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Influence of Sulfur Content on Cu,ZnSnS4 Thin
Film Formation

CHAN KIM! AND SUNGWOOK HONG?**

Department of Physics, Kyungpook National University, Daegu, 702-701, Korea
“Division of Science Education, Daegu University, Gyeongsan, 712-714, Korea

A CuyZnSnS, (CZTS) film was formed by the sulfurization of Cu(Zn, Sn) (CZT) alloy
precursors. The sulfurization was performed in evacuated and sealed quartz ampoules
with various amount of supplied sulfur powder. The crystallization of the CZTS films as a
function of the sulfur content was determined based on X-ray diffraction (XRD) patterns.
The XRD analysis indicated that the Cu-Sn/Zn metal precursor was crystallized with
various secondary phases, such as ZnS, Cu,S, Cu;Sn, Cu,SnS3, and Cu,SnS;. We also
found that the energy gap of CZTS absorber was 1.48—1.51 éV.

Keywords Band gap energy; Cu,ZnSnS,; CZTS; photovoltaics; solar cell; sulfuriza-
tion

Introduction

Copper-zinc-tin-chalcogenide compounds with a kesterite crystal structure are earth-
abundant and have low toxicity, and they are considered promising candidates to replace
Cu(In, Ga)Se; in thin-film solar cell applications. Cu,ZnSn(S, Se), have a direct band gap
(Eg = 1.0-1.5 eV), large absorption coefficient (10* cm™!), and p-type electrical conduc-
tivity [1-3].

Recently, CZTSe-based thin-film solar cells fabricated by a hydrazine-based solution
processing showed a photovoltaic efficiency of up to 10.1% [4]. However, a photovoltaic
efficiency of 7.2% was reported for CZTSSe-based solar cell devices fabricated using a
colloidal nanocrystal-based process. The highest efficiency for CZTS- and CZTSe-based
solar cells constructed by a vacuum process was reported to be 6.81% and 6.0%, respectively
[5,6]. These results showed that CZTS- and CZTSe-based vacuum processes are possible
methods of producing high-efficiency solar cell devices. In the vacuum process, the CZTS
absorber with the highest conversion efficiency of 6.81% was produced by evaporating
Cu, Zn, Sn and S sources [5] and CZTS absorber with 6.77% conversion efficiency was
co-sputtered with three targets of Cu, ZnS and SnS [7]. To crystallize the CZTS absorber for
solar cell application, only a metal precursor [5,8—11] and a precursor that already included
sulfur [7,12,13] were annealed in a sulfur atmosphere. To the best of our knowledge, there
are no reports on the influence that the metal-only precursor and precursor with sulfur have
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on the crystallization of CZTS absorber. This study examined the effect of sulfur content
on the crystallization of CZTS absorbers.

Experimental

CZTS thin films were grown by sulfurization in evacuated and sealed ampoules. A metal
precursor of CZTS absorber was deposited onto soda-lime glass through the RF magneto
sputtering method. A copper-tin (Cu-Sn) layer was co-sputtered onto a zinc (Zn) layer,
which was sputtered onto soda-lime glass. It has been reported that the surface morphology
of metal precursor is an important parameter for improving the conversion efficiency of a
solar cell [14]. This order of Zn layers on the Cu-Sn co-sputtered layer had very good surface
morphology [15], but this order resulted in many voids [16] after CZTS crystallization.
These voids were caused by the higher mobility of Cu than that of Zn and Sn [17]. Further,
the Cu-Sn/Zn/glass layer order used in this study showed a good surface morphology [15].

Zn was sputtered for 30 min at an RF power of 135 W onto soda-lime glass. Sub-
sequently, Cu and Sn were co-sputtered for 30 min at RF powers of 90 W and 100 W,
respectively. These RF powers and deposition times were used to estimate the stoichiome-
try of the metal precursor. The background pressure of the chamber was less than 6.0 x 10~
Torr. The metal precursor was deposited under an argon gas pressure of 5.5 x 1073 Torr with
a flow rate of 10 sccm. Next, the metal precursor was sulfurized in evacuated and sealed
quartz ampoules with an internal volume of 14—16 cm? as a function of the sulfur powder
content ranging from 0.0 to 4.0 mg in steps of 0.5 mg. The ampoules, which included
sulfur powder and the metal precursor (12.5cm x 25.0 cm), were annealed at of 450 °C in
a furnace. The annealing temperature was increased from room temperature to annealing
temperature of 450 °C for 30 min. CZTS film was annealed for 30 min. at 450 °C and
allowed to cool naturally for 12 h. After annealing the CZTS, there was sulfur remaining
on the inner wall of the ampoules with supplied sulfur content of more than 2.0 mg. This
meant that excess sulfur content was supplied for CZTS crystallization in the ampoules.

The surface morphology, chemical composition, crystalline properties, and optical
properties of the CZTS film were analyzed by scanning electron microscopy (SEM, Hi-
tachi S-4200), inductively coupled plasma spectrometry (ICP, Optima 7300DV), X-ray
diffraction (XRD, PANalytical X ’pert Pro-MPD goniometer), and UV-Vis-NIR spectrom-
etry (Carry 5000), respectively.

Results and Discussion

As shown in Fig. 1, the crystallization of the CZTS film as a function of supplied sulfur
content in the quartz ampoules was observed by XRD. Figure 1(a) shows the XRD patterns
of annealed CZTS films with supplied sulfur content from 0.0 mg (without sulfur content)
to 1.5 mg in steps of 0.5 mg. The main peaks in the metal precursor were the alloy peaks
of Cu and Sn which suggested that they were crystallized during the co-sputtering of Cu
and Sn. In the XRD pattern of the sample annealed without sulfur (0.0 mg), Cug25Sns
and CusZng phases were shown. This result agrees with previous observation that Sn and
Zn react preferentially with Cu [18,19]. However, Cu reacts preferentially with S over Sn
and Zn in the XRD pattern of CZTS with supplied with 0.5 mg of sulfur. Cu,S, ZnS,
Cu,SnS;3 and CusSn phases are shown instead of Cug,5Sns and CusZng phases. Sn peaks
disappeared, Cu,Sn3S; peaks appeared, and Cu,SnS; peaks were more prominent in the
XRD pattern of the CZTS supplied with 1.0 mg of sulfur. In addition, more Cu,S and ZnS
peaks appeared. In the XRD pattern of sample supplied with 1.5 mg of sulfur, the Cu,SnS;



Downloaded by [Chongging University] at 04:52 15 February 2014

Influence of Sulfur Content on Cu,ZnSnSy

[653]/149

(a) L SN E R (AN BTSN LA N AN S . .
CZTS(112) CZTS(220) * Cu,S 4
I CZTS(200) * ZnS |
— Cu,5nS; v CugssSns
o h
c Quses . e Cu,5n5:/CuU,5n,S, a
D Cuzsnsg p
-Q- § Cu,SnS. CZTS(312) -
= F e @ *3 i l
< r A ” N
S— * ol # 1.5 mg J
**i *
= :
3 Ya
for =] * 1. 0 =
%) 0 i CusSny |' ) 0m
% * F %% % Yy 4 i
-— 0 mg -
E — v, lE-.an,; vi::ufni -
Metal precursor 1
B CusZn CugSns ‘C{“S-GS“ Z3/Sn CuZn—
Cuvion. 1 ) g‘l Arvartond, ]
e 1, jesuiCusZng (CuseSn T b G
10 20 30 40 50 S" 60 70 80

Diffraction Angle 20 (°)

G

Intensity (arb. unit)

10...I20....30.I..40....50....60....
Diffraction Angle 26 (°)

Figure 1. XRD patterns of the metal precursor, annealed CZTS films supplied with (a) less than

1.5 mg and (b) more than 1.5 mg of sulfur.
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Figure 2. SEM images of the Cu,ZnSnS, film annealed with supplied sulfur content of (a) 0.0 mg,
(b) 2.0 mg, (c) 2.5 mg, (d) 3.0 mg, (e) 3.5 and (f) 4.0 mg.

peak was reduced, and the Cu;Sn3S; peak increased; however, the number of Cu,S and
ZnS peaks was reduced. In addition, the main peak of CZTS in the (112), (200), and (220)
direction began to appear in the XRD pattern of the sample with 1.5 mg of sulfur. Figure 1(b)
shows the XRD patterns of annealed CZTS supplied with more than 1.5 mg sulfur content. In
the 2.0 mg XRD pattern, the peaks that had appeared in the 1.5 mg sample disappeared, and
the CZTS peak appeared clearly. A portion of the Cu,S, ZnS peaks still remain. There was
sulfur remaining on the inner wall of the ampoules with supplied sulfur content of more than
2.0 mg. The supply of sulfur in the ampoules increased more than did the intensity of Cu,S
and ZnS peaks. This meant that excess sulfur was supplied in the annealing ampoules. From
this XRD analysis, the sulfurization of Cu-Sn/Zn metal precursors a function of supplied
sulfur content was according to the following process:

1st step : Cu-Sn alloy + S — Cu,S + CuSnS;
Zn 4+ S — ZnS

2nd step : Cu,S + CuSnS3 (£S) — Cu,Sn3Sy

3rd step : CupSnsS7 4+ ZnS (£S) — CuyZnSnSy

Figure 2 shows SEM images of the intersection of CZTS films. Figure 2(a) shows
annealed metal precursor without sulfur content (0 mg). The Zn layer on glass and the
Cu-Sn alloy layer were distinguishable. Figures 2(b—f) show the intersections of CZTS
films with supplied sulfur contents ranging of 2.0-4.0 mg, in steps of 0.5 mg. The thickness
of all is about 2.9 um. As shown Fig. 2(b), there are many voids in the CZTS absorber
(2.0 mg) and the grain size is smaller than in other absorbers. Otherwise, there are no voids
in the CZTS absorbers of shown in Figs. 2(c—e), and the grain size is larger than that in
Fig. 2(b) (2.0 mg). However, as shown Fig. 2(f) (4.0 mg), voids were again formed. This
result means that when excess sulfur was supplied, Sn can be extracted along with sulfur
in the form of SnS, resulting in a loss of Sn [20,21]. ICP analysis confirmed this result. As
shown Table 1, all samples have slightly higher Cu content than stoichiometric Cu,ZnSnS;,.
From Table 1, it is clear that the Sn loss is greater with a rich sulfur supply than with a
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Table 1. Chemical compositions of the CZT metal precursor and sulfurized film as a
function of supplied sulfur content in the quartz ampoules

Sulfur content Metal precursor Omg 2.0mg 25mg 3.0mg 3.5mg 4.0mg.

Cu/(Zn+Sn) 1.21 1.24 1.20 1.21 1.28 1.25 1.26
Zn/Sn 1.00 0.98  0.99 1.00 1.01 1.03 1.05
S/Metal 0.00 0.00 0.84 0.86 1.24 1.26 1.29

poor sulfur supply. In this study, the quartz ampoules were evacuated to 10~ Torr at room
temperature, and sealed during sulfurization. If elements from CZTS were lost from the
film in the sulfurization process, they were deposited onto the inner walls of the quartz
ampoules.

The crystalline size was estimated from the XRD data using the Scherrer formula [2]

as follows:
0.9x
D= , (D
Bcoso

where A is the X-ray wavelength, § is the full width at half maximum (FWHM) in radians,
and 0 is the Bragg angle. Figure 3 shows the change in the crystalline size as a function
of the supplied sulfur content for the (112) crystalline direction, which is the main peak in
the CZTS crystal. The crystalline size increased with increasing supplied sulfur content.
However, it decreased again as supplied sulfur content was exceeded 3.5 mg. This was
attributed to increasing Cu,S and ZnS crystallization and to Sn loss in the CZTS absorber
due to excess supplied sulfur.

Crystallized CZTS has a tetragonal structure. The lattice constants, a and ¢, were
calculated from the 26 values of the (112) and (220) planes [16]. The lattice constants of
the CZTS samples with 2.0 mg of supplied sulfur were determined to be a = 5.521 A, ¢
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Figure 3. Change in the crystalline size in the CZTS film as a function of supplied sulfur content.
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Figure 4. Plot of (ahv)? versus photon energy (iv) for the annealed CZTS thin film supplied with
more than 2.0 mg sulfur content. Inset show that of all CZTS films.

= 10.766 A. Other samples had similar values. The lattice constants maintained similar
values to those of a CZTS single crystal, a = 5.427 A, ¢ = 10.871 A, respectively [22].

The optical properties of the CZTS films were studied by UV-Vis-NIR spectroscopy
(Fig. 4). The plot of (ahv)?, which is the square of the absorption coefficient (o) multiplied
by the photon energy (hv) versus hv shows a direct band gap range of 1.48-1.51 eV. The
4.0 mg sample had a slightly greater band gap energy than that of other CZTS absorbers.
This result was attributed to the increase in ZnS crystals, which have a direct band gap
energy of 3.6 eV [23]. The band gap energy of the 1.5 mg sample, which had more ZnS
crystal than other samples, was determined to be 3.0 eV (inset, Fig. 5).

Conclusions

A metal precursor was formulated by depositing a Cu-Sn co-sputtered layer onto a Zn
layer. Quartz ampoules that included metal precursor and various amounts of sulfur content
were annealed at 450 °C in a furnace. The Cu-Sn/Zn metal precursors sulfurized with
various amounts of supplied sulfur content produced various secondary phases such as
Cu,S, CuSnSs;, ZnS, and Cu,Sn;S;. As excess sulfur was supplied, the crystalline size
of CZTS absorber decreased with increases in the secondary phases, Cu,S and ZnS. The
lattice constants of the CZTS samples were determined to be a = 5.521 A, and ¢ = 10.766
A. The direct band gap energies of CZTS were 1.48-1.51 eV.
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