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Application of facile solution-processed ternary
sulfide Ags;SnS; as light absorber in thin film solar

cells
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ABSTRACT Light absorber is critical to the further appli-
cations of thin film solar cells. Here, we report a facile solu-
tion-processed method with an annealing temperature below
250°C to fabricate AgsSnS, (ATS) light absorber for thin film
solar cells. After optimization, the ATS-based thin film solar
cells exhibited a reproducible power conversion efficiency
(PCE) of about 0.25% and an outstanding long-term stability
with 90% of the initial PCE retained after a more than 1,000 h
degradation test. This research revealed the potential appli-
cation of ATS as an earth-abundant, low toxic and chemically
stable light absorber in thin film solar cells.
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INTRODUCTION

Solution-processed thin film solar cells have shown many
advanced photovoltaic properties and are considered as
promising alternatives to the classic existing photovoltaic
technologies [1,2]. In order to minimize the fabrication
costs, facile solution processing with low temperature
treatment can be an excellent energy-saving option. In
addition to the fabrication method, environmentally
friendly and earth-abundant material with promising
photovoltaic properties is also a key part. However, to
date, most of the promising alternatives still cannot meet
all the above requirements [3]. Many of them require
high energy consumption treatments [4,5] or rely on
vacuum deposition [6,7]. Others are limited by containing
toxic elements (Pb [8,9], Cd [10,11]) or scarce elements
(In [12], Te [13]).

Among the solution-processed thin film solar cells,
hybrid organic-inorganic perovskite solar cells (PSCs) are
investigated intensively in recent years [14-20], due to the
excellent photovoltaic performance of perovskite light
absorption materials [21]. Some urgent problems, such as
toxic lead content and unstable composition, have ham-
pered outdoor practical applications of PSCs [22-24]. It is
an effective way to find potential light absorption mate-
rials candidates. Chalcogenides are intensively applied in
the photovoltaic field for their variable components and
good electronic and optical properties [25,26]. Ternary
sulfide AgeSnS; (ATS) has many excellent photovoltaic
properties such as ideal band gap, suitable band edges,
high absorption coefficient and remarkable carrier mo-
bility that are comparable with perovskite light absorp-
tion materials. ATS has a direct band gap, which is an
ideal type for light absorber, because indirect band gap
has weak oscillator strengths for both optical absorption
and radiative recombination [27]. It means that solar cells
based on indirect semiconductors demand a much
thicker absorption layer with higher carrier mobility.
According to the Shockley-Queisser detailed-balance
model, the optimal band gap of a single-junction solar cell
is 1.34 eV with a limiting power conversion efficiency
(PCE) of 33.7% [28]. Accordingly, the band gap of ATS
(1.26 eV) is very close to the ideal band gap. The con-
duction band edge (CBE) and valence band edge (VBE)
are also investigated to make sure that the band positions
of ATS are suitable for charge separation. The high
coefficient benefited from the direct band gap can mini-
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mize the thickness of the film [29]. The light absorption
coefficient of ATS ranges from 10* to 10°cm ' dis-
tinguished by wavelength, which is in the same order of
magnitude reported by literature [30]. The carrier mo-
bility of ATS is in the range of 14-23cm’V 's ' [31].
Both charge generation and carrier transport can be
promoted due to high carrier mobility. Additionally, the
weaknesses of MAPDI; such as toxicity and instability are
avoidable in ATS. It is inexpensive, environmentally
friendly and chemically stable [32]. As listed above, the
talented nature of ATS should make it a promising light
absorber.

Several methods for the preparation of ATS micro- and
nano-particles have already been reported with their
photocatalytic and photoelectric chemical properties [31-
34]. However, research about the application of ATS as
light absorber in solar cells has been seldom reported.
Herein, we presented a novel facile solution-processed
method with mild reaction conditions for the fabrication
of ATS light absorption layer and successfully applied it
in thin film solar cells. The synthesized ATS film pre-
sented many good photovoltaic properties. After opti-
mization, ATS-based devices with a reproducible PCE of
about 0.25% can be achieved. Meanwhile, the unsealed
ATS-based solar cells exhibited a remarkable long-term
stability with 90% of the initial PCE retained after 45
days.

EXPERIMENTAL SECTION

Unless stated otherwise, all chemicals were used as re-
ceived. SnS, was synthesized with a method in the Ilit-
erature [35]. SnCl, (30 mmol, Aldrich) was dissolved in
90 mL of deionized water with constant stirring. Then,
ammonium sulfide solution (9.3 mL, Aldrich) was in-
troduced dropwise to the solution to form a yellow pre-
cipitation. After centrifugation and washing, yellow
precipitate was obtained and then dried in an oven at
80°C. Finally, the precipitate was ground into fine pow-
der.

Sulfur powder (0.2 mmol, SCR), SnS, (0.1 mmol) and
Ag,S (0.4 mmol, Alfa Aesar) were introduced in n-buty-
lamine (BA) (1 mL, SCR) and thioglycolic acid (TGA)
(0.1, 0.2, 0.3 mL, SCR) mixture. Then, the mixed solution
was kept at 75°C for 6 h with constant stirring. Finally, a
homogeneous black ATS precursor solution was formed.
The ATS precursor solution was centrifuged before use.

Fluorine-doped tin oxide (FTO) glass (Pilkington TEC
15) 15 Q/[ ] was patterned by etching with Zn powder
and 1 mol L™ aqueous HCL. Then, it was cleaned in an
ultrasonic bath containing ethanol for 20 min, deionized
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water for 30 min, and treated at 510°C for 30 min. A
dense blocking layer of TiO, was deposited on the FTO
substrate by aerosol spray pyrolysis at 450°C, using a
precursor solution of 0.4 mL of bis-(acetylacetonate) and
0.6 mL of titanium diisopropoxide in 7 mL of iso-
propanol. TiO, (Dyesol 30NRT) paste was diluted in
ethanol by mass ratio of 1:3.5. After the FTO substrate
was cooled to room temperature, the mesoporous TiO,
(mp-TiO,) were deposited by spin-coating the diluted
paste at 3,000 rpm. for 20 s and then annealed at 510°C
for 30 min. Then, ATS precursor solution was spin-
coated on the mesoporous oxide substrate at 4,500 rpm.
for 60 s. Subsequently, the film was annealed at 200°C for
30 min in a N, atmosphere. A volume of spiro-OMeTAD
(2,2°,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-
spirobifluorene, 30 puL) solution was spin-coated on the
ATS layer at 4,000 rpm for 30 s. The solution was par-
epared by mixing 72.3 mg of spiro-OMeTAD, 28.8 pL of
4-tert-butylpyridine (TBP), 17.5puL of lithium bis(tri-
fluoromethylsulphonyl imide (LiTFSI), 520 mg in 1 mL
of acetonitrile and 29 uL of tris(2-(1H-pyrazol-1-yl)-4-
tert-butylpyridine)cobalt(III) bis(trifluoro-methylsulpho-
nyl)imide (FK209), 300 mg in 1 mL of acetonitrile. Fi-
nally, the back contact was made by thermally
evaporating 60 nm gold on top of the device.

The morphologies of samples were characterized by a
field-emission scanning electron microscope (FE-SEM,
sirion200, FEI Corp., Holland). The X-ray diffraction
(XRD) patterns were measured using a Bruker-AXS Mi-
crodiffractometer (model D5005) with Cu Ka radiation
(A=1.5406 A). Line traces were collected over 26 values
ranging from 10° to 60°. UV-vis absorption spectroscopy
and transmittance spectrum were recorded using the UV-
vis spectrophotometer (SOLID3700, Shimadzu Co. Ltd,
Japan). Ultraviolet photoemission spectroscopy (UPS)
were performed on an ESCALAB 250Xi electron spec-
trometer (Thermo Fisher Scientific) using a monochro-
matic Al Ka source (300 W). UPS was carried out under a
pressure of about 2x10 '* Pa using helium Ia (21.22 eV)
radiation from a discharge lamp operated at 90 W, a pass
energy of 10 eV, and a channel width of 25 meV, and the
energy resolution was 0.02 eV. A —9 V bias was applied to
the samples, in order to separate the sample and analyze
low-kinetic-energy cutoffs. The J-V curves were carried
out via a Keithley model 2420 digital source meter con-
trolled by Test point software under a xenon lamp (100
mW cm %), The irradiance was calibrated using a Si-re-
ference cell certified by NREL. Current-voltage curves
were recorded using a sourcemeter (Keithley 2400, USA).
All solar cells were covered with a black mask which was
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Figure 1 (a) XRD patterns of ATS films synthesized by BA and TGA mixed solvent with different annealing temperature. (b) Crystal structure

diagram of ATS.

used to define the active area of the devices, and this case
was 0.09 cm”’.

RESULTS AND DISCUSSION

To dissolve sulfide compounds, a mixed solvent of amine
and mercapto group can be used [36]. After screening
different combinations, two kinds of typical mixtures
came in sight: BA/TGA and ethylenediamine (EDA)/2-
mercaptoethanol (BME). Although the mixtures of BA/
BME and EDA/TGA were also tested, they were not
suitable due to poor solubility. Briefly, S, SnS, and Ag,S
(2:1:4, molar ratio) were dissolved in BA/TGA (solution
A, 1:0.2, v/v) or EDA/BME (solution B, 1:0.2, v/v) under
stirring at 75°C for 6 h. The introduction of sulfur in-
creases the dissolution of SnS, by forming soluble Sn,S”~
ions [35]. Black solution A and light yellow solution B can
dissolve SnS, and Ag,S. Both solutions were spin-coated
on substrates and treated at 200 and 400°C for 30 min,
respectively, in N, atmosphere. Fig. la shows the XRD
patterns of Ag-Sn-S compounds synthesized by solution
A. It can be concluded that ATS films (PDF#38-0434)
with a good crystallinity can be formed by precursor
solution A at 200°C. The peak intensity of XRD pattern of
the sample treated at 400°C is slightly stronger than that
of 200°C, especially for the peaks of (311) lattice planes at
22.6° and (410) at 26.1°. The peaks at 30.47° and 31.97° in
the XRD pattern of 400°C are impurity peaks of (101) and
(040) lattice planes of SnS (PDF#39-0354). We suppose
that a high temperature of 400°C will result in too fast
evaporation of solvent and remain unreacted Ag,S and
SnS, on the substrate. Solid state Ag,S and SnS, cannot
react completely at 400°C and the unreacted SnS, de-
compose into SnS. A previous research also reported the
similar phenomenon of SnS, decomposed into SnS at

December 2018 | Vol.61 No. 12

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

450°C during the solid-phase reaction preparation of ATS
[33]. Hence, ATS films should be annealed at 200°C.
According to the standard card, the ATS formed after
annealing belongs to orthorhombic crystal system, space
group Pna2, (No. 33) with a=15.298 A, b=7.548 A and c=
10.699 A. A single ATS unit cell has 4 formula units. $*
anions have two types in the crystal structure (Fig. 1b).
One type forms a bond with Ag’, and the other connects
Ag' and Sn* cations together. No obvious characteristic
peak assigned to ATS can be observed in the XRD pat-
terns of compounds synthesized by solution B (Fig. S1).
This implies that mixed solvent plays an important role
and only specific mixed solvents can be functioned in the
reactions. As the N—H---S hydrogen bonding formed by
amine and mercapto group in the mixture solvent is an
important contributor to the dissolving and ionization of
metal sulfides [36], we assume that the C=0 in TGA can
form extensive extra N—H--O hydrogen bonding and this
makes the dissolved metal sulfide to have a much higher
reactivity. By employing this solution-processed method,
stable ATS films with an appropriate crystallinity can be
synthesized at a low temperature of 200°C.

Fig. 2a exhibits the UV-vis absorption spectrum of ATS
film. The synthesized ATS film has a wide absorption
range from the visible light to about 1,000 nm. It proves a
narrow band gap of ATS. According to the different
synthesis methods and nanoparticle sizes, the band gap of
ATS ranges from 1.12 to 1.56 eV in different researches
[32,37]. The optical band gap can be calculated by [38]:
(ahv)=A(hv-E,)", where a is absorption coefficient, A is a
constant and n is 0.5 or 2 for samples with a direct or
indirect band gaps, respectively. The absorption coeffi-
cient spectrum of ATS film is presented in Fig. S2. In our
cases, the direct band gap (E,) of ATS is 1.26 eV obtained
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Figure 2 (a) Normalized UV-vis absorption spectrum of ATS film and
(b) the corresponding plot of (ahv)® vs. hv of sample.

by plotting (ahv)* vs. ho (Fig. 2b). It is a bit smaller than
the ideal band gap (1.34 eV) of a single-junction solar cell
and could promote a large short current intensity of de-
vice.

To further understand the band alignment of ATS, UPS
measurement was carried out (Fig. 3a, b). From Fig. 3a, b,
the binding energy (E;) of ATS is 17.2 eV and the VBE is
1.3 eV below the Fermi level. Ionization potential, which
can be defined as the energy difference between VBE and
vacuum level, is about 5.32 eV. Combined with the band
gap, the VBE and CBE of ATS were estimated to be —5.32
and —4.06 eV, respectively (relative to the vacuum level),
consistent with the literature [30]. The CBE and VBE of
ATS can match well with both conventional electron
transport materials (ETM) and hole transport materials
(HTM) of thin film solar cells. Fig. 3c shows the sche-
matic diagram of energy levels of each functional layer in
ATS thin film solar cells. In our experiments, TiO, which
has a CBE of —4.20 eV was used as ETM and spiro-
OMeTAD with a HOMO level of —5.22 eV was HTM.
The ATS light absorption layer was sandwiched between
them. This structure is beneficial for the charge separa-
tion of ATS absorber, because of the matched energy
levels of each layer.

As shown by SEM image in Fig. 4a, the ATS nano-
particles show irregular polygon shapes and the crystallite

size ranges from 150 to 400 nm. The atomic force mi-
croscopy (AFM) image of ATS is given in Fig. S3 and the
R, of the sample is 52.3 nm. The ATS-based thin film
solar cell (FTO/blocking-TiO,/mp-TiO,:ATS/ATS/spiro-
OMeTAD/Au) was fabricated by a one-step spin-coating
method. The thickness of the ATS-based solar cell is
about 800 nm (Fig. 4b). The ATS light absorption layer
can be divided into two parts. One is the small size ATS
nanoparticles which are grown in mesoporous TiO, (mp-
TiO,). The other is the large ATS nanoparticles which
form a capping layer above the mp-TiO,:ATS mixture.
The mp-TiO,:ATS mixture layer can increase the contact
area between ATS and mp-TiO,, which will facilitate the
electron injection from ATS to mp-TiO,. The ATS cap-
ping layer is designed for sufficient light absorption.
When ATS absorbed the incident photons, electrons in
the valance band of ATS were excited into the conduction
band and left holes in the valance band. These electron-
hole pairs were bonded by Coulomb force to form ex-
citons which were separated at the interfaces between
ATS and charge transport layers and formed free carriers.
These carriers would be injected into charge transport
layers under the influence of built-in electric field and
then collected and transported by other function layers.

Fig. 5a presents the J-V curves of typical ATS-based
devices made from different volume ratio of mixed sol-
vent. Each group contains 16 samples, and detailed device
parameters are shown in Fig. 5b and Table S1. The PCE,
short-circuit current density (Jsc), open-circuit voltage
(Voc) and fill factor (FF) of different BA/TGA mixed
solvent based typical devices are 0.22%, 0.67 mA cm’,
0.62 'V and 0.53 for the ratio of 1:0.1 (group a); 0.26%,
0.90mA cm >, 0.59V and 0.49 for the ratio of 1:0.2
(group PB); 0.037%, 0.28 mA cm %, 0.44 V and 0.30 for the
ratio of 1:0.3 (group y), respectively. Group [ showed the
best PCE, while the PCE of group o was a bit lower. It was
mainly attributed to the low Ji of group a. TGA in the

a b c
o
— AgeSnSe ——AgsSnSe e = 2
o
= 14066V E'
= 3 “42eV | b=
2 L — = Q Au
£ 2z 3 | FT0 < sooev T —
z 2 o S 5326V j\j
S = = L - h*
£ 17.2eV 13aV h*
20 19 18 17 16 15 3.0 2.0 1.0 0.0

Binding energy (eV)

Binding energy (eV)

Figure 3 (a, b) UPS spectra of ATS film. (c) Diagram of energy levels (relative to the vacuum level) of ATS light absorber and other functional layers

in the ATS thin film solar cell.
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mixed solvent for group a was not enough to fully dis-
solve SnS, and Ag,S. The precursor concentration for
group a was smaller and it leads to a thinner ATS layer.
The thinner ATS layer could not afford sufficient light
absorption and reduced the Ji of group a. Group y ex-
hibited a poor performance, because the reaction between
mercapto group and amine would increase the viscosity
of precursor solution with more TGA. The precursor
solution for group y was too viscous to be spin-coated on
the substrate, resulting in the formation of thick and
rough ATS films which increased the series resistance and
low Jsc. The ATS film thickness of group y may exceed
the carrier diffusion length of ATS, which increased
charge recombination and decreased the V. and FF. Fig.
5b shows good photovoltaic performance reproducibility
of group a and [, while the poor reproducibility of group
y can be attributed to the inhomogeneity of ATS films.
SnS, is a binary sulfide light absorber which also has a

suitable band gap and an absorption coefficient of more
than 10* cm . The synthesis of SnS, demands high cost
vacuum techniques and the SnS, solar cell based on
precipitation chemical method still presented a limited
PCE of 0.0023% [39]. Different from SnS,, ATS-based
devices shows a reproducible PCE of about 0.25% after
optimization.

The J-V curves and incident photon-to-electron con-
version efficiency (IPCE) of optimized ATS-based device
were investigated to reveal the main reason of the limited
photovoltaic performance of ATS-based solar cells (Fig.
6a, b). The optimized ATS-based device shows a PCE of
0.255% under AM 1.5G and the J-V curve measured in
the dark confirmed the validity of the photovoltaic be-
havior. The integrated Js. from the IPCE spectrum is
0.813 mA cm . The IPCE can be expressed as follows:
IPCE=LHEXx¢,,x#c, where LHE stands for the light har-
vesting efficiency, ¢, is electron injection efficiency and
#c is charge collection efficiency. By combining the IPCE
and LHE (Fig. 6¢), the Jic of the ATS-based device is
surrendered by the low ¢,; and #5.. The steady-state
photoluminescence (PL) spectra in Fig. S4 reveal in-
sufficient charge injection efficiencies between ATS and
the charge transport layers. As a consequence, the in-
sufficient charge injection efficiency and charge collection
efficiency limit the performance of the ATS-based device.
The AFM image in Fig. S3 indicates that there were some
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Figure 5 (a) J-V curves of typical ATS-based devices made from different volume ratio of BA/TGA mixed solvent, obtained under AM 1.5
illumination, 100 ms dwell time. (b) PCE, Vo, Jsc and FF versus volume ratio of BA/TGA mixed solvent. Each group contains 16 samples. (c) Stability
test of PCE degradation of ATS-based unsealed solar cell, the device was tested and stored in ambient conditions.
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Figure 6 (a) J-V curves of an optimized ATS-based device obtained under AM 1.5G and in the dark, and the corresponding (b) IPCE spectrum, (c)

LHE spectrum.

voids between the crystals in the ATS film. The charge
transport materials can fill in these voids and form a
structure similar to bulk heterojunction. But different
from the bulk heterojunction of organic solar cell which is
formed by one mixed solution, the charge transport
materials and light absorption material of ATS-based
devices were deposited separately. Thus, the interface
between ATS and charge transport layers might have
some trap states and recombination centers. These traps
will hinder the charge injection between ATS and charge
transport layers and highly increase charge recombina-
tion at the interface. These issues limit the charge injec-
tion and collection efficiency and finally resulted in the
decrease of Jgc.

The long-term stability, over 1,000 h, of ATS-based
unsealed device is shown in Fig. 5c. The devices were
tested and stored in ambient conditions for 45 days with
humidity of 20%-50% at 15-25°C. The devices were
stored in the dark. In the first 20 days, the device ex-
hibited an excellent retention of PCE. Without en-
capsulation, 90% of the initial PCE was still retained after
45 days in ambient conditions. We attributed the little
PCE degradation to the metal-migration between back
contact Au and organic HTM spiro-OMeTAD [40]. De-
spite this slight degradation, the ATS-based thin film
solar cell still exhibited a good performance in the long-
term stability test. By comparing with the instability of
the perovskite solar cells which was caused by the che-
mical instability of perovskite light absorption material,
the long term stability of ATS-based devices should be
mainly attributed to the remarkable chemical stability of
ATS.

CONCLUSIONS

In summary, ATS was synthesized by a novel facile so-
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lution-processed method and applied as light absorber in
thin film solar cells. ATS has a great chemical stability
and is environmentally friendly without toxic element. In
our research, well crystallized ATS films were obtained by
employing specific BA/TGA mixed solvent in the solu-
tion-processed method. The synthesized ATS has a nar-
row band gap of 1.26 eV which is close to the ideal band
gap and a wide absorption wavelength. By considering the
CBE and VBE of ATS film, a structure that can be ben-
eficial for the charge separation was employed in ATS-
based thin film solar cells: FTO/blocking-TiO,/mp-TiO,:
ATS/ATS/spiro-OMeTAD/Au. After a series of optimi-
zation, ATS-based device with a reproducible PCE of
about 0.25% can be achieved. About 90% of the initial
PCE of unsealed ATS-based solar cell was remained after
45 days. This research can provide a novel perspective
toward the application and investigation of light absorber
in thin film solar cells. Just as CsPbl; based solar cell
which exhibited a poor initial PCE of 0.09% [41] and then
was improved with a PCE up to 10% in just two years
[42], ATS-based thin film solar cell can positively be a
competitive candidate in the photovoltaic field in the near
future.
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TR IR ) 48 =TT AL AgsSnSAE Ay W Y A A 3 A B HEL it H F 2
R RIEY, " Fm kY, B EY hE LY &, e

TE WOCHRE R PR B R E RN R, —ITHi I AgSnS, (ATS)FAIELILTHHE LN AT, KT ATSIEROLA K
7 TR R A ARE. A, TG R0 R AR T 250° CRUMR NI IRE B # ATSOE AR H R AT T A B fa . AL
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AR IR E M, AL 1000/ N A AL IS & P SR8 A 90% I MTAARCR. ABTFAUETR T & F 5 A AR ERATS
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1556 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

December 2018 | Vol.61 No.12



	Application of facile solution-processed ternary sulfide Ag8SnS6 as light absorber in thin film solar cells 
	INTRODUCTION
	EXPERIMENTAL SECTION
	RESULTS AND DISCUSSION
	CONCLUSIONS


