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decades ago,[1] to organic solar cells (OSCs) 
now able to convert more than 18% of 
incident solar energy to electricity,[2] and 
organic field-effect transistors (OFETs) 
approaching comparable mobility to poly-
crystalline silicon and metal-oxide FETs.[3] 
These achievements largely originate from 
an evolution in organic semiconducting 
materials, deeper understanding of the 
associated device physics, and a prolifera-
tion of device engineering expertise. One 
widely applied element of device engi-
neering is the insertion of appropriate 
interlayers within the device stack,[4] in 
order to tune interfacial physical and 
chemical processes and the heterojunction 
energy structure.[5]

Conventionally, interlayers in organic 
electronic devices are broadly categorized 
as electron-injection/transport layers 
(EILs/ETLs) or hole-injection/transport 
layers (HILs/HTLs),[4] depending on the 
charge carrier type for which injection 
and/or transport is facilitated. These injec-
tion and transport layers can also serve, 

importantly, as blocking layers for the opposite sign of charge 
carrier,[6] avoiding the need for separate charge blocking layers. 
Both injecting and blocking properties are determined by the 
energy level alignments between the interlayers and active 
materials, also taking into account any dipole induced offsets 
in the vacuum level.[7] In addition, an optical gap larger than 
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injection and transport in organic electronic devices but its solution pro-
cessing has conventionally utilized undesirable di-n-alkyl sulfide solvents 
such as diethyl- (DES) and dipropyl-sulfide (DPS). Herein, this paper reports 
on the use of N,N-dimethylformamide (DMF) and 1-methyl-2-pyrrolidinone 
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ammonium hydroxide. The surface roughness, polymorphism, and surface 
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1. Introduction

Organic semiconductor devices have witnessed rapid develop-
ments across multiple device types in recent years, from the 
commercial success of organic light-emitting diode (OLED)-
based display technology that followed pioneering work three 
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that of the active materials in the device is generally important 
for interlayers in OSCs and OLEDs since their competing light 
absorption is, respectively, unfavorable to light harvesting and 
emission efficiencies. Last but not least, facile deposition with 
good film forming characteristics (even at low layer thickness) 
is a serious practical concern. This requires that the deposition 
does not damage any underlying layers, avoids formation of 
pinholes and other defects, results in spatially uniform surface 
properties, and yields good adhesion to materials both below 
and on top.

Compared with a large number of available EILs/ETLs,[8] 
choices for solution-processable HILs/HTLs primarily focus 
on poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) and materials developed therefrom,[9] together 
with various inorganic materials such as transition metal 
oxides.[10] As a mixture of conductive PEDOT-decorated PSS 
chains and insulating undecorated PSS chains,[11] PEDOT:PSS 
combines good solubility and processability, tunable conduc-
tivity,[12] and a work function (WF) of ≈5.2  eV, comparable to 
or higher than that of typical indium tin oxide (ITO).[13] These 
desirable features, which have driven very widespread utiliza-
tion, are offset to some degree by the acidity and chemical reac-
tivity of the films[14] and the potential for de-doping accompa-
nied by detachment of the PEDOT segments from their PSS 
carrier chains. This is further compounded by a non-negligible  
absorption in the visible spectral range.[15] In addition, the elec-
tron-blocking properties of PEDOT:PSS are not ideal,[16] and 
the tendency for electrons to be trapped by PEDOT:PSS (also 
leading to de-doping) can cause changes in device performance 
over time.[17] The PEDOT:PSS WF is also insufficient to gener-
ally support ohmic injection into materials with larger ionization 
potential values (IP ≥ 5.5eV),  leading  to  hole-injection-limited  
electrode function,[18] albeit that in certain circumstances 
Fermi level pinning at the interface can remove this barrier.[19] 
Moreover, the WF of PEDOT:PSS is found to be sensitive to 
processing protocols,[13] as its microstructure and surface com-
position may vary.[20] These considerations have led, over a 
number of years, to an active search for PEDOT:PSS replace-
ments, with efforts mainly focused on inorganic hole-injection/
transport materials. It has not, however, proven straightforward 
to achieve this objective.

Commonly used examples of inorganic HILs/HTLs include 
MoO3, WO3, and V2O5, all with higher WFs than PEDOT:PSS.[21] 
The limiting factors then change to fabrication conditions, 
since thermal evaporation is usually preferred for these mate-
rials. Although solution-processing methods are possible,[22] the 
mechanism of in situ thermal decomposition of the precursor 
layer[23] normally requires high annealing temperatures,[10] with 
the possibility of ending up with an interlayer showing unfa-
vorable stoichiometry and, consequently, energetics should, 
for example, substrate temperature limits intervene.[24] A more 
recent option for use as an HIL/HTL is copper(I) thiocyanate 
(CuSCN), which is inexpensive, abundantly available,[15a] and 
readily soluble in di-n-alkyl sulfides such as diethyl sulfide 
(DES) and dipropyl sulfide (DPS).[25] The calculated band 
structure of CuSCN[26] supports its potential for use as a hole-
injection/transport material, with its large optical band gap 
(≈3.8  eV) yielding high transparency, a deep-lying valence 
band edge (around −5.8  eV) for effective hole injection, and a 

low-lying conduction band edge (around −2.1 eV) for good elec-
tron blocking. Solution-processed CuSCN interlayers have been 
used to good effect in OLEDs, OSCs and transistors.[15,27] The 
limited choices of solvent for CuSCN are, however, an impedi-
ment to its wider application. In particular, DES and DPS are 
hazardous chemicals of long-lasting, unpleasant odor, and their 
use demands specific care and control.

To overcome this limitation, researchers have sought to find 
new solvents for CuSCN which need both to be more benign 
and to ensure that the deposited CuSCN interlayers have 
hole injection/transport properties as good as, if not better 
than, films processed from the benchmark solvents, DES and 
DPS. Wijeyasinghe et  al.[27d] reported the use of ammonium 
hydroxide (NH4OH) to dissolve CuSCN. The resulting thin 
films showed lower surface roughness, deeper valence band 
edge, and better environmental stability than DES-based coun-
terparts. In comparison with PEDOT:PSS, improved efficien-
cies were observed for both OSCs and perovskite solar cells 
using NH4OH-processed CuSCN as a substitute interlayer. 
Chaudhary et  al.[27e] further showed that dimethyl sulfoxide 
(DMSO) can also dissolve CuSCN, and reported the use of 
DMSO-processed CuSCN interlayers in OSCs. To date, DES, 
DPS, NH4OH and DMSO appear to be the only solvents that 
have been used to solution-process CuSCN interlayers for 
organic semiconductor devices.

In this report we present a side-by-side comparison of these 
known solvents with two new promising candidates, namely 
N,N-dimethylformamide (DMF) and 1-methyl-2-pyrrolidone 
(NMP), which are polar aprotic solvents sharing similar proper-
ties to DMSO but that have not been explored as solvents for 
CuSCN so far. The observed solution colors provide a visible 
indication of oxidation and solvation state differences for the 
Cu metal sites. The resulting surface roughness for spin-coated 
thin films is also characterized. Next, the polymorphism found 
in drop-cast thick films is investigated, and X-ray photoelectron 
spectroscopy (XPS) is used to analyze the chemical composi-
tion and bonding for the spin-coated thin films. In addition, 
CuSCN surface energy is studied, playing an important role 
in tuning the ordering of polymer semiconductors deposited 
atop the interlayer and thereby influencing their charge car-
rier mobility. The IP values of the different CuSCN interlayers, 
which modulate hole injection barriers, are also characterized 
and discussed. Finally, device tests on selected OLEDs, OSCs, 
and OFETs are carried out, and their performance when using 
various CuSCN interlayers is referenced to devices with a 
PEDOT:PSS interlayer or simply no interlayer.

2. Solutions and Thin Films

CuSCN was dissolved in six solvents, namely DES, DPS, 
NH4OH, DMSO, DMF, and NMP; details of these solvents and 
the conditions used for dissolution can be found in Table S1 
(Supporting Information) and in the Experimental Section. The 
CuSCN concentration was 10 mg mL−1 for DES, DPS, NH4OH, 
and DMSO solutions, whereas the saturated DMF and NMP 
solution concentrations were 2.1 and 2.8 mg mL−1, respectively 
(see the Experimental Section for details). According to Pear-
son’s Hard and Soft Acids and Bases theory,[28] Cu+ as a soft 
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acid interacts more easily with soft bases, which is the case for 
sulfur-containing DES, DPS, and DMSO. In comparison, the 
inclusion of nitrogen atoms in DMF and NMP makes them 
much “harder”, leading to reduced solubility (Table S1, Sup-
porting Information). An exception here is NH4OH, which is a 
hard base but can dissolve CuSCN readily. This may be related 

to the quick oxidation of Cu+ in the presence of NH4OH (see 
discussion below), with the product Cu2+ a much “harder” 
acid.[29] Figure  1 shows a photograph of typical solutions; 
the DES and DPS solutions are colorless, while the NH4OH  
solution is deep blue, all in line with previous reports.[27d]  
A dark brown solution is obtained when DMSO is used as 
the solvent, and DMF and NMP solutions are light green and 
greenish yellow, respectively.

When CuSCN is dissolved, the solvent molecules can form 
complexes with Cu+ and thereby break or weaken the ionic 
bond to SCN−.[25] The color differences give an indication of the 
changes in chemical state and bonding of the copper in these 
solutions. For example, Cu(I)–amine complexes are gener-
ally colorless,[30] so the deep blue CuSCN–NH4OH solution is 
likely caused by at least partial formation of a [Cu(II)–amine]2+  
complex ion. This oxidation is confirmed by XPS analysis (see 
Section 4). The colors of Cu(I) complexes are very dependent on 
their organic ligands;[30] the similar colors for DMF and NMP 
solutions then suggest that the copper is present in a broadly 
similar chemical environment, as might be expected from the 
similarity of the DMF and NMP chemical structures (Table S1, 
Supporting Information). By contrast, the very different color of 
the CuSCN in DMSO solution indicates different coordination 
in the presence of the sulfoxide moiety.

The solutions were spin-coated on ITO-coated glass sub-
strates, the most commonly used transparent electrode 

Figure 1.  Photograph of CuSCN solutions evidencing the strong color 
changes for different solvents, indicative of changing ionic states and 
complex formation. The concentration is 10 mg mL−1 for the first four, and 
2.1 and 2.8 mg mL−1 for DMF and NMP solutions, respectively, which are 
the saturation concentrations at room temperature.

Figure 2.  AFM images and deduced roughnesses for ITO and interlayer-coated ITO substrates. a–h) 2D (upper panels) and 3D (lower panels) topog-
raphies for: a) bare ITO; b) ITO/PEDOT:PSS; c) ITO/CuSCN (from DES solution); d) ITO/CuSCN (DPS solution); e) ITO/CuSCN (NH4OH solution); 
f) ITO/CuSCN (DMSO solution); g) ITO/CuSCN (DMF solution); and h) ITO/CuSCN (NMP solution). The scale bars in each 2D image represent 
500 nm. The root-mean-square roughness (Rrms) values are collected together in (i) for all samples. The dashed line is a guide to the eye.
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in organic electronic devices, to form CuSCN thin films, 
and atomic force microscopy (AFM) was applied to char-
acterize surface topography and roughness in an area of  
2 × 2 µm2 (Figure  2). Here we also include the results of  
bare ITO and ITO/PEDOT:PSS as references. Figure  2a for 
the bare ITO substrate reveals the characteristic polycrystal-
line grain microstructure[15a,27d] with grain sizes of several 
hundred nanometers; the root-mean-square roughness (Rrms) 
is 3.00  nm. When coated with PEDOT:PSS (Figure  2b), the 
substrate becomes smoother (Rrms  = 1.84  nm), one of the  
well-documented benefits of the PEDOT:PSS HTL.[15,27d] 
CuSCN thin films processed from DES and DPS solutions 
comprise ≈50  nm crystalline grains (Figure  2c,d) with Rrms  = 
2.58 and 2.83  nm, respectively, somewhat smoother than for 
bare ITO but rougher than when PEDOT:PSS is used. In ear-
lier publications, thicker CuSCN-DES and CuSCN-DPS films 
(around 50 nm) have been reported to have a higher Rrms than 
ITO.[15b,27d] In this study, all CuSCN films were controlled to 
be ≈10  nm thickness (see the Experimental Section) in order 
to be able to compare the six solvents side by side; the limited  
solubility of CuSCN in DMF and NMP precludes the straight-
forward preparation of spin-coated thicker films.

The CuSCN thin film microstructure resulting from 
NH4OH, DMSO, and DMF solutions is similar to that of 
bare ITO (Figure  2e–g), possibly due to the thinness of the 
films and the lack of significant crystalline grain formation. 
The Rrms for these three samples is also close to that of ITO. 
Finally, for the CuSCN-NMP film (Figure 2h), a much rougher 
surface with Rrms  = 3.86  nm is observed, and its topological 
characters differ a lot from the CuSCN-DMF sample. Con-
sidering the similarity in chemical structure between these 
two solvents, we propose that during spin-coating, the higher 
boiling point of NMP (203 °C) makes it slower to evaporate, 
facilitating crystallization and leading to a rougher surface. 
Figure  2i summarizes the Rrms values for all eight surfaces, 
among which PEDOT:PSS shows the best smoothing effect. 
For all bar the NMP-processed, the CuSCN thin films show 
a similar surface roughness to that of ITO; in the latter case 
Rrms is ≈30% larger.

3. Polymorphism

Crystalline CuSCN can exhibit at least two polymorphs, namely 
α- and β-CuSCN. The former has an orthorhombic crystal lat-
tice,[31] while the latter can be either rhombohedral (the 3R 
polytype) or hexagonal (the 2H polytype).[32] Density functional 
theory (DFT) calculations show that the unit cell of β-CuSCN 
has ≈60 meV lower energy than that of the α-phase,[33] con-
firming β-CuSCN to be thermodynamically the most stable 
polymorph. This is consistent with previous reports that 
β-CuSCN films are commonly obtained by drop-casting,[26a] 
electrodeposition,[34] and successive ionic layer adsorption 
and reaction (SILAR),[35] whereas α-CuSCN films can only be 
achieved under some nonequilibrium conditions, for example 
during electrodeposition in the presence of selected organic 
additives.[36] Other polymorphs, e.g., γ-, δ-, and ε-CuSCN, have 
been predicted by DFT calculations[37] yet not been experimen-
tally observed.

We performed Raman spectroscopy and X-ray diffraction 
(XRD) measurements on drop-cast CuSCN films deposited 
from each of the solvents in order to investigate their polymor-
phism. Drop-cast films (see the Experimental Section for details) 
are needed to provide a sufficient X-ray scattering volume for  
crystallographic structure determination. Figure  3a,b shows 
the 532 nm laser excitation Raman spectra for CuSCN films 

Figure 3.  Raman and XRD characterization of the polymorphism in 
CuSCN thick films drop-cast from different solvents. a,b) Raman spectra 
excited at 532 nm for CuSCN samples processed from DES and DMSO 
solutions, respectively. Spectra of other samples are shown in Figure S1 in 
the Supporting Information. c) XRD patterns of CuSCN layers processed 
from DES, DPS, NH4OH, DMSO, DMF, and NMP (from bottom to top). 
Characteristic diffraction peaks for α- and β-CuSCN are indicated.
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drop-cast from DES and DMSO solutions, respectively. Sim-
ilar peaks are observed for both samples at lower Raman 
shift, i.e., ≈205 cm−1 for Cu−S stretching, 244 cm−1 for Cu–N 
stretching, 433 cm−1 for S–CN scissoring, and ≈749 cm−1 for 
C–S stretching.[38] However at higher Raman shift, the CuSCN-
DES deposited sample shows a single peak at 2175 cm−1 cor-
responding to CN stretching in β-CuSCN[32,38b] while the 
CuSCN-DMSO film has an additional peak at 2130 cm−1. The 
latter can be assigned to CN stretching in α-CuSCN,[32,38b] 
demonstrating that with DMSO as solvent, drop-cast films con-
tain both α- and β-CuSCN polymorphs. The intensity of these 
two peaks can be used to estimate the ratio of α- to β-phase, 
which turns out to be 0.67:1. All other samples show Raman 
spectra that are similar to the CuSCN-DES case (Figure S1, Sup-
porting Information), consistent with a purely β-CuSCN crystal 
structure. Fourier-transform infrared (FTIR) spectra (Figure S2, 
Supporting Information) complement the Raman data and con-
firm this conclusion.

The polymorphism of various CuSCN films is further con-
firmed by XRD patterns (Figure 3c). While all samples exhibit 
(003) and (101) peaks of the β-phase (the Powder Diffraction 
File, PDF 29-0581), the one processed from DMSO additionally 
shows (121), (211), and (112) α-phase peaks (PDF 29–0582).[39] 
From the relative intensity of the α-phase (112) and β-phase 
(101) peaks and considering the observed difference in scat-
tering cross sections (0.80:0.75 from the PDF), the ratio of the 
two polymorphs is calculated to be 0.74:1, in reasonable agree-
ment with the estimation from Raman results. The coexist-
ence of both polymorphs was previously observed in a 14 nm 
thick CuSCN film processed from DPS solution, characterized 
by transmission electron microscopy (TEM) and selected area 
electron diffraction (SAED).[40] For our CuSCN-DMSO sample, 
the way Cu(I) coordinates with DMSO molecules may affect the 
crystallization process, leading to a mixture of the most stable 
and metastable phases; the detailed mechanism still remains 
open and is an interesting topic for future research. Nonethe-
less, this finding provides a useful platform with which the 
relationship between CuSCN polymorphs and electronic prop-
erties can be experimentally investigated, complementing pre-
vious theoretical studies.[33] We note the caveat, however, that 
the samples used here for X-ray diffraction are several microm-
eters in thickness, whereas thin films of ≈10  nm are used in 
the devices reported below. How much the variation in thick-
ness and associated processing conditions lead to a variation in 
polymorphism remains unclear. The suggestion, though, is that 
depositing films from DMSO is likely to be a more complex 
process.

4. Surface Chemistry

The surface chemistry features of CuSCN films on fused silica 
substrates were investigated by XPS and unlike the thick layers 
used in Raman and XRD measurements, these measurements 
used spin-coated thin films (see the Experimental Section), 
just as used in devices (Section  7). Survey spectra (Figure S3, 
Supporting Information) confirm the existence of Cu, S, C, 
and N in all samples, with Si and O signals also seen from the 
substrates. High-resolution C 1s core level spectra (Figure S4, 

Supporting Information) for all samples show, as expected, 
peaks associated with S–CN at ≈286.4  eV and adventitious 
carbon at 284.8  eV.[26a,27d] Traces of residual solvent are also 
observed, namely C–S peaks for DES-, DPS-, and DMSO-pro-
cessed samples and C–N peaks for DMF- and NMP-processed. 
The case of NH4OH will be discussed separately below; N 1s 
spectra are needed since there is no C present in the solvent. 
It has been reported that DES and DPS molecules are easily 
trapped inside the CuSCN thin film, even after annealing at 
temperatures higher than their boiling points, due to the strong 
coordination between Cu(I) and di-alkyl sulfides.[41] In terms of 
DMSO, DMF, and NMP, their high boiling points (Table S1, 
Supporting Information) may additionally hinder their removal 
during thermal annealing. Finally, C=O peaks at ≈288.5 eV[42] 
are also observed for the samples processed from NH4OH, 
DMSO, DMF, and NMP, indicating the presence of adventi-
tious oxidation products.

The N 1s core level spectra of all samples (Figure S4, Sup-
porting Information) show a characteristic S–CN peak at 
≈398.9  eV, consistent with previous reports.[27d,40] Additional 
N–H peaks at 400.2 eV in DES- and DPS-processed thin films, 
as observed before,[27d] can be attributed to partial protonation 
of some of the nitrogen atoms. A much stronger N–H peak is 
seen for NH4OH-processed samples, probably stemming from 
solvent residues bound to CuSCN.[27d] C–N peaks appear at 
≈399.9 eV for DMF- and NMP-processed samples, confirming 
the evidence from the C 1s spectra that there is some residual 
solvent present.
Figure 4 presents the S 2p core level spectra, with S–CN 

evident for all samples, located at ≈163.8 eV for S 2p3/2.[43] Thin 
films processed from DES and DPS exhibit C–S peaks around 
163.6  eV (2p3/2),[44] again arising from residual solvent mole-
cules. These two samples further show very weak S–O peaks 
at ≈169.6 eV (2p3/2), suggesting a marginal degree of oxidation 
of sulfur, as reported previously.[27d] This oxidation is more pro-
nounced in the last four samples (Figure 4c–f) and may lead to 
a shift in the CuSCN valence band edge due to a change in the 
configuration of the outermost electrons, as predicted by DFT 
calculations.[26a] The oxidation process may result in sulfate 
ions SO4

2− being formed, producing S vacancies in the CuSCN 
lattice. However, this type of defect has been shown to be elec-
trically inactive.[26a]

High-resolution spectra of Cu 2p core levels are displayed in 
Figure 5. While all samples show Cu+ peaks at ≈933.0 eV,[26a,27d] 
thin films processed from NH4OH, DMSO, DMF, and NMP 
exhibit an additional peak at ≈934.6 eV, which can be assigned to 
Cu2+.[45] This is further corroborated by the characteristic Cu2+ 
satellite peaks around 943  eV.[46] Similar to the case of sulfur, 
the partial oxidation of Cu+ can affect the position of CuSCN 
valence band edges in the last four samples through the change 
in 3d electrons.[26a] Moreover, the oxidation product, Cu2+ ions, 
may act as p-dopants to CuSCN if Cu2+ can replace Cu+ in the 
lattice, or lead to Cu vacancies if Cu2+ cannot. In the latter case, 
Cu2+ ions are likely to exist in the form of Cu2+–amine com-
plexes (for NH4OH-processed) or CuSO4 (for DMSO-, DMF-, 
and NMP-processed). Both possibilities can cause a shift in the 
CuSCN Fermi level, and will be discussed further in Section 6.

Finally, we measured the O 1s core level spectra (Figure S6, 
Supporting Information). Oxygen is not expected to appear 

Adv. Electron. Mater. 2022, 8, 2101253



www.advancedsciencenews.com
www.advelectronicmat.de

2101253  (6 of 15) © 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

Figure 5.  XPS high-resolution spectra of Cu 2p core level for CuSCN thin films processed from a) DES, b) DPS, c) NH4OH, d) DMSO, e) DMF, and 
f) NMP solutions. Data points are shown by black dots, and the envelopes from the peak fitting analysis are shown by black curves. Fitted peaks  
and assigned Cu chemical states are color coded: Cu+ (blue) and Cu2+ (red).

Figure 4.  XPS high-resolution spectra of S 2p core level for CuSCN thin films processed from a) DES, b) DPS, c) NH4OH, d) DMSO, e) DMF, and  
f) NMP solutions. Data points are shown by black dots, and the envelopes from the peak fitting analysis are shown by black curves. Fitted peaks and 
assigned chemical bonds are color coded: S–CN (red), S–O (blue), and C–S (green).
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in pure CuSCN thin films; however, oxidation products, the 
adsorption of moisture, and the background signal from the 
fused silica substrates can all contribute. These sources lead to 
C=O, S–O, O–H, and Si–O peaks for various samples. Interest-
ingly, in CuSCN-DMSO thin films, there is a peak at 530.2 eV, 
which possibly originates from the existence of Cu2O.[47] The 
latter has a smaller IP (≈5.3 eV)[48] than CuSCN and has been 
used as a hole injection/transport material in its own right. A 
mixture of both may result in a cascaded hole injection/extrac-
tion interface, provided that a favorable composition gradient 
can be formed normal to the film plane. Such a Cu2O/CuSCN 
composite HTL has already been used in perovskite solar cells 
to enhance charge transport and inhibit interfacial degrada-
tion,[49] but with different processing methods from us. There-
fore, further investigations are needed to explore the origin and 
applications of this effect. By and large, the CuSCN thin films 
studied here exhibit some complexity in the chemistry related 
to the different processing solvents, leading to a variation in the 
chemical composition and bonding of the resulting films, with, 
as already noted, the DMSO-processed films being the most 
complicated.

5. Surface Energy, Polymer Orientation,  
and Mobility
In addition to the chemical composition of the interlayer sur-
face, its surface energy will have an impact on the orientation of 
a semicrystalline conjugated polymer spin-coated on top, influ-
encing the charge transport properties.[50] Specifically, interlayers 
with low surface energies tend to favor “edge-on” orientation of 
the polymer, while “face-on” orientation is often promoted when 
surface energies of interlayers increase.[51] For diode structures 
where charge carriers flow in the normal-to-plane direction, face-
on oriented chain packing is beneficial for charge transport.[50] 
We have, therefore, examined the surface energy of the inter-
layers processed from the six different solvents and their ability 
to tune the orientation and mobility of a widely studied polymer 
semiconductor, poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]
thieno[3,4-b]thiophenediyl]] (PTB7, see Figure 6d).[52]

The surface energies of the CuSCN thin films deposited 
from the six solvents were investigated in the framework of 
Fowkes theory,[53] assuming that the surface energy γS can be 
described in terms of two components, namely a dispersive 
(nonpolar) component γS

D and a polar component γS
P. The  

surface tension of a liquid γL is likewise represented via a dis-
persive part γL

D and a polar part γL
P, and the contact angle, θ, 

for the liquid on the surface is expected to be given by[54]
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The γS for CuSCN thin films can then be extracted using 
the contact angles obtained from two different liquids with 
known surface tension components.[55] Figure 6a shows contact 
angle measurements for deionized (DI) water (upper panels) 
and diiodomethane (DIM, lower panels) droplets sitting on a 
CuSCN-DES thin film; results for other CuSCN interlayers are 

shown in Figure S7 in the Supporting Information. The calcu-
lated surface energies are presented in Figure 6e by gray bars, 
of which the lower parts (in deeper gray) and the upper parts 
(in lighter gray) indicate the dispersive and polar components, 
respectively. All CuSCN thin films are found to have similar 
dispersive surface energies around 50 mJ m−2, yet samples pro-
cessed from NH4OH, DMSO, DMF, and NMP solutions show 
significantly higher polar surface energies (≈25 mJ m−2) than 
those from DES and DPS solutions (≈10 mJ m−2), leading to 
higher total surface energies of the former group. DFT calcula-
tions revealed that for β-CuSCN, polar surfaces such as (101) 
and (001) have higher energies than the nonpolar, e.g. (110) and 
(100), leading to an expectation of low polarity surfaces under 
equilibrium growth.[56] Hence, the different surface energies for 
CuSCN thin films may result from nonequilibrium processes 
yielding different surface orientations, affected by both the 
nature of Cu(I)-solvent molecular complexes in solution and 
the kinetics of layer deposition. Further work will be needed to 
understand the degree to which the CuSCN surface orientation 
can be controlled and its long-term microstructural stability.

PTB7 (Figure  6d) was spin-coated on top of CuSCN inter-
layers deposited from each of the six solvents to investigate 
the influence of surface energy on polymer orientation. For 
this purpose, grazing-incidence wide-angle X-ray scattering 
(GIWAXS) patterns were collected for all CuSCN/PTB7 sam-
ples (Figure S8, Supporting Information); the result for 
CuSCN-DES/PTB7 is shown in Figure  6b as an example. The 
peaks at qxy  ≈ 0.38 Å−1 and qz  ≈ 1.6 Å−1 correspond to face-on 
oriented PTB7 crystallites, while the peak at qz ≈ 0.38 Å−1 sig-
nals the presence of edge-on orientation.[57] Note that the peak 
at qxy ≈ 1.2 Å−1 is from the CuSCN layer underneath. In order 
to quantitatively compare the face-on content, we calculated the 
intensity ratio of the qxy  ≈ 0.38 Å−1 peak (face-on) to the qz  ≈ 
0.38 Å−1 peak (edge-on). These values are plotted in Figure 6e 
as red dots. Use of NH4OH, DMSO, DMF, and NMP as CuSCN 
solvent allows a higher fraction of face-on orientation for the 
PTB7 semiconductor layer, showing a positive correlation with 
interlayer surface energy, consistent with previous reports.[50–51]

To test the influence of face-on orientation on charge trans-
port in diode structures, we fabricated metal–insulator–semi-
conductor structures for charge carrier extraction by linearly 
increasing voltage (MIS-CELIV) measurements.[58] MIS-CELIV 
is a variant of the better known standard CELIV measurement 
that can selectively determine hole or electron mobility due to 
the unipolar nature of the MIS diode. Here hole-only devices 
were fabricated so that, after injection, holes accumulate at 
the semiconductor–insulator interface. A linearly increasing 
voltage is then applied to extract the injected holes, and a tran-
sient current density trace for hole transport can be obtained. 
The hole mobility μ is given by[59]

8
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where ds (di) is the thickness of the semiconductor (insulator) 
layer, εs (εi) is the permittivity of the semiconductor (insu-
lator), A is the slope of the linearly increasing voltage (in V 
s−1), and 2 0t j  is the time for the current density to rise to twice 
the displacement current density j0. The measured transient 
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current density characteristics for a CuSCN-DES/PTB7 
sample are shown in Figure  6c, yielding PTB7 hole mobility  
μ  = 3.28 × 10−5 cm2 V−1 s−1, slightly lower than previously 
reported values of ≈10−4 cm2 V−1 s−1.[57,60] We note that such 
differences are not unusual when using different sample pro-
cessing methods,[60] different device architectures and different 
mobility measurement techniques (space-charge-limited cur-
rent[57,60] versus MIS-CELIV). Results for PTB7 deposited on top 
of the other five CuSCN interlayers can be found in Figure S9 in 
the Supporting Information, and the extracted mobility values 
(from more than 10 devices for each interlayer) are shown by the 
blue bars in Figure 6e. The higher face-on fraction for PTB7 on  
NH4OH-, DMSO-, DMF-, and NMP-processed CuSCN inter-
layers leads to an increased normal-to-plane hole mobility of 
about 5 × 10−5 cm2 V−1 s−1, compared with ≈3 × 10−5 cm2 V−1 s−1  
for DES- and DPS-processed, i.e., an improvement by ≈40%.

These results confirm that the choice of CuSCN interlayer 
solvent can significantly affect the charge transport properties 
of a p-type semicrystalline conjugated polymer overlayer via 

the resulting differences in surface energy and their influence 
on polymer crystallite orientation. NH4OH, DMSO, DMF, and 
NMP are better choices than conventional DES and DPS to 
achieve improved diode-relevant, normal-to-plane mobility.

6. Energy Levels and Hole Injection

We next turn to the hole-injection properties of the differ-
ently processed CuSCN interlayers, which should primarily be 
determined by their energy levels. To this end, air photoemission  
spectroscopy (APS) was used to measure the IPs that result 
from deposition using the six different solvents.[61] Based on 
the photoelectric effect, this technique records the number of 
photoelectrons escaping from the surface when monochromatic 
light of varying energy is incident on the sample. According to 
Fowler’s analysis of photoemission, the onset energy in a plot 
of the cube root of the photoelectron yield versus incident light 
energy marks the IP value of a semiconductor.[62] Compared 

Figure 6.  Surface energy measurements for CuSCN thin films, and orientation and mobility of PTB7 layers deposited on top. a) Contact angles 
for deionized (DI) water (upper panel) and diiodomethane (DIM, lower panel) on a CuSCN thin film processed from DES solution. Contact angle 
measurements for other CuSCN samples are shown in Figure S7 in the Supporting Information. b) GIWAXS pattern of PTB7 spin-coated on top of 
a CuSCN-DES interlayer. Figure S8 in the Supporting Information contains PTB7 GIWAXS patterns for CuSCN interlayers processed from the other 
five solvents. c) MIS-CELIV hole mobility measurements for PTB7 deposited on a CuSCN-DES interlayer. Current density transients with (blue upper 
curve) and without (faint blue lower curve) hole injection are shown; the red dashed lines highlight the time at which j = 2j0. The MIS-CELIV results 
for PTB7 deposited on the other CuSCN interlayers are shown in Figure S9 in the Supporting information. d) Chemical structure of PTB7. e) Summary 
of the variation in CuSCN surface energy (gray bars), PTB7 orientation (red dots), and PTB7 mobility (blue bars) as a function of the solvent used to 
deposit the films. The deep gray (lower) and light gray (upper) parts represent the dispersive and polar surface energies, respectively. The dashed red 
line connecting the orientation data is a guide to the eye.
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with commonly used ultraviolet photoemission spectroscopy 
(UPS) which requires a high vacuum, APS is performed in 
an ambient environment, closer to real device fabrication con-
ditions. Figure 7a presents the APS results for a CuSCN thin 
film processed from DES solution; the IP value is determined 
to be 5.75  ± 0.04  eV. APS measurement results for the other 
CuSCN interlayers are shown in Figure S10 in the Supporting 
Information.

In addition, the optical gaps (Eopt) of different CuSCN thin 
films were extracted from their absorbance spectra via Tauc 
plots.[63] Both direct and indirect band gap models can be fitted 
by plotting (αhν)2 and (αhν)0.5, respectively, versus photon 
energy, hν, where α is the absorption coefficient (in cm−1).  
Figure 7b provides an example of the Tauc analysis performed 
for a CuSCN-DES thin film; 3.84  ± 0.04 and 3.45  ± 0.04  eV  
direct and indirect band gap energies, respectively, are obtained. 
Results for other CuSCN interlayers can be found in Figure 
S11 in the Supporting Information. We note that the nature of 
the CuSCN band gap is still under debate,[26b] and that is why 
we analyze the same dataset of CuSCN absorbance using both 
models. In the literature, although DFT calculations predict 
CuSCN band gap to be indirect,[26a] most experimental values 

are around 3.8 eV, consistent with the calculated value of a direct 
band gap.[26,43] This discrepancy may be related to a very small 
oscillator strength for the lowest indirect transition, as this pro-
cess requires phonons to assist.[26a] For our measurements, it 
can be clearly seen from Figure  7b that the presumption of a 
direct band gap (red) is more reasonable, since for the indirect 
(blue), the characteristic parameter (αhν)0.5 does not cut off at 
the nominal “band gap.” Also, the extracted direct band gap 
values are very consistent for different CuSCN samples, in con-
trast with the scattered values obtained from the indirect gap 
model (Figure S11, Supporting Information). Nonetheless, these 
results are not unambiguous evidence for a direct band gap of 
CuSCN due to the >0.5 eV absorption tail below the determined 
direct gaps rather than an abrupt cutoff. Possible reasons for 
the absorption tail include weak indirect transitions at lower 
energies, an amorphous fraction, polymorphism, or a combina-
tion of these factors.[26] Therefore, this topic still needs further 
elucidation, but what is for sure is that the band gap, irrelevant 
of its nature, is sufficiently wide (≥3.80  eV) for CuSCN inter-
layers to absorb very little in the visible spectral range.

For inorganic semiconductors, their high permittivity and 
consequently small exciton binding energy (usually a few meV) 

Figure 7.  Energy levels and J–V characteristics for CuSCN interlayers processed from six different solvents. a) APS results for a CuSCN-DES thin film, 
detailing extraction of the IP value. APS spectra of the other CuSCN interlayers are shown in Figure S10 in the Supporting Information. b) Tauc plots 
derived from the absorbance spectrum of CuSCN-DES thin film. Both (αhν)0.5 and (αhν)2 are plotted, corresponding to the expectation for indirect 
(blue) and direct (red) band gaps, respectively. Tauc analysis of other CuSCN thin films can be found in Figure S11 in the Supporting Information.  
c) Energy level diagram for the various CuSCN interlayers. Band gaps (gray bars) are assumed to be direct. Red dashed lines represent WFs measured 
by Kelvin probe, the uncertainties for which are small and therefore not shown (Figure S12, Supporting Information). d) Chemical structure of PCDTBT. 
e) Forward bias J–V characteristics for PCDTBT diodes using differently processed CuSCN interlayers, from which holes are injected into the polymer; 
all interlayer films are ≈10 nm thickness.
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allow us to approximate the electrical gap (Eg) to Eopt.[64] With 
this assumption, we can calculate electron affinities (EAs) for 
the CuSCN interlayers as EA = IP − Eopt, enabling us to estab-
lish a full energy level diagram for the CuSCN thin films pro-
cessed from different solvents, as shown in Figure 7c. The EA 
values span a wide range from 1.37 to 2.10 eV but for all samples 
are conducive to effective electron blocking. The IP values simi-
larly span a wide range from 5.19  eV for the NMP-processed 
thin film to 5.91  eV for the NH4OH-processed. Previous DFT 
calculations indicated that the position of the CuSCN valence 
band edge is mainly affected by the Cu 3d states, with a small 
contribution from S 3p hybridization.[26a] As shown in the XPS 
spectra of S 2p (Figure 4) and Cu 2p (Figure 5) core levels, the 
six CuSCN thin films do differ in the chemical states of these 
two elements, resulting in their different outermost (3d for Cu 
ions and 3p for S) electron configurations and consequently, 
different IPs for CuSCN interlayers. However, the detailed 
mechanisms behind this may require further theoretical input 
to clarify.

The WFs for films deposited from all six solvents were 
determined using Kelvin probe measurements (Figure S12, 
Supporting Information),[65] and the results are displayed in 
Figure 7c by red dashed lines. The WF values for CuSCN inter-
layers processed from DES and DPS are 4.11  eV, whereas for 
the other four they are around 4.45 eV, indicating Fermi levels 
lying deeper than the band gap center energy for all samples. 
For DES- and DPS-processed films, this can be understood 
from CuSCN being an intrinsic p-type semiconductor with 
a higher electron than hole effective mass.[26,40] For the other 
four, whose Fermi levels are much closer to their valence band 
edges, we attribute this, in addition to the intrinsic p-con-
ductivity of CuSCN, to extrinsic p-doping. As mentioned in 
Section  4 in relation to the XPS spectra of Cu 2p core levels 
(Figure  5), the partial oxidation of Cu+ to Cu2+ can result in 
either Cu2+ acting as a p-dopant or the introduction of Cu 
vacancies in the CuSCN lattice. It has been demonstrated that 
the latter vacancy defect/nonstoichiometry can contribute to 
an increased hole concentration in CuSCN by creating shallow 
acceptor levels,[26,33] leading to a similar effect on the Fermi 
level to that of p-doping. We infer, as a consequence, that it is 
the partial oxidation of Cu+ in NH4OH-, DMSO-, DMF-, and 
NMP-processed CuSCN thin films which leads to a further 
lowering of the Fermi level.

While IP values are a good indicator of the expected hole-
injection properties of interlayers, other processes are known 
to play a role. These include the formation of interface dipoles, 
charge transfer across the interface, and specific chemical reac-
tions.[5,66] To further compare the hole-injection properties 
of different CuSCN interlayers in real devices, we fabricated 
hole-only diodes using poly[N-9′-heptadecanyl-2,7-carbazole-
alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT; 
Figure  7d), a polymer semiconductor with a suitable IP of 
5.34  eV.[67] In the absence of any such complicating factors, 
from the deduced IP values, barrier-free hole injection into 
PCDTBT is expected for all of the CuSCN interlayers except 
for that processed from NMP solution where the IP value 
(5.19 ± 0.04 eV) is 0.15 eV smaller than the IP value (5.34 eV) 
for PCDTBT. The measured current density–voltage (J–V) 
characteristics (Figure  7e) are consistent with this anticipated 

situation; the curve for the CuSCN-NMP device shows a signifi-
cantly lower current density for voltages above ≈1.5 V while all 
of the other curves align with each other.

To summarize this section, we have established a detailed 
picture of the variation in energy level structure for CuSCN 
interlayers processed from different solvents. The wide tune-
ability of CuSCN interlayer IP values from 5.19 to 5.91  eV 
opens an opportunity to minimize hole injection barriers for 
specific active materials by the careful selection of processing 
solvent.

7. Device Performance

Having investigated the optical and electrical properties of 
CuSCN interlayers processed from different solvents, we now 
report on their performance in representative OLED, OSC and 
OFET devices. Note that the CuSCN interlayer thickness was 
adjusted to be 8  ± 2  nm for all solvents, with four at ≈10  nm 
and two (processed from DMF and NMP) at ≈6 nm due to more 
limited solubility (see the Experimental Section for details). This 
ensures a relatively straightforward comparison of performance. 
First, simple OLED structures using the commercially available 
phenylene–vinylene copolymer Super Yellow (SY; Figure S13a 
in Supporting Information) as light-emitting material were 
fabricated. Comparison was made between PEDOT:PSS and a 
selection of CuSCN HILs/HTLs (see Figure S13b,c in the Sup-
porting Information for device structure and nominal energy 
level diagram, respectively). Two figures of merit, namely the 
luminance (at 6 V) and maximum external quantum efficiency 
(EQE),[68] are reported for each of the devices in Figure 8a. All 
SY OLEDs share a similar maximum EQE of ≈3.5% but they 
differ in luminance, consistent with the difference in charge 
injection for different interlayers. In detail, the device using 
a CuSCN-DMSO interlayer has the highest luminance at 6  V 
(13 585  ± 1204  cd m−2), significantly better than the reference 
device using PEDOT:PSS (10 264  ± 981  cd m−2). In addition, 
when DES or DMF is used as solvent, a similar/somewhat 
higher luminance to that for the PEDOT:PSS-based device can 
be achieved. Previous research showed that for selected phos-
phorescent OLEDs, replacing PEDOT:PSS with DES-processed 
CuSCN retained comparable performance.[15a] Here we dem-
onstrate that by choosing a specific solvent, namely DMSO in 
this case, it is possible to fabricate CuSCN-containing fluores-
cent polymer OLEDs that notably outperform PEDOT:PSS-con-
taining devices with ≈32% higher luminance (at 6 V).

Inspired by the favorable polymer OLED performance, we 
next fabricated bulk-heterojunction OSCs using a blend of 
PTB7 and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM; 
Figure  S14a, Supporting Information) as the active mate-
rial. Again, comparison is made between CuSCN processed 
from different solvents and PEDOT:PSS (see Figure S14b,c in 
the Supporting Information for device structure and nominal 
energy level diagram, respectively). As shown in Figure  8b, a 
higher average power conversion efficiency (PCE) of ≈6.4% is 
achieved for the device using a CuSCN-DMSO interlayer, com-
pared with the reference PEDOT:PSS device (≈5.8%). Prior 
reports have shown OSC efficiency improvement relative to 
PEDOT:PSS for CuSCN-DES[15b,27a] and CuSCN-NH4OH[27d] 
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interlayers when using different active materials. It will be 
interesting, in future, to explore the optimization of different 
combinations of active materials and CuSCN films processed 
from different solvents for even better overall performance.

Finally, OFETs were fabricated using the high-mobility 
polymer, poly[[2,5-bis(2-octyldodecyl)-2,3,5,6-tetrahydro-
3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[[2,2′-(2,5-thiophene)
bis-thieno[3,2-b]thiophen]-5,5′-diyl]] (PDPPTTT; Figure S15a, 
Supporting Information). In these top-gate bottom-contact 
devices (Figure S15b, Supporting Information), CuSCN inter-
layers were inserted between the gold electrodes (as drain and 
source) and the polymer layer. Comparison in this case was  
referenced to uncoated Au electrodes. The hole mobility 
extracted from the linear regime (μlin) for all devices is shown in 
Figure 8c. The highest μlin = 0.86 ± 0.07 cm2 V−1 s−1 is achieved 
for devices using a CuSCN-DMF interlayer, some three times 
higher than for the device with no interlayer (labeled w/o, with 
μlin  = 0.29  ± 0.04 cm2 V−1 s−1). Five of the six solvents yield 
higher mobility than the reference device; CuSCN–NH4OH is 
the exception. We note that CuSCN processed from NH4OH 
solutions has also been used in transistors as a semiconducting 
layer rather than an interlayer, and showed higher hole mobility 
than for devices with a DES-processed CuSCN semiconducting 
layer.[27d] The output characteristics (Figure  8d) also clearly 
show the significant enhancement engendered by the CuSCN-
DMF interlayer; the drain current IDS at VGS = VDS = −80 V can 
reach ≈190  mA for these devices, compared to ≈20  mA when 
the interlayer is absent. The improved mobility and channel 
current are expected to be related to a better match between 
the CuSCN-modified electrode and PDPPTTT IP values. The 
latter was measured to be 5.3  eV (Figure S15c, Supporting 

Information),[69] with the CuSCN interlayer processed from 
DMF having the closest IP value (5.48  ± 0.04  eV; Figure  7c), 
greatly reducing the injection barrier between Au (WF = 
4.9 eV)[70] and PDPPTTT.

To summarize this section, we successfully demonstrated 
that by choosing an appropriate CuSCN solvent, representative 
polymer OLEDs, OSCs, and OFETs with CuSCN interlayers can 
perform better than reference devices either with PEDOT:PSS 
interlayers or without an interlayer. DMSO and DMF solvents 
are found to allow the formation of CuSCN interlayers that 
facilitate better device performance than for the conventional 
but undesirable solvent choices of DES and DPS. While it is 
not straightforward to fully decouple the different factors (dis-
cussed above) that control this improved device performance, 
our device tests clearly indicate the opportunity for further  
progress through introduction of novel CuSCN solvents.

8. Conclusion

In this paper we report a comprehensive study on the proper-
ties and applications of CuSCN interlayers processed from six 
different solvents, namely DES, DPS, NH4OH, DMSO, DMF, 
and NMP. In the case of DMSO, drop-cast thick films com-
prise a mixture of the α- and β-phase crystalline polymorphs 
whereas all other solvents yield films containing only β-CuSCN. 
Thin films deposited by spin-coating showed similar surface 
roughness, with Rrms values close to that of the underlying ITO-
coated glass substrate (except for NMP-processed films that are 
≈30% rougher). However, their chemical compositions differ; 
in samples processed from NH4OH, DMSO, DMF, and NMP 

Figure 8.  Performance of OLED, OSC and OFET devices using CuSCN interlayers processed from different solvents. a) Luminance (at 6  V) and 
maximum EQE values of SY polymer OLEDs. b) PCE of PTB7:PC71BM OSCs. c) PDPPTTT OFET hole mobility and d) output characteristics parametric 
in VGS (from 0 to −80 V in −20 V steps). The device details are shown in Figures S13–S15 in the Supporting Information.
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solutions, there is a noticeable oxidation of sulfur, yielding 
S–O bonds, and copper to Cu2+, with an associated impact on 
CuSCN electronic structure.

The solvent used to deposit CuSCN interlayers affects the 
hole injection and transport properties in two different ways. 
First, ordering of the semicrystalline conjugated polymer, PTB7, 
deposited on top of the CuSCN interlayers processed from the 
six solvents is influenced by their different surface energies. 
This leads to different PTB7 normal-to-plane hole mobilities, 
with ≈40% higher values of ≈5 × 10−5 cm2 V−1 s−1 when NH4OH, 
DMSO, DMF, or NMP is used as the solvent. The higher 
surface energies of CuSCN thin films processed therefrom 
(≈75 mJ m−2, compared with ≈60 mJ m−2 for DES- and DPS-
processed) support a higher fraction of face-on oriented crys-
tallites. Second, significantly different IP values ranging from 
5.91 to 5.19  eV result for CuSCN interlayers processed from 
different solvents in the sequence NH4OH > DPS > DES >  
DMSO > DMF > NMP, leading to different hole injection  
properties. This is confirmed by the J–V characteristics for hole-
only diodes, demonstrating the possibility to minimize hole 
injection barriers by appropriate selection of CuSCN solvent to 
achieve a good match in IP values between CuSCN interlayers 
and active materials.

Finally, device tests show that in polymer OLEDs, OSCs, 
and OFETs, using CuSCN interlayers processed from suitable 
solvents can boost the performance compared with reference 
devices. In particular, for the devices studied in this work, 
the best performance is provided by DMSO and DMF, more 
benign solvents than the initially used DES and DPS. These 
results pave the way for a wider use of solution-processed 
CuSCN interlayers in a variety of organic electronic devices and 
expand the selection range for hole-injection/transport mate-
rials as alternatives to PEDOT:PSS.

9. Experimental Section
Materials: CuSCN (99%), diethyl sulfide (98%), dipropyl sulfide (97%), 

dimethyl sulfoxide (99.9% anhydrous), N,N-dimethylformamide (99.8% 
anhydrous), 1-methyl-2-pyrrolidinone (99.5% anhydrous), chlorobenzene 
(99.8% anhydrous), 1,2-dichlorobenzene (99% anhydrous), toluene (99.8% 
anhydrous), n-butyl acetate (99.5%), 1,8-diiodooctane (98%), super yellow 
polymer (Mn  >  400000, Mw  >  1300000), and poly(methyl methacrylate) 
(PMMA, Mw  = 120000, polydispersity = 2.2) were obtained from Sigma-
Aldrich. Ammonium hydroxide (50% v/v aqueous solution) and 
diiodomethane (99%) were supplied by Alfa Aesar. PEDOT:PSS (Clevios 
PVP AI4083) was provided by Heraeus. PTB7, PCDTBT, and PC71BM 
were bought from 1-Material Inc. PDPPTTT (Mw = 75000, PDI = 5.4) was 
synthesized under standard microwave Stille coupling conditions.[69] 
Evaporation materials (99.9% LiF, 99% Ca, 99.99% Al, 99.99% Au, 99.99% 
MgF2, and 99.95% MoO3) were obtained from Kurt J. Lesker. Prepatterned 
ITO substrates (10 Ω/square) were sourced from Thin Film Devices. All 
chemicals were used as received without further purification.

CuSCN Solutions and Thin Films: CuSCN was mixed with all solvents 
at a concentration of 10 mg mL−1, and all solutions were filtered through 
0.45 μm polytetrafluoroethylene (PTFE) filters before use. For DES, DPS, 
and NH4OH, the solutions were stirred at room temperature for over 
12 h, while for DMSO, DMF, and NMP, dissolution required heating 
at 120 °C for over 24 h with vigorous stirring. In the case of DMF and 
NMP the added CuSCN did not fully dissolve; the actual concentration 
was therefore determined by decanting a fixed portion of the solution, 
evaporating the solvent, and weighing the resulting precipitate.

CuSCN thin films were spin-coated on different substrates depending 
on the experiment being undertaken. All substrates were cleaned in 
ultrasonic baths first with acetone and then isopropanol for 10 min each, 
followed by UV–ozone treatment for 10  min. To achieve a comparable 
thickness for all samples, CuSCN-DES and CuSCN-DPS solutions were 
diluted to 3 and 4 mg mL−1, respectively. Then all solutions were spin-
coated at 1000  rpm. For high-boiling-point solvents, i.e., DMSO, DMF, 
and NMP, a long spinning time (3 min) was used to provide sufficient 
time for evaporation. Finally, the samples were annealed at 100 °C for 
10 min in air, leading to ≈10 nm thickness films for all solvents except 
DMF and NMP where ≈6  nm thickness resulted. The spin-coating 
protocols were kept unchanged throughout this work unless otherwise 
stated.

Atomic Force Microscopy: CuSCN and PEDOT:PSS thin films were 
spin-coated on precleaned ITO substrates. For PEDOT:PSS, the spin 
speed was 2500 rpm, and the film was annealed at 150 °C for 15 min in 
air. (The same fabrication conditions were used for all PEDOT:PSS layers 
in this work.) The AFM topography and roughness were measured on 
an Asylum Research MFP-3D microscope with a Tap190Al-G cantilever 
(Budget Sensors). The measurement area was 2 × 2 µm2. All data were 
processed using Gwyddion software.[71]

Raman Spectroscopy, Fourier-Transform Infrared Spectroscopy, and X-Ray 
Diffraction: Raman, FTIR and XRD measurements require relatively thick 
samples in order to acquire a sufficient signal-to-noise ratio. Therefore, 
CuSCN layers were deposited by drop-casting on different substrates 
(silicon for Raman and FTIR and glass for XRD). Raman spectroscopy 
was carried out with a Jobin Yvon T64000 triple spectrometer, calibrated 
by a silicon substrate before each measurement. Samples were excited 
by a Ventus solo Nd:YAG laser (λ  = 532  nm). The triple spectrometer 
uses the first two gratings to reject the light at the excitation frequency, 
and the third to spatially disperse the Raman signal from the sample, 
which is collected by an Andor DU420A-OE charge-coupled device 
(CCD). The power output of the laser was controlled to achieve an 
incident radiation of <1 mW on the samples.

FTIR spectra were recorded with a Thermo Scientific Nicolet iS 
5  spectrometer with iD5 accessory, and were measured in reflection 
mode. The contributions from air (primarily H2O and CO2) and the 
substrate were subtracted, and 32 scans were averaged for each sample.

Thin-film XRD were performed on a Rigaku SmartLab diffractometer 
with Cu Kα radiation (λ  = 1.5406 Å) and a HyPix-3000 detector. The 
incident optics were in parallel-beam (PB) geometry with a 2.5° soller 
slit. The scans were carried out in the θ–θ configuration with a rotation 
rate of 1° min−1. Background signals from the glass substrates were 
collected and subtracted.

X-Ray Photoelectron Spectroscopy: CuSCN thin films were spin-
coated on precleaned fused silica substrates. Samples were analyzed 
using a Thermo Scientific K-Alpha XPS instrument equipped with a 
microfocused monochromated Al X-ray source (hν  = 1486.6  eV), and  
a 400 µm2 spot size was used. The analyzer operated at a constant pass 
energy of 200 eV for survey scans and 50 eV for core level scans. Charge 
neutralization was applied using a dual-beam low-energy electron/ion 
flood source. The data acquisition was performed on Thermo Scientific 
Avantage software, and analysis was completed using CasaXPS software 
(Casa Software Ltd). All spectra were calibrated by the C 1s peak of 
adventitious carbon at a binding energy of 284.80 eV.

Surface Energy, Polymer Orientation, and Mobility Characterization: 
CuSCN thin films for surface energy measurements were spin-coated on 
precleaned ITO substrates. Droplets of the test liquids, deionized water 
and diiodomethane, were placed on the CuSCN surfaces, and images 
were recorded using an Ossila L2004A1 contact angle goniometer. 
Contact angle values were then extracted using Ossila Contact Angle 
software, and surface energies were calculated according to Fowkes 
theory.[53–54]

Grazing-incidence wide-angle X-ray scattering (GIWAXS) 
measurements were performed on ITO/CuSCN/PTB7 samples to assess 
the PTB7 crystallite orientation within the ≈100 nm thickness films spin-
coated from 20 mg mL−1 chlorobenzene solution at 1000 rpm. Data were 
collected on a Rigaku SmartLab diffractometer using Cu Kα radiation 
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(λ = 1.5406 Å) and a HyPix-3000 2D detector. The incidence angle was 
0.2°, and the exposure time was 30 min.

PTB7 hole mobility was measured using the MIS-CELIV method[58–59] 
on device structures comprising ITO/CuSCN/PTB7/MgF2 (15  nm)/Al 
(100 nm). PTB7 layers were deposited using the same conditions as for 
GIWAXS samples, and MgF2 and Al were thermally evaporated on top 
at 0.2 and 1 Å s−1, respectively. MIS-CELIV experiments were performed 
using the Fluxim PAIOS measurement platform with Characterization 
Suite 4.2 software. The offset voltage was 5 V, and the voltage ramp rates 
were changed from 200 to 1000 V ms−1 with 200 V ms−1 steps.

Energy Level Measurements and Hole Injection Characteristics: Ionization 
potentials (IPs) of CuSCN thin films (spin-coated on precleaned ITO 
substrates) were measured by air photoemission spectroscopy (APS) 
using a KP Technology APS04 system. The tip potential was set to 10 V. 
The IP values were extracted from the intersection of the background and 
a linear fit to the cube root of the photoemission yield.[61–62] Absorbance 
spectra of CuSCN thin films (spin-coated on precleaned fused silica 
substrates) were used to derive optical gap energies using a PerkinElmer 
Lambda 1050 UV–vis–NIR spectrometer. The measured transmission (T) 
of all samples was converted to absorbance (A) by A = −log T, from which 
the absorption coefficient α (in cm−1) can be obtained given the known 
layer thickness. Tauc plots were used to study indirect ((αhν)0.5  versus 
hν) and direct ((αhν)2 versus hν) band gap energies.[63] Electron affinities 
(EAs) were estimated by subtracting the optical band gaps from the IP 
values, under the assumption that the band gap is direct and optical 
and electrical gaps are the same (small exciton binding energy). Work 
functions (WFs) of the CuSCN thin films (spin-coated on precleaned 
ITO substrates) were characterized using a KP Technology KP020 Kelvin 
probe with a gold disk tip (2  mm diameter). The measurements were 
performed in air, and the WF of the tip was calibrated using a highly 
oriented pyrolytic graphite (HOPG) reference whose WF is 4.650 eV. For 
each sample, more than 50 data points of contact potential difference 
between the tip and the sample were averaged.

PCDTBT-based hole-only diodes, with structure ITO/CuSCN/
PCDTBT/MoO3 (10  nm)/Al (100  nm), were fabricated to examine the 
difference in hole injection properties of the CuSCN interlayers. PCDTBT 
was dissolved in chlorobenzene at a concentration of 8  mg mL−1, 
and was spin-coated on top of ITO/CuSCN in a N2-filled glovebox at 
1000  rpm, resulting in ≈85  nm thickness layers. Top electrodes were 
deposited by thermal evaporation at ≈10−6 Pa, with a rate of 0.2 Å s−1 for 
MoO3 and 1 Å s−1 for Al. The J−V measurements were carried out in air 
using a Keithley 2400 sourcemeter. The MoO3/Al electrode was defined 
as the cathode (held at negative bias relative to the ITO electrode) so 
that the hole injection properties of the different CuSCN interlayers could 
be compared from the observed current density under forward bias.

Polymer Light-Emitting Diode Fabrication and Characterization: The 
OLED structure used in this study was ITO/PEDOT:PSS or CuSCN/
SY (≈90  nm)/LiF (1  nm)/Al (100  nm). The SY layers were spin-coated 
in a N2-filled glovebox from 5  mg mL−1 toluene solution at 1500  rpm, 
followed by thermal annealing at 80 °C for 10 min. Then the SY-coated 
samples were transferred to a thermal evaporator to deposit a LiF  
(0.2 Å s−1)/Al (1 Å s−1) bilayer cathode at ≈10−6 Pa. The device area was 
15 mm2, defined by the intersection of the ITO pattern and the shadow-
mask-defined cathode. All OLED devices were encapsulated using 
UV-cured epoxy adhesive (Lumtec LT-U001) and glass coverslips before 
being brought out of the glovebox.

OLEDs were characterized using a custom-built setup, consisting 
of a Keithley 2636 sourcemeter, an Ocean Optics Maya2000 Pro 
spectrometer, and a Newport Oriel Instruments 70682NS integrating 
sphere. Bespoke software was used to choose the device under test, 
perform measurements, and collect data.

Organic Solar Cell Fabrication and Characterization: PTB7:PC71BM solar 
cells were fabricated using conventional device structures, namely ITO/
PEDOT:PSS or CuSCN/PTB7:PC71BM (≈110 nm)/Ca (10 nm)/Al (100 nm). 
The active materials, PTB7 (donor, D) and PC71BM (acceptor, A), were 
dissolved in chlorobenzene (with 3 vol% 1,8-diiodooctane additive) at a 
total concentration of 25 mg mL−1 (D:A = 2:3), and spin-coated in a N2-
filled glovebox at 1000  rpm, followed by thermal annealing at 80 °C for 

10 min. The samples were then transferred to a thermal evaporator where 
Ca (0.2 Å s−1) and Al (1 Å s−1) were deposited at ≈10−6 Pa. All devices were 
brought out of the glovebox for measurements without encapsulation.

The J−V characteristics were recorded by a Keithley 2401 sourcemeter, 
in the dark and under AM1.5 irradiation from a Wavelabs SINUS-
220 solar simulator. The illuminated area of each device was 25 mm2 
defined by apertures on the metal mask covering the device during 
measurements. Bespoke software was used to choose the device under 
test, perform measurements, and collect data.

Organic Field-Effect Transistor Fabrication and Characterization: OFETs 
were studied in the top-gate bottom-contact configuration. The source 
and drain (50  nm thickness Au) contacts were thermally evaporated 
at ≈10−6  Pa with a rate of 0.2 Å s−1 onto precleaned glass substrates. 
A shadow mask was used to define the channel length (50  µm) and 
width (2  mm). After the deposition of CuSCN interlayers, ≈30  nm 
thickness PDPPTTT layers were spin-coated on top from 10  mg mL−1 
1,2-dichlorobenzene solution at 2000  rpm in a N2-filled glovebox, 
followed by thermal annealing at 150 °C for 10  min. Next, PMMA 
dielectric layers (≈350 nm) were deposited by spin-coating 40 mg mL−1 
n-butyl acetate solution at 1500  rpm and baked at 60 °C for 30  min. 
Finally, all samples were loaded into a thermal evaporator for 80  nm 
thickness Al gate electrodes (1 Å s−1) to be deposited at ≈10−6 Pa. The 
devices were then brought out of the glovebox for measurements in air 
using a Keithley 4200-SCS semiconductor parameter analyzer connected 
to a Cascade Microtech probe station.
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