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Hybrid organic-inorganic optoelectronic devices combine the advantages of both material classes.
However, efficient formation of emissive charge-transfer (CT) states at organic-inorganic interfaces is rarely
observed. A notable exception is the copper thiocyanate (CuSCN)-organic interface, which might be due
to the molecular and defect-rich nature of CuSCN films. We show that the treatment of CuSCN-diethyl
sulfide (DES) solution by heating and/or filtration has an eminent impact on the morphology of CuSCN
films and by optimizing the thin film preparation the CT-state formation at CuSCN-organic interfaces can
be significantly increased. This is brought about by CuSCN-DES coordination (as evidenced by X-ray
photoelectron spectroscopy) and the decrease of charge trapping states. Furthermore, the valence
electronic structure was measured by ultraviolet photoelectron spectroscopy and the energy-level
alignment at the interface of the CuSCN layer with the highest CT-state intensity and Ceg interfaces is most
favorable for efficient charge transport across the interface. Overall, our insight in CT-state formation
efficiency at the inorganic-organic interface paves the way for further applications of CuSCN in hybrid
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Introduction

Hybrid inorganic-organic heterojunctions have attracted
intense interest from the optoelectronic research community in
recent years as they offer the possibility to combine the
advantages of both materials."™ These are, in particular, the
high absorption coefficients over a wide wavelength range and
facile solution processability of most organic semiconductors
and the high stability, carrier mobility, and crystallinity of
inorganic semiconductors.”” However, a notoriously low
efficiency of photoexcited charge transfer (CT) at organic-
inorganic interfaces hampers their direct application in high-
performance photovoltaic devices.*® Interfaces of copper
thiocyanate (CuSCN) with organic materials are notable
exception and recently the formation of CT states at such
interfaces has been directly proven by the observation of its

“ Institute of Functional Nano & Soft Materials (FUNSOM), Soochow University,
Suzhou 215123, People's Republic of China. E-mail: tsong@suda.edu.cn,
bgqsun@suda.edu.cn, duhm@suda.edu.cn

b Jiangsu Key Laboratory of Advanced Negative Carbon Technologies, Soochow
University, Suzhou 215123, People's Republic of China

T Electronic  supplementary information (ESI) available: Current-voltage
characteristics, scanning-electron microscopy images, additional photoelectron
spectroscopy and atomic force microscopy data. See DOI: https://doi.org/
10.1039/d31f00244f

492 | RSC Appl. Interfaces, 2024, 1, 492-501

nonradiative recombination in electroluminescence (EL).?
Furthermore, solution-processable CuSCN is readily available at
low costs to fabricate thin films with a high hole mobility,"*™"*
and suitable energy levels that allow efficient hole injection/
extraction while simultaneously blocking electron transport.**'*
CuSCN combines p-type semiconductor characteristics with a
large energy band gap and a large electron affinity, which can
form type II heterojunctions with many organic materials.'®*>'®
Consequently, CuSCN has so far been successfully applied as
hole transporting material in organic light-emitting diodes
(OLEDs),"”*® thin film transistors (TFTs),"® and photovoltaic
devices."™'

In contrast to inorganic-organic interfaces, efficient CT
state formation is frequently observed at the donor-acceptor
interface in organic photovoltaics®*>* and the dielectric
medium plays an important role in this process.>” In general,
electrostatically bound organic semiconductors have much
lower dielectric constants (2-3) than chemically bound
inorganic semiconductors (10-15), which results in localized
Frenkel excitons rather than delocalized Wannier-Mott
excitons.”® For the inorganic, yet molecular material CuSCN
dielectric constant values of 3.5 (ref. 10) and 5.1 (ref. 12) were
reported and such a spread can be expected as the solvent
and the preparation steps have an eminent impact on the
properties of solution-processed, defect-rich thin films.>”*®
Various solvents have been used for CuSCN thin film

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Solution treatment methods and properties of CuSCN films on PEDOT:PSS/ITO

Solution treatment VBM (eV) Rel. CT-state intensity Trap states (cm™)
#xx Untreated 0.90 1.9 3.54 x 10"
#Hx Heated 0.87 0.9 3.51 x 10"
#XF Filtrated 0.79 10.6 2.73 x 10"
#HF Heated, filtrated 0.86 2.1 3.34 x 107

preparation®** and diethyl sulfide (DES) has evolved as
most common solvent, because it has an enhanced solubility
compared to other solvents, which significantly improves the
continuity and uniformity of the deposited film."**?
Furthermore, DES can coordinate with Cu(i) which plays an
important role in controlling the microstructure of CuSCN
films and ultimately affects the hole transport properties.**>°
The coordination involves a rather large amount of CuSCN
(around 20% as shown by X-ray absorption spectroscopy),*”
and this organic component in CuSCN films might be
beneficial for the CT state formation at the CuSCN/organic
interface.

Overall, despite the promising results, a basic understanding
of the mechanisms of CT states formation at CuSCN/organic
interfaces is still lacking, which needs to be thoroughly
investigated to expend the application of CuSCN in hybrid
devices. In this study, we report the impact of the solution
treatment method on the structural, optical, and electronic
properties of spin-coated CuSCN films. We show by means of
atomic force microscopy (AFM) and X-ray diffraction (XRD) that
solution filtration has an eminent impact on the morphology
and increases the crystallinity of the thin films. In contrast, the
coordination of the DES solvent with CuSCN, as revealed by
X-ray photoelectron spectroscopy (XPS), and the optical
absorption spectra measured by UV/vis spectroscopy, is rather
independent of the solution treatment method. EL
measurements at CuSCN/Cg, interfaces strong
dependence of the CT state intensity on the solution treatment
method, while ultraviolet photoelectron spectroscopy (UPS)
shows that the ionization energies (IEs) of the CuSCN films do
not strongly depend on the solution treatment. Furthermore,
the energy-level alignment at Cg,/CuSCN interfaces was

reveal a

determined by UPS measurements of step-by-step deposited Cgq
on CuSCN. Finally, the interfacial defect density was accessed
by transport measurements.

Results and discussion

Four solution treatment methods were employed to fabricate
CuSCN films with a nominal thickness of 70 nm on indium-
tin oxide (ITO) substrates: processing at room temperature
(CuSCN #xx), heating of the solution to 60 °C (CuSCN #Hx),
filtration of the solution (CuSCN #xF), and heating and
filtration (CuSCN #HF); the acronyms are summarized in
Table 1. All other parameters (solution concentration, spin-
coating speed, annealing temperature of the thin films etc.)
were kept the same and the detailed information about
sample preparation can be seen in the Methods section.

Fig. 1a presents the AFM-measured surface topography of
the CuSCN thin films. The thin film spin-coated from
untreated solution (CuSCN #xx) exhibits uneven round-like
features and the root-mean-square (RMS) of the surface
roughness is 6.81 nm. Heating the solution (CuSCN #HXx)
reduces the surface roughness (RMS of 4.21 nm) without
notable changes to the surface aggregation. Filtering the
solution (CuSCN #xF and #HF) transforms the grains into
relatively dense elongated features such as oval/rod-like
shapes. Interestingly, additional heating of the filtered
solution does not notably affect the surface roughness (RMS
of 5.84 nm and 5.37 nm for CuSCN {#xF and #HF,
respectively). The XRD features (Fig. 1b) can be assigned to
the (003), (101), and (006) peaks of the hexagonal B-CuSCN
phase.'® The Bragg peak positions are rather identical for
each film, indicating that the crystal structure is not affected
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Fig. 1

(a) AFM topography of spin-coated CuSCN films on ITO with their respective surface roughness. (b) XRD patterns of CuSCN films on ITO (c)

UV/vis absorption spectra of spin-coated CuSCN films on quartz; the inset shows the Tauc plots which were used to determine the optical gaps

(Eopr).
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by the solution treatment methods. A high optical
transparency is a key merit of CuSCN and the optical
absorption spectra of CuSCN films on quartz (Fig. 1c) are not
affected by the solution treatment method. In particular, all
four CuSCN thin films are extremely transparent in the
visible to near-infrared region and the absorption onset is in
the ultraviolet at around 300 nm. The absorption data were
used to extract the optical gap (Eopr) by Tauc plots (inset in
Fig. 1c) and the direct gaps of 3.90 eV to 3.95 eV are
consistent with previous experimental and theoretical
values."®?7%9

The chemical states of the elements in CuSCN were
assessed by XPS and the core-level spectra are displayed in
Fig. 2a and b (C 1s and N 1s) and Fig. S1} (Cu 2p and S 2p).
The main peak in the N 1s spectra is centered at 398.3 eV
binding energy (BE) and can be assigned to SCN bonds and
the BE (399.6 eV) of the additional small feature is in the
range of NH or CN bonds.***" The peak dominating the C 1s
core levels at 285.7 eV BE can be also assigned to SCN
bonds*® while the two further peaks at 283.7 eV BE and at
284.5 eV BE are in the typical BE-range of adventitious
carbon.*? The main peak of the Cu 2p core level spectrum at
932.6 eV BE corresponds to Cu(1)** and the S 2p spectrum
shows a single doublet with the 2p;/, peak centered at 163.0
eV BE, corresponding to SCN bonds.*”*! Overall, the BE
positions of all peaks do not notably depend on the solvent
treatment method, which is in good agreement with previous
XPS data of CuSCN films.'”'®***® The high BE component
in the N 1s spectrum was assigned to CN or NCS bonds'***
and the low BE component in the C 1s spectrum to
adventitious carbon. In our work, all preparation steps were
performed in a N,-filled glove box and a likewise N,-filled
box was used for transport of the CuSCN films to the ultra-
high vacuum chamber for XPS measurements, which ruled
out adventitious carbon as main source for the low BE peaks
in the C 1s spectra. In principle, these features could also
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stem from solvent residues but the S 2p spectra (Fig. S1b¥)
show no signs of a CS contribution, which would be expected
in DES. This is in accordance with previous XPS data and was
explained by the coordination of a large amount of CuSCN
with DES.>® We refrain from a quantification of CuSCN-DES
coordination by the area ratio of the respective C 1s peaks as
a small contamination by adventitious carbon cannot be
completely excluded. Furthermore, the mean-free path of the
photoelectrons in our experiment is around 10 nm (ref. 47)
and this surface-sensitivity would lead to an overestimation
of the DES content, as CuSCN-DES coordination mainly takes
place at the surface of the crystallites.*®

Fig. 2c shows the UPS-measured valence band region of
the CuSCN films and for each spectrum the valence band
maximum (VBM) is marked. The VBM of CuSCN #xF is at
0.77 eV below the Fermi level (Ey), which is shallower than
that of the others (CuSCN #xx: 0.83 eV, CuSCN #Hx: 0.89 eV,
CuSCN #HF: 0.84 eV) and indicates that the hole injection
barrier between ITO and CuSCN #xF is the smallest. Fig. 2d
shows the secondary electron region of the UPS spectra. The
secondary electron cutoff (SECO) gives the position of the
vacuum level (VL) with respect to Ep.*® For all thin films the
VL is at around 5.40 eV, confirming the p-type nature of the
CuSCN thin films, which is due to the non-stoichiometry (Cu
defects) of the solution-processed film.**”° The small
differences in VL by the solution treatment method are
attributed to the variation in the surface morphology and
preferred orientation of the CuSCN films. The sum of VBM
and VL corresponds to the IE of the thin films and no
significant change upon different solution treatments can be
observed. Fig. 2e shows the valence band spectra on a log-
scale intensity. All four thin films exhibit band tails states
with an onset at about 0.35 eV below Eg. This density of
states (DOS) arises from Cu vacancies leading to an acceptor-
like state above the VBM,***"*2> which could extend to Ex due
to their broad energetic distribution."®>® In our UPS data, the
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Fig. 2 XPS-measured (a) N 1s and (b) C 1s spectra of CuSCN films on ITO. UPS-measured (c) valence band region, (d) secondary electron, and (e)
valence band regions plotted on a semi-log scale of CuSCN films on ITO. (f) Chemical structures of DES and CuSCN.
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onset of the gap states is independent of the solution
treatment method and a similar onset was observed in a
previous UPS study.’’ These gap states lead to effective
Fermi-level pinning®® of the CuSCN films and provide,
furthermore, a transport pathway for charge carriers, which
is often termed mobility edge.””

To investigate the CT states at Cgo/CuSCN heterojunctions,
we fabricated EL devices with the structure of ITO/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
(30 nm)/CuSCN/Cgo/bathocuproine (BCP) (10 nm)/Al (100
nm). The schematic device structure and normalized EL
spectra are shown in Fig. 3. The reference device without the
CuSCN layer shows an EL peak at ~1.67 eV, which originates
from the excitonic emission of Cg,, which is consistent with
previous studies.>*® Devices with CuSCN layer show another
peak centered at ~1.19 eV, which corresponds to light
emission due to the CT state at the Cg,/CuSCN interface
through carrier recombination.’®®° The EL peak of CT states
does not show a significant shift among all the samples with
CuSCN films obtained by different solution treatment
method, indicating the same energy diagram of CT states in
these devices. However, the EL intensity of the CT state with
the CuSCN #xF layer is much higher compared to the other
three samples in the normalized EL spectra. This enhanced
EL emission of CT states in CuSCN #xF devices demonstrates
more efficient charge transport and conversion of electrical
charges at the inorganic-organic interface. To further explain
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Fig. 3 (a) Normalized EL spectra of LED devices without CuSCN
(purple line, based on PEDOT:PSS/Cgp) and devices with a Cgo/CuSCN
heterojunction under different CuUSCN conditions; the inset shows the
schematic illustration of the CT state formation. (b) Energy-level
diagram of the device structure assuming VL-alignment across the
heterojunction.
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this, hole-only devices with an architecture of ITO/PEDOT:
PSS/CuSCN/Cgo/M0O,/Ag were fabricated to quantitatively
study the carrier injection in the CuSCN films. According to
the space-charge-limited current (SCLC) model, the linear
change of current at low bias voltage can be considered as an
Ohmic-type response, while the steep rise of current at high
bias voltage is the trap-filling region. The trap density (N,)
can be determined by the trap-filled-limit voltage (Virpy):*"

_ ZVT FLEEO
= qLZ

t (1)
where ¢ represents the relative dielectric constant, ¢, is the
vacuum permittivity, g is the elementary charge, and L is the
thickness of the functional films. The Vi, can be determined
by fitting the I-V curve of the hole-only devices as shown in Fig.
S47 and by using ¢ = 5.1 (ref. 12) the average N, values are 3.54 x
10" em™ (CuSCN #xx), 3.52 x 10" em™ (CuSCN #HXx), 2.73 x
10" ecm™ (CuSCN #xF) and 3.34 x 10" em™ (CuSCN #HF),
respectively. This illustrates that the CuSCN #xF-based device
presents the lowest defect density and is, thus, most favorable
for carrier injection. We note that these values are rough
estimates as ¢ of our CuSCN films is unknown and, furthermore,
¢ of each individual CuSCN is not necessarily the same.

The trap-state density and the intensity of the CT state
(relative to the EL peak of Cg() of the CuSCN films are shown
in Table 1. For the device measurements CuSCN was spin-
coated on PEDOT:PSS/ITO while pristine ITO was used for
the basic characterization of the CuSCN films. In general,
PEDOT:PSS has a lower surface roughness and a higher work
function than ITO, which could impact the CuSCN
properties. Indeed, the surface roughness of the CuSCN films
on PEDOT:PSS/ITO (Fig. S27) is slightly lower than on ITO
(Fig. 1a), in particular for the non-filtrated samples. However,
the electronic structure as measured by UPS is almost
independent of the substrate (ITO, Fig. 2c-e and PEDOT:PSS/
ITO, Fig. S371). This confirms that the energy-level alignment
is indeed controlled by the gap states and, consequently,
independent of the substrate properties.®” The properties of
CuSCN films on ITO and on PEDOT:PSS/ITO are compared in
the Table S1f and show that the impact of the substrate is
rather low.

To get further insight in the charge-transfer characteristics at
the CuSCN/Cg, interface, we measured photoemission data of
stepwise vacuum-sublimed Cg, on spin-coated CuSCN and the
data with the #xF layer is shown in Fig. 4. The intensity of the
CuSCN valence band decreases with increasing Cg, coverage,
meanwhile, the intensity of the emission from Cg, levels
increases (Fig. 4a). The two peaks centered at 1.72 eV BE and
3.10 eV BE can be assigned to the highest occupied molecular
orbital (HOMO) level and the HOMO-1 level of Cg, respectively.
Their high intensity, which is due to the multiple degeneracy of
these molecular orbitals,**** and their BE-positions are in
agreement with previous UPS reports of Cg, films.®**> There is
no significant thickness-dependent shift of the HOMO position.
For a thickness of 128 A the onset of the HOMO-level is at 1.24
eV BE (for smaller Cg, coverages the determination of the onset
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is hampered by overlapping photoemission intensity from
CuSCN). The VL slightly decreases from 5.46 eV above Ep for
CuSCN #xF with increasing the Cg, coverage and saturates at
5.25 eV above Ey for a nominally 128 A thick Cg, layer (Fig. 4b).
The C 1s core level spectra of the Cg, film with a thickness of
128 A is centered at 284.54 eV BE and does not show a notable
thickness-dependent BE-shift (Fig. 4c). For the highest Cgq
coverage no spectral signatures of CuSCN are apparent, which
dominate the 4 A spectrum and are clearly visible in the 16 A
spectrum. The corresponding Cg, spectra on the other CuSCN
films are shown in Fig. S6.f The C4,/CuSCN #HX spectra are in
qualitative agreement with the Cg/CuSCN #xF spectra (Fig. 4).
The HOMO and the C 1s levels of Cgq on CuSCN fixx and on
CuSCN #HF, however, show thickness-dependent BE-shifts of
around 0.10 eV and these parallel shifts, which indicate energy-
level bending,®® will be discussed in more detail below.

Based on the UPS and XPS spectra, we constructed data-
based energy-level diagrams,®” as shown in Fig. 5. The left
side of each panel gives the VL, the VBM, and the onset of
the gap states of the CuSCN films based on the UPS results

0.83 $0.35

Band-tail states
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in Fig. 2. The optical gaps of the CuSCN films (3.90 eV to
3.95 eV) are used to estimate the position of the conduction
band minimum (CBM). In general, the transport gap, which
is usually determined by a combination of UPS and inverse
photoemission,®® should be used for this purpose.®® For
inorganic semiconductors, optical and transport gap (which
is not reported for CuSCN) are (almost) the same, but for
organic semiconductors the differences are in the range of
several hundred meV.”””" Accordingly, it can be speculated
that CuSCN is somewhere in between. The VL and the
HOMO-onset of the Cg, films (right side of each panel) are
taken from the respective UPS spectra in Fig. 4 and S6} with
a Cgq thickness of 128 A. The position of the lowest
unoccupied molecular orbital (LUMO) level of the Cg films is
estimated by using the transport gap (2.30 eV) of solid Cg.””
For the Cg films on CuSCN #xx and #HF, the magnitude of
energy-level bending is also given, which is determined by
the parallel BE-shift of the HOMO and C 1s levels (Fig. S6%).
At the interfaces of organic thin films with conductive
substrates, such energy-level bending is due to tailing states
of the frontier molecular orbital DOS in organic thin
film.>*® However, at the CuSCN/Cs, interfaces, such gap
states occur at both sides of the interface, which is
reminiscent to organic-organic interfaces.**”*”’> In addition
to the energy-level bending at two of the interfaces, an
interface dipole, i.e., a shift of the VL upon Cg, deposition, of
around 0.2 eV occurs at all CuSCN/Cg, interfaces. There are
several reasons for such interface dipoles including
interfacial ground-state charge transfer, chemical interaction
or modification of a surface dipole®®’® and the latter would
point to solution-treatment independent surface-dipole layers
of the CuSCN films.

Overall, our data highlights the effect of the solution
treatment method on the structural, optical, and electronic
properties of spin-coated CuSCN films. As shown by AFM
(Fig. 1a), the solution treatment has an eminent impact on the
morphology which, in turn, affects the hole transport. CuSCN
#xx and CuSCN #Hx films exhibit relatively small, round-like
grains and DES adsorption at the grain boundaries does not
allow the formation of a notable extended network.*>*

VL

Fig. 5 Schematic energy level diagrams for the Cgo/CuSCN on ITO interfaces. All values are taken from the UPS and XPS data of this work (Fig. 2,

4 and S67) as explained in the text.
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Filtration of the solution (CuSCN #xF and #HF) leads to larger,
ellipsoid-like grains and the surface-coordination of DES and
CuSCN allows for the formation of an extended network which
favors hole transport.®>*® The film morphology also has a
crucial effect on the electrical properties: CuSCN films with
oval/rod-like grains commonly lead to more vertically oriented
carrier transport.*>””’® Too fast hole transfer will lead to the
imbalance of carriers inside the device, hindering the
recombination of the CT state carriers at the Cgi/CuSCN
interfaces. In contrast, the mixed film morphology with both
oval/rod-like and round-like shapes, as well as the lower defect
density, benefit the effective recombination of charge carriers at
the interface. Moreover, compared with the flatter and ordered
surface of the CuSCN #HF film, the relatively disordered and
uneven surface of CuSCN #xF has a larger contact interface area
with Cg, boosting the generation of CT states. Considering the
CT state as a fundamental property of the donor and acceptor
heterojunction mixture,””  while in  devices for
electroluminescent characterization, the recombination region
of excitons will inevitably manifest itself inside a single
functional layer,** which is the reason for the appearance of
emission peaks of Cg in Fig. 3. Therefore, the EL peaks in the
CT states shown after normalization are in essence the result of
a comparison with the emission of Cgo, which illustrates the
better EL performance of CT states in the device with CuSCN
#xF due to the above advantages among these four devices.
Furthermore, the energy-level diagrams (Fig. 5) show that the
VBM onset of CuSCN #xF film is much shallower which
provides smoother hole transport though all four CuSCN films
with close onsets of band-tail states. The hole injection/
transport barrier in CuSCN films can be effectively reduced by
solution filtration method. In addition, the wide optical gap of
CuSCN (3.92 eV) would give a remarkable exciton blocking
ability at the same time.

Conclusion

In summary, we studied the structural, optical, and electronic
properties of spin-coated CuSCN films by different solution
treatment methods. The morphology depends strongly on the
solution treatment method, which further control the
CuSCN-DES coordination as revealed by XPS and thus affects
hole transport. The optical absorption spectra of CuSCN are
not affected by the solution treatment method, all four
CuSCN thin films exhibit high transmittance and wide
optical gaps. The photoelectron spectroscopy data reveal the
electronic structure of CuSCN thin films and the energy-level
alignment at Cgo/CuSCN interfaces. All four CuSCN thin films
exhibit band tails states with a similar onset at about 0.35 eV
below Er which contributes to efficient hole transport in the
CuSCN film. The solution filtration method can effectively
lower the hole transport barrier from anode to CuSCN film,
providing a shallower and smoother hole transport pathway.
At the interfaces of Cgy/CuSCN #ixx and Cg,/CuSCN #HF, the
broader HOMO DOS and tailing states of the frontier
molecular orbital DOS in Cg, layer lead to energy-level
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bending in the Cg4, layer. We confirmed the CT states at the
Ce0/CuSCN interface by electroluminescent devices and found
that the most prominent EL intensity was exhibited in the
one with CuSCN #xF, which was attributed to two main
aspects: firstly, based on the SCLC model, the CuSCN #xF
device has the lowest density of defect states, which reduces
the non-radiative recombination induced by the defects.
Secondly, the larger interface area between Cg, and CuSCN
#xF due to mixed crystalline phases is beneficial for more
efficient CT states generation. Current studies based on
different solution treatment methods open the possibility for
further application of CuSCN in various electronic devices.

Methods

Materials

CuSCN (purity 99%, powder) and DES (purity 98%) were
purchased from Sigma-Aldrich, Cg, (purity 99.9%) was
purchased from J&K, MoO; (purity 99.9%), Ag (purity
99.9999%), Al (purity 99.9999%) were purchased from Alfa
Aesar. PEDOT:PSS (Al4083) and BCP were purchased from
Xi'an Yuri Solar Co., Ltd.

CuSCN thin film preparation

The ITO substrates were cleaned sequentially with acetone,
methanol, and de-ionized (DI) water for 15 min each, and a
nitrogen gas flow dried them. CuSCN was dissolved in DES at
a concentration of 25 mg ml™" and the solution was stirred
overnight before use. The four methods of treating the
solution are the solution at room temperature (CuSCN #xx),
heating the solution to 60 °C (CuSCN #Hx), filtrating the
solution with 0.22 um PTFE filter (CuSCN #xF), and heating
to 60 °C after filtration (CuSCN #HF). The CuSCN thin films
were deposited by spin-coating on the ITO substrate from the
four solutions described above at 2000 rpm for 40 s, followed
by annealing at 100 °C for 10 minutes to remove the excess
solvent. All steps were performed in an N,-filled glove box.

Ce0/CuSCN heterojunction preparation

Ceo was thermally evaporated layer-by-layer under ultra-high
vacuum conditions (base pressure: 2 x 10~*° bar) on CuSCN
thin films from resistively heated cells with deposition rates
of about ~3 A min™ and the thickness of deposited films
was monitored by a quartz crystal microbalance positioned
near the sample. The values for coverages correspond to
nominal film thicknesses.

Device fabrication

Patterned ITO substrates were cleaned with acetone, ethanol,
and DI water in sequence. PEDOT:PSS was spin-coated onto
plasma-treated ITO at 4000 rpm for 1 min, and then
annealed for 30 min at 150 °C. The as-prepared CuSCN
solution in DES was then spin-coated on top of the PEDOT:
PSS at 5000 rpm for 40 s, followed by annealing at 105 °C for
10 min in the N,-filled glove box. C¢, and Al were thermally
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evaporated on top of CuSCN under a vacuum pressure of less
than 2 x 107 bar. For the hole-only devices, MoO, and Ag
were thermally evaporated on top of Ce.

Characterization

The crystal structure of thin films was analyzed by an X-ray
diffractometer (Bruker D8 Discover) with Cu Ko radiation and
the morphology was measured by atomic force microscopy
(Veeco MultiMode V). The thickness of CuSCN thin films was
measured by measuring the steps of tweezer scratches using
AFM and the cross section by scanning electron microscopy
(SEM, ZEISS G500) as shown in Fig. S7.f Absorption spectra
were acquired by an ultraviolet-visible-near infrared (UV-vis-NIR)
spectrometer (Perkin Elmer Lambda 950). A Keithley 2400
SourceMeter and a PhotoResearch spectrometer PR 745 were
used for the I-V characteristics and the EL spectra of the
heterojunction-based devices. XPS (Al Ko, 1486.6 eV) and UPS
(He Ia, 21.22 eV) measurements were carried out with
monochromatized light sources in a customized SPECS
photoelectron spectroscopy system including an analysis
chamber (base pressure: 3 x 10~*° bar), an evaporation chamber,
and a sample load lock.®* All CuSCN thin films were transferred
from the glovebox to the load lock with an N,-filled transfer box
without being exposed to ambient conditions. The XPS spectra
were fitted with a Shirley background and Voigt peaks using
CasaXPS software. All preparation steps and measurements
were carried out at room temperature (295 K), if not noted
otherwise.
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