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Bulk metals and metal chalcogenides are found to dissolve in
primary amine-dithiol solvent mixtures at ambient conditions.
Thin-films of CuS, SnS, ZnS, Cu,Sn(S,,Se;.);, and Cu,ZnSn(S,Se; ),
(0sx<1) were deposited using the as-dissolved solutions.
Cu,ZnSn(S,Se;.,)s solar cells with efficiencies of 6.84% and 7.02%
under AM 1.5 illumination were fabricated from two example
solution precursors, respectively.

Metal chalcogenides, such as Cu,S, Cu,Se, CuS, CuSe, SnS,
SnSe, ZnS, ZnSe, Cu,Sn(S,Sei,); (0sx<1l) (CTSSe) and
Cu,ZnSn(S,Se;,)s (0<x<1) (CZTSSe) have received substantial
attention for their applications as photovoltaics,l'10
optoelectronics,“’12 piezoelectronics,la'14 and
thermoelectronics. Direct solution processing of these
semiconductor thin films by roll-to-roll printing on flexible
substrates has a great potential to produce low-cost and
wearable electronic devices. However, the extremely low
solubility of metals and chalcogenide in common solvents,
coupled with impurity contamination (e.g. O and Cl) derived
from elemental sources, have previously slowed down the
development of direct solution methods.

To date, the most successful direct solution approach for
depositing metal chalogenide thin films is based on hydrazine
solutions. Mitzi et al. dissolved SnS, and In,Se; powders in
anhydrous hydrazine, and deposited SnSe,,S, and In,Se; as
active channels in thin-film transistors.'®*° Similar methods
were successfully applied to C1GSSe*®?? and CZTSSe thin-film
solar cells.”*** Unfortunately, using hydrazine
additional safety and health risks during device processing due
to its high toxicity, instability, and carcinogenic properties. In
addition, given that zinc and zinc chalcogenides (e.g. ZnS and
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ZnSe) are barely dissolved in hydrazine, a slurry was used for
the deposition of CZTSSe thin films.?® It is therefore of interest
to develop a less toxic and more stable solvent system that is
highly capable to dissolve a diverse range of materials.

Toward this goal, Webber et al. reported that nine V,VI;
chalcogenides and tellurium were soluble in a mixture of 1,2-
ethylenediamine and 1,2-ethanedithio|.25'27 Then, Lin et al.
showed that Cu,X and In,X; (X=S, Se) are also soluble in the
same solvent mixture, and semiconductor alloys, CulnS,Se;.,
(x=0~1), were prepared by annealing combined metal-
chalcogenide solutions.”® However, these studies do not report
any device performance based on this ethylenediamine-
ethanedithiol solvent mixture. The question that remains to be
answered is whether an amine-thiol solvent system is suitable
for fabricating thin-film electronic devices.

Here, we demonstrate that a versatile primary amine-
dithiol solvent system can readily dissolve not only metal
chalcogenides (e.g. Cu,S, Cu,Se, CuS, CuSe, SnS, SnSe, In,S;,
In,Se;, Ag,S, and Ag,Se) but also pure metals (e.g. Cu, Zn, Sn,
and In) at high concentrations (e.g. 20.3 M) at room
temperature and ambient pressure. The fact that bulk zinc can
quickly dissolve in this primary amine-dithiol solvent mixture
at high concentrations (>0.75 M) is critical to the deposition of
CZTSSe thin films. Given that zinc and zinc chalcogenides (e.g.
ZnS and ZnSe) are sparingly soluble in most solvents, even in
hydrazine, two categories of CZTSSe precursor solutions have
been previously reported in the literature to fabricate thin-film
solar cells: 1) Hydrazine slurries containing in-situ formed ZnX-
(N,H,4) (X=S, Se) particles of a few hundred of nanometers;23’29
2) Molecular precursors composed of dissolved metal salts or
metal oxides.>**! In the former case, the compositional
fluctuation within the precursor films is significant due to the
presence of those particles, while the latter one introduces
possible contamination from other elements like oxygen,
chlorine, iodine, etc. The complete dissolution of Zn metal in
this primary amine-dithiol solvent system ensures intermixing
of precursors on a molecular level and compositional
uniformity of deposited CZTSSe thin films. The practicality of
this direct solution route is illustrated by depositing CZTSSe

J. Name., 2013, 00,1-3 | 1



ChemComm

thin films from metal-metal chalcogenide and metal-chalcogen
molecular precursors that give solar cell efficiencies of 6.84%
and 7.02%, respectively, in this preliminary work. Besides the
quaternary thin films, binary thin films like ZnS, CuS, and SnS,
and ternary thin films of CTSSe were successfully deposited
from pure metal, chalcogenide, or metal-metal
chalcogenide precursor solutions, highlighting the potential of

metal

this solution route.

Precursor solutions of pure metals (e.g. Cu, Zn, Sn, and In)
or binary metal chalcogenides (e.g. Cu,S, Cu,Se, CuS, CuSe,
SnS, SnSe, In,Ss;, In,Ses, Ag,S, and Ag,Se) were readily prepared
by dissolving bulk powders in solvent mixtures of primary
amine (e.g. butylamine (BA), hexylamine (HA), etc.) and 1,2-
ethanedithiol (EDT) at ambient conditions (Table S1). Fig. 1a
and Fig. S1 shows the solutions prepared after the complete
dissolution of above bulk powders in HA-EDT solvent mixtures
(vol. ratio 1:1). Note that neither HA/BA nor EDT alone
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Fig.1 a) Solutions prepared by dissolving Cu, Sn, Zn, Cu,S, CuS, SnS, SnSe, Cu,Se, and
CuSe in solvent mixtures of HA-EDT (vol ratio. 1:1, conc. 0.3 M) at ambient
temperature and pressure. b) Three types of combined precursors and constituent
solutions. c) Schematic of general deposition procedures.

dissolves metals or metal chalcogenides. As soon as EDT was
added into the mixture of amine and powders at room
temperature, the dissolution started immediately, and vice
versa. Solubility limits of Cu, Zn, Sn, Cu,S, Cu,Se, SnS, and SnSe
in BA-EDT (vol. ratio 1:1) at 25°C are around 0.5, 0.78, 0.3, 0.5,
0.3, and 0.3 mol/L, respectively. All precursor solutions stay
optically transparent over months after complete dissolution,
indicating the formation of stable organometallic complexes.
To qualitatively understand why bulk metals dissolve in
these primary amine-dithiol solvent mixtures, electrolytic
conductivity measurements were performed on BA, HA, EDT,
HA-EDT solvent mixture, BA-EDT solvent mixture, and solutions
with incremental amounts of dissolved Zn metals at 25°C
(Table S2). Although BA, HA, and EDT showed
conductivity, conductivities of 1926.5 uS/cm and 550.2 uS/cm
are exhibited by solvent mixtures of BA-EDT (vol. ratio 1:1) and
HA-EDT (vol. ratio 1:1), respectively. Furthermore, an inverse
relationship between the Zn concentration and the solution

zero

conductivity has been observed. The changes in conductivities
indicate charged species are formed as soon as BA/HA and EDT
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are mixed, and the formation of metal complexes consume
some of charged species. It is highly possible that
deprotonated thiols and protonated amines are generated in
the solvent mixture. The deprontonated thiols and metal ions
then formed complexes while the bulk metal was dissolving.
The complexes formed are expected to have the similar
structure as zinc ethane-1,2-dithiolato complex, [Zn(edt)z]z"
reported by Rao et al.*? The as-dried and as-annealed films of a
Zn solution were characterized using grazing incident X-ray
diffraction (GIXRD) (Fig. S2). After annealing at 300°C, the
amorphous precursor film converted to ZnS, which was
composed of zincblend (F-43m) and wurtzite ZnS (P6sm)
phases. This indicates that EDT acts as a sulfur source for the
conversion of a metal into its corresponding metal sulfide.

The re-deposition of metal chalcogenide solutions enables
rapid fabrication of a variety of semiconductor thin films.
Herein, we show the re-deposition of CuS and SnS solutions as
examples. Fig. 2a and 2b show the GIXRD pattern and Raman
spectrum of a thin film deposited from CuS solution and
subsequently annealed at 300°C. All the XRD peaks match
those in the standard CuS pattern (space group P6;/mmuc,
JCPDS 06-0464). The Raman shifts exhibit peaks at 266 cm™
and 474 cm™ corresponding to covellite CuS reported by
Sukarova the case of SnS re-deposition,
thermogravimetric analysis (TGA) shows an end point of phase
transformation at 300°C (Fig. S3). The orthorhombic SnS is the
only phase formed after annealing at 300°C, as shown in GIXRD
pattern and Raman spectrum (Fig. 2c and 2d). The Raman
peaks at 83, 95, 163, 191, 219, and 288 cm™ match well with
those from a single crystal SnS (85, 95, 164, 192, 218, and 290
cm'l).34 The above examples illustrated that metal
chalcogenides thin films can be recovered from the precursor
solutions through efficient deposition technique and well-
controlled annealing process.
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Fig.2 GIXRD patterns and Raman spectra of thin films deposited from CuS and SnS
solutions and subsequently annealed at 300°C. a) and b) CuS, c) and d) SnS.

Owing to the versatility of this primary amine-dithiol
solvent mixture in dissolving multiple metal and chalcogen
sources at high concentrations, a universal pathway is
provided to design molecular precursors for depositing specific
metal chalcogenides, especially for ternary and quaternary
compounds with tunable bandgaps. To make precursors for
ternary Cu,Sn(S,Seq,); (0sx<1), solutions of Cu,S/Cu,Se,

This journal is © The Royal Society of Chemistry 20xx
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SnS/SnSe, and S/Se are mixed with proper ratios. The
flexibility in adjusting S:Se ratios in the precursor solutions
allows the fabrication of ternary sulfide, selenide, and
sulfoselenide. The GIXRD patterns and film morphology of
ternary Cu,Sn(S,Se;,); (0sx<1) are shown in Fig. 3.
3 ‘ g Cu,Sn(S, Se, ),
E £
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Fig. 3 GIXRD patterns and film morphology of ternary Cu,Sn(S,Se;)s (0sx<1) thin films
processed using mixture solutions of Cu,S/Cu,Se, SnS/SnSe, and S/Se. The compositions
of the thin films are estimated using SEM-EDX. The standard pattern of Cu,SnS; (PDF
01-070-6338) is labelled at the bottom. Based on Vegard’s law,*® x=0.35 in the
Cu,Sn(S,Ses.,)s thin film.

To process compositional uniform Cu,SnZn(S,Sei.)s
(0<x<1) thin films, three types of CZTSSe precursor solutions
have been explored, that is, Solution 1: CZTS precursor, a
mixture of Cu,S, SnS, and Zn solutions; Solution 2: CZTSSe
precursor, a mixture of Cu,Se, SnSe, Zn, S, and Se solutions;
and Solution 3: CZTSSe precursor, a mixture of Cu, Sn, Zn, S,
and Se solutions (Fig. 1b). The CZTS and CZTSSe films deposited
from Solution 1 and Solution 3 are described in Fig. S4 and Fig.
S7. The use of combined solutions in device fabrication will be
illustrated in detail using Solution 2:CZTSSe precursor as an
example. In Solution 2, [Sn]=0.1 M, [Cul:[Zn]:[Sn]:[S]:[Sel=
1.45:1.05:1:2:2. The deposition of precursor films includes spin
coating, solvent drying/annealing, and a final heat treatment
process (Fig. 1c). Typically, eight to ten coatings were
performed for solar cell fabrication. A kesterite CZTSSe
precursor film was formed after annealing coated Solution 2 at
300°C, as shown in Fig. 4a and 4b. After selenization, Se
substituted more S sites in the crystal lattice, indicated by the
intense peak at 197 cm™ (A1l mode of CZTSe) in contrast to the
peak at 329 cm™ (A1 mode of CZTS) in Raman spectrum (Fig.
4b). No secondary phases were detected by GIXRD or Raman
with excitation wavelength of 633 nm. The thin-film solar cells
fabricated based on this direct solution route has the highest
power conversion efficiency (PCE) of 6.84% (7.04%) for a total
area of 0.471 cm? (an active area of 0.457 sz) (Fig. 4c). Other
characteristic parameters of this solar cell are: J,. of 35.5
mA'cm"Z, Vo, of 0.36 V, and fill factor (FF) of 53.5%. The
bandgap of the absorber layer is estimated to be 1.08 eV
based on external quantum efficiency (EQE) measurement (Fig.
4d).

The composition and microstructure of the precursor film
and the selenized film were characterized using scanning
electron microscopy (SEM) and scanning transmission electron
microscopy (STEM) equipped with energy-dispersive X-ray
spectroscopy (EDX). Fig. S5 and Table S3 illustrates the SEM-
EDX results of the precursor film and the selenized film. High-

This journal is © The Royal Society of Chemistry 20xx

angle annular dark field (HAADF) images in Fig. 5a shows that
the precursor film consists of multiple layers which were
created by spin coating. The high- and low-contrast regions are
attributed to the in-situ formed nanoparticles and low-mass
residual solutions. The in-situ formed nanoparticles are less
than 5 nm with a narrow size distribution (Fig. S6). Fig. 5b
shows the elemental distributions within a precursor layer and
across precursor layers. The compositional fluctuation of this
precursor film is much smaller compared to that of the
hydrazine-slurry processed precursor film.2 Fig. 5c and 5d are
the cross-sectional STEM images and compositional linescan of
a processed solar cell. In the absorber layer, a fine-grained
layer formed underneath the large-grained layer after
selenization (Fig. 5¢). The concentrations of Cu, Zn, Sn, S, and
Se are uniform in the large-grained Ilayer, while the
concentrations of Cu and Zn have some fluctuations in the
fine-grained layer. The S:Se ratio is believed to have played an
important role in changing the grain growth behavior during
selenization as reported by colloidal routes studies,s'%leading
to the formation of a fine-grained layer in this case.

Solar cells of CZTSSe were also successfully processed from
Solution 3 which is composed of solutions of Cu, Zn, Sn, S, and
Se. Our preliminary study shows a PCE of 7.02% on a total area
of 0.4862 cm? without an anti-reflection coating (Fig. S7). The
efficiencies are believed to be improved by increasing the
absorber thicknesses.
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Fig. 4 Results for thin-film solar cells processed from Solution 2: CZTSSe precursor. a)
GIXRD patterns and b) Raman spectra of the precursor and the selenized film. c) J-V
curves and performance parameters for the best performing cell in the dark and under
AML.5 illumination. The inset is the final device. d) EQE measurement.

In conclusion, a primary amine-dithiol solvent system is
used for rapid dissolution of bulk metals (e.g. Cu, Zn, Sn, and
In) and metal chalcogenides (e.g. Cu,S, Cu,Se, CuS, CuSe, SnS,
SnSe, In,S;, In,Ses;, Ag,S, and Ag,Se). The extensive applications
of solution routes based on this versatile solvent system is
demonstrated by film deposition of Cus, SnS, ZnS, CTSSe, CZTS,
and CZTSSe. The unique capability to dissolve Zn powders at
room temperature allows the formation of molecular

J. Name., 2013, 00, 1-3 | 3
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precursors for CZTSSe deposition, and promotes the phase
purity and compositional uniformity in the final films.
Furthermore, the use of the metal-metal chalcogenide
precursor solutions flexibility in tailoring the
stoichiometry of the resulting films simply by adjusting the
types and concentrations of the incorporated component
solutions. Preliminary results of the solar cell performances
illustrate the potential of this direct solution route for
photovoltaic device and other electronic applications. We
expect that the efficiencies will improve after further

offers

refinement in film compositions and heat treatment
conditions.
by ]
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Fig. 5 Results for Solution 2: CZTSSe precursor. a) STEM-HAADF images of CZTSSe
precursor film. b) STEM-EDX compositional profiling of Cu, Zn, Sn, S, and Se within a
single layer of precursor film and across several precursor films.
STEM-HAADF image of a processed solar cell. d) STEM-EDX compositional profiling
show the distribution of elements in this device. Note that X-rays of S K™ and Mo L™
overlap each other, and thus the compositional profiles are the same.
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