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A thiol-amine mixture for metal oxide towards device
quality metal chalcogenides
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Metal chalcogenides (MCs) are significant semiconduct-
ing materials possessing a variety of applications in
catalysts [1,2], thermoelectrics [3,4], rewritable memory
[5,6], thin film transistors (TFTs) [7,8], and solar cells [9–
16], usually presenting as solid films. Until now, one can
deposit the bulk materials on a substrate by either top-
down method such as thermal evaporation or bottom-up
deposition from molecular precursors. The latter
approach, usually described as solution processing, allows
low-energy, low-cost, high-speed and high-throughput
manufacturing, and is compatible with a variety of
substrates [17–19]. A key step for the transformation
towards final product is to find suitable solvent for
dissolving the precursors and the consequent chemical
conversion. A successful approach demonstrated by Mitzi
and co-workers [12,20–25] utilized hydrazine-based
solution with strong coordination and reduction cap-
ability to dissolve bulk MCs, forming molecular inks to
generate MC films. However, hydrazine is highly toxic,
explosive and hazardous, posing potential challenge
regarding the scalable application. To find “greener”
approaches, Brutchey’s group [26] developed an alka-
nethiol-alkylamine solvent mixture to dissolve V2VI3
chalcogenides (where V=As, Sb, Bi and VI=S, Se, Te).
Further studies found that elemental metals [27] and
metal oxides [28] with selenium and tellurium could also
be dissolved by similar method.
On the other hand, metal oxide/hydroxide precursors

are highly desirable because they are the most accessible
materials from nature. To dissolve metal oxide for sulfide
synthesis, Pan’s group [29,30] developed a binary thiol-
amine mixed solvent. In this reaction system, metal-
organic complex containing thiol is formed, which serves
as sulfur source. This method has made great success in
the synthesis of metal sulfides, but the dissolution
selenium and direct synthesis of selenide or selenosulfide

are rarely observed. For instance, metal selenide (such as
Cu2ZnSnSe4) has to be synthesized by post-selenization
[31]. Actually, the direct deposition of selenide is a
challenge since selenium is nearly insoluble in common
solvent. Therefore, establishing a well-controlled method
for the direct deposition of metal selenides is urgent to
explore new application with solution processed MCs.
Herein, a new solvent system composed of 2-

mercaptoethanol (2-ME) and monoethanolamine
(MEA) is used to dissolve ten kinds of metal oxide or
hydroxide powders and recover a large number of metal
chalcogenides. It can also dissolve thiourea and selenium
concurrently or separately. This characteristic allows
versatile preparation of metal sulfide, selenide or
selenosulfide. By varying thiourea and selenium ratio in
precursor solutions, we are able to control S/Se atomic
ratios in the final MC films. Importantly, the derived MC
film can generate photovoltaic effect in a complete
working device.
Specifically, the precursor inks were prepared by

dissolving metal oxides and/or hydroxides, including
Cu2O, ZnO, SnO, In(OH)3, GeO2, Cd(OH)2, MnO, PbO,
Bi2O3, Sb2O3, in a mixture of 2-ME and MEA with a
volume ratio of 1:3. For the synthesis of sulfide, selenide
or selenosulfide, corresponding thiourea, selenium or
thiourea/selenium mixture with stoichiometry are intro-
duced. ZnO, MnO, PbO, Bi2O3, Sb2O3 are quickly
dissolved in the mixture solvent at room temperature.
Nonetheless, a mild heating at 60°C is required for fast
dissolution of Cu2O, SnO, In(OH)3, GeO2 and Cd(OH)2.
The resulting compound inks are all homogenous
without visible light scattering (Fig. 1) and remain stable
for periods ranging from days to months under ambient
conditions, promising in scalable and practical applica-
tions.
The formation of MCs was conducted by thermal

CAS Key Laboratory of Materials for Energy Conversion, Department of Materials Science and Engineering, University of Science and Technology of
China, Hefei 230026, China
* Corresponding authors (emails: cfzhu@ustc.edu.cn (Zhu C); tchenmse@ustc.edu.cn (Chen T))

SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .LETTERS

June 2019 | Vol. 62 No.6 899© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

http://mater.scichina.com
http://link.springer.com
https://doi.org/10.1007/s40843-018-9376-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-018-9376-7&amp;domain=pdf&amp;date_stamp=2018-11-28


decomposition of the precursor inks under N2 atmo-
sphere. Upon annealing at 280–400°C, binary metal
sulfides ZnS, SnS, CdS, MnS, PbS, Bi2S3, Sb2S3 are
obtained from the corresponding metal oxide precursor
inks. X-ray diffraction (XRD) patterns indicate phase
pure metal sulfides (Fig. 2a, Fig. S1), and the detailed peak

assignment for each of the compounds is in Supplemen-
tary information. It is worth noting that the synthesis in
absence of thiourea would not produce sulfide, indicating
that the thiourea provides sulfur source [32]. The
synthesis of metal selenide was conducted in a similar
way to sulfide by substituting thiourea with selenium

Figure 1 Photographs of metal oxides (hydroxides) dissolving in 2-ME and MEA. (a) Photographs of Cu2O, ZnO, SnO, In(OH)3, GeO2, Cd(OH)2,
MnO, PbO, Bi2O3, Sb2O3, binary Cu2O and Sb2O3, ternary Cu2O, ZnO and SnO in the mixded solution with thiourea (a) and Se (b), respectively.

Figure 2 XRD characterizations of the as-generated metal chalcogenides films from the solution. (a) XRD patterns of Sb2S3, Sb2Se3, MnS, MnSe, PbS,
PbSe, Cu2ZnSnS4, Cu2ZnSnSe4. (b) XRD patterns of CuSbSe2–xSx alloys, where x=2.0, 1.5, 1.0, 0.5 and 0.
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power. Phase-pure crystalline selenides including Cu2Se,
ZnSe, In2Se3, CdSe, MnSe, PbSe, Sb2Se3 are generated
from the corresponding precursor inks after thermal
decomposition at 300–400°C (Fig. 2a, Fig. S2).
This method is capable to synthesize ternary CuSbS2,

CuSbSe2, Cu2SnS3 and quaternary Cu2ZnSnS4, Cu2
ZnSnSe4 (Fig. S3). Moreover, by tuning selenium ratio
in the reaction precursors, the band gap of the metal
chalcogenide can be conveniently tuned. Recently, it has
been discovered that CuSbSe2−xSx is a promising light
absorbing material with direct band gap energy Eg
=0.91–1.89 eV and high absorption coefficient [33–35],
while there has been no report on the solution processed
CuSbSe2−xSx with tunable band gap. Herein, we synthesize
the composition/band gap tunable CuSbSe2−xSx with the
aforementioned method. Cu2O and Sb2O3 were applied as
copper and antimony sources which were dissolved in the
mixed solvent. The composition was tuned by varying
metal/Se stoichiometric ratios (EXPERIMENTAL SEC-
TION in SI). The spin coated precursor solution was then
annealed at 390°C for 3 min. Fig. 2b shows the XRD
patterns of the as-generated CuSbSe2−xSx alloys (nominal
x=2, 1.5, 1, 0.5, 0) are crystalline. With the increase of Se
content in CuSbSe2−xSx, the XRD patterns display gradual
shift to lower diffraction angle, which is attributed to the
larger anionic radius of Se2− than S2− (Shannon–Prewitt
anionic radii of S2− and Se2− are 1.84 and 1.98 Å, [36]
respectively). Raman spectroscopy (Fig. S4) of CuSbS2
and CuSbSe2 show distinctive peaks located at 333 cm−1

for CuSbS2 and at 114, 152, 197, 226 cm−1 for CuSbSe2,
exhibiting phase pure CuSb(S,Se)2 [34,37]. The final
composition of CuSbSe2−xSx is determined by energy-
dispersive X-ray spectroscopy (EDS) analysis (Table S1),
and they are thus described as CuSbS2, CuSbSe0.4S1.6,
CuSbSe0.88S1.12, CuSbSe1.32S0.68 and CuSbSe1.92S0.08 with
nominal x=2, 1.5, 1, 0.5, 0. The actual elemental
composition of each compound generally matches the
nominal element ratio in the precursors. According to the
UV-vis spectra and Tauc plots, the corresponding band
gap energies of them are determined to be 1.31, 1.29, 1.24,
1.17, 1.08 eV (Fig. 3a). The dependence of Eg on
composition (Fig. 3b) was found to slightly deviate from
Vegard’s law. This result indicates that it is convenient to
manipulate the composition and then the band gap of
MCs by the current method.
Synthesis of quaternary metal chalcogenide with

controllable phase and stoichiometry remains a challenge.
Our method is also applicable for the direct synthesis of
phase pure Cu2ZnSn(S,Se)4 (CZTSSe). CZTSSe has
emerged as an ideal light-absorbing material for new

generation thin film solar cells due to its suitable band
gap and high absorption coefficient [38–40]. Here we
fabricated high quality pure selenide CZTSe thin film by
dissolving stoichiometric amounts of Cu2O, ZnO, SnO
and Se (EXPERIMENTAL SECTION in SI). In Fig. 2a,
the XRD pattern of the as-realized CZTSe thin film shows
the strong diffraction at 27.16°, 45.12° and 53.39° assigned
to (112), (220) and (312) crystal planes of kesterite
structure (JCPDS No. 52-0868). Raman spectroscopy
identifies whether there is potential binary and ternary
secondary phases, such as CuxSe, ZnSe and Cu2SnSe3,
since they exhibit indistinguishable XRD patterns
compared with CZTSe. Three peaks located at 174, 196,
and 234 cm−1 (Fig. S5) are typical Raman scattering of
CZTSe kesterite phase [41]. There are no peaks at 260,
253 and 180 cm−1 for CuxSe, ZnSe and Cu2SnSe3 [42],
indicating that our method is able to directly synthesize
phase purity CZTSe film. Furthermore, X-ray photoelec-
tron spectroscopy (Fig. S6) indicates that Cu 2p peaks
located at 932.1 and 951.9 eV with a splitting value of
19.8 eV (Fig. S7a), corresponding to Cu+ rather than Cu2+

[43]. EDS was employed to determine the chemical
composition (Table S2). The ratio of Cu/(Zn+Sn) is 0.83
and Zn/Sn is 1.10, which falls into the optimum
compositional ratio region (i.e., Cu/(Zn+Sn) and Zn/Sn
are 0.75–0.95 and 1.1–1.4) [44], conforming to the criteria
of Cu-poor and Zn-rich for high performance kesterite
solar cell. The morphological characterizations of the as-
synthesized film are provided in Fig. S7.
Finally, we investigated the dissolution process and

applied Sb2S3 in solar cell. 2-ME and MEA solvent
mixture with volume ratio of 1:3.2 was applied to dissolve
Sb2O3 (EXPERIMENTAL DETAILS in SI). The solution
was stirred for 30 min at ambient condition to obtain a

Figure 3 (a) Tauc plots showing band gap tunablity of CuSbS2 (I),
CuSbSe0.4S1.6 (II), CuSbSe0.88S1.12 (III), CuSbSe1.32S0.68 (IV) and
CuSbSe1.92S0.08 (V) measured by UV-vis spectroscopy, exhibiting direct
band gaps of 1.31, 1.29, 1.24, 1.17, 1.08 eV for CuSbS2, CuSbSe0.4S1.6,
CuSbSe0.88S1.12, CuSbSe1.32S0.68 and CuSbSe1.92S0.08, respectively. (b) The
relationship between x and band gap (Eg) of CuSbSe2−xSx alloys.
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homogenous solution. The dissolution reaction was firstly
analyzed by Fourier transform infrared spectroscopy
(FTIR) and the Raman spectroscopy (Fig. S8). After
Sb2O3 was introduced into the solvent mixture of 2-ME
(C2H6OS) and MEA (C2H7NO), υS–H stretch at 2,550 cm−1

disappeared (Fig. S8a), indicating the deprotonation of
S–H, which is evidenced by Raman spectra (Fig. S8b).
The peak located at 284 cm−1 is typical Raman scattering
of Sb–S bonding. Moreover, the peak at 332 cm−1 can be
ascribed to C3v symmetric modes of SbS3 pyramid
structure [45,46], with no peaks at 360–390 cm−1 for
Sb–N stretching vibration [47]. Therefore, the total
dissolution reaction can be described as follow:

Sb O +6C H OS+3C H NO

2 Sb(C H OS) + 3C H NO +3OH .
2 3 2 6 2 7

2 5 3 2 8
+

Different from many reports in literature [48,49], we
need introduce another sulfur source to fabricate metal
sulfides in this particular solvent mixture, herein, the
thiourea. Ultimately, the reaction between this Sb-
complex and thiourea can lead to Sb2S3. In addition, the
dissolution of selenium was studied by Raman spectro-
scopy. After selenium dissolved in 2-ME and MEA, two
bands at 272 and 394 cm−1 are ascribed to selenium rings
and S–Se stretching vibration (Fig. S9) [50,51]. Regardless

the formation of molecular selenium or S–Se in the
solution, the final transformation towards metal selenide
or selenosulfide becomes feasible.
Thermogravimetric analysis (TGA) was used to guide

the preparation of Sb2S3 light absorbing film. The
precursor solution displays a weight loss of 89 wt.% with
an ending temperature at 280°C (Fig. S10), indicating the
formation of Sb2S3 when temperature is raised to 280°C.
For device fabrication, the precursor solution was spin-
coated on the TiO2 compact layer (abbreviated as c-TiO2)
at 3,000 rpm for 30 s. SEM images show that the as-
prepared Sb2S3 thin film displays compact surface
morphology (Fig. 4a). The solar cell was completed by
coating a layer of 2,2',7,7'-tetrakis(N,N-di-p-methoxyphe-
nylamine)-9,9'-spirobifluorene (spiro-OMeTAD) as hole
transporting material, followed by thermal deposition of
Au metal film as back contact according to the reported
method [52,53]. The device configuration is thus
described as FTO/c-TiO2/Sb2S3/Spiro-OMeTAD/Au
(Fig. 4b). A cross sectional SEM image shows that the
thicknesses of Sb2S3, Spiro-OMeTAD, Au are 134, 150
and 80 nm, respectively. The photocurrent density-
voltage (J-V) spectra were measured under one Sun AM
1.5G irradiation (Fig. 4c). The solar cell delivers a power
conversion efficiency (PCE) of 4.39% with a short-circuit

Figure 4 (a) SEM image of as-prepared Sb2S3 thin film deposited on FTO/c-TiO2 and (b) cross-sectional SEM image of the solar cell device. (c) J-V
curve of Sb2S3 planar heterojunction solar cell measured under one Sun AM 1.5G illumination. (d) EQE spectrum of the Sb2S3 planar heterojunction
solar cell.

LETTERS . . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials

902 June 2019 | Vol. 62 No.6© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018



current density (Jsc) of 15.39 mA cm−2, open-circuit
voltage (Voc) of 0.599 V, and fill factor (FF) of 47.62%,
respectively. In fact, during our investigations we tried
other amine such as n-butylamine, n-propylamine, and 1,
2-ethylenediamine to substitute for monoethanolamine.
However, the device efficiency becomes quite poor. The
relatively high and similar boiling point of monoethano-
lamine with 2-ME enables the solvent dissociation at a
temperature close to their boiling points. In this manner,
the electric property of the film could be improved and
thus the device efficiency is enhanced. Fig. 4d presents the
external quantum efficiency (EQE) spectrum of the
corresponding solar cell, which shows a strong response
of above 80% in the wavelength range from 360 to
500 nm, indicating a high photocurrent conversion
collection efficiency. The integrated current density of
device is 13.68 mA cm−2, which is quite close to the value
obtained from J-V measurement (15.39 mA cm−2). The
energy level of as-synthesized Sb2S3 film is characterized
by synchrotron-based high resolution ultraviolet photo-
electron spectroscopy (Fig. 5), which shows both valence
band maximum (VBM, Fig. 5a) and secondary electron
cut-off (Fig. 5b) of Sb2S3. The VBM is 1.42 eV below the

Fermi level, and the work function (ϕ), defined as the
difference between vacuum level and Fermi level, is
4.09 eV for Sb2S3. We can calculate the conduction band
minimum by considering the band gap of as-fabricated
Sb2S3 of 1.79 eV determined by plotting [hν×ln(1−EQE)]2

versus hν (Fig. 5c), which is consistent with the value
acquired from UV-vis absorption (Fig. S13) and the
reported Eg value in literature [54–56]. Finally, the band
alignment of the solar cell in Fig. 5d shows that the
electron can transfer from the conduction band of Sb2S3
to c-TiO2 and hole is able to transfer from the valence
band of Sb2S3 to spiro-OMeTAD. In addition, the device
based on as-obtained Sb2Se3 film was also prepared. With
a rough optimization, it generates a PCE of 1.77%, with Jsc
of 11.37 mA cm−2, Voc of 0.364 V and FF of 42.97%
(Fig. S14). The active area of the device was defined at
0.12 cm2. This performance is slightly lower than the
hydrazine derived Sb2Se3 film for planar heterojunction
solar cells [57].
In summary, a low-toxic, versatile binary solution of

2-ME and MEA was used to fabricate metal chalcogen-
ides. Mechanistic investigations shows that the deproto-
nation of –SH is responsible for the dissolution of metal

Figure 5 Ultraviolet photoelectron spectroscopy of VBM (a) and secondary electron cut-off (b) of Sb2S3. (c) Band gap determined by the [hν×ln(1
−EQE)]2 versus hν curve. (d) Energy level diagram of FTO/TiO2/Sb2S3/spiro-OMeTAD/Au.
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oxide or hydroxide. The successful dissolution of thiourea
and selenium allows convenient tuning of the S/Se ratio
in the final products. With that, binary crystalline metal
chalcogenides including ZnS, SnS, CdS, MnS, PbS, Bi2S3,
Sb2S3, Cu2Se, ZnSe, In2Se3, CdSe, MnSe, PbSe, Sb2Se3,
ternary CuSbS2, CuSbSe2, Cu2SnS3 and quaternary Cu2
ZnSnS4, Cu2ZnSnSe4 have been successfully prepared.
Band gap tunable CuSbSe2−xSx was illustrated by varying
precursor ratios. The implement in solar cell application
is also demonstrated by using the as-prepared Sb2S3 film,
indicating this approach is able to generate device grade
films.
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一种硫醇/胺方法将金属氧化物转换为器件级金属硫属化物
张童, 张立建, 尹奕炜, 江晨辉, 李诗昂, 朱长飞*, 陈涛*

摘要 利用分子前驱体溶液制备金属硫属化物薄膜在器件领域具有广泛的应用前景. 本文利用巯基乙醇和乙醇胺这种新型硫醇/胺溶剂,
溶解很多价格便宜的金属氧化物和氢氧化物, 如Cu2O, ZnO, SnO, In(OH)3, GeO2, Cd(OH)2, MnO, PbO, Bi2O3, Sb2O3. 通过添加硫脲和硒
粉作为硫源和硒源后可以制得相应的二元金属硫化物、硒化物 . 此方法还可用来制备纯物相的带隙可调的三元CuSbSe2−xSx和四元
Cu2ZnSnSe4. 我们用这种方法合成的Sb2S3平面异质结太阳电池光电转化效率可高达到4.39%. 这项研究提供了一种制备二元、三元、四
元器件级金属硫属化物薄膜的普适性方法.

LETTERS . . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials

906 June 2019 | Vol. 62 No.6© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018


	A thiol-amine mixture for metal oxide towards device quality metal chalcogenides 

