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Amorphous Cu—Zn—Sn-S precursor films were prepared by sol-gel and spin-coating with copper chloride, zinc
chloride, tin chloride and thiourea solutions as starting materials. A CuzZnSnSy film with kesterite structure and a
small amount of chlorine formed when the precursor was annealed under Ar ambient at temperature above 200 °C,
but its atomic ratios of Cu:Zn:Sn:S far deviated from stoichiometric ratios of the Cu2ZnSnSs. However, when the
precursor films were annealed with sulfur powder together at temperatures between 360 and 480 °C, the CZTS film
containing a very small amount of Cl formed, and its atomic ratio change little for Cu, Zn, and Sn, increases for S
and decreases for Cl with increasing temperature. When the temperature is 480 °C, a CZTS only has Cu, Zn, Sn,
and S element is fabricated, and the atomic ratio of Cu:Zn:Sn:S is near the stoichiometric ratio. The bandgap of
the CZTS decreases with increasing annealing temperature. The mechanisms of the formation and the properties

of the CZTS are suggested in the present work.
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1. Introduction

CuzZnSnS, (CZTS) is one of the most interesting ab-
sorbing materials for solar cells, which has a high absorb-
ing coefficient of over 10* em~! and an optimal funda-
mental band gap energy of 1.5 €V [1-5]. Its constituent
elements are nontoxic and cheap. CZTS based solar
cell is expected to have a theoretical efficiency of more
than 30% [6], and has been extensively investigated in
recent years [7-12]. Lots of methods for the fabrica-
tion of CZTS thin film have been used, such as pulsed
laser deposition [13], RF magnetron sputtering [14], co-
evaporation [15], spray pyrolysis [16], and solution-based
synthesis [17]. Sol-gel method is a very simple, low-cost,
and a non vacuum deposition technique, which is also
used for preparing CZTS thin film [18-22]. The CZTS
precursor solution generally consisted of chloride, but lit-
tle literatures consider chlorine element after heat treat-
ment.

The S loss and compensation during deposition and
the annealing is a critical factor to have cells with good
performance [23]. The CZTS thin films are most often
annealed in HyS or S atmosphere, but HsS is well known
as a toxic gas. Khalkar et al. [24] suggested that the sulfu-
rization in the furnace in sulfur vapor was more reliable
than the annealing in sulfurization chamber using HoS
gas. In this paper, CusZnSnS, thin films are prepared
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by sol-gel followed by annealing under Ar ambient and
sulphur atmosphere. The effect of annealing temperature
and ambient on formation, composition and bandgap of
CusZnSnS, thin films is studied.

2. Experimental procedures

Copper chloride (1.9 M), zinc chloride (1.15 M), tin
chloride (1 M), and thiourea (8 M), respectively, were
dissolved in deionized water, ethanol, and polyethylene-
glycol as precursor solution. The clear yellow solution
was formed when stirred at 45°C for 40 min. The sol
solution was spin coated on soda lime glass substrates at
2500 rpm for 40 s to form a film and then the film was
annealed at 110°C for 10 min for drying. The coating
and drying processes were repeated 3 times. One part
of the as-coated films were annealed for 1 h under Ar
ambient at 120, 160, 240, and 310°C, respectively, and
the others were annealed for 1 h under sulphur (S) at-
mosphere at 360, 400, 440, and 480 °C, respectively in a
tubular furnace with two zones (Fig. 1), where one zone
was for laying the as-coated thin film, and the other was
for laying S source. The sublimation temperature of the
S source is 446°C. Both the films and S source were
heated and cooled at the same time.

The thermal analysis was investigated by differential
thermal analysis (Thermo plus EVO II TG/DTA) at a
heating rate of 10 K/min. Structural characterizations
of samples were examined by X-ray diffraction (XRD,
D /max 2500/PC, Cu-K,,, A = 1.5406 A), scanning elec-
tron microscopy (SEM, S-570) and Raman spectroscopy.
The Raman spectroscopy measurement was carried out
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Fig. 1. A schematic of the two-zone tubular furnace.

with Invia Raman spectrometer with excitation wave-
length of 514 nm. The crystallite size is calculated by
Scherrer formula D = 0.89\/Fcosf (8 is full width at
maximum (FWH M), 0 is Bragg angle, \ is X-ray wave-
length, D is grain size). The composition of the films was
detected by energy-dispersive X-ray spectroscopy (EDX).
The optical properties of thin films were examined by a
UV-visible spectrophotometer (UV-VIS, UV-5800PC).

3. Results and discussion

Figure 2 shows the TG and DTA curves of the amor-
phous Cu—-Zn—Sn—S precursor. The significant weight loss
is observed in the TG curve and there are three endother-
mic peaks in the DTA curve. In order to comprehend
the process of thermal decomposition, the as-coated films
were annealed at 120, 160, 240 and 310 °C for 1 h without
sulfurization, respectively.

Figure 3 shows XRD patterns of amorphous Cu—Zn—
Sn—S precursor films annealed under Ar ambient at dif-
ferent temperatures. Only an amorphous-like diffraction
is observed in the thin film annealed at 120°C, indicat-
ing that the film has amorphous structure. After anneal-
ing at 160°C, an unidentified phase is observed at near
48°C, but disappears at high temperatures. The diffrac-
tion peaks with diffraction angles of the (112) and (220)
planes of CZTS with kesterite structure are observed, in-
dicating that a CZTS with kesterite structure forms at
240°C. The crystal quality of the CZTS increases at
310°C. The results are similar to Ref [21].

Figure 4 shows the chemical composition in atomic per-
cent of amorphous Cu—Zn—Sn—S precursor films annealed
at different temperatures under Ar ambient. It is found
that the amorphous Cu-Zn—Sn-S precursor contains a lot
of chlorine and its composition ratios do not change until
the annealing temperature reaches 160°C. The compo-
sition ratio of chlorine decreases greatly in the temper-
ature ranging from 160 to 310°C, accompanying by the
decrease in chlorine, the composition ratios of copper,
zinc and tin all increase slowly.

Based on the results mentioned in Figs. 24, it is de-
duced that the first slow weight loss in the temperatures
of 160—-200 °C shown in the TG curve is due to the evap-
oration of residual solvent. The second weight steep loss
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Fig. 2. TG and DTA curves of the amorphous Cu-Zn-
Sn—S precursor.
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Fig. 3. XRD patterns of amorphous Cu-Zn-Sn-S pre-
cursor films annealed under Ar ambient at different tem-
peratures of (a) 120, (b) 160, (c) 240, and (d) 310°C,
respectively.

in the temperatures of 200-240 °C corresponds to the de-
composition of thiourea [19] and the chlorides, accom-
panied by the decomposition, CZTS forms. The third
weight loss in TG curve should be due to the evapora-
tion of sulfide and chloride. Chaudhuri et al. [25] think
that the first small endothermic peak T}, in DTA curve
may be due to decomposition of excess thiourea near the
melting point. The second sharp T),, corresponds to the
formation of CZTS. We cannot be sure what the third
T,3 corresponds to, maybe some types of sulfides. Any-
way, annealing at 310 °C without sulfurization treatment,
a part of chlorine still exists and the content of sulfur is
far less than that of the stoichiometry of CZTS. There-
fore, the amorphous Cu-Zn—Sn—S precursor films need to
be annealed at higher temperatures under sulfur atmo-
sphere.

Figure 5 shows the XRD patterns of amorphous Cu—
Zn—Sn—S precursor films annealed at different tempera-
tures of 360 to 480°C in the tubular furnace with sul-
fur powder. After annealing at 360°C, the diffraction
peaks of the (112), (220), and (312) planes of the CZTS
with kesterite structure are observed, indicating that
the amorphous precursor film crystallizes into crystalline
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Fig. 4. Chemical composition in atomic percent of
amorphous Cu—Zn—Sn—S precursor films annealed at dif-
ferent temperatures under Ar ambient.

CZTS film with kesterite structure. The intensity of
(112) diffraction peak increases and the corresponding
FWHM decreases with increasing temperature, indicat-
ing that the crystal quality of the CZTS becomes better.
The grain size of CZTS phase is calculated by using the
Scherrer formula and the FWHM of the (112) diffrac-
tion peak. The average grain sizes of the CZTS phase
obtained by annealing at 360, 400, 440, and 480°C are
5.3, 5.5, 6.6, and 10.8 nm, respectively, increasing with
increasing annealing temperature.

Fig. 6 shows the XRD patterns of the (112) plan cor-
responding to Fig. 5. The peak position almost has not
change with increasing annealing temperature.
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Fig. 5. XRD patterns of CZTS thin films annealed

with sulfur powder at different temperatures of (a) 360,
(b) 400, (c) 440, and (d) 480 °C, respectively.

Figure 7 shows the chemical composition in atomic per-
cent of amorphous Cu—Zn—Sn—S precursor films annealed
at different temperatures with sulfur powder. The ra-
tios of metal elements in Cu/(Zn+Sn) and Zn/Sn were
around 0.90 and 1.27, showing that thin films are of Cu-
poor and Zn-rich nature. Besides copper, zinc, tin and
sulfur, a little of chlorine is also observed in the thin film
annealed at 360 °C. The composition ratios change little
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Fig. 6. XRD patterns of (112) peak of the CZTS thin

films annealed with sulfur powder at different temper-
atures of (a) 360, (b) 400, (c) 440, and (d) 480°C, re-
spectively.
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Fig. 7. Chemical composition in atomic percent of
amorphous Cu—Zn—Sn—S precursor films annealed at dif-
ferent temperatures with sulfur powder.

for copper, zinc and tin, decrease for chlorine and in-
crease for sulfur with increasing temperature. When the
annealing temperature reaches 480 °C, the chlorine con-
tent decreases to 0.55%, implying that the CZTS almost
consists of Cu, Zn, Sn and S.

It is noted from Fig. 7 that the S content increases from
46.8% to 55.7% as the temperature increases from 360 to
480°C. If the increased S content is filled in S vacancy
in the CZTS, the lattice constants should increase with
increasing S content. However, combining results of Figs.
6 and 7, the lattice constants almost do not change with
increasing S content. So, the increased S is not filled in
S vacancy. It is known that ion radius of C1~ (0.181 nm)
is almost the same as that of S~ (0.182 nm), and the
ClI content decreases from 8.08% to 0.55%, accompanied
by the increase in S content from 46.8% to 55.7%. If
the CZTS contains Cl~ in S%~ site, the substitution of
S2~ for ClI~ would not lead to obvious change of the
lattice constants, in agreement with the results of XRD in
Figs. 6 and 7. Therefore, we deduce that the chlorine may
incorporate into the CZTS thin films and is substituted
for the sulfur gradually when the CZTS is annealed under
S ambient.
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Fig. 8. Raman spectrum of amorphous Cu-Zn—-Sn-S

precursor film annealed at 480 °C with sulfur powder.

Fig. 9. Cross-section SEM images of amorphous Cu-
Zn—Sn—S precursor annealed with sulfur powder at dif-
ferent temperatures of (a) 360, (b) 400, (c) 440, and
(d) 480 °C, respectively.

As 7ZnS, CuySnS3, and CuzSnSy have similar structure
to CusZnSnSy, it is difficult to distinguish them from
XRD. The Raman spectrum of amorphous Cu—Zn—Sn—S
precursor film annealed at 480°C with sulfur powder is
shown in Fig. 8. The Raman peaks at 286 cm™', 334
cm™!, and 368 cm~! confirm the formation of CZTS
phase and no other phases are observed.

Figure 9 shows the cross-section SEM images of the
amorphous Cu-Zn—-Sn-S precursor films annealed at dif-
ferent temperatures with sulfur powder. The amount and
volume of the particles increase with increasing temper-
ature. The thin films all have good adhesion.

Figure 10 shows the (ahv)? vs photon energy plots for
amorphous Cu-Zn—Sn-S precursor annealed at different
temperatures with sulfur powder, where o and hv are
absorption coefficient and photon energy, respectively.
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Fig. 10. The plots of (ahv)? vs. photon energy for
amorphous Cu—Zn—Sn-S precursor annealed with sulfur
powder at different temperatures of (a) 360, (b) 400,
(c) 440, and (d) 480 °C, respectively.

The band gap values are estimated by extrapolating the
straight line of (ahv)? versus hv plots to hv axis. The
band gaps of CZTS films annealed at 360, 400, 440, and
480°C are estimated to be 1.90, 1.84, 1.62, and 1.50 eV,
indicating that the band gap decreases with increasing
temperature obviously. Combining results of Fig. 7, the
bandgap decreases with increasing the S content. So, the
change of the bandgap may be due to the change of the
S content.

4. Conclusions

(1) Amorphous Cu—Zn—Sn—S precursor films were pre-
pared by sol-gel and spin-coating. A kesterite CZTS film
with a small amount of CI formed by annealing the pre-
cursor under Ar ambient at temperature above 200 °C,
but its atomic ratios of Cu:Zn:Sn:S far deviated from sto-
ichiometric ratios of the CusZnSnSy.

(2) When the precursor films were annealed with S
sulfur powder together at temperatures between 360 and
480°C, the CZTS film with atomic ratio near the stoi-
chiometric ratio and a very small amount of Cl formed.
The Cl content decreases with increasing temperature,
and a CZTS without Cl element is obtained when the
temperature is 480°C. The Cl may exist at the S site
and is replaced by the S in annealing process.

(3) The band gap of the CZTS annealed with sulfur
powder together decreases with increasing temperature,
which may be attributed to substitution of S for CI.
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