe 
JCPDS 01-080-6853) (I(220)/I(112) = 0.60 and I(312)/I(112) = 
0.33). The higher (I(220)/I(112)) intensity ratio indicates the 
dominance of [110] texture in the samples selenized at 500 °C 
for 1 min. This is perhaps due to the growth of MoSe2 
interfacial layer, which prominently affects the preferred ori-
entation of CZTSe.22 

Figure 2c shows the Raman spectra of the film synthesized 
by sulfurization at 600 °C for 10 min. In the literature, a typical 
range of 335−338 cm−1 (A1 phonon mode) corresponds to 
CZTS.16,29−31 The A1 phonon modes are pure anion modes, 
which correspond to the vibrations of S atoms surrounded by 
stationary neighboring atoms. Figure 2c shows the A1 phonon 
mode peaks at 337 and 287 cm−1 and B1 phonon mode peak at 
356 cm−1, corresponding to CZTS.26−28 The absence of 
Raman peaks due to impurity phase (CTS at 318 29 and ZnS at 
352 cm−1 30) affirms the phase purity of CZTS. Similarly, in 
Figure 2d the peaks at ∼196 cm−1 (A1 phonon mode)23−25 

and 235 cm−1 (B1 phonon mode) correspond to CZTSe.31,32 

Again, no Raman peaks due to impurity phases (CTSe at 180 
cm−1 and ZnSe at 251 cm−1)33 are observed. 
XRD and Raman analysis suggest that phase-pure and 

crystalline CZTS is obtained only with sulfurization at high 
temperature for a longer duration (CTZ-S-10-600), while 
phase-pure CZTSe forms with selenization at a lower 
temperature for a shorter duration (CTZ-Se-1-500). The 
sulfurization/selenization under other annealing conditions are 
fraught with either the formation of Cu2‑xS/Se impurity phase 
and/or slow grain growth (Figure S7). 
3.2. XRD Analysis of the CZTS Annealed in Se and 

CZTSe in S Atmosphere. The partial replacement of the 
chalcogenides in phase-pure CZTS (CZTSe) samples, leading 
to the formation of CZTSSe, is achieved by annealing in Se (S) 
atmosphere. Figure 3 shows the XRD patterns of the CZTS 
and CZTSe thin films annealed at three different temperatures 
and duration under Se and S atmospheres, respectively. The 
analysis of the XRD patterns is limited to the 2θ range of 25− 
33° for clarity, where the most intense XRD peak 
corresponding to the (112) plane of the terminal compounds 
(CZTS/Se) is observed. The full range (20−60°) XRD 
patterns are given in Figure S8. 
The peak positions of CZTSe (112) and CZTS (112) are 

shown as dashed vertical lines in the plots at ∼27.30° and 
∼28.55°, respectively. The diffraction peak of the (112) plane 
in the CZTSSe solid solution, formed by the partial 
replacement of S by Se or vice versa, will typically be found 
in the 2θ range of ∼27.30−28.55°. The shift in peak position 
can be used to estimate the extent of anion replacement 
reaction assuming a Vegard’s law behavior in this solid solution 
system.34 Taking the (112) peak position of CZTS at ∼28.55° 
and CZTSe at ∼27.30° (Figure 2, parts a and b), the molar 
ratio of S and Se in CZTSSe is estimated from the linear 
relation of peak positions of CZTSSe and CZTS/Se. Parts a, b, 
and c of Figure 3 show the XRD patterns of the CZTS films, 
selenized for three different time durations (1, 5, and 10 min) 

at 500, 550, and 600 °C, respectively. In general, the (112) 
peak position of CZTS shifts toward lower 2θ values (∼28.21° 
to ∼27.85°) after selenization, indicative of Se incorporation 
into the CZTS lattice. 
Figure 3a shows CZTS films selenized at 500 °C for 1, 5, 

and 10 min. The peak shifts more toward the lower 2θ values 
indicating a gradual increase in Se incorporation with time 
(∼0.25 to ∼0.52) (Figure S9). Similarly, at 550 °C (Figure 3b) 
the peak shifts to the lower 2θ values; however, maximum Se 
incorporation occurs for 5 min annealing. On continued 
annealing beyond 5 min, the (112) peak position starts shifting 
toward the higher 2θ value (CZTS). In Figure 3c, the peak 
shifts toward CZTSe for 1 min annealing and the peak shifts 
toward CZTS on continued annealing for 5 and 10 min. 
Thus, the extent of Se incorporation is decided by the 

thermodynamic conditions prevailing in the reaction chamber 
and the reaction kinetics. Additionally, the nature of the system 
(open outlet connected with a blower) (see Figure 1) may play 
a crucial role as the amount of Se varies with time. 
The formation energy of CZTS and CZTSe is −4.596 and 

−3.648 eV per formula unit, respectively.35 Thus, the 
substitution of S by Se in CZTS lattice is an endothermic 
reaction,35 therefore achievable at high temperatures only. The 
extent of Se incorporation in CZTS is thermodynamically 

35,36limited by the following reaction at different temperatures.

Cu ZnSnS + (4 − x)Se → Cu ZnSnS Se + (4 − x)S 2 4 2 x 4−x 

Δ = Δ  H − SG TΔ 

The enthalpy and entropy of solid solution formation in the 
reaction of the terminal quaternary sulfide and Se can be 
calculated as follows: 

ΔH x  ≈ Δ  H(Cu ZnSnS Se ) − Δ  H(Cu ZnSnS ) ( ) 2 x 4−x 2 4 

Δ ≈  S(Cu ZnSnS Se ) −S S(Cu ZnSnS ) 2 x 4−x 2 4 

Dun et al. estimated the net energy of this reaction at 0 K.35 

Also, it is assumed that the enthalpy of formation does not vary 
significantly with temperature. The entropy of state (vibra-
tional entropy) for the alloy (CZTSSe) and terminal 
compound (CZTS) will be of the same order of magnitude 
as the local environment around any of the atoms and is not 
altered to a great extent when Se replaces S. However, the 
contribution to the overall entropy from configurational 
entropy will be greater than zero for CZTSSe (Sconfig(CZTSSe) 
> 0)37 as the former is a solid solution. A zero Sconfig(CZTS) 
implies that ΔS (=S (CZTSSe) − S (CZTS)) is greater than 
zero. These considerations suggest that the Gibbs free energy 
of the reaction will decrease with increasing temperature. A 
plot of Gibbs free energy vs Se incorporation at different 
temperatures is given in the Supporting Information (Figure 
S10). As the calculation of actual energy values is not in the 
scope of this work, the plots are drawn for understanding the 
trend only. It is apparent from the plot that Se incorporation 
becomes thermodynamically infeasible upon increased Se 
content. In other words, the reaction is spontaneous up to a 
certain amount of Se incorporation. Moreover, the maximum 
value of Se incorporation increases with increasing temperature 
(x1 < x2 < x3 in Figure S10). This is well-supported by the 
obtained experimental results shown in Figure 3, and the Se 
molar fraction in CZTS is maximum at 600 °C temperature for 
1 min duration. 
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To understand the behavior of the system on continued 
annealing for 5 and 10 min, the effect of kinetics and the nature 
of the system (open or closed) have to be taken into account. 
Considering the system after 1 min of annealing, there will be 
three reactants in the system: CZTSSe, Se, and replaced S. The 
composition of product will depend on the amounts of Se and 
S. In the case of the annealing at 500 °C, a small amount of S is 
replaced after 1 min; therefore the system remains rich in Se. 
This Se reacts with CZTS and increases the Se mole fraction 
(∼0.25 to ∼0.36) in 5 min. After 5 min of reaction, there is not 
much change in S (replaced S) content, and therefore, Se gets 
incorporated, and we find increased Se molar fraction (∼0.3 to 
∼0.5) after 10 min. 
At 550 °C annealing, the vapor pressure of Se is higher after 

1 min of reaction, which drives the Se incorporation in 
CZTSSe, and an increase in Se content is observed (∼0.25 to 
∼0.50 in Figure S9). However, after 5 min of reaction, almost 
half of S is replaced from CZTS, and there is enough S present 
in the system to be incorporated. CZTSSe prefers S 
incorporation as it is an exothermic reaction.36 Therefore, a 
decrease in the Se mole fraction is observed after a 10 min 
annealing at 550 °C. A similar condition is realized at 600 °C, 
where half of S is replaced in 1 min itself and system starts to 
incorporate S and only the decrease in Se content with time is 
observed. 
Figure 3d−f shows the XRD patterns of the CZTSe 

annealed in S atmosphere at different temperatures and 
durations. In all conditions, the peak shifts to the higher 2θ 
value, indicating higher incorporation of S in CZTSe lattice. 
This is supported by the fact that the incorporation of S in 
CZTSe is thermodynamically favorable. Similar to the Se 
incorporation in CZTS lattice, the incorporation of S increases 
with temperature for 1 min (∼0.68 to ∼0.96) (Figure S11). 
After 1 min of incorporation, both Se and S are present in the 
system. As per exothermic nature of S incorporation in 
CZTSSe, S reacts with CZTSSe and a raise in S content with 
time is observed. On continued annealing for 10 min, the 
complete replacement of Se with S occurs (Figure S11). The 
XRD patterns shows a sharp peak at ∼28.50° (Figure 3f), 
corresponding to the (112) peak of CZTS. 
From the above discussion, it can be inferred that the trend 

of Se incorporation in CZTS is different from that of S 
incorporation in CZTSe under similar conditions. The 
endothermic nature of S replacement reaction by Se limits 
its incorporation. As the amount of S (replaced S) increases in 
the atmosphere, Se molar fraction starts to decrease and a 
maximum of ∼50% Se molar fraction is achieved. By contrast, 
Se replacement by S is an exothermic reaction; therefore, S 
replaces Se at lower temperature in a short duration itself and 
∼100% S molar fraction is achieved. To further probe this, the 
influence of partial pressure of Se (PSe) in the gas phase on the 
feasibility of incorporation is studied. The CTZ precursor was 
annealed in S + Se atmosphere (sulfo-selenized), and the 
fraction of incorporated S and Se is compared. 
3.3. XRD Analysis of the CTZ Precursors Annealed in 

Controlled S + Se Atmosphere. Figure 4 shows the XRD 
patterns of CTZ precursor, sulfo-selenized in the controlled S 
+ Se (weight ratio of S/Se = 1) atmosphere at 500 °C for 1 
min and 600 °C for 10 min. The full set of XRD patterns at the 
three temperatures and durations are shown in Figure S12. In  
all the conditions, the mole fraction of S is higher than Se. The 
reason for the favorable reaction of S with CTZ precursor is 
the lower formation energy (per formula unit) of CZTS than 

Figure 4. XRD patterns of the CZTSSe film in the 2θ range of 25− 
33°. CTZ metal precursor was annealed in the controlled S + Se 
atmosphere at 500 °C for 1 min (a) and 600 °C for 10 min (b). The 
vertical lines in the plot represent (112) CZTSe (2θ = 27.30°) and 
(112) CZTS (2θ = 28.55°). 

that of CZTSe. After 1 min of annealing, the S mole fraction 
increases with temperature due to the rise in S vapor pressure. 
On continued annealing (5 and 10 min), only S-rich CZTSSe 
(XRD peak shifts toward higher 2θ value) is obtained and 
almost ∼98% CZTS is obtained at 600 °C and 10 min (Figure 
4b). 
In (S + Se) annealing condition, no variation in trend is 

observed as both S and Se are present in the atmosphere in all 
conditions and the sulfurization is a more favorable process. In 
order to investigate the variation of S/Se amount in the system, 
further experiments were performed in a S + Se atmosphere 
with lower fraction of S. After the sulfurization in the RTP 
furnace, it was observed that in the cold zone of the furnace 
tube, some S had deposited on the walls (see Figure 1). This S 
is called “passive sulfur (PS)” in the following discussion. The 
passive S is found to play a key role in the reaction as its vapor 
pressure is perhaps comparable to that of Se at a certain 
temperature and duration of annealing. 

3.4. XRD Analysis of the CTZ Precursors Annealed in 
PS + Se Atmosphere. Figure 5 shows XRD patterns of CTZ 
sulfo-selenized in the PS + Se atmosphere for the three 
different temperatures and durations. The XRD pattern for full 
2θ range (20−60°) is given in Supporting Information (Figure 
S13). The black dotted lines correspond to the reference 
CZTS and CZTSe peak positions. The XRD peak position of 
the sample annealed at 500 °C for 1, 5, and 10 min (Figure 5a) 
coincides with that of CZTSe; i.e., S incorporation has not 
been initiated yet and even at 550 and 600 °C for 1 min 
duration. The incorporation of S starts after a specific duration 
at 550 and 600 °C as peak starts shifting to the higher 2θ value 
(CZTS). Although the amount of Se decreases with time, the 
atmosphere remains Se-rich as S is present only in the cold 
zone of the furnace. At high temperatures (550 and 600 °C), S 
starts evaporating and becomes part of the reaction 
atmosphere. The condition of 600 °C and 10 min is similar 
to that observed in Figure 3c, where we observed that after 10 
min, the vapor pressure (or amount) of S is comparable to Se 
and the films start to incorporate S for Se. 
It can be concluded that the amount of Se/S incorporation 

increases with temperature and duration. However, in an open 
system, the incorporation trend may vary, as the reactants’ 
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Figure 5. XRD patterns of the CZTSSe film in the 2θ range of 25− 
33°. CTZ metal precursor was annealed in passive S (PS) and Se 
atmosphere at 500 °C (a), 550 °C (b), and 600 °C (c) for 1, 5, and 
10 min. 

amount becomes a function of time. The incorporation with 
time is further analyzed in the next section, where the 
compositional variation across the film thickness is discussed 
using grazing incident XRD (GI-XRD). 
3.5. GI-XRD Analysis of the CTZ Precursors Annealed 

in PS + Se Atmosphere. GI-XRD can be used to determine 
the structural difference between the surface and the bulk of 
the film. The shift and broadening in the XRD peak at different 
GI angles can be used to estimate the composition and 
crystallinity across the film. All the CZTSSe thin films are 
investigated by GI-XRD with incident angle from 0.5° to 5° 
with 0.5° increment. The GI-XRD patterns after selenization of 
CZTS, sulfurization of CZTSe, sulfo-selenization of CTZ 
precursors, and PS + Se sulfo-selenization of CTZ is given in 
Supporting Information (Figures S15, S16, and S17). Only PS 
+ Se sulfo-selenization for four conditions is discussed below to 
explain the S/Se replacement reactions. 
Figure 6 shows the GI-XRD patterns of CTZ precursor, 

annealed in PS + Se atmosphere for four conditions. Figure 6a 
represents the film, annealed at 500 °C for 1 min, which shows 
a peak at ∼27.30°, corresponding to CZTSe. There is no 
noticeable shift in the 2θ position or peak broadening in the 
patterns, suggesting a uniform lattice parameter throughout the 
sample with no S incorporation. The GI-XRD patterns of the 
metal precursors subjected to passive sulfo-selenization at 550 
°C for 10 min are shown in Figure 6b. The peak shifts from 
∼27.56° to ∼27.30° with GI angles, indicating partial 

Figure 6. GI-XRD patterns of pure CZTSe (CTZ-PS-Se-1-500) at 
different GI angles (a); CZTSSe (CTZ-PS-Se-10-550) (b); CZTSSe 
(CTZ-PS-Se-5-600) (c); CZTSe (CTZ-PS-Se-10-600) (d). 

replacement of Se with S from the surface to the bulk of the 
film. As mentioned earlier, the vapor pressure (or amount) of S 
becomes comparable to Se after certain duration and it starts 
replacing Se. This is observable in GI-XRD as the lower GI 
angles (top of the film) show peaks shifting toward CZTS. The 
GI-XRD patterns of CTZ-PS-Se-5-600 is shown in Figure 6c, 
where peak shift is negligible; however the sharpness of the 
peak increases with increasing GI angle. It indicates that 
composition of the film is uniform throughout the thickness 
but the film has lower crystallinity on the top. As the sample is 
annealed longer (10 min), more S evaporates, from the tube 
outside the hot zone, and reacts with CZTSSe. Therefore, the 
CTZ-PS-Se-10-600 sample shows ∼100% S molar fraction 
with uniform crystallinity across the depth. 
The peak shift with GI angle corresponds to the partial 

replacement of Se with S, causing a Se concentration gradient 
along the thickness of the thin film. This partial S/Se 
replacement allows for the synthesis of graded bandgap 
absorber materials, which could be useful for improved solar 
cell performance.38−40 

4. CONCLUSION 
CTZ metal precursors were deposited by sequential electro-
deposition and were subjected to RTP in S, Se, and S + Se to 
obtain phase-pure CZTS/Se and CZTSSe. XRD and Raman 
analyses reveal that the sulfurization of CTZ at 600 °C for 10 
min is the optimum condition for obtaining the phase-pure 
CZTS and selenization at 500 °C for 1 min to obtain phase-
pure CZTSe for current annealing condition. The Se/S 
incorporation in CZTS/Se shows that the composition of 
CZTSSe depends on the thermodynamic conditions of the 
reaction for initial 1 min. Thereafter, the fraction of Se/S 
incorporation changes with duration and the nature of the 
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annealing system. The sulfo-selenization of CTZ precursor in S 
+ Se atmosphere in all given conditions shows the favorable 
incorporation of S over Se. However, Se-rich or Se graded (S 
and Se composition gradient from surface to bottom) CZTSSe 
films are obtained in PS + Se atmosphere. Such a composi-
tional gradient across the CZTSSe film is beneficial for solar 
photovoltaic applications as it offers bandgap grading to 
improve absorption efficiency. 
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