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INFLUENCES OF LOW TEMPERATURE POST-ANNEALING ON THE
SULFURIZED Cu2ZnSnSs THIN FILMS

J.X.XU", Z. M. CAQ, Y. Z. YANG
School of Materials and Energy, Guangdong University of Technology,
Guangzhou 510006, China

In this work, after the sulfurization of Cu-Zn-Sn precursors, the sulfurized thin films were
post annealed to further enhance the properties of Cu,ZnSnS, thin films. The
post-annealing was performed at low temperature in a sulfur-free atmosphere to avoid the
decomposition of Cu,ZnSnS,. The effect of annealing temperature was studied by XRD,
Raman, SEM, and UV-vis spectrophotometer measurements. The experimental results
demonstrate that the structural properties of Cu,ZnSnS, thin films enhance after annealing
at 250 and 300 °C as the grains of thin films enlarge with increasing annealing temperature.
However, when the annealing temperature increases to 350 °C, the grain size and
compactness of thin films reduce. Besides, the appearance of secondary phase of Cu,SnS;
indicates the decomposition of Cu,ZnSnS,. Therefore, post annealing at appropriate
temperature is a useful way to improve the properties of Cu,ZnSnS, thin films. A low
temperature of post annealing should be chosen to avoid the decomposition of Cu,ZnSnS,.
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1. Introduction

In recent years, the earth-abundant Cu,ZnSnS, (CZTS) has been proposed as promising
absorber material for thin film solar cell applications [1-4]. The structural, electrical, and optical
properties of Cu,ZnSnS, thin films are similar with those of current Cu(In,Ga)Se, thin films [5-6].
The advantages of Cu,ZnSnS, are that its constituent elements are non-toxic, abundance, and
low-cost. The solar cell can be made by substituting Cu,ZnSnS, absorber into a standard
Cu(In,Ga)Se, solar cell [7-9]. The conversion efficiency record of Cu,ZnSnS,-based thin film solar
cell has been achieved 12.6% in 2013 [10].

The quality of Cu,ZnSnS, absorber plays an essential role on the photovoltaic
performances of solar cell. The studies of Cu,ZnSnS, solar cell focus on the fabrication and
characterization of absorber [11-13]. The Cu,ZnSnS, absorber needs single-phase, large grain size,
reduced defects, large absorption coefficient, and suitable band gap for solar cell application. In
our previous studies, we have used magnetron sputtering and post-sulfurization methods to prepare
single-phase Cu,ZnSnS, thin films [14,15]. The measured results show that the prepared
Cu,ZnSnS, thin films are suitable as absorber. However, the properties of Cu,ZnSnS, thin films
are still needed to be further enhanced.

Heat treatment is a useful way to improve the characteristics of materials. In previous
works, we have proved that annealing can effectively enhance the crystallinity of sputtered SnS
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thin films [16]. However, for Cu,ZnSnS,, after the formation of Cu,ZnSnS, phase, the Cu,ZnSnS,
decomposes easily in the sulfur atmosphere [17-19]. Increasing sulfurization temperature or time
of Cu,ZnSnS, may lead to the formation of secondary phases, which is unfavorable for the
properties of Cu,ZnSnS,. In present work, we tried to perform post-annealing in a sulfur-free
atmosphere for the Cu,ZnSnS, thin films fabricated by sulfurization of sputtered Zn/Sn/Cu
precursors. The sulfurized thin films were annealed at low temperature to try to avoid the
decomposition of Cu,ZnSnS,. The structural, morphological, and optical properties of prepared
thin films were measured to study the effects of post-annealing treatment.

2. Experimental method

The fabrications of Cu,ZnSnS, thin films were composed of three steps of sputtering,
sulfurization, and post-annealing. Before the deposition of thin films, the soda-lime glass
substrates were cleaned sequentially in acetone, absolute ethyl alcohol, and deionized water by
ultrasonic cleaning method. After dried by nitrogen flow, the substrates were transferred into a
magnetron sputtering system (FJL560). The chamber of magnetron sputtering system was
evacuated to a base pressure of 5x10™ Pa. Then, the pure argon with a flow of 20 ml/min was
introduced into the chamber. The working pressure was maintained at 0.5 Pa during sputtering.
The Mo thin films were first sputtered on the soda-lime glass substrates. After the deposition of
Mo, the metal Zn, Sn, and Cu were sputtered sequentially to form Zn/Sn/Cu stacked precursors.
Detailed sputtering process had been described in our previous works [14,15].

The sputtered Zn/Sn/Cu stacked precursors were then sulfurized in a tubular furnace. The
sulfurization atmosphere was S+N,. The sulfur vapor was produced by the evaporation of sulfur
powders. Fig. 1 shows the change of furnace temperature with time. The target sulfurization
temperature was 500 °C. At this temperature, the sulfurization time was 20 min.
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Fig. 1 Schematic of the temperature change in the sulfurization treatment

After the sulfurization treatment, post-annealing was carried out in a sulfur-free
atmosphere. Three low annealing temperatures of 250, 300, and 350 °C were chosen. The
annealing time was fixed at 30 min. During annealing, the pure nitrogen flow was introduced into
the furnace as protective gas. After annealing, the samples naturally cooled down in the nitrogen
atmosphere.
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The crystalline structures of prepared thin films were measured by X-ray diffractometry
(XRD, Rigaku D/MAX-Ultima IV, Cu-ka radiation) and Raman spectroscopy (HORIBA Jobin
Yvon, LabRAM HR800, =633 nm). The scanning electron microscopy (SEM, Hitachi S3400N)
was used to observe the surface and cross section morphologies of Cu,ZnSnS, thin films. The
optical properties of prepared thin films were measured by UV-vis spectrophotometer (Pgeneral,
T6). For the measurements of optical properties, we also prepared annealed Cu,ZnSnS, thin films

without Mo layer.

3. Results and discussion
3.1 The structural properties of Cu,ZnSnS, thin films

The structural properties of Cu,ZnSnS, thin films without annealing and with different
annealing temperatures were first characterized by XRD and the results are shown in Fig. 2. In Fig.
2, the XRD peaks located at 18.3°, 28.5° 33.0°, 47.4°, and 56.2° are attributed to the (101), (112),
(200), (220), and (312) planes of kesterite Cu,ZnSnS,, respectively. The preferred orientation is
along the (112) plane, which is consisting with other reports and our previous works [14,15,20-24].
The XRD peaks of secondary phases of Cu,S and Sn,S are absent in Fig. 2. In addition, the XRD
peaks at 40.5° come from the Mo layer.
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Fig. 2 The XRD patterns of prepared thin films without annealing and with
different annealing temperatures

We further study the effect of annealing temperature on the structural properties of
Cu,ZnSnS, thin films. Table 1 lists the full width at half maximum (FWHM) of the (112) peak,
grain size, and dislocation density of Cu,ZnSnS, thin films with the change of annealing condition.
The grain sizes are calculated by Debye-Scherrer equation. The dislocation densities (8) are
calculated by

52?

where D is the grain size of thin films. As seen in Table 1, the calculated grain sizes of annealed
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thin films are larger than that of thin film without annealing, indicating that post-annealing
treatment can improve the structural properties of Cu,ZnSnS, thin films. For annealing
temperature no more than 300 °C, the crystallinity of Cu,ZnSnS, thin films enhances with
increasing annealing temperature. The thin films annealed at 300 °C show the maximum grain size
and the minimum dislocation density. However, when the annealing temperature increases to 350
°C, the value of FWHM increases, resulting in reduced grain size and increase dislocation density.
Therefore, the crystallinity of Cu,ZnSnS, thin films annealed at 350 °C is lower than that of thin
films annealed at 300 °C.

Table 1 The full width at half maximum (FWHM) of the (112) peak, grain size, and dislocation
density of thin films with annealing temperature.
Annealing temperature (°C) FWHM (°) Grain size (hm)  Dislocation density (10 nm™)

Without annealing 0.277 43.0 541
250 0.203 58.6 291
300 0.162 73.5 1.85
350 0.171 69.7 2.06

The structural properties of prepared thin films were also measured by Raman
spectroscopy to characterize the phase structures more exactly. Fig. 3 shows the Raman spectra of
all prepared thin films. The Raman peaks at 265, 288, 338, and 367 cm™ are assigned to the
quaternary Cu,ZnSnS, phase. For all samples, the strongest Raman peaks located at 338 cm™ are
original from the A; mode of Cu,ZnSnS,;, which agree with the reported results [21,23-25].
However, the Raman peak at 321 cm™ comes from the secondary phase of Cu,SnS;. The results of
Raman measurements reveal that the thin films without annealing and with annealing temperatures
of 250 and 300 °C are single-phase Cu,ZnSnS,. The Raman peaks of Cu,ZnSnS, are the highest
when the annealing temperature is 300 °C, indicating the enhancement in the structural properties
of thin films after annealing. When the annealing temperature increases to 350 °C, the reduced
Cu,ZnSnS, peak intensity at 338 cm™ and the present Cu,SnS; peak mean the decomposition of
Cu,ZnSnS, phase.
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Fig. 3 The Raman scattering spectra of prepared thin films without annealing and
with different annealing temperatures
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The results of XRD and Raman measurements demonstrate that post-annealing at 250 and
300 °C can improve the structural properties of sulfurized Cu,ZnSnS, thin films. The
post-annealing treatment can provide energies to the further growth of Cu,ZnSnS, structure. So the
grain size of Cu,ZnSnS, increases after post-annealing. The grain size of Cu,ZnSnS, thin films
annealed at 300 °C is larger than that of thin films annealed at 250 °C. However, for the annealing
temperature of 350 °C, the instability of Cu,ZnSnS, leads to the decomposition of Cu,ZnSnS,,
which is adverse for the Cu,ZnSnS, thin films. Therefore, the sulfurized Cu,ZnSnS, thin films
should be post annealed at low temperature.

3.2 The morphological properties of Cu,ZnSnS, thin films

Fig. 4 shows the SEM images of the surfaces of prepared thin films. As revealed from the
SEM images, all samples show grainy morphologies in the surface and the grains are near circular.
For the thin films without annealing, the thin film surface is compact, uniform, and smooth.
Besides, the grains aggregate in some regions. After post-annealing at 250 °C, the grains enlarge
slightly. For the thin films annealed at 300 °C, the grain size of thin films increases significantly
and the grainy morphology is more distinct. However, when the annealing temperature increases to
350 °C, the grain size of thin films reduces as compared with that of thin films annealed at 300 °C.
The compactness of thin films reduces as some voids appear in the surface.
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Fig. 4 The surface SEM images of Cu,ZnSnS, thin films (a) without annealing and
after post-annealing at (b) 250 <C, (c) 300 < and (d) 350 €

Fig. 5 shows the cross-sectional SEM images of Cu,ZnSnS, thin films. The cross-sectional
images indicate that the thin films become more compact for annealing temperature increases to
300 °C. The thin films annealed at 350 °C are less compact, which is consisting with the surface
images in Fig. 4. From Fig. 5, the thicknesses of all thin films are obtained as about 1 um. The
results of SEM measurements in Fig. 4 and Fig. 5 are in agreements with the XRD and Raman
results.
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Fig. 5 The cross-sectional SEM images of Cu,ZnSnS, thin films (a) without annealing and
after post-annealing at (b) 250 <C, (c) 300 € and (d) 350 <.

3.3 The optical properties of Cu,ZnSnS, thin films

The transmittances of Cu,ZnSnS, thin films in the visible light and near infrared regions
are shown in Fig. 6. The transmittances of all samples reduce with decreasing wavelength because

of the absorption of incident photons. From the transmittance spectra, we can obtain the absorption
coefficients (o) of Cu,ZnSnS, thin films by

1,1
a=—In=
T

d

where T and d are the transmittance and thickness of thin films, respectively.
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Fig. 6 The transmittance spectra of all Cu,ZnSnS, thin films

We can further obtain the optical band gap of prepared thin films from the (ehv)*-hv
curves in Fig. 7. The relation between (ahv)” and hv can be described as
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(ahv)2 = A(hv -E, )

where hv is the photon energy, E, is the direct optical band gap of material, and A is a constant. In
Fig. 7, all (ehv)*hv curves show linear properties in the high energy region. By extrapolating the
linear region of curves to the hvaxis, the intercept of hv axis gives the direct optical band gap. The
direct optical band gap of Cu,ZnSnS, thin films without annealing is 1.61 eV. For the annealed
thin films, their direct optical band gaps are 1.51, 1.48, and 1.48 eV when the annealing
temperatures are 250, 300, and 350 °C, respectively. The direct optical band gaps of annealed thin
films are close to the reported results, which is suitable for absorber [20,21,24,25]. The reduced
optical band gaps of annealed thin films result from the quantum confinement effect.
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Fig. 7 The (ehv)*~hv curves of all Cu,ZnSnS, thin films.

4. Conclusion

The Cu,ZnSnS, thin films were sequentially fabricated by sputtering of precursors,
sulfurization, and post-annealing. The properties of prepared thin films were characterized to study
the influences of post-annealing. For thin films without annealing and with annealing temperatures
of 250 and 300°C, the thin films are single-phase Cu,ZnSnS, and the crystallinity of Cu,ZnSnS,
enhances with increasing post-annealing temperature. However, for thin films annealed at 350 °C,
the grain size reduces. Besides, the secondary phase appears in the thin films. These results reveal
that the Cu,ZnSnS, phase begins to decompose at 350 °C. The optical band gaps of annealed thin
films are 1.48-1.51 eV, which are close to the optimal value for absorber. The experimental results
indicate that post-annealing in a sulfur-free atmosphere can further enhance the properties of
sulfurized Cu,ZnSnS, thin films. To avoid the decomposition of Cu,ZnSnS, phase, post-annealing
should be performed at low temperature. In this work, the optimal post-annealing temperature is
300 °C.
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