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Abstract
The dependence of photoluminescence (PL) on sulfurization temperature of the Cu2SnS3 (CTS) thin films was investigated. 
CTS thin films were prepared at various sulfurization temperatures in the range of 500–600 ℃, and differences in the conver-
sion efficiency of solar cells with the CTS thin films as absorption layer and the crystal structure of the CTS thin films were 
observed. In low-conversion-efficiency CTS films, which were a mix of monoclinic and cubic crystals, the PL spectrum only 
showed donor–acceptor pair (DAP) recombination luminescence due to deep defects. In high-conversion-efficiency CTS thin 
films, which contained only monoclinic crystals, the PL spectrum showed DAP recombination luminescence originating 
from the same deep defects. In addition band-edge luminescence was observed at room temperature. Thus, it was found that 
the conversion efficiency and crystal structure of CTS thin film can be easily estimated from PL measurements.

Keywords  Cu2SnS3 · Photoluminescence · Thin film solar cell · Exciton luminescence · Donor–acceptor pair (DAP) 
recombination luminescence · Crystal structure

1  Introduction

The p-type semiconductors CuIn1-xGaxSe2 (CIGS) and CdTe 
have been widely studied as absorption layers in thin-film 
solar cells. However, these materials have environmental and 
safety issues, because they contain elements of low abun-
dance (In, Ga, Te) and toxic (Se, Cd) elements.

Cu2SnS3 (CTS) is attracting attention as a material to 
solve these problems. CTS is composed of abundant and 
harmless elements and has a large absorption coefficient of 
104 cm−1 or more. Kuku and Fakolujo [1] were the first to 
report thin-film solar cells using CTS; their Schottky solar 

cells had a conversion efficiency of 0.11%. There have been 
many reports on CTS-based thin-film solar cells having con-
version efficiencies higher than 4% [2–6]. The maximum 
conversion efficiency of current CTS solar cells is 5.24%, 
achieved by Kanai et al. [7]. This is far below the theoretical 
limit of CTS, which is about 25% [8].

One of reasons for the low efficiency compared with the 
theoretical limit is that CTS has several crystal structures. 
Generally, the crystal structure of CTS depends on the 
growth temperature, where cubic CTS is formed at high tem-
perature (> 775 ℃), and monoclinic, triclinic, and tetragonal 
crystals are formed at lower temperatures (< 775 ℃) [9–11]. 
This fact means that the growth temperature is a very impor-
tant factor determining the crystal structure. The band gap 
energy Eg of CTS is about 0.9–1.6 eV [12–15], depending on 
the crystal structure. Fernandes et al. [13] changed the maxi-
mum temperature of sulfurization and investigated the phase 
changes in CTS. As a result, Eg was found to be 1.35 eV and 
0.96 eV for tetragonal and cubic crystals at sulfurization 
temperatures of 350 and 400 ℃, respectively. The structure 
of CTS used in thin-film solar cells is generally monoclinic 
[2, 4, 5, 16], and there is no report on high-efficiency CTS 
solar cells with CTS phases other than monoclinic.
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Addition of Na is also effective in increasing the conver-
sion efficiency. Nakashima et al. [5] prepared Na-modified 
CTS thin films by changing the NaF molar ratio in NaF/
Cu/Sn layered precursors and investigated the effect of Na 
addition on CTS solar cells. As a result, the fill factor, short-
circuit current density, open-circuit voltage, and conversion 
efficiency were found to increase as the NaF/Cu molar ratio 
in the precursor increased. Among these samples, the high-
est conversion efficiency of 4.63% was obtained when the 
NaF/Cu ratio was 0.075. In ref. [7], which reported the high-
est conversion efficiency in CTS-based solar cells, Na was 
also added to improve conversion efficiency. Thus, the addi-
tion of Na greatly contributes to improving the performance 
of CTS solar cells. According to refs [16, 17], increasing the 
conversion efficiency of CTS solar cells requires a Cu-poor 
(Cu/Sn < 2.0) composition. Therefore, the key to improving 
the conversion efficiency of CTS-based solar cells is a Cu-
poor composition (Cu defects), monoclinic crystal structure 
and Na addition.

Since photoluminescence (PL) is very sensitive to defects 
and PL contains information on defect levels, observation 
of PL is an important analysis method to investigate defect 
levels in semiconductors. Therefore, PL observation of Na-
modified and Cu-poor CTS is very important. In addition, 
since the band gap energy of CTS depends on the crystal 
structure, the PL of CTS is affected by the crystal struc-
ture; therefore, the observation of PL as a function of crystal 
structure is important.

In our previous work, PL spectroscopy was used to eval-
uate CTS. In Ref. [18], the defect levels in Cu-poor (Cu/
Sn = 1.8) monoclinic CTS thin films were investigated by 
measuring PL. CTS thin films were prepared by co-evapo-
ration of Cu, Sn and S. The PL showed peaks at 0.843 and 
0.867 eV and the peaks were attributed to donor–acceptor 
pair (DAP) recombination luminescence; the thermal acti-
vation energies associated with the peaks were 22.9 and 
24.8 meV, respectively.

In ref [19], bulk single crystals of single-phase mono-
clinic CTS were prepared by the iodine transport method 
with a quenching process. The observed PL from the mono-
clinic CTS single crystals showed free exciton luminescence 
at 0.9317 eV and two bound exciton luminescence peaks at 
0.9291 and 0.9260 eV at 4.2 K. The activation energy of the 
free exciton was 6.5 meV, and from the activation energy 
and free exciton luminescence energy, the band gap energy 
of monoclinic CTS was determined to be 0.94 eV [20].

In ref [21], poly-crystalline samples of Cu-poor, stoichio-
metric, and Cu-rich CTS with or without Na addition were 
prepared by solid-state reaction, and the PL spectra of the 
CTS samples were measured. Exciton luminescence was 
observed from only the Cu-rich samples, while DAP lumi-
nescence was observed from all samples. The estimated acti-
vation energy of the DAP was smaller with Na than without 

Na. Therefore, it was concluded that Na addition increased 
the carrier density due to the acceptor level approaching the 
valence band.

As mentioned above, we investigated the PL of CTS thin 
films and bulk poly- and single-crystalline samples. How-
ever, differences in PL caused by differences in conversion 
efficiency and crystal structure had not been investigated. In 
this work, Cu-poor and Na-modified CTS thin films contain-
ing only monoclinic CTS or both monoclinic and cubic CTS 
were prepared by changing the sulfurization temperature; 
also, using the CTS thin films, CTS solar cells with different 
conversion efficiencies were prepared. Then, differences in 
PL caused by differences in conversion efficiency and crystal 
structure were investigated.

2 � Experimental method

The samples used in this study were prepared as follows. 
A Mo layer with a thickness of approximately 0.8 μm was 
DC sputtered onto an alkali-free glass substrate as the bot-
tom electrode. Sn (340 nm, 99.9999%) and Cu (260 nm, 
99.9999%) were deposited on alkali-free glass/Mo by elec-
tron beam evaporation at a substrate temperature of 130 ºC 
and in a vacuum of 7.5 × 10–4 Pa or less. On this Sn/Cu 
stacked precursor, 10 mg of NaF (NaF, 99%) was vacuum 
deposited using a vacuum deposition apparatus (ULVAC 
KIKO, Inc., VPC-260F) equipped with a Mo resistance heat-
ing boat (Nilaco Corp., T-202M). The distance between the 
deposition source (NaF) and the sample stacked precursor 
was about 190 mm. The alkali-free glass /Mo/Sn/Cu/NaF 
precursor was placed in a quartz container with 100 mg 
of sulfur (99.9999%). It was positioned in a tube furnace, 
shown in Fig. 1a. Sulfur lumps and precursors were placed 
in a quartz glass container. The quartz containers were 
placed in a tubular furnace in N2 gas flow (10 sccm) under 
atmospheric pressure. The furnace was heated to the speci-
fied sulfurization temperatures (500, 520, 530, 540, 570, 
600 ºC) in a nitrogen atmosphere at 10 ºC/min for 2 h, and 
then allowed to cool naturally. The temperature sequence is 
shown in Fig. 1b. The obtained CTS thin films were etched 
by immersing them in deionized water for 30 min to remove 
residual NaF and Na compounds.

The samples were analyzed as follows: (1) Evaluation of 
elemental composition ratio by inductively coupled plasma 
(ICP) atomic emission spectroscopy (Shimadzu, ICPS-
7510), (2) Phase identification by X-ray diffraction (XRD) 
(Rigaku, Miniflex), (3) Crystal structure identification by 
Raman spectroscopy (Jasco, RMP-510), (4) Measurement of 
the photovoltaic characteristics of solar cells with the CTS 
film as the absorption layer. Based on these results, samples 
for PL observation were chosen.
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The PL spectra were observed using the optical system 
shown in Fig. 2. The excitation was from Nd3 +: YVO4 second 
harmonic laser light of wavelength 532 nm with power density 
of 203 W/cm2. The PL was dispersed by a 750 mm polychro-
mator (Andor, Shamrock 750) and detected by InGaAs CCDs 
(Andor, iDus DU490A-1.7 and iDus DU490A-2.2). For the 
measurement of excitation intensity dependence, the intensity 
of the excitation light was changed in the range of 100–0.01% of 
203 W/cm2 by using several neutral density (ND) filters. In the 
temperature-dependent measurements, the cryostat (Pascal, Pas-
cal-OPS101) temperature was varied in the range of 6–300 K.

3 � Results and discussion

As shown in Table 1, ICP atomic emission spectroscopy 
analysis confirmed that all CTS thin films had an ideal 
Cu-poor (Cu/Sn < 2.0) composition for high-efficiency 

CTS solar cells. As shown in Fig.  3a, from the XRD 
results, peaks were observed that could be attributed to 
CTS; however, since the diffraction angles of the peaks for 
monoclinic and cubic CTS are almost the same, the crystal 
structures could not be distinguished [22].

Fig. 1   a Layout of glass container, samples and sulfur sources in a sulfurization tube furnace. b Temperature sequence of sulfurization process

Fig. 2   PL observation system

Table 1   Summary of measurement results. M/(M + C) is the mono-
clinic/(monoclinic + cubic) percentage (adapted from Ref. [22])

Sulfurize 
temperature 
(℃)

ICP M/(M + C) Efficiency (%)

Cu/Sn Na/(Na + Cu)

500 1.70 0.081 55.43 0.025
520 1.68 0.090 63.18 0.176
530 1.72 0.083 63.14 0.115
570 1.75 0.065 100 1.665
600 1.78 0.070 100 2.497
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To identify the crystal structures of the CTS thin films, 
Raman spectra were measured. The Raman peaks were 
deconvoluted into 7 peaks at 222 cm−1, 261 cm−1, 290 cm−1, 
303 cm−1, 319 cm−1, 353 cm−1 and 372 cm−1 as shown in 
Fig. 3b. The peaks at 290 cm−1, 319 cm−1, 353 cm−1, and 
372 cm−1 are attributed to monoclinic structure [23] and 
303 cm−1is attributed to cubic structure [13]. From the peaks 
at 303 cm−1 and at 290 cm−1 ratio of the monoclinic phase/
(monoclinic phase + cubic phase) ratio at each temperature 
were calculated. The results are shown in Table 1.

Conversion efficiency of the solar cells with the CTS 
thin films sulfurized at several temperature was shown in 
Table 1. The conversion efficiency of the solar cells consist-
ing cubic CTS is lower than that of the solar cells consisting 
only monoclinic.

Based on the above results, to observe the PL spectra, we 
decided to choose two samples with poor conversion effi-
ciency, sulfurized at 520 and 530 ℃, and two samples with 
high conversion efficiency, sulfurized at 570 and 600 ℃.

Figure 4 shows PL spectra observed at 6 K from the CTS 
thin films sulfurized at 520 and 530 ℃ (here after referred to 
as samples of 520 and 530 ℃), which contained cubic CTS 
and from the CTS sulfurized at 570 and 600 ℃ (here after 
referred to as samples of 570 and 600 ℃), which contained 
no cubic CTS. All spectra were normalized to the intensity 
value at 0.775 eV. For the samples of 520 and 530 ℃, weak 
and broad luminescence was observed in the low-energy 
band, the values were multiplied by 10 after normalization. 
As can be seen from Fig. 4, the PL spectra of the samples 
of 600 ℃ and 570 ℃ show peaks at around 0.83, 0.86, and 
0.94 eV, and he PL spectra of the samples of 530 ℃ and 

520 ℃ show around 0.78 eV. The spectrum includes more 
than aforementioned peaks, and the spectrum needs to be 
resolved and discussed. However, since the PL spectra of 
the samples of 520 and 530 ℃ show the same tendency, and 
the PL spectra of the samples of 570 and 600 ℃ are similar, 
in the following discussion, we will focus on the samples of 
520 and 600 ℃.

To investigate the origin of the PL, the dependence of 
the PL spectra on the excitation intensity and observation 
temperature was observed for the samples of 520 and 600 ℃.

Fig. 3   a XRD results for the CTS thin films sulfurized at different temperatures. b Raman scattering spectrum for CTS thin film sulfurized at 
500 ℃. The spectrum was deconvoluted into peaks due to the monoclinic and cubic structures (adapted from Ref. [22])

Fig. 4   Normalized PL spectra of CTS thin films sulfurized at 520, 
530, 570 and 600 ℃, respectively. The PL spectra were normalized 
by the intensity at 0.775 eV. For the samples of 520 and 530 ℃, the 
values were multiplied by 10 after normalization
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The PL spectra at 6 K for the samples of 520 and 600 ℃ 
as a function of excitation intensity are shown in Fig. 5a, b, 
respectively. The spectrum of the sample of 520 ℃ is wavy, 
which probably due to Fabry–Perot interference. This broad-
ening of the PL spectrum for the 520 °C sample is similar 
to that in Ref. [24].

The temperature dependence of PL spectra for the sam-
ples of 520 and 600 ℃ are shown in Fig. 6a, b, respectively. 
The excitation intensity is 100% for the sample of 520 ℃, 
and 9.1% for the sample of 600 ℃. At room temperature, 
for the sample of 600 ℃, a narrow peak around 0.94 eV was 
observed, while for the sample of 520 ℃ only very weak 
and broad luminescence was observed. The PL spectrum of 
the sample of 600 ℃ at room temperature is very similar to 
results shown in ref [10].

As shown in Fig. 6b, PL from the sample of 600 ℃ has 
a narrow luminescence peak at around 0.94 eV and broad 
luminescence at 0.8–0.9 eV. PL from the sample of 520 ℃ 
only shows a very broad luminescence peak at 0.6–0.9 eV. 
From our previous work, the narrow and wide luminescence 
peaks correspond to exciton luminescence and DAP recom-
bination luminescence, respectively [21].

As shown in Fig. 6b, the spectrum of the sample of 600 ℃ 
is composed of several peaks. Therefore, the spectrum was 
resolved into several Gaussian peaks. Figure 7 shows the 
resolved PL of the sample of 600 ℃ with excited 9.1% (18.5 
W/cm2).

As shown in Fig. 7, the spectrum can be fitted with 8 
peaks, and the peaks are named p1–p8 from lower to higher 

Fig. 5   Excitation intensity dependence of PL spectrum for CTS thin films sulfurized at a 520 ℃, sulfurized at b 600 ℃

Fig. 6   Temperature-dependent PL spectrum for CTS thin films sulfurized at a 520 ℃, sulfurized at b 600 ℃
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energy. The peak energy of the each peak is shown in 
Table 2.

The spectrum of the sample of 600 ℃ contains 8 peaks. 
However, the spectrum of the sample of 520 ℃ is composed 
of two peaks, whose peak energies are almost the same as 
p7 and p8 for the sample of 600 ℃. Therefore, it is assumed 
that the origins of both peaks are as the same as p7 and p8, 
and they were named p7′ and p8′.

The relationship between the excitation light intensity 
( Pexc ) and the luminescence intensity ( IPL ) is well known as:

where γ is a derived parameter, and the luminescence mech-
anism can be determined from the numerical value of γ; 
typically, γ > 1 for exciton recombination luminescence, and 
γ < 1 for DAP recombination luminescence or free-to-bound 
(FB) recombination luminescence [25, 26].

Generally, the peak energy of DAP recombination 
luminescence shifts to higher energy as the excitation 

(1)IPL ∝ P
�

exc
,

light intensity increases, and the peak shift rate is less 
than ~ 10 meV/decade [27]. The light luminescence mecha-
nism was elucidated by integrating the above results for γ 
and the peak shift rate.

To determine the activation energy associated with these 
luminescence peaks, the temperature dependence was inves-
tigated. The exciton luminescence relationship between the 
sample temperature T  and the luminescence intensity Iex is 
well known as:

where I0 is the intensity of the luminescence at 0 K, C is a 
constant, kB is Boltzman’s constant, and Eex is activation 
energy [28]. For DAP recombination luminescence, the rela-
tionship between T  and the luminescence intensity IDAP is 
well known as:

where I0 is the intensity of the luminescence at 0 K, � and 
� are DAP recombination luminescence parameters, kB is 
Boltzman’s constant, and Ea is the activation energy [29].

The activation energy was obtained by fitting the Arrhe-
nius plot from the temperature dependence of luminescence 
peak areas with the above equations. The donor level or 
acceptor level on the other side of Eb is calculated by the 
following formula.

where Eg is the estimated band gap energy, EPL is the peak 
energy, and Ea is the activation energy.

Figure 8a, b show the Arrhenius plots of samples of 
520 ℃ and 600 ℃, respectively. The activation energy was 
calculated by fitting the plots with Eqs. (2) or (3).

In Table 3, EPL is the averaged peak energy for all exci-
tation intensities, � is a parameter from Eq. (1), p-shift is 
the peak shift rate from the excitation intensity dependence, 
luminescence origin is the origin of luminescence obtained 
from � and p-shift, and Ea and Eb are activation energies 
from Eqs. (2)–(4).

First, we discuss the sample of 600 ℃ with high conver-
sion efficiency. From Table 3, since γ of p1–p3 is larger than 
1 and the peak energy is near the reported exciton lumines-
cence [21], p1–p3 were attributed to exciton luminescence. 
In Ref. [30], E–k curves, which were drawn from the results 
of first-principles calculations, show that the top of the 
valence band is split into three levels. This corresponds to 
p1–p3 of the peaks resolved in this study. Therefore, p1–p3 

(2)Iex(T) =
I0

1 + Cexp
(

−
Eex

kBT

) ,

(3)IDAP(T) =
I0

1 + �T
3

2 + �T
3

2 exp
(

−
Ea

kBT

) ,

(4)Eb = Eg − EPL − Ea,

Fig. 7   Resolved PL spectrum of the CTS thin film sulfurized at 
600 ℃

Table 2   Peak energy of the 
Resolved PL spectrum of the 
CTS thin film sulfurized at 
600 ℃ (Fig. 7)

Peak name E
Res

 (meV)

p1 943.9
p2 938.2
p3 933.2
p4 918.1
p5 889.5
p6 865.6
p7 832.3
p8 796.5
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are considered to be derived from exciton luminescence 
related to the separated valence bands.

As mentioned above, p1–p3 are attributed to exciton lumi-
nescence. If the temperature is higher than the temperature 
corresponding to the exciton binding energy, the excitons 
dissociate and show band-edge luminescence. Therefore, the 
exciton binding energy was estimated from the values below 
80 K in the Arrhenius plot of Eq. (2).

When the exciton of p3 dissociates and becomes band-
edge luminescence, the peak energy shifts to the higher 
energy side and overlaps the p1 and p2 luminescence. There-
fore, at higher temperature, p1 and p2 cannot be separated 
well due to the overlap with p3, and the apparent activation 
energy becomes higher. Luminescence is observed at around 
0.94 eV even at room temperature. This luminescence is the 
band-edge luminescence caused by the dissociated exciton 
and thermal excited carriers from donner and accepter levels.

For p4, γ is a value higher than 1; however, to attribute 
this p4 to exciton luminescence, one must consider that the 
peak energy is small, the peak shift dependence on excita-
tion intensity is not zero, and γ is only slightly larger than 1. 
Therefore, the fact that the value slightly exceeds 1 is con-
sidered to be due to measurement error and it is concluded 
that the origin of p4 can be attributed to DAP recombination 
luminescence.

For p5, the peak shift is roughly 10 meV/decade and γ is 
less than 1; therefore, the origin of the p5 is considered to 
be DAP recombination luminescence.

As shown in Table 3, γ is less than 1 and peak shift is few 
meV/decade, so p6–p8 are attributed to DAP recombination 
luminescence.

The bandgap energy can be estimated from the sum of 
Eex , which corresponds to the exciton binding energy, and 
the energy of exciton emission associated with the highest 

Fig. 8   Arrhenius plots of peak areas for CTS thin film sulfurized at a 520 ℃, sulfurized at b 600 ℃

Table 3   The excitation intensity 
dependence and temperature 
dependence results for the CTS 
thin films sulfurized at 520 and 
600 ℃

Peak name E
PL

 (meV) � p-shift (meV) Lumines-
cence origin

E
ex

 or E
a
 (meV) E

b
 (meV)

p1 943.9 1.57 0 Exciton 49.92 –
p2 938.2 1.19 0 Exciton 11.85 –
p3 933.2 1.12 0 Exciton 4.23 –
p4 912.7 1.09 5.59 DAP 6.14 16.9
p5 881.8 0.74 11.95 DAP 6.65 47.7
p6 861.3 0.67 3.11 DAP 25.65 50.4
p7 827.8 0.63 3.51 DAP 19.38 90.4
p7′ (827.8) – – (DAP) 11.19 98.6
p8 794.6 0.61 1.86 DAP 15.27 127.6
p8′ (794.6) – – (DAP) 20.46 122.4
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valence peak p3. The estimated bandgap energy is 0.937 eV, 
which is very close to the value reported in ref [20].

The Ea of p4–p6 and Eb of p4 are relatively small com-
pared to thermal energy at room temperature, and the Eb of 
p5 and p6 are on the same order as the thermal energy at 
room temperature; therefore, defects related to p4–p6 cannot 
be factor in reducing conversion efficiency because those are 
not carrier trap source.

The Ea of p7 and p8 are relatively small compared to the 
thermal energy at room temperature; however, Eb of p7 and 
p8 are large, therefore the defects related to p7 and p8 are 
very deep and could be factor in reducing the conversion 
efficiency.

Next, we discuss the sample of 520 ℃ with low conver-
sion efficiency. As can be seen from Fig. 6a, it was not pos-
sible to derive γ or a peak shift, because the spectra are wavy 
and a sufficient amount of data to determine the excitation 
intensity dependence could not be obtained due to low lumi-
nescence intensity.

The spectral deconvolution results show that the spectrum 
is composed of two peaks, and the positions of the peaks 
are almost the same as p7 and p8 of the sample of 600 ℃. 
The values ​of the activation energy were also close to those 
of the sample of 600 ℃. Therefore, although � could not 
be derived, it was speculated that origin of p7′ and p8′ was 
DAP recombination luminescence. In this study, p7′ and p8′ 
were considered to correspond to p7 and p8 based on their 
energies, but further investigation is needed to determine if 
this consideration is valid or not.

Since the p4–p8 of the sample of 600 ℃ and p7′ and 
p8′ of the sample of 520 ℃ were determined to be DAP 
recombination luminescence, the donor and acceptor levels 
of the samples of 520 ℃ and 600 ℃ were drawn as shown 
in Fig. 9a, b, respectively, using calculated Ea and Eb . Here, 
calculated Ea was considered as acceptor level because CTS 
is p-type semiconductor.

Based on the above results, samples 520 ℃ and 600 ℃ 
are compared again. The decrease in luminescence inten-
sity with increasing temperature in the sample of 520 °C 
is slower than in the sample of 600 °C as shown in Fig. 6a, 
b. As mentioned previously, band-edge luminescence was 
observed at room temperature for the sample of 600 °C. This 
is due to thermally dissociated excitons and carriers ther-
mally excited from the donor and acceptor levels. In other 
words, carriers thermally excited from the donor and accep-
tor levels are not captured by the donor and acceptor again 
and are not used for DAP recombination luminescence, 
resulting in band-edge luminescence. On the other hand, 
no band-edge luminescence is observed in the sample of 
520 °C. Therefore, it is possible that some of the thermally 
excited carriers are trapped again in the donor and accep-
tor levels, resulting in DAP recombination luminescence, 
and the sample of 520 °C would shows a slower decrease 

in luminescence intensity with increasing temperature than 
the sample of 600 °C.

The sample of 520 °C contains cubic CTS as well as 
monoclinic CTS. The band gap of cubic CTS is reported 
as 0.96 eV [13], which is comparable to that of monoclinic 
CTS. Therefore, the PL of cubic CTS is expected to be 
observed in the same energy region as that of monoclinic 
CTS. There are no reports on PL from cubic CTS, therefore, 
it is unclear whether the origin of the p7' and p8' observed 
from the sample of 520 °C is cubic CTS or monoclinic CTS. 
However, since the luminescence intensity becomes very 
weak when cubic CTS is included, and since the lumines-
cence energy and activation energy of p7′ and p8′ are com-
parable to those of p7 and p8 observed from the sample of 
600 °C which containing only monoclinic CTS, it is reason-
able to consider that the luminescence from the sample of 
520 °C also due to monoclinic CTS. In this case, cubic CTS 
shows no luminescence. If the cubic CTS has many very 
deep defects, the carriers trapped there will not contribute to 
luminescence, so PL will not be observed. Also, the carriers 
trapped very deep defects would not contribute to electric 
generation. This corresponds to the very low conversion effi-
ciency of cubic CTS. To confirm these facts, it is necessary 
to fabricate a sample of cubic alone and investigate whether 
or not it does not show luminescence.

The efficiency of solar cells is affected not only by 
recombination in the absorption layer (bulk recombina-
tion), but also by recombination in the depletion layer and 
absorption layer/buffer layer interface recombination. 
For example, passivation of the CTS surface suppresses 
interfacial recombination and improves efficiency [31]. 
Therefore, it is beneficial to study the luminescence of 
the solar cell if one wants to gain insight into improving 
the efficiency. The luminescence in this experiment cor-
responds to the luminescence due to bulk recombination 
in the solar cell, and recombination in the depletion layer 

Fig. 9   Donor and acceptor levels of a sample of 520 ℃ and b sam-
ple of 600 ℃ drawn by using calculated E

a
 as acceptor levels and E

b
 

as donor levels. In this figure CB and VB are conduction band and 
valence band, respectively
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or interfacial recombination cannot be observed. However, 
since the fabrication of a solar cell requires many steps, 
it is useful to be able to roughly determine the efficiency 
before the device is fabricated, i.e., at the absorption layer 
preparation stage.

In this investigation, it was found that the CTS thin film 
of sufficient quality to be utilized in a high-efficiency solar 
cell showed band-edge luminescence at room temperature, 
while the CTS thin film which gave a lower efficiency solar 
cell showed only weak and broad band luminescence. 
Therefore, it is possible to determine whether a solar cell 
constructed with a fabricated thin film can be highly effi-
cient or not by simply observing the PL of the CTS thin 
film at room temperature.

4 � Conclusions

In this study, PL spectra of the thin films consisting of only 
monoclinic CTS, sulfurized at higher temperature of 570 
and 600 ℃, and the thin films consisting with cubic and 
monoclinic CTS sulfurized at lower temperature of 520 and 
530 ℃ were investigated. Since the PL from CTS thin films 
sulfurized at the lower two temperatures showed the same 
tendencies and those sulfurized at the higher temperatures 
also showed behavior similar to each other, CTS thin films 
sulfurized at 520 and 600 ℃ were chosen for further detailed 
analysis. The analysis showed that the PL spectrum of the 
CTS thin film sulfurized at 600 ℃ consisted of 8 peaks. 
Of these, 3 were associated with exciton luminescence or 
band-edge luminescence, 3 were due to DAP recombina-
tion luminescence with shallow defects as non-carrier trap 
source, and 2 were due to DAP recombination luminescence 
from deep defects as the carrier trap source.

The PL spectrum of the CTS thin film sulfurized at 520℃ 
consisted of 2 peaks, both of which were due to DAP recom-
bination luminescence from deep defects as the carrier trap 
source. The PL spectra of CTS thin films differed greatly 
depending on whether cubic structure contained or not. In 
addition, band-edge luminescence was able to be observed 
even at room temperature for the thin film consisting only 
monoclinic CTS, which shows higher conversion efficiency. 
From the above results, it was shown that the conversion effi-
ciency and crystal structure of CTS thin films can be easily 
estimated based on PL measurements at room temperature.
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