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large-area, low-cost electronics, thermoelectrics, and photovoltaics. Using a soluble precursor and suitable
solvent to formulate a semiconductor ink is essential for large-area fabrication of semiconductor thin films. To
date, it has been shown that hydrazine can be used as a versatile solvent to process a wide range of inorganic
semiconductors. However, hydrazine is highly toxic and not suitable for large-scale manufacturing. Here we
report a binary mixed solvent of amine and thiol for effective dispersion and dissolution of a large number of

inorganic semiconductors including Cu,S, Cu,Se, In,S;, In,Ses, CdS, SnSe, and others. The mixed solvent is
significantly less toxic and safer than hydrazine, while at the same time offering the comparable capability of
formulating diverse semiconductor ink with a concentration as high as >200 mg/mL. We further show that
such ink material can be readily processed into high-performance semiconducting thin films (Cu,S and Cu,Se) with the highest room-temperature
conductivity among solution-based materials. Furthermore, we show that complex semiconductor alloys with tunable band gaps, such as Culn(S,Se; _,),
(0 < x < 1), can also be readily prepared by simply mixing Cu,S, Cu,Se, In,S;, and In,Se; ink solutions in a proper ratio. Our study outlines a general

strategy for the formulation of inorganic semiconductor ink for low-temperature processing of large-area electronic thin films on diverse substrates and can

greatly impact diverse areas including flexible electronics, thermoelectrics, and photovoltaics.
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he ability to deposit and modulate

conducting and semiconducting films

on various substrates, including sili-
con and plastic, is of central importance for
contemporary and future solid-state electro-
nics and photovoltaics.' > For example, the
semiconducting thin film of copper indium
gallium selenide (CIGS) represents the most
efficient material for thin film solar cells, with
the highest solar-to-electricity power con-
version efficiency of around 20% and greatly
reduced active material compared with
the traditional crystalline silicon solar cells.®
Conducting metal oxide thin films are widely
used as the transparent electrodes or active
components in touch screens and photo-
voltaics, which require a high electrical con-
ductivity.”~® Current approaches to these thin
films typically rely on high-temperature
chemical vapor deposition (CVD) or high-
vacuum physical vapor deposition (PVD)
processes, which are usually too costly and
require a too high processing temperature,
and are not typically compatible with the
growing demand of low-cost and large-area
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electronics, such as the emerging wearable
devices. For example, to fabricate a CIGS
thin film on desired substrates, the most
common vacuum-based process is to coe-
vaporate or cosputter copper, indium, and
gallium onto the substrate (e.g., glass), fol-
lowed by a thermal annealing process in a
selenium vapor.®'® The vacuum deposition
and high-temperature annealing in toxic
vapor are not favored from a cost and safety
point of view. Additionally, preparing thin
films using CVD or PVD processes over a
large area has always been a challenge due
to the limited size of the vacuum chamber
and furnace and uniformity of the heating
zone. As a result, solution processes, with
the potential advantages of low cost, low
temperature, and compatibility with plastic
substrates, have emerged as an attractive
approach for next-generation flexible elec-
tronic devices, wearable computers, and
large-area displays.>'' '3

A few solution-based deposition pro-
cesses, such as electrophoretic deposition
and chemical bath deposition, have been
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successfully used to form semiconductor films
for electronic device applications.'>'*~'® A CdS
thin film grown by chemical bath deposition with
a multidip method has yielded a carrier mobility
of 464 cm?-V~'-s7".'® However, although these
methods are considered to be solution-based, gener-
ally they are not as high-throughput as the standard
spin-coating or various printing processes that require
a truly soluble precursor and a suitable solvent to
formulate a processable ink material.

To this end, the deposition of surface-functionalized
nanocrystals using spin-coating or printing processes
has become a potential alternative approach due to
the excellent dispersibility and controlled properties.*
With the advance in material synthesis at the nano-
scale, zero dimensional (0D) (e.g., quantum dots), one-
dimensional (1D) (e.g., nanowires and nanotubes), and
two-dimensional (2D) nanostructures (e.g., nanoplates
and nanosheets) have been synthesized with nearly
perfect crystalline structures.'””’~2> These nanostruc-
tures can often be dispersed in a solution to form a
stable and easy-to-handle colloidal ink to allow solu-
tion processing with general coating methods. These
solution processes offer the advantages of low
temperature, low cost, and excellent scalability for
large-area electronics on glass or plastic substrates.*2°
However, the preparation of these crystalline
nanostructures usually involves sophisticated syn-
thetic control of the shape/size, complicated surface
modification, and a large quantity of organic waste,
which all add to the complexity and cost of the overall
process.?”?8 |deally, the direct dissolution of semicon-
ductors in a proper solvent and recovery on a substrate
is one of the most favorable and efficient methods
for the fabrication of large-area thin films with greatly
simplified procedures and reduced cost. Unfortu-
nately, due to the strong covalent bonding in most
inorganic semiconductors, solvents that can be readily
used to process these materials were lacking until
hydrazine was reported to be capable of dissolving
SnS, and Sn(S, Se), with the assistance of excess
chalcogen (S or Se) in 2004, which is also the sole
general solvent for various semiconductors including
In,Ses, Cu,S, CulnSe,, Cu(ln, _,Ga,)Se,, and so on.>?°
However, the high toxicity and instability of anhydrous
hydrazine are extremely unfavorable in practical appli-
cations and massive production processes. Seeking
an alternative solvent for semiconductor ink materials
has been an important research direction in the past
decade3*®' For example, a non-hydrazine-based
solvent mixture has been recently explored as an
effective solvent to dissolve chalcogen and As,Xs,
Sb,X3, and BixXs (X =S, Se, Te).*>*?

Here we report a general cosolvent approach for the
formulation of a wide range of inorganic semiconduc-
tor inks for high-performance electronic thin films.
We have previously shown that a cosolvent approach
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can be used to exfoliate and disperse a wide range of
two-dimensional layered materials in a simple mixture
solvent of water and alcohols.>* Here we show that a
mixture of amine and thiol can function as a general
solvent to dissolve a large number of inorganic semi-
conductors, including Cu,S, Cu,Se, In,Ss, InySes, CdS,
SnSe, and more. With this approach, high-concentration
semiconductor ink (>200 mg/mL) can be produced at
room temperature and atmospheric pressure and be
used to prepare semiconductor thin films on SiO,/Si
wafer, glass, and plastic substrates with extremely high
uniformity over large areas. Electrical transport studies
of the resulting Cu,S and Cu,Se thin films demonstrate
the highest conductivity compared with all of those
prepared by other solution methods, including nano-
crystal deposition and chemical bath deposition, de-
monstrating the superior performance of our solution-
processed semiconductor thin films. Furthermore, the
cosolvent approach can also be used to process many
other significant semiconductors, such as Culn(S,Se;_,)»
(0 = x =1), SnS, CdSe, ZnSe, and MoS,. The capability
to process semiconductors at room temperature and
atmospheric pressure using a simple “dissolve and
recover” solution process, with a relatively safe solvent,
is an exciting advancement and offers great opportu-
nities in the facile fabrication of semiconductor
thin films for large-area high-performance electronics,
thermoelectrics, and photovoltaics with high through-
put, greatly reduced cost, and improved safety.

RESULTS AND DISCUSSION

Our studies demonstrate that amine or thiol alone
could not dissolve the semiconductor powders. Solid
could be identified in both solutions when Cu,S and
Cu,Se powder were added into amine without thiol
(or thiol without amine). The Cu,Se particles settle
down at the bottom of the vial, while Cu,S powder
is suspended in the liquid due to its ultrafine nature
(Figure 1a). With the addition of a small amount of thiol
(~10% in volume), the powder starts to dissolve
immediately and the liquid quickly turns dark for
Cu,S and brown for Cu,Se. After stirring for 10 min,
a clear dark Cu,S and a brown Cu,Se solution are
obtained without any precipitate that can be identified
by the naked eye (Figure 1b), indicating a complete
dissolution. The dissolution power of the mixed
amine—thiol solvent is attributed to the RS™ species
existing in the mixture, which can bind to the metal
ions. The fast ink preparation process is of great
importance in terms of the fabrication efficiency, which
is crucial in industrial processes. Ultraviolet—visible
(UV—vis) studies show two absorption peaks for both
solutions (with an equal concentration of Cu), at
around 400 and 520 nm, respectively (Figure 1c). The
absorption in the UV region is generally much higher
than that in visible light, which is partially due to the
strong absorption of UV light from the solvent itself
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Figure 1. Characterization of the semiconductor ink solutions. (a) Photographs of the semiconductor powder in ethylene-

diamine before the addition of ethanedithiol. (b) Photographs of the semiconductor solutions after the addition of

ethanedithiol. (c) UV—vis spectra for the diluted Cu,S, Cu,Se ink solutions, ethylenediamine (En), and ethanedithiol (Edt),

respectively.
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Figure 2. Characterization of the recovered Cu,S and Cu,Se thin films. (a, b) Powder X-ray diffraction pattern of the recovered
thin films on glass substrates for Cu,S (a) and Cu,Se (b), respectively. (c) Energy dispersive X-ray spectra for recovered thin
films. (d, e) X-ray photoelectron microscopy for Cu,S (d) and Cu,Se (e) film on the SiO,/Si substrate. (f) UV—vis spectra for Cu,S

and Cu,Se films on the glass substrate.

(both amine and thiol) (Figure 1c). The overall shape
of the absorption spectra for both solutions is quite
similar other than a slight difference in peak position.
Despite that, the overall absorption of the Cu,S solu-
tion is generally higher than that of the Cu,Se solution
and thus appears darker.

With the formation of soluble semiconductor ink,
the corresponding semiconductor thin films could be
readily prepared by the deposition of Cu,S and Cu,Se
solutions on various substrates via a spin-coating or
drop-casting method followed by a thermal annealing
step. The powder X-ray diffraction (XRD) patterns of the
resulting thin films show the pure phase of tetragonal
Cu,S and cubic Cu,Se, respectively (Figure 2a,b). The
energy-dispersive X-ray spectroscopy (EDS) confirms
the existence of Cu and S in Cu,S and Cu and Se in
Cu,Se, with the Cu to S and Cu to Se ratio around 2:1,
indicating the presence of Cu(l) in the thin films
(Figure 2c). X-ray photoelectron spectroscopy (XPS)
was also conducted to probe the oxidation state of
Cu in the thin films. The XPS spectra for both Cu,S
and Cu,Se films exhibit two peaks matching well with
Cu(l) 2p binding energy (Figure 2d,e). Furthermore, the
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peaks can be perfectly fit with the sole existence of
Cu(l) species without any shoulder peaks, demonstrat-
ing that there is no or a negligible amount of Cu(ll)
species in the prepared thin films. The UV—vis spec-
trum shows the indirect and direct band gap absorp-
tion edge at around 600 and 1000 nm for Cu,S
(Figure 2f), which agrees well with the previously re-
ported data.>® The Cu,Se has a similar spectrum with
the indirect and direct band gap absorption at around
700 and 1000 nm.® Together, these studies demon-
strate that these solution-processed thin films exhibit
the expected Cu,S and Cu,Se crystalline structures
with no sign of the oxidation of Cu(l).

Using the semiconductor ink, thin films of Cu,S and
Cu,Se can be readily prepared on the standard 4 in.
SiO,/Si substrate via a simple spin-coating process.
Compared with the conventional CVD or PVD process,
the solution-processed thin films are easily scalable.
Importantly, with the truly soluble precursor in the
solution, the prepared thin films show a mirror-like
surface (Figure 3a,d), indicating excellent uniformity
and smoothness of the resulting films. The scanning
electron microscopy (SEM) studies revealed closely
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Figure 3. Structural characterization of the recovered Cu,S and Cu,Se thin films. (a and d) Photographs of the Cu,S (a) and
Cu,Se (d) ink solution and as-deposited thin films on a standard 4 in. SiO,/Si wafer with a mirror-like surface. (b and e) SEM
images of Cu,S (b) and Cu,Se (e) thin films. Inset is the cross-sectional SEM image for the respective thin film. Scale bar is
100 nm for all images. (c and f) Photographs of the as-deposited Cu,S (c) and Cu,Se (f) thin films on the flexible polyimide
substrate.
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Figure 4. Electrical characterization of the prepared Cu,S and Cu,Se thin films. (a) /—V curve for the Cu,S thin film at 300 and
2 K. (b) Temperature dependence of the mobility and conductivity of the Cu,S thin film in the range from 2 to 300 K.
(c) Comparison of the conductivity among Cu,S thin films from typical solution-based methods. NP: nanoparticle. DDT:
dodecanethiol.*” ODT: octadecanethiol.*® MPA: mercaptopropionic acid.** OA: oleylamine.>” EPD: electrophoretic deposition.>”
CBD: chemical bath deposition.*' (d) I—V curve for the Cu,Se thin film at 300 and 2 K. (e) Temperature dependence of the mobility
and conductivity of the Cu,Se thin film in the range from 2 to 300 K. (f) Comparison of the conductivity among Cu,Se thin films
from typical solution-based methods. NP: nanoparticle. NW: nanowire.>* OA: oleylamine.® TOP: trioctylphosphine.*
Pyr: pyridine.*> EPD: electrophoretic deposition.*> CBD: chemical bath deposition.>®

packed nanoparticles in the Cu,S thin film (Figure 3b),
while the nanoparticle nature in the Cu,Se film is less
obvious (Figure 3e). The cross sectional SEM images
confirmed the flat and compact nature of the prepared
thin films on the SiO,/Si substrate (Figure 3b,e).
Together, our studies show that high-quality Cu,S and
Cu,Se thin films can be prepared on the substrate with
a high degree of uniformity and the absence of sig-
nificant voids. To take a step further, we have deposited
uniform Cus,S (Figure 3c) and Cu,Se (Figure 3f) thin films
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on a flexible plastic substrate via the same spin-coating
process, which demonstrates their potential applica-
tions in flexible and wearable electronics.

To probe the electronic properties of the resulting
Cu,S and Cu,Se thin films, we have fabricated two
terminal devices with Ti/Au (50 nm/50 nm) thin film
electrodes. Electrical transport measurements show
linear |-V behavior at both 300 and 2 K for both Cu,S
(Figure 4a) and Cu,Se (Figure 4d) thin films, indicating
an ohmic contact with the Ti/Au electrodes. We have
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Figure 5. Solution processing of ternary and quaternary semiconductor alloy thin films. (a) Photograph of the In,Ss, In,Ses,
CdS, and SnSe ink solutions formulated with the cosolvent approach. (b) XRD pattern of the CulnSe; thin films prepared by
mixing a Cu,Se and In,Se; ink solution with a 1:1 molar ratio, exhibiting the pure phase. (c) Raman spectroscopy for the
prepared CulnSe; thin film, showing the expected A; mode. (d) /-V behavior for the CulnSe, film measured at room
temperature. The geometry for the device is width/length (W/L) = 1:2. (e) Optical absorption for Culn(S,Se;_,), films with a
tunable x value, fabricated by mixing Cu,S, Cu,Se, In,S3, and In,Se; ink solutions with different ratios. (f) X-ray diffraction peak
evolution for the Culn(S,Se;_,), films with tunable x value in (e). (g) Compositional dependence of the optical band gap
energy for Culn(S,Se;_,), films. (h) Compositional dependence of the crystal lattice constant for the (112) plane in

Culn(S,Se;_,), films.

further conducted temperature-dependent measure-
ments to determine the conductivity and carrier mobi-
lity of the semiconductor thin films as a function of
temperature (Figure 4b,e). For the Cu,S thin film, the
conductivity decreases with decreasing temperature
in the range 300 to 2 K (Figure 4b), showing a typical
semiconductor behavior.?” During the cooling process,
the carrier mobility initially decreases and then in-
creases below 100 K, which is also a common behavior
of Cu,S. For the Cu,Se thin film, the overall conductivity
does not change significantly with the temperature
variation (Figure 4e). The carrier mobility in Cu,Se
shows similar behavior to that of Cu,S, which de-
creases first and then increases at low temperature.
More importantly, the conductivities of the thin films
(127 S-cm™" for Cu,S and 1168 S-cm™' for Cu,Se)
prepared from our semiconductor ink solution are the
highest among all of the solution-processed thin films
for both Cu,S (Figure 4c) and Cu,Se (Figure 4f).36~4¢
The carrier mobility values (2.4 cm?-V~"-s" for Cu,S
and 3.9 cm?-V~'-s7! for Cu,Se) are also among the
highest ones reported for solution-processed Cu,S and
Cu,Se films. We attribute the superior electrical perfor-
mance to the truly soluble precursor in the solution
that enables a highly uniform, compact, and void-
free thin film. Although previous studies have shown
a quite high conductivity in the Cus,S films from electro-
phoretic deposition and chemical bath deposition
(Figure 4c)>*" these approaches are intrinsically
limited due to the difficulties in scalable processing of
large-area thin films. In another case, it has been shown
that the Cu,Se thin films have been prepared from
the deposition of pyridine-modified nanocrystals with a
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decent electrical performance (Figure 4f),** which is
complicated by sophisticated nanocrystal shape and
size control. Additionally, postsynthesis or postdeposi-
tion surface functionalization or ligand exchange is
usually required to activate the electrical performance,
which introduces extra complexity and adds to the
fabrication cost.?”*” The ultimate goal of solution pro-
cesses is to prepare the large-area high-performance
thin film with a low cost and simple procedure.*'" To
this end, our strategy to use the directly dissolved
semiconductor ink, at room temperature and atmo-
spheric pressure, followed by spin coating or other
high-efficiency deposition methods in industry, such
as printing or roll-to-roll coating process, is the most
desirable process.

Importantly, our cosolvent approach to formulate
inorganic semiconductor ink is general and can be
extended to many other materials. For example, we
have demonstrated that In,Ss, In,Ses, CdS, and SnSe
can also be dissolved in the same solvent, with a
high concentration (>200 mg/mL) (Figure 5a). Other
materials, such as SnS, CdSe, ZnSe, and MoS,, are also
processable using the binary solvent, while with a
lower solubility. To extend the potential application
of our semiconductor ink, we have shown that by
mixing an equal molar amount of Cu,Se and In,Ses
ink solutions we can readily prepare high-quality thin
films of CulnSe,, the most popular material used in thin
film solar cells. Importantly, the resulting CulnSe; film
exhibits a pure crystal phase as confirmed by XRD
(Figure 5b) and Raman spectroscopy (Figure 5¢), with
a similar mirror-like reflection to the Cu,S and Cu,Se
films. Our studies also show the electrical performance
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of the CulnSe, film is comparable to previously re-
ported results (Figure 5d).*® Similarly, more complex
alloy Culn(S,Se;_,), (0 < x < 1) films can be produced.
Importantly, with our approach, the exact composition
of the resulting CuIn(S,Se;_,); (0 < x < 1) thin films
can be readily tuned by varying the mixing ratio of
Cu,S/Cu,Se and In,Ss/In,Ses, which is fairly difficult to
achieve in nanocrystals, chemical bath deposition, and
physical vapor deposition. The Culn(S,Se; ), (0 < x < 1)
thin films show a tunable band gap absorption
(Figure 5e,9) and a crystal structure (Figure 5f,h). Varying
the content of S and Se results in a series of alloys
between CulnS; and CulnSe, with controllable compo-
sition and property. The facile mixing method could
significantly simplify the fabrication process of complex
Culn(S,Se;_,), (0 = x =< 1) material and thus reduce
the overall complexity and cost. Therefore, the truly
soluble precursor of semiconductors in amine—thiol
cosolvent can offer exciting opportunities in the prac-
tical fabrication of semiconductor-based electronics and
photovoltaics.

CONCLUSIONS

In summary, we have reported a general solution
process for the facile fabrication of various high-
performance semiconductor thin films by using an
amine—thiol cosolvent. The cosolvent could dissolve
semiconductors at room temperature and atmo-
spheric pressure as a solution-processable ink
material for large-area fabrication of high-performance

EXPERIMENTAL METHODS

Chemicals. Ethylenediamine (H,NCH,CH,NH,, >99%), etha-
nedithiol (HSCH,CH,SH, >98+%), copper(l) sulfide (Cu,S,
>99.5%), indium sulfide (In,Ses, >99.95%), and indium selenide
(In,Ses, >99.99%) were all purchased from Alfa-Aesar. Copper(l)
selenide (Cu,Se, >99.95%), cadmium sulfide (CdS, synthesis
grade, fluffy powder), and tin(ll) selenide (SnSe, >99.995%) were
all purchased from Sigma-Aldrich. All the chemicals were used
as received without further purification.

Dissolution of Semiconductors. To prepare typical semiconductor
ink solutions, 100 mg of semiconductor powder (Cu,S, Cu,Se,
CdS, In,Ss, In,Ses, SnSe) was weighed and transferred to glass
vials. Two mL of ethylenediamine was added into the vial
followed by the addition of 0.2 mL of ethanedithiol in a nitro-
gen-filled glovebox. After 10 min of magnetic stirring for Cu,S,
Cu,Se, and CdS (and longer stirring for In,Ss, InySes, and SnSe),
a clear solution formed, indicating the complete dissolution.
A gentle warming during the dissolution (e.g., 40 °C on a hot
plate) can facilitate the process. All of the above processes were
done in a nitrogen-filled glovebox.

Deposition of Semiconductor Thin Films. Before the deposition,
the obtained semiconductor inks were passed through a
0.45 um syringe filter to remove all of the possible impurities.
The 300 nm SiO,/Si substrate was used after the repeated wash
with acetone and IPA followed by a 5 min oxygen plasma
treatment. Then 20 uL of ink solution was spin coated onto
the silicon substrate with a speed of 2500 rpm for 60 s inside the
glovebox. Then the coated substrate was heated on a hot plate
at 300 °C for 1 h with a slow ramp time of 30 min or more. All of
the processes were performed in a nitrogen-filled glovebox.
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electronic thin films. We show this method can be used
to process a wide range of semiconductors, including
Cu,S, Cu,Se, In,Ss3, In,Ses, CdS, SnSe, SnS, CdSe, ZnSe,
and MoS,. The amine—thiol cosolvent is safer and
more accessible than the toxic hydrazine solvent.
Using the semiconductor ink through a simple spin-
coating process, we show highly uniform mirror-like
thin films could be prepared on diverse substrates,
including silicon, glass, and plastic with a room-
temperature conductivity of 127 S-cm™' for Cu,S and
1168 S-cm ' for Cu,Se, respectively. The obtained
conductivities for Cu,S and Cu,Se thin films are the
highest among all solution-processed Cu,S and Cu,Se
thin films, including nanocrystal deposition and chemi-
cal bath deposition. Furthermore, many other interest-
ing complex materials, like Culn(S,Se;_,), (0 = x < 1),
can also be processed by simply mixing precursor
solutions in a proper molar ratio. Together, the facile
dissolution process at room temperature and atmo-
spheric pressure greatly simplify the ink formulation
process and avoid the massive production of organic
waste in nanocrystals synthesis, which is of great sig-
nificance in practical applications. Our study defines
a general strategy for the formulation of a wide range
of inorganic semiconductor ink using a safe solvent
at room temperature and atmospheric pressure. It can
enable the construction of low-cost, large-area, and
high-performance electronic thin films on diverse sub-
strates for future flexible electronics, thermoelectrics,
and photovoltaics.

Device Fabrication. For the Hall effect measurement, small
Ti/Au (50 nm/50 nm) electrodes were deposited onto the four
corners of the patterned square films with a mask using the
e-beam evaporator. The sheet resistance was calculated based
on the van der Pauw method.

Characterization. Characterizations were carried out using
scanning electron microscopy (SEM, JEOL JSM-6700F FE-SEM)
with energy dispersive X-ray spectroscopy (EDAX), X-ray diffrac-
tion (XRD, Panalytical X'Pert Pro X-ray powder diffractometer),
UV—vis—NIR spectroscopy (Shimadzu 3100 PC), Raman spec-
troscopy (Horiba, 514 nm laser wavelength), and X-ray photo-
electron spectroscopy (XPS, AXIS Ultra DLD). The Hall measure-
ments were performed in a PPMS (Quantum Design) cooled by
liquid helium. Other transport characteristics measurements
were conducted with a probe station and a computer-
controlled analogue-to-digital converter at room temperature.
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