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Cu,SnS; (CTS) thin films were fabricated by two-step process: deposition of precursor by
RF magnetron sputtering, and subsequent sulfurization at different temperatures. The
influence of sulfurization temperatures on the structural, morphological, optical, and
electrical properties was investigated to find out the optimum growth route for CTS
formation kinetics. All prepared samples were found Sn-rich by the EDX compositional
analysis. Structural analysis confirmed the CTS formation with the impurity phase of
Cu,Sn; Sy at lower temperature, and Sn,S; at higher sulfurization temperature. Crystallite
size of these films was found to increase from 53.2 to 61.3 nm with increasing the
sulfurization temperatures from 520 to 580 °C. The same trend was also observed for the
grain size in the morphological analysis. Bandgap was varied from 0.87 to 0.92 eV, as the
sulfurization temperature increased from 520 to 580 °C. Carrier concentration was found
to decline with increasing sulfurization temperature while mobility and resistivity showed
a progressive increment at higher temperatures.
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1. Introduction

Cadmium telluride (CdTe) and copper indium gallium selenide (CIGS) based thin film
absorbers have achieved world record power conversion efficiency (PCE) of 22.1% and 22.9%,
respectively [1]. However, the toxicity (Cd) and usage of rare earth materials (Te, In) are projected
to hinder tera-watt scale for commercialization [2]. Copper zinc tin sulfide (CZTS) consist of all
earth abundant materials, has been considered as the prominent substitute for CIGS based solar
cell. Recently, it has achieved the record PCE of 12.6% for partial selenium substitution [3].
However, for a narrow chemical potential stable region, this absorber layer suffers from formation
of impurity phases, thus hampering further improvement of efficiency [4, 5]. Cu,SnS; (CTS) has
come to researchers’ attention, as this ternary phase often produced as a byproduct during the
fabrication of CZTS. Having similarity in crystal structure of CZTS, CTS has been considered as a
prospective candidate for chalcogenide based absorber due to its tunable narrow bandgap (0.9 to
1.35 eV), p-type conductivity with high absorption coefficient (>10* cm™) [6-9]. Above all, it
entirely consists of earth-abundant and environment friendly components. Moreover, in terms of
chemical potential phase space, Cu,SnS; possesses the broadest stable range in Cu-Sn-S family
[10]. Different fabrication methods have been utilized to fabricate CTS based thin film solar cells,
including sputtering [11], vacuum evaporation [12, 13], electron beam evaporation [14],
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electrodeposition [15], spray pyrolysis [16], successive ionic layer adsorption and reaction [17],
chemical bath deposition [18], and solid reactions [19]. However, the highest PCE (4.63%) for
CTS has been reported by co-evaporation method [20], which is still low to initiate rigorous pre-
commercial research effort. Moreover, this method is not suitable for large-scale production due to
lack of sufficient process stability and homogeneity [21]. In terms of composition control and
smooth large-scale production capability, sputtering is the best method. However, the best PCE
reported from this method is only 3.05% [22].

Continuous work to identify the optimum growth route to deposit void free and highly
crystalline CTS phase is an on-going effort. Sulfurization step is an important stage to control the
growth formation kinetics of CTS. However, the overall performance of CTS has not met the
satisfactory level so far. One of the possible reasons for this lower efficiency is the poor
crystallization and unfavorable morphology of the CTS absorber layer. For an ideal photovoltaic
absorber layer, columnar grains growth perpendicular to surface is desirable to suppress the grain
boundaries along the horizontal direction, and thus reduce the recombination centers for the
minority carriers. Consequently, better crystallinity is necessary for optimum output of CTS solar
cells, which can only be achieved by optimized sulfurization of as-deposited precursor films.
Sulfurization is a variant of post-deposition annealing process, which is normally done in closed
space in the presence of sulfur source and a suitable working gas (N, or Argon) [23] . Several
parameters of sulfurization such as temperature, holding time, working pressure, temperature ramp
rate, and sulfur content have different impacts on quality of CTS film.

However, the most important parameter, which controls the growth formation kinetics of
CTS is temperature. In the literature, it has been found that this parameter controls the phase of
CTS, in which at high temperature (>775 °C) the cubic structure forms whereas at low temperature
(<775 °C) stable monoclinic phase forms [24-26]. There are several reports regarding the effects of
sulfurization temperature variations on CTS thin film absorber layer [7, 11, 27, 28]. However, in-
depth analysis is needed to understand the exact material properties as well as the growth
formation Kkinetics of CTS thin film. Recently, P. Guan et.al reported a DFT analysis about CTS
optimum growth conditions and proposed a two-step sulfurization profile for CTS absorber [29].
In this report, the authors suggest to maintain lower temperature below 400 °C for the formation of
CTS phase, and higher temperature more than 500 °C for better crystallinity and bigger grain size.
Hence, the proposed two-step sulfurization has been carried out to investigate the effects of the
temperature variations on the structural, morphological, optical, and electrical characteristics of
CTS thin films.

2. Experimental details

Soda lime glass (SLG) substrates were sequentially ultrasonically cleaned by methanol-
acetone-methanol-deionized water sequence, and then dried by N, gas flow. Back contact metal
was deposited by magnetron sputtering using a 2-in Mo target (purity of 99.95%) on the SLG
substrates [30, 31]. The stacked metallic precursors were sequentially deposited by using radio
frequency (RF) sputtering on Mo-coated SLG from Sn target (5N), and then from copper-tin alloy
(CT) target (purity of 99.99% with the composition of 65% Cu, and 35% Sn). Additional Sn
content is to ensure the composition of fabricated samples to be in Cu-poor condition. In both
cases, the deposition was carried out in high purity argon atmosphere, with a base pressure of
6x10° Torr at room temperature (RT). The sputtering power of Sn and CT target was set to 80 W,
and 50 W, respectively, whereas argon flow was fixed at 4 SCCM. After preheating the Mo-coated
substrates at 100 °C for 40 min, the Sn, and CT targets were sequentially deposited for 30, and 60
min, respectively at the working pressure of 20 mTorr. This lower substrate heating temperature is
useful to assist the interdiffusion of metal elements, which in turn enhances the uniformity,
density, and morphological properties of films [32-35]. Sulfurization was carried out in a tube
furnace by putting the samples in a graphite box with 120 mg sulfur powder, and 20 mg SnS
powder [36]. Prior to sulphurization, purging was done to ensure a contamination free
environment. Two-step sulfurization was applied with a base pressure of 90 mTorr, and working
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pressure of 200 Torr at RT. Temperature was increased with a rate of 5 °C/min, and the holding
time for the lower temperature at 350 °C was kept fixed for 30 min, meanwhile holding time for
the higher temperature at 520 °C, 550 °C, and 580 °C was fixed for 60 min. The samples
fabricated at 520 °C, 550 °C, and 580 °C have been marked as T1, T2, and T3. For structural and
crystallographic analysis of sulfurized CTS absorber, X-ray diffraction (XRD) was done using
BRUKER AXS-D8 advance at RT. The XRD patterns were captured with Cu-Ka radiation (A =
1.5408 A) in the 20 range from 20° to 80° with a step size of 0.02°. Morphological analysis was
done by using Hitachi SU1510 scanning electron microscopy (SEM), which was operated at 3 kV
to 15 kV. Compositional measurement was carried out through using Horiba EMAX 450 energy-
dispersive X-ray (EDX) spectroscopy at 300x magnification (spot size Imm x 1 mm), and
accelerating voltage of 15 kV. Optical property explicitly bandgap was estimated from reflectance
measurement by using Perkin-Elmer Lambda 950 UV/VIS/NIR spectrometer, which was equipped
with a 60 mm integrating sphere from 190 to 2500 nm. HMS ECOPIA 3000 system was used to
measure the electrical properties of CTS like carrier concentration, mobility, and resistivity with a
magnetic field of 0.57 T, and probe current of 10 pA.

3. Result and discussion

3.1. Structural and crystallographic analysis

Fig. 1 shows the XRD patterns obtained for the samples sulfurized at 520 °C, 550 °C, and
580 °C, which are marked as T1, T2, and T3, respectively. According to the diffraction patterns,
all films are found to possess a strong peak at 28.3° with a preferential orientation of (-131) as well
as three weak peaks located at 32.65°, 47.2°, and 55.85°. These detected patterns are similar to
either a monoclinic phase (JCPD card no. 01-072-9611) or a cubic phase (JCPD card no. 01-089-
2877). The reported formation temperature of cubic phase has been found more than 775 °C [24,
25], which is quite higher than our sulfurization temperatures. Consequently, observed patterns can
be acknowledged as the monoclinic crystal structure, which is in agreement with U. Chalapathi et
al. correspondingly [37]. Moreover, the existence of two secondary phases is observed, which are
explained as follows. The first secondary phase is associated with CusSn;Sy¢ that can be traced to
JCPD card no. 01-089-4713. This secondary phase shows the dominating peak located at 34.16°
with an orientation plane of (200). As shown, patterns related to this secondary phase remain
almost persistent at 520 and 550 °C, and as the temperature increases to 580 °C, this secondary
phase diminishes along with all peaks except for 24.34°, 37.74°, and 49.27° peaks. This
observation indicates that some portions of this secondary phase are still existent in the sample T3.
Another secondary phase, Sn,S; (JCPD card no. 01-075-2183) is found only at the sulfurization
temperature of 550 and 580 °C. At 550 °C, the formation of Sn,S; starts and two peaks located at
21.34°, and 31.62° are detected. However, results indicate the higher sulfurization temperature
stimulates the Cu,Sn;Sis component to break into CTS and Sn,S; (shown in Eqn. 1), which leads
into the presence of many Sn,S; peaks at 580 °C.

CuySn,S16 = 2CuySnS3 + 251,53 + Sn+ 35 1)
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Fig. 1. XRD patterns of the samples sulfurized at different temperatures.
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Fig. 2. Variations of FWHM and crystallite size of CTS samples for different
sulfurization temperatures

A comparison of full width half-maximum (FWHM) is shown in Fig. 2 for the main peak
of CTS oriented as (-131) plane. From the figure, the measured FWHM values are 0.171, 0.156,
and 0.148 for samples T1, T2, and T3, respectively. The crystallite size, which was calculated
using Scherer’s equation, is linearly increasing with the temperature increment, from 53.15 nm for
520 °C to 61.34 nm for 580 °C. Therefore, from the structural point of view, higher sulfurization
temperature has been found to be favorable for better crystallinity of CTS thin films.

3.2. Compositional analysis

Table 1 shows the elemental compositions for the CTS films prepared at different
sulfurization temperatures. To keep all sulfurized films in Sn-rich condition, we intentionally made
the precursor (denoted as P) composition more Sn-rich by adding further elemental Sn with the
single target CT, which is described in experimental section. As shown, the composition ratio of
Cu/Sn for deposited sample is found 1.053 that changes to 1.072 at 520 °C. As the sulfurization
temperature increases further, the Cu/Sn ratio changes to 1.148 at 550 °C, and finally, 1.525 at 580
°C. The increment of Cu/Sn ratio with temperature can be attributed to the amount of Sn-loss
during sulfurization, which is more at higher temperature. From XRD analysis, it has shown that
as the temperature crosses over 550 °C, Sn-rich Cu,Sn;Sye breaks into CTS, Sn,Ss;, Sn, and S.
These elemental Sn, and S may form the volatile SnS inside the graphite box and evaporated,
which causes significant increment of Cu/Sn ratio at 580 °C. The evaporation of S also causes
gradual decrement of the S/metal ratio up to 0.982 at 580 °C. The closer to unity value of S/metals
also indicates the completion of sulfurization process at 580 °C [7].



Table 1. Compositional analysis of CTS thin films sulfurized at different temperatures.
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Elemental percentage (atomic) Compositional ratio
Sample 1D Cu Sn S Cu/Sn S/metals
P 51.29 48.71 N/A 1.053 N/A
Tl 23.59 22.01 54.4 1.072 1.193
T2 25.04 21.81 53.15 1.148 1.135
T3 30.47 19.98 49.55 1.525 0.982

3.3. Morphological analysis

Surface morphology of samples is demonstrated in Fig. 3 to investigate the effect of
sulfurization temperatures on the deposited precursor P. As shown, the sample T1 appears to
contain huge agglomerations on its surface in the form of a number of small grains, and as a result
higher grain boundaries. As the temperature increases, grain enlargement can be observed due to
coalescence process. The grain size shows its optimum value at the highest sulfurization
temperature of 580 °C, which also agrees well with the XRD result. However, some
agglomerations are still present on the surface of T3, which might indicate the necessity of more
sulfurization time to convert all these agglomerations into larger grains. However, the presence of
pinholes is insignificant compared to Sn and S loss in sample T3, which can be attributed to the
enhanced crystallinity and larger grain size. From the morphological point of view, sulfurization
temperature has a great impact, and higher temperature has proven to produce better crystalline
CTS absorber layer.

Fig. 3. Surface morphology of precursor and sulfurized CTS thin films.
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3.4. Optical bandgap measurement

Reflectance was measured to determine the direct bandgap of CTS samples fabricated at
different sulfurization temperatures. Kubelka-Munk function was applied to calculate the bandgap
using the measured reflectance. According to Kubelka-Munk function theory, F is calculated by
(1-R)%/2R, and for direct bandgap absorber, Fhv o (hv-Eg)"?, where v is the frequency of photon, h
is the Plank’s constant, and Eg is the bandgap [38]. As shown in Fig. 4, the bandgap is calculated
by extrapolating the linear portion of the curve to the horizontal axis. Using this technique, the
direct bandgap is estimated to be 0.87 eV for the sample T1, which is increased to 0.91 eV for T2,
and 0.92 eV for T3. Therefore, higher sulfurization temperature has been found to enhance the
direct bandgap of CTS thin films, which is favorable for higher open circuit voltage, and thus
better efficiency. Estimated bandgap values in this study are justified with the previous reported
value for monoclinic CTS phase [25, 39-41].
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Fig. 4. Estimation of bandgap for fabricated different CTS thin films using
Kubelka-Munk function.

3.5. Electrical properties

Table 2 summarizes the hall measurement data to investigate the effect of temperature on
the electrical properties of sulfurized CTS thin films. The measured carrier concentration of
sample T1 is 1.11E+18, which decreases to 5.09E+17 and 1.11E+17 for samples T2 and T3,
respectively. The fabricated CTS films in this study are not intentionally doped, and the observed
carrier concentration is introduced by defect states, which are originated from the deviations of
ideal elemental stoichiometry [27]. As EDX result suggested that the sample T1 and T2 are Cu-
poor and S-rich therefore, S interstitials (S;), Cu vacancies (V¢,), and Sn atoms in Cu sites (Snc,)
are the probable defect states. Among them, S; and V¢, are acceptor defect states and Snc, is donor
defect states. According to hall measurement, all samples were found to have p-type conductivity,
thus the effective defect states are mostly S; and V¢, However, for T3 the origin of carrier
concentration would be dominated by V¢, since S; is absent here due to sulfur deficiency. The
amount of V¢, is linearly related to the degree of Cu-poor level as well. Moreover, the Cu/Sn ratio
was seen to increase by temperature, which eventually decreases the V¢, defect states. The above
analysis signifies the decreasing trend of carrier concentration with increasing sulfurization
temperature. According to our theoretical analysis regarding the relationship between carrier
concentration and space charge region of CTS, the optimum carrier concentration of CTS was
reported in the range of 10'° cm™ [42], which matches with the result of T3 most.
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It was reported that the defect states of V¢, and S; are responsible for the formation of
acceptor impurity band in the forbidden band. Due to presence of this acceptor impurity band, the
impurity band mobility (x4) and the valence band hole mobility (x,) can be related to the films
mobility () [43]. The w, can be related to the ionized impurities scattering, acoustic-lattice modes,
optical-lattice modes, neutral impurities, and space-charge effects etc. As a function of
temperature, decreasing trend of u, with temperature is related to the effects of acoustic phonon
scattering, whereas increasing tendency of u, can be related to the scattering by the ionized
impurities [44]. In our study, the mobility of films decreases from 1.14 cm?/Vs to 1.07 cm?/Vs as
the temperature changes from 520 °C to 550 °C. However, this value increases to 3.60 cm?/Vs as
the sulfurization temperature further increases to 580 °C. The decreasing and further increasing
trend of the mobility with temperature can be attributed to the effects of acoustic phonon
scattering, and scattering by the ionized impurities, respectively. Resistivity of sample T1 is the
lowest among all samples. The formation of Sn-rich Cu,Sn;S;s and lower crystallinity are
responsible for this lower resistivity. However, this value increases accordingly with sulfurization
temperature, which can be attributed to the vanishing of this secondary phase and better
crystallinity at higher temperature. In this study, higher sulfurization temperature has been found
to improve the semiconducting properties of CTS thin films.

Table 2. Electrical properties of sulfurized CTS thin films at different temperatures.

sample Carrier Congentration Motz)ility Resistivity
(cm™) (cm?/Vs) (Q-cm)
T1 1.11E+18 1.14 4.93
12 5.09E+17 1.07 1151
T3 1.44E+17 3.60 14.83

4. Conclusions

The CTS thin films were prepared by sputtering deposition followed by subsequent
sulfurization at different temperatures. Influence of sulfurization temperature on the structural,
morphological, optical, and electrical characteristics of CTS thin films was investigated in this
study. The fabricated films were identified as the monoclinic CTS phase with (-131) preferred
orientation. Secondary phase, Cu,Sn;S;s produced at lower temperature and disappeared gradually
as the temperature increased while Sn,S; emerged as the secondary phase.

Measurement of Cu/Sn, S/metal ratio signified that Sn, and S were lost accordingly as the
sulfurization temperature increased. Grain size was found to increase with higher temperature,
suggesting better crystallinity at higher sulfurization temperature. Direct optical bandgap of these
thin films was measured from 0.87 eV to 0.92 eV with increasing temperature. Carrier
concentration showed a decreasing trend from 1.11E+18 to 1.44E+17 with increasing temperature,
while mobility and resistivity were found to follow an increasing trend. From this study, 580 °C
was found as the optimum sulfurization temperature for the CTS films.
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