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Characteristics of Cu2ZnSnS4 Thin Films
Fabricated by Sulfurization of Two Stacked

Metallic Layers

SUNGWOOK HONG1,∗ AND CHAN KIM2

1Division of Science Education, Daegu University, Gyeongsan, Korea
2Department of Physics, Kyungpook National University, Daegu, Korea

A Cu2ZnSnS4 (CZTS) film was fabricated by sulfurization of two stacked layers of Cu
(Zn, Sn) (CZT) alloy precursors. The sulfurization was performed in an evacuated and
sealed quartz ampoule with sulfur powder, in which samples were annealed at 450◦C,
500◦C, or 550◦C for 1 h and then allowed to cool naturally. The XRD patterns of all
samples are well matched to those of the CZTS crystal. In this study, it is confirmed
that the Sn in the metal precursors is lost in the form of SnS gas and a SnS2 solid that
crystallizes upon the combination of SnS and S when the CZTS film is annealed. The
band gap energy of CZTS absorber was determined to be 1.370–1.414 eV. The surface
morphology and grain shapes of these CZTS thin films were analyzed using SEM images
and XRD patterns.

Keywords CZTS; Cu2ZnSnS4; solar cell; band gap energy; sulfurization; photovoltaics

Introduction

Cu2ZnSnS4 (CZTS) thin films are interesting materials for thin-film solar cell absorbers
because of their abundant and environmentally benign constituents, high absorption coef-
ficients (>104 cm−1) in the visible range, and p-type electrical conductivity [1–3].

Recently, the energy conversion efficiency of CZTS-based solar cells fabricated using
the vacuum process was reported to be up to 8.4% [4]. However, the theoretical energy
conversion efficiency of CZTS-based solar cells is 32.2% [5]. Various methods of fabricating
CZTS absorbers have been reported, such as RF-magnetron sputtering [6–7], chemical bath
processes [8], electrospinning processes [9], co-evaporation [10], spray pyrolysis [11], sol-
gel sulfurization [12], and so on. However, the conversion efficiencies of solar cell devices
fabricated using these methods are still much lower than those of CIGS-based solar cells, as
well as the theoretical conversion efficiency. To improve the conversion efficiency of CZTS-
based solar cells, it is very important to understand the basic crystal structure and optical
and electrical characteristics of the CZTS absorber. In this study, the radio-frequency (RF)
magnetron sputtering method, which has certain advantages such as simplicity and precise
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CZTS Fabricated by Two Metallic Layers [387]/135

chemical composition control [7], was used to prepare metal precursors stacked in different
orders, Cu-Sn/Zn and Zn/Cu-Sn, on Mo-coated soda glass using single-component sources
of Cu, Sn, or Zn. The effects of the stacking order of the metal layers have been reported
several times [13–15]. However, there are no reports on the influence that two kinds of
metal precursors with the co-sputtered metal layers of Cu and Sn have on the sulfurization
of the CZTS absorber in the presence of sulfur powder, to the best of our knowledge. The
structural and optical properties and morphologies of CZTS absorbers produced using these
stacking orders were investigated in detail.

Experimental

To grow Cu2ZnSnS4 crystals, the metal precursor was deposited on molybdenum (Mo)-
coated soda lime glass using RF magnetron sputtering with single-component sources of
copper (Cu), tin (Sn), and/or zinc (Zn). Cu and Sn were cosputtered on a Mo layer or a Zn
layer, and Zn was sputtered as single layer on a Mo layer or a cosputtered Cu-Sn layer. Thus,
the metal precursors were grown with two stacking orders, Cu-Sn/Zn and Zn/Cu-Sn. The
energy conversion efficiency of thin-film solar cells is affected by the surface morphology
of the metal precursor [16]. One method of improving the energy conversion efficiency of
solar cells is to improve the surface morphology of the metal precursors. Single-crystalline
Sn had a bad surface morphology for a CZTS absorber [16]. In contrast, it was reported that
a Cu-Sn layer that was cosputtered from a Cu and a Sn single-component source targets
had a very good surface morphology [17–18].

The Zn layer was sputtered on a Mo layer or a cosputtered Cu-Sn layer from a Zn
source target with 135 W of RF-power for 30 min, and the Cu-Sn layer was cosputtered on
a Mo layer or a Zn layer from a single-component source targets, Cu and Sn, with 90 W
and 100 W RF-power, respectively for 30 min. The background pressure of the sputtering
chamber was 6.0 × 10−7 Torr. The metal precursors were deposited under an argon gas
pressure of 5.5 mTorr with a gas flow rate of 10 sccm at room temperature. Then, these
metal precursors were sulfurized in quartz ampoules with an internal volume of 14–16 cm3

that were evacuated and sealed. The ampoules, which included 3.5 mg of elemental sulfur
pieces (99.999%, 6 mm pieces & smaller) obtained from CERAC and the metal precursor
(12.5cm × 25.0cm), were annealed at 450, 500, or 550◦C in the electrical furnace. The
annealing temperature was increased from room temperature to 450, 500, or 550◦C, and
then the annealing temperature was maintained for 1 h. Finally, the samples were allowed
to cool naturally for 12 h.

The crystal properties, surface morphologies, chemical compositions, and optical prop-
erties of the CZTS films were analyzed by X-ray diffraction (XRD, PANalytical X’pert Pro-
MPD goniometer), scanning electron microscopy (SEM, Hitachi S-4200), energy dispersive
X-ray spectroscopy (EDAX), and photoluminescence spectrometry (PL), respectively.

Results and Discussion

Figure 1 shows the crystal properties of two kinds of Cu2ZnSnS4 absorbers produced with
different stacking orders of the metal precursor. Figure 1-(a) shows the crystal properties
of CZTS absorbers formed by sulfurization of Cu-Sn/Zn/Mo metallic layers at annealing
temperatures of 450, 500, and 550◦C. The main peaks, (112), (200), (220), and (132), in the
CZTS annealed at 450◦C are clearly shown in Figure 1 [19]. The intensities of these peaks
increased when the annealing temperature was increased. In addition, secondary phases
appeared along with CZTS phase. The XRD pattern of the CZTS absorber annealed at
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136/[388] S. Hong and C. Kim

Figure 1. XRD patterns of CZTS absorbers annealed at 450, 500, and 550◦C that were formed by
sulfurization of (a) Cu-Sn/Zn/Mo and (b) Zn/Cu-Sn/Mo precursor on soda-lime glass. The different
phase are with the symbols in parentheses as follows: Cu1.83MoS4 (�), SnS2 (#), Mo3S4 (&), Cu2S
(†), MoS2 ( ), and ZnS (‡).

450◦C shows the presence of Mo3S4 (marked by the & symbol), Cu2S (†), and MoS2 ( )
phases. The peaks for Mo3S4 and MoS2 show that sulfur had diffused into the Mo layer
at the annealing temperature of 450◦C. The Mo3S4 (&) peak disappeared and the MoS2

( ) peak was enhanced in the XRD pattern of the CZTS absorber annealed at 500◦C. This
shows that the MoS2 phase was more predominant than the Mo3S4 phase in CZTS absorbers
annealed at over 500◦C. The SnS2 (#) phase also newly appeared in the XRD pattern of the
CZTS absorber annealed at 500◦C. The SnS2 solid phase is created by chemical bonding of
the Sn in the precursor with S that had diffused into the interior of the metal precursor. The
SnS2 solid phase decomposes into SnS (solid) and 1/2 S at high sulfur partial pressures.
Then, the solid SnS changes into a gas [20]. When the ampoules cool down, the SnS
(gas) was combines with S to again create SnS2 (solid) outside of the CZTS absorber.
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Table 1. Chemical compositions of the CZTS films formed by sulfurization of metallic
precursors with two different stacking orders

Metal layer
order Cu-Sn/Zn/Mo Zn/Cu-Sn/Mo
Annealing
temperature 450◦C 500◦C 550◦C 450◦C 500◦C 550◦C

Cu/(Zn+Sn) 1.10 ± 0.013 1.26 ± 0.082 1.20 ± 0.015 1.35 ± 0.004 1.31 ± 0.037 1.35 ± 0.018
Zn/Sn 1.01 ± 0.040 1.06 ± 0.015 1.08 ± 0.055 0.94 ± 0.007 0.97 ± 0.013 0.96 ± 0.012
S/metal 0.88 ± 0.014 0.98 ± 0.067 0.89 ± 0.022 0.86 ± 0.005 0.80 ± 0.098 0.80 ± 0.012

Therefore, SnS2 was attached to the surface of the CZTS absorber and the interiors of the
ampoules. This phenomenon causes Sn loss during the fabrication CZTS by sulfurization
of a metal precursor. This phenomenon occurs during sulfurization of differently ordered
Zn/Cu-Sn/Mo metal precursors, as well.

Table 1 shows the chemical composition of CZTS absorber as measured by the energy-
dispersive X-ray spectrometer (EDAX). The atomic ratios were determined as the mean
values for five scanning areas of 40 μm × 40 μm on the each sample. The compositional
uniformity of the CZTS thin film is confirmed by the low standard deviations of the atomic
ratios, as seen in Table 1. When the annealing temperature was increased, the Zn/Sn ratio
also increased, because of the Sn loss during the annealing process. In the CZTS absorbers
formed Zn/Cu-Sn/Mo layers by annealing at 500 and 550◦C, the Zn/Sn ratios were similar,
at 0.97 and 0.96. As described above, this is a result of Sn loss from the precursor during the
annealing process, where the lost Sn was attached onto the surface of the CZTS absorber
in the form of a SnS2 solid.

As shown in Figure 1, the intensity of the SnS2 (#) peaks increased when the annealing
temperature was increased. The Cu1.83MoS4 (�) peak newly appeared in the XRD pattern
of the CZTS absorbers annealed at 550◦C in Figure 1-(a). This shows that S easily diffused
at the high annealing temperature. Furthermore, the XRD pattern of the CZTS absorber
annealed at 550◦C in Figure 1–(a) shows peaks for the MoS2 ( ), SnS2 (#), and ZnS (‡)
phases.

As shown in Figure 1-(b), in the XRD pattern of the CZTS absorber formed by
sulfurization of the Zn/Cu-Sn/Mo layers, the Cu1.83MoS4 (�) phase was already present
in the CZTS absorber annealed at 500◦C, and its intensity was enhanced at for the CZTS
absorber annealed at 550◦C, because Cu, which has a good mobility in the metal precursor
[15], was located between the Zn and Mo layers. The intensity of the MoS2 ( ) peak
increased more for this CZTS absorber than for the CZTS absorber fabricated from the
Cu-Sn/Zn/Mo precursor.

Figure 2 and Figure 3 show SEM images of the CZTS thin films fabricated from Cu-
Sn/Zn/Mo and Zn/Cu-Sn/Mo precursors, respectively. The thicknesses of all samples are
about 1.5 μm. Figure 2-(c), Figure 3-(b), and Figure 3-(c) show that new layers were formed
between the Mo layer and the CZTS absorber layer. These MoS2 and Cu1.83MoS4 layers are
produced by the penetration of sulfur into the Mo layer. When the annealing temperature was
increased, the grain size was increased, which improves the energy conversion efficiency.
However, the numbers of voids was also increased, which deteriorates the energy conversion
efficiency, because Sn loss from the CZTS precursors to a gas state occurred during the
annealing process.
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138/[390] S. Hong and C. Kim

Figure 2. SEM images of the surface morphology and cross section of Cu2ZnSnS4 films formed by
sulfurization of a Cu-Sn/Zn/Mo precursor on soda-lime glass.

Figure 4 shows the crystallite size of the CZTS thin films determined by the Scherrer
formula [2, 18] as a function of annealing temperature. The (112) peaks in the XRD patterns
were used to determine the crystallite sizes. As the annealing temperature is increased, the
crystallite sizes increased. This result agrees well with the SEM analysis, which showed
that the grain size increased as the annealing temperature increased. It is also found that
the crystallite size of the CZTS absorber formed by sulfurization of the Cu-Sn/Zn/Mo
precursor is larger than that of the CZTS absorber formed by sulfurization of the Zn/Cu-
Sn/Mo precursor.

Figure 3. SEM images of the surface morphology and cross section of Cu2ZnSnS4 films formed by
sulfurization of a Zn/Cu-Sn/Mo precursor on soda-lime glass.
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CZTS Fabricated by Two Metallic Layers [391]/139

Figure 4. Changes in the crystallite size in the CZTS film formed by sulfurization of the two
precursors with different metallic layer stacking orders as a function of annealing temperature.

The lattice constants of the CZTS crystals, which have a tetragonal structure, were
calculated from the (112) and (220) peaks in the XRD patterns [6]. The lattice constants
were determined to be a = 5.445 Å and c = 10.834 Å for both kinds of CZTS thin
films. These lattice constants are similar to those of a CZTS single crystal, a = 5.427 Å
and c = 10.871 Å [21]. The band gap energies of the CZTS absorbers were determined
using PL spectrometer (λ = 532 nm semiconductor laser) with the same integration time.
Figure 5 and Figure 6 show the PL spectra of CZTS absorbers formed by the sulfurization
of Cu-Sn/Zn/Mo and Zn/Cu-Sn/Mo precursors, respectively. The PL intensity of the CZTS
absorbers annealed at 550◦C is higher and clearer than those of samples annealed at other
temperatures, as shown in Figure 5-(a) and Figure 6-(a). The PL curve of the CZTS absorber
annealed at 550◦C shows a broad range for the energy band gap, because of the secondary
MoS2 and Cu2S phases, which were confirmed by the XRD pattern. The band gaps of MoS2

and Cu2S single crystals were reported to 1.29 eV and 1.38 eV, respectively [22–23]. In
addition, the energy band gap of the CZTS absorber was reported to 1.4–1.5eV [1]. These
three semiconductors have similar band gap energy ranges. Figure 5-(b) and Figure 6-(b)
show the results of Gaussian fitting with three peaks. As shown in Figure 5-(b) for the Cu-
Sn/Zn/Mo precursor, the peaks of the Gaussian distributions for MoS2, Cu2S, and CZTS
crystals appeared at 1.310, 1.353, and 1.388 eV, respectively. These values matched the
band gap energy values of the corresponding single crystals well. As shown in Figure 6-(b)
for the Zn/Cu-Sn/Mo precursor, the peaks of the Gaussian distributions for MoS2, Cu2S,
and CZTS crystals appeared at 1.287, 1.343, and 1.370 eV, respectively, which are again
similar with the values for single crystals and for the Cu-Sn/Zn/Mo precursor.

However, the PL intensity of the CZTS crystal is larger than those of the MoS2 and
Cu2S crystals in Figure 5-(b), whereas the PL intensity of the Cu2S crystal is larger than
those of the MoS2 and CZTS crystals in Figure 6-(b). This demonstrates that the CZTS
domains in the CZTS absorber formed by sulfurization of the Cu-Sn/Zn/Mo precursor were
more crystallized than those in the absorber formed from the Zn/Cu-Sn/Mo precursor, as
described in the analysis of the crystallite size in Figure 4. The same result is confirmed
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140/[392] S. Hong and C. Kim

Figure 5. (a) PL curves of Cu2ZnSnS4 absorbers formed by sulfurization of the Cu-Sn/Zn/Mo
metallic precursor at all annealing temperatures and (b–d) details of the fitting for the absorber
formed at annealing temperatures of (b) 550◦C, (c) 500◦C, and (d) 450◦C. The Gaussian fitting
curves in green (left side), orange (middle), and dark blue (right side) denote the energy absorption
curves for MoS2, Cu2S, and CZTS single crystals, respectively.
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CZTS Fabricated by Two Metallic Layers [393]/141

Figure 6. (a) PL curves of Cu2ZnSnS4 absorbers formed by sulfurization of the Zn/Cu-Sn/Mo
metallic precursor at all annealing temperatures and (b–d) details of the fitting for the absorbers
formed at annealing temperatures of (b) 550◦C, (c) 500◦C, and (d) 450◦C. The Gaussian fitting
curves in green (left side), orange (middle), and dark blue (right side) denote the energy curves of
MoS2, Cu2S, and CZTS single crystals, respectively.
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142/[394] S. Hong and C. Kim

in Figure 5-(d) and Figure 6-(d), which show the PL data for CZTS absorber annealed
at 450◦C. The noise-to-signal levels in Figure 5-(d) and Figure 6-(d) are much larger
than those in the other figures because of the poor crystallization of the CZTS, Cu2S
and MoS2. Another reason for the high noise level is that the PL intensity of the CZTS
absorber annealed at 450◦C was measured over the same integration time as those of other
CZTS absorbers. This confirms that the CZTS formed by sulfurization of the Cu-Sn/Zn/Mo
precursor was more crystallized than that formed from the Zn/Cu-Sn/Mo precursor, since
the CZTS absorbers were annealed at 450◦C. In other words, the CZTS absorber formed
from the Cu-Sn/Zn/Mo precursor was crystalized at a lower annealing temperature than
was the CZTS absorber formed from the Zn/Cu-Sn/Mo precursor. This also causes the
relatively higher PL intensity of CZTS crystal shown Figure 5-(b) than that in Figure 6-(b).
Although the noise-to-signal ratio was large in Figure 5-(d), the band gap energies of the
CZTS crystal and MoS2 crystal were estimated using a Gaussian data fitting method. The
band gap energies of Cu2S and CZTS crystals in the CZTS absorber formed by sulfurization
of the Cu-Sn/Zn/Mo precursor formed at annealing temperature 450◦C were determined to
be 1.370 and 1.402 eV, respectively.

Conclusions

CZTS absorbers were fabricated by sulfurization of two kinds of metal precursors with
Cu-Sn/Zn/Mo and Zn/Cu-Sn/Mo layer structures at different annealing temperatures of
450, 500, or 550◦C in evacuated and sealed quartz ampoules. XRD analysis confirmed the
presence of CZTS crystals, but some MoS2, Cu2S, Mo3S4, Cu1.83MoS4, ZnS, and SnS2

secondary phases were also present. During annealing of the CZTS absorber, Sn is lost as
SnS gas and a SnS2 solid, which was coated on surfaces of the CZTS thin films and on the
walls of the quartz ampules. The band gap energies of CZTS absorbers were determined to
be 1.370–1.414 eV. In this study, it was confirmed that as compared to the CZTS absorber
fabricated using Zn/Cu-Sn/Mo precursor, the CZTS absorber formed by sulfurization of the
Cu-Sn/Zn/Mo metal precursor had better properties, including a bigger grain size, smaller
amounts of secondary phases like Cu2S, and less diffusion of Cu into the Mo. The lattice
constants of all samples, which had tetragonal structures, were determined to be a = 5.445
Å and c = 10.834 Å.
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