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Abstract

Recent advances in large-area optoelectronics research have demonstrated the tremendous

potential of copper(I) thiocyanate (CuSCN) as a universal hole-transport interlayer material for

numerous applications, including transparent thin-film transistors, high-efficiency organic and

hybrid organic-inorganic photovoltaic cells, and organic light-emitting diodes. CuSCN combines

intrinsic hole-transport (p-type) characteristics with a large bandgap (>3.5 eV) which facilitates

optical transparency across the visible to near infrared part of the electromagnetic spectrum.

Furthermore, CuSCN is readily available from commercial sources while it is inexpensive and

can be processed at low-temperatures using solution-based techniques. This unique combination

of desirable characteristics makes CuSCN a promising material for application in emerging

large-area optoelectronics. In this review article, we outline some important properties of CuSCN

and examine its use in the fabrication of potentially low-cost optoelectronic devices. The merits

of using CuSCN in numerous emerging applications as an alternative to conventional hole-

transport materials are also discussed.

Keywords: copper thiocyanate, hole transport, transparent semiconductor, solar cells, OLEDs,

transistors, hole mobility

(Some figures may appear in colour only in the online journal)

1. Introduction

Optically transparent semiconductors, which can be solution-

processed at low temperatures over large-area substrates, are

in great demand within the electronics industry. Hole-trans-

porting (p-type) materials that fit this description can be uti-

lized as hole injection, extraction and transport interlayers in

various optoelectronic devices and systems. They are at pre-

sent incorporated into numerous opto/electronic devices

including organic light-emitting diodes (OLEDs) [1, 2],

organic photovoltaics (OPV) [3], and hybrid organic-inor-

ganic photovoltaic cells [4]. Thin-film transistors (TFTs)

based on materials with the aforementioned properties are

also required for large-area microelectronics applications such

driving backplanes for optical displays [5–7]. In most cases,

the hole mobilities of transparent intrinsic semiconductors

(e.g. metal oxides) are inherently lower than the corre-

sponding electron mobilities [8]. Such low hole mobilities

primarily arise from the spatial overlap of electronic wave-

functions contributing to the hole-transporting valence band

being smaller and the bands being less disperse. Furthermore,

most intrinsic wide-bandgap semiconductors do not have an

electronic or physical structure that facilitates successful

acceptor doping in order to generate a surplus of mobile holes

as the majority carriers. The result is thus a limited supply of

transparent, high-mobility p-type systems, which poses a

significant challenge to the advancement of optoelectronic

technologies because optimum device performance requires

high conductivity of both types of charge carriers. Therefore,

it is essential to identify p-type materials that are capable of
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meeting the increasing demand for faster operating fre-

quencies and higher device efficiencies.

Common inorganic semiconductors, such as silicon, are

crystalline solids in which the chemical bonding exhibits a

permanent, strongly covalent character. Conversely, organic

semiconductors (e.g. pentacene) are generally molecular

solids, where strong (covalent) chemical bonds are only

present within individual molecules. Weak atomic binding in

the form of van der Waals forces, which includes non-per-

manent multipole interactions, provide the dominant inter-

molecular binding mechanism in molecular solids [9].

Consequently, organic materials are often sublimed and/or

solution-processed at lower temperatures relative to their

inorganic counterparts, and demonstrate enhanced mechanical

flexibility [10, 11]. However, the stronger intermolecular

electron coupling that exists within inorganic materials con-

tribute to the formation of physically robust structures that

facilitate superior thermal stability and significantly higher

charge carrier mobilities [5]. Hence, it is evident that the

development of next-generation inexpensive flexible electro-

nics demands unconventional hole-transport materials, which

combine the typical advantages of both organic and inorganic

solids. The necessity to process such semiconductors over

large-area substrates at low cost imposes an additional con-

straint for the widespread adoption of the technology.

At present, transparent p-type inorganic semiconductor

research primarily focuses on two classes of compounds:

metal oxides and chalcogenides. Metal oxides are considered

the more viable option for industrial applications due to the

availability of a range of electron-transporting (n-type)

materials. TFTs are often used as test-beds in which the cri-

tical parameters of the semiconductor, e.g. field-effect carrier

mobilities, are evaluated. Reports of field-effect hole mobi-

lities greater than 5 cm2V−1 s−1 are exceptionally rare, and are

only observed in devices that utilize the highest performing

transparent p-type oxides [12]. Meanwhile, it is not uncom-

mon for TFTs based on n-type oxide materials with similar

properties to achieve electron mobilities that exceed this value

by an order of magnitude [13]. There is an increasing interest

in high mobility copper compounds, such as copper(I) oxide

(Cu2O), due to their high p-type conductivity, with some

reports of field-effect mobilities greater than 1 cm2V−1 s−1

[14–17]. However, p-type oxides, including Cu2O, pose

several disadvantages. Oxides, particularly those of copper,

are typically low band-gap materials with limited optical

transparency; the 2.1 eV band-gap of Cu2O is one such

example [14]. Furthermore, the deposition of p-type oxide

thin-films with optimized carrier-transport properties often

necessitates elevated temperatures in excess of 200 °C

[16, 17], or relatively expensive deposition processes like

magnetron sputtering [15], both of which are unsuitable for

application in large-area plastic electronics where low-tem-

perature solution-processing is preferred. Hence, copper(I)

thiocyanate (CuSCN), a molecular inorganic semiconductor

and its derivatives, offer a promising solution to this rather

critical technological challenge.

2. Copper(I) thiocyanate

CuSCN is a molecular, metal pseudohalide of singly-ionized

copper, the properties of which have been studied since the

first half of the twentieth century [18]. Pseudohalides are

polyatomic groups that incorporate a pseudohalogen anion

such as thiocyanate and are described as such because they

behave similarly to halide ions in chemical reactions. CuSCN

is an inexpensive and commercially available material, sup-

plied to laboratories by large-scale international distributors.

Readers should note that another copper thiocyanate com-

pound also exists: Cu(SCN)2. While the latter was the subject

of several early experiments on pseudohalides [19–22], it is

beyond the scope of this review.

2.1. Structural properties of CuSCN

Depending on the preparation procedure, CuSCN precipitated

from solution can exist in two forms, its α- and β-phases,

which specify structural parameters such as bond angles [23].

The α-phase has an orthorhombic crystal lattice, while the β-

phase can be a hexagonal or rhombohedral structure [24].

Although some studies suggest that polymorphic systems

containing both phases may be observed, thin-films com-

monly exhibit the β-phase [25]. CuSCN is an intrinsic semi-

conductor, which can exhibit p-type conductivity if the solid

is formed in a solution where the concentration of thiocyanate

ions is higher than that of copper ions [26]. This condition

creates a stoichiometric deficiency of copper atoms in the

solid, and the hole-transporting character in p-CuSCN is

attributed to copper vacancies in the crystal lattice, with

acceptor impurity levels generated close to the valence band

maximum. Furthermore, the copper defect structure con-

tributes to its optical transparency, because the removal of

copper atoms from the perfect crystal lattice broadens the

optical bandgap [27]. Conversely, a stoichiometric excess of

copper atoms has the opposite effect and facilitates greater

n-type conductivity. Moreover, CuSCN demonstrates excel-

lent thermal stability since decomposition of the material into

copper sulphide is only observed at temperatures above

300 °C [28, 29].

2.2. Optical properties of CuSCN

Figure 1 shows the transmission and absorption spectra of a

solution processed thin-film of CuSCN from which the optical

bandgap energies can be determined [30]. In particular, the

bandgap values are obtained from plots of (αhν)n, where α is

the absorption coefficient, h is Planck’s constant, and ν is the

frequency of radiation; n has a value of 2 for direct bandgap

semiconductors, and 1/2 if the bandgap is assumed to be

indirect. Thus two different energies, 3.87 eV (direct) and

3.49 eV (indirect), are derived. While the spectral information

does not allow one to identify the nature of the bandgap, the

values compare well with those from previous studies. For

instance, Jaffe et al predicted the existence of an indirect

bandgap of 3.5 eV from an electronic band structure model

calculated using density functional theory, although
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absorption measurements performed on CuSCN samples

indicated the presence of an indirect bandgap of 3.9 eV [24].

To this end, energies ranging from 3.6 to 3.94 eV are often

quoted in the literature for various films deposited and char-

acterized by different methods, but data to conclusively

determine the nature of the bandgap remains inadequate

[26, 31–33]. Nevertheless, most reported bandgap values

greatly exceed photon energies corresponding to the visible

spectral region, indicating that CuSCN is highly optically

transparent. Absorption measurements, referenced to glass,

show that CuSCN has a remarkable average transparency of

98% in the 390–750 nm optical spectral region [30], and an

average transparency of 89% in the 400–1300 nm region [34].

Furthermore, regardless of its exact nature, it is evident that

the bandgap in CuSCN is significantly larger than that of

commonly used p-type semiconductors such as Cu2O

(∼2.1–2.6 eV) [14, 35].

2.3. Hole-transport in CuSCN

Although stoichiometric CuSCN is known to be an intrinsic

hole-transporting semiconductor, extrinsic p-type con-

ductivity at room temperature has been observed and was

attributed to the formation of acceptor impurity levels close to

the valence band maximum due to the presence of copper

vacancies in the crystal lattice [26]. Recently, a field-effect

hole mobility value of up to 0.1 cm2V−1 s−1 was reported for

TFTs based on solution-processed nanocrystalline CuSCN

films [25, 30]. It was shown that devices prepared and tested

in inert atmosphere exhibit intrinsic hole-transporting char-

acteristics but a significant p-type like doping effect was

observed upon exposure of the transistors to air for a few

days. In addition to extrinsic doping effects, the hole-transport

characteristics of CuSCN are also known to be strongly

dependent on fabrication conditions as well as device geo-

metry, electrode contact resistance and dielectric/semi-

conductor interface trap density [30]. However, the

underlying physical mechanisms are yet to be investigated

and understood and further work would be required. This

work strongly suggests that while the maximum reported hole

mobility in CuSCN falls below that of the best performing

p-type semiconductors at present, optimization of fabrication

parameters could, theoretically, produce a dramatic

improvement in hole-transport properties of thin-films of

CuSCN.

2.4. Applications of CuSCN

Early research on CuSCN explored its photocatalytic prop-

erties [37], as well as its use in generation of dye-sensitized

photocurrents [38]. While the electronic band structure of

p-CuSCN limits its suitability as a photocathode, the

adsorption of dye molecules at the semiconductor surface

modifies the spectral response of the composite system and

amplifies photoresponsivity. However, dye-sensitized n-type

titanium dioxide (n-TiO2) shows far superior photocatalytic

properties, and nanostructured n-TiO2 films soon became a

central component of many dye-sensitized systems. The

schematic diagram in figure 2 is an example of a low-cost,

near infra-red (NIR) photon detector [36]; the p–n hetero-

junction contains p-CuSCN and n-TiO2, deposited onto a

glass substrate with a conductive-tin-oxide (CTO) coating,

where the gold-plated CTO-glass substrate on the opposite

side functions as the back contact. Following photoexcitation,

dye molecules at the semiconductor interface inject holes into

the valence band of p-CuSCN and electrons into the

Figure 1. (a) Transmission and absorption spectra from a thin-film of
CuSCN on a glass substrate, in its pure form and in a bilayer with a
high-k dielectric polymer used in thin-film transistor applications:
poly(vinylidene fluoride-trifluoro-ethylene chloro-fluoro-ethylene)
(P(VDF-TrFE-CFE)). Inset: photograph demonstrating the high
optical transparency of a CuSCN film on glass. (b) Respective direct
and indirect bandgap energies of 3.87 and 3.49 eV, corresponding to
the marked linear regions, are extracted from plots of (αhν)2 and
(αhν)1/2 calculated from the absorption spectrum. Adapted and
reprinted with permission from [30], copyright 2013 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

Figure 2. Schematic of a dye-sensitized NIR photodetector with
n-TiO2; p-CuSCN is used as the hole conductor. Reprinted with
permission from [36], copyright 2004 AIP Publishing LLC.
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conduction band of n-TiO2 to generate a measurable photo-

current. The roughness of the dye-sensitized TiO2 film creates

a large surface area for light absorption.

Flexible substrates can be used as an alternative, and the

peak spectral response of the device can be tuned by mod-

ifying the chemical structure of the dye. However, further

research is required to optimize device responsivity and

response time to compete with similar NIR detector tech-

nologies; the slow diffusive transport of electrons in TiO2

films is a particular hindrance. In contrast, rapid 4 ns response

times are observed in ultra-violet (UV) photodetectors that

incorporate CuSCN and zinc oxide (ZnO) nanorod hetero-

junctions [40]. The heterojunction is photoactive without dye-

sensitization: as wide-bandgap semiconductors, CuSCN and

ZnO show high transparency in the visible spectral region, but

readily absorb higher energy photons of UV frequencies.

More recent studies on the UV photoresponse properties of

CuSCN and ZnO-nanorod heterojunctions have also yielded

promising results and further demonstrated the potential to

develop self-powered UV photodetectors with rapid response

times [41, 42], where the device selectivity can be modulated

by controlling the length of ZnO-nanorods [42]. Other dye-

sensitized systems containing CuSCN are found in photo-

electrochemical cells [43–47], with CuSCN-based dye-sen-

sitized heterojunctions for photovoltaic cells soon proposed

and realized by O’Regan and Schwartz [48–50].

The processing versatility of CuSCN allows it to be

integrated into various types of p–n heterojunctions, where

TiO2 [39, 51] or ZnO [52–57] are typically used as the n-type

semiconductor. Figure 3 shows an example of the diode-like

rectifying behaviour of a simple p-CuSCN and n-TiO2 het-

erojunction, and a scanning electron microscope (SEM)

image of the porous TiO2 surface, with maximized contact

area, into which CuSCN is filled using an electrochemical

method. Despite the simplicity and low-cost of this solution-

based fabrication process, the resulting devices were found to

exhibit excellent electrical contact and rectification. However,

a more complicated pulsed deposition process was shown to

significantly improve the device performance [55]. Other

electronic devices that incorporate CuSCN into hetero-

structures include spray-deposited p–n junction diodes [58],

flexible hybrid diodes embedded into polymer matrices [59],

solar cells with ZnO-nanorod arrays [60], and ZnO-nanorod

based light-emitting diodes (LEDs) shown in figure 4 [61].

Enhanced emission is observed in the visible spectral region

due to an increase in surface states and defects at the ZnO

surface, which is induced by the electrochemical growth of

the CuSCN layer. Using CuSCN as the hole-transport mate-

rial was also found to balance the carrier injection rates,

which in turn increases the efficiency of radiative recombi-

nation and hence the overall LED efficiency.

Research on the charge transport and dye-sensitization of

CuSCN and its use in p–n heterojunctions provided the

foundation for investigations into three key application areas

relevant to the development of next-generation large-area

electronics: (i) TFTs, (ii) photovoltaic cells (organic and

hybrid organic-inorganic), and (iii) OLEDs. The remainder of

this review article provides a comprehensive discussion on

the fabrication and characterization of such devices.

3. Deposition of CuSCN

Fabrication of large-area plastic electronics requires semi-

conductor deposition techniques that minimize device

Figure 3. (a) An SEM image of the as-prepared porous n-TiO2

surface into which p-CuSCN is filled to form a heterostructure. (b)
Current–voltage characteristic of the corresponding p–n hetero-
junction. Adapted and reprinted from [39], copyright 2007 with
permission from Elsevier.

Figure 4. Schematic of an LED with a n-ZnO nanorod and p-CuSCN
heterojunction; a gold (Au) cathode and an ITO anode is used.
Reprinted from [61], copyright 2007 with permission from Elsevier.
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production costs and avoid thermal degradation of tempera-

ture-sensitive active materials. Hence, all techniques utilized

must involve low temperature and cost-efficient processes

ideally performed at atmospheric pressure. A variety of

methods, ranging from spray-coating [54, 58], to successive

ionic layer adsorption and reaction (SILAR) [33], have so far

been implemented for the fabrication of CuSCN hole-trans-

port layers (HTLs). However, in-depth analysis of each pro-

cedure is beyond the scope of this review. Therefore, in this

section, we introduce and focus on three techniques com-

monly used for large-area deposition of CuSCN, and evaluate

the results reported thus far.

3.1. Spin-coating

The deposition of CuSCN films via spin-coating is frequently

reported in the literature [24, 25, 30, 34, 62, 63]; one such

example is presented in figure 5(a). Parameters that control

film thickness include the concentration of the solution, its

viscosity, and the angular speed of rotation. Despite its sim-

plicity, this method presents some challenges. For example,

high solubility of CuSCN in a solvent suited to low-tem-

perature processing is required. Furthermore, the material

solution must exhibit solvent orthogonality such that it does

not react with other device components. Due to the significant

quantity of material discarded during the spin-coating pro-

cess, it is also essential that a low-cost solvent is used.

Following the identification of n-propyl sulphides as

appropriate solvents for the formation of stable CuSCN

solutions at room temperature [64], spin-coated films,

annealed at 70–80 °C, were produced using dipropyl sulphide

(DPS) [24]. Unfortunately, CuSCN has limited solubility in

DPS rendering deposition of thicker films via spin casting

highly problematic. Conversely, diethyl sulphide (DES)

readily produces non-saturated solutions at appreciable con-

centrations in the range of 10–40 mgml−1. This enhanced

solubility was found to dramatically improve the continuity

and uniformity of deposited films, hence allowing for superior

control over the thickness of HTLs [34]. Organic photovoltaic

cells and OLEDs that contain spin-coated CuSCN interlayers

are thus produced [34, 63], in addition to TFTs and unipolar

logic circuits [30]. AFM topography measurements in

figure 5(a) show a comparison of 45 nm thick films formed

using CuSCN, and the common HTL material, poly(3,

4-ethylene dioxythiophene) polystyrene sulphonate (PEDOT:

PSS), spin-coated onto ITO-coated glass. Surface height

distributions calculated from the topography data are given in

figure 5(b). The HTL materials are deposited onto ITO-coated

glass for solar cell applications because ITO is a transparent

conductor. While both CuSCN and PEDOT:PSS films exhibit

high uniformity, further optimization is required to improve

the quality of the CuSCN film relative to PEDOT:PSS.

Finally, spin-coating is also suited to deposition of CuSCN-

nanorods from o-dichlorobenzene solutions. These nanorods

have been reported to form scaffolds in bulk heterojunction

(BHJ) solar cells and improve charge-carrier collection [62].

3.2. Printing methods

Following the success of drop-cast deposition procedures

[64, 66], several reports of inkjet-printed CuSCN HTLs

emerged [67–69]. It was shown that the morphology of the

inkjet-printed CuSCN dependents on deposition temperature

and the properties of the ink, and hence, device performance

varies accordingly. Although very promising, the method

requires significant optimization because inkjet-printing of

CuSCN often leads to the formation of large discontinuities in

the film, which in turn results in poor device performance

[68]. Applying CuSCN solution using the wiping process

(figure 6), was shown to produce HTLs of superior quality

relative to inkjet-printed layers [65, 70]. Low-cost, volatile

solvents, such as DPS, are well suited to both the wiping and

inkjet-printing methods.

It is also possible to use doctor-blade processes to pro-

duce CuSCN HTLs for large-area printed electronics, with

printed hybrid perovskite solar cells (PSCs) being one such

example [71]. It has been shown that the inclusion of printed

CuSCN HTLs significantly increase the photocurrents gen-

erated. The effect was attributed to the improved charge

separation originating from the excellent hole-extraction

properties of CuSCN. Direct comparisons with alternative

deposition methods are not available in the literature.

3.3. Electrochemical deposition

In addition to the aforementioned research on p–n hetero-

junctions, numerous other studies succeeded in using

Figure 5. (a) AFM images of PEDOT:PSS (left) and CuSCN (right)
films spin-coated onto ITO-coated glass substrates. (b) Histogram
showing surface height distributions calculated from the AFM
topography measurements. Adapted and reprinted with permission
from [34], copyright 2014 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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electrochemical deposition methods to produce CuSCN HTLs

[73–77]. Paunovic and Schlesinger have explained the fun-

damentals of this rather interesting low-temperature, solution-

based deposition technique [78]. In brief, an aqueous solution

of potassium thiocyanate (KSCN) is generally used as the

electrolyte for deposition of CuSCN. The electrolyte contains

constituent charged ions of CuSCN, which form a semi-

conductor film on an immersed electrode when the solution is

electrolysed. The morphology of electrochemically grown

films is found to be dependent on several growth parameters,

which include deposition time, applied potential and ion

concentration. Fabrication temperatures and financial costs

are minimized because post-deposition thermal annealing is

often not a requirement, although a slight increase in the

optical band-gap was observed following high temperature

annealing [79]. However, the necessity to deposit the semi-

conductor onto a conductive surface limits the applicability of

this method. For instance, it is not suitable for fabrication of

TFTs, where CuSCN is typically deposited onto a dielectric.

This limitation can be better understood from the device

architectures illustrated in figure 7 where the semiconductor is

always deposited onto the surface of a dielectric or on the top

of an insulating substrate.

Heterojunctions containing electrodeposited CuSCN

exhibit good rectification characteristics [39], while electro-

deposited layers of CuSCN playing the role of HTLs in

organic and PSCs have yielded promising results [80, 81].

Moreover, addition of chelating agents to CuSCN solutions

was found to yield nanorod arrays of high crystallinity [81–

83]. In these studies, the nanorod diameter and density was

found to depend on the thiocyanate ion concentration and the

applied electrical potential. This fabrication method is thus

promising for the formation of nanostructured optoelec-

tronics, while the low temperature requirements make it ideal

for deposition of CuSCN onto inexpensive flexible sub-

strates [83].

4. Thin-film transistors

The commercial success of optical display technologies that

utilize electron-transporting TFTs based on transparent n-type

oxide semiconductors have stimulated significant research

focusing on development of complementary p-type material

technologies with similar performance characteristics [5–

7, 84]. Furthermore, hole and electron-transporting TFTs are

both key components of the highly successful complementary

logic circuitry—also known as metal-oxide-semiconductor

(CMOS) technology—often used to fabricate large scale

integrated circuits (inorganic as well as organic) with high

yield [85, 86]. Finally, TFTs also provide a unique test-bed in

which the electronic properties of a given semiconductor can

be evaluated and the deposition parameters can be carefully

optimized prior to incorporating the active material into

opto/electronic devices and systems with more complex

architectures.

A standard TFT has three terminals: the source (S), drain

(D) and gate (G) contacts. Device architectures are classified

according to the relative positions of the terminals, few of

which are displayed in figure 7. Associated advantages and

disadvantages depend on the materials used and not the

device configuration alone. The charge transport model that is

commonly used for the analysis of standard TFTs is governed

by the gradual channel approximation [87], but a detailed

mathematical treatment of the operating principles is beyond

the scope of this review. Instead, the primary aim of this

section is to provide a qualitative description of the basic

operating principles and at the same time summarize recent

developments in the area of solution-processed p-channel

CuSCN-based transistors.

4.1. Operating principles of TFTs

In hole-transporting TFTs, modulation of a positive channel

current flowing between the metallic S and D terminals by the

applied gate field (VG) forms the basis of the device operation.

As can be seen in figure 7, the gate electrode is always

separated from the semiconductor by the gate dielectric and

the source terminal is grounded such that it corresponds to

zero potential (VS= 0 V). Electrode materials with appropriate

work-functions (i.e. matching energies) are selected to opti-

mize hole-injection and reduce parasitic effects such as large

contact resistance (RC). Application of an external electric

field via the gate electrode, in the form of a gate voltage (VG),

modulates the conductivity of the semiconductor region in

proximity to the gate dielectric. When a source-drain voltage

(VD) is applied to the device, injected charge carriers (holes

and electrons for p-channel and n-channel devices, respec-

tively) accumulate at the semiconductor-insulator interface

giving rise to a channel current that flows between the S and

D terminals. When the electric field strength corresponding to

VD is significantly smaller than that of VG, the TFT operates in

the so-called linear regime: the distribution of holes across the

channel is uniform and the channel current (ID) depends lin-

early on the applied S–D field i.e. VD. If the field strengths

corresponding to VG and VD are comparable, the device enters

Figure 6. Schematic of a wipe-deposition process suited to the
application of CuSCN HTL in solar cells. Antimony trisulphide
(Sb2S3) is the photon absorbing material, while TiO2 forms the
electron-transport layer. Reprinted with permission from [65],
copyright 2012 American Chemical Society.
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the saturation regime, where ID saturates and becomes inde-

pendent of VD. This is the point at which the depletion of

holes occurs at the region closest to the drain electrode, and

thus the channel is described as pinched-off. The two regimes

can be observed experimentally from the output character-

istics of the device.

AFM images in figure 8(a) show the homogenous and

highly nanocrystalline structure of a transparent CuSCN film

of 45 nm thickness, spin-coated onto plain glass from a DES

solution, for the purpose of TFT fabrication. Several impor-

tant performance-related parameters can be extracted from the

transfer characteristics (figure 8(b)) of a TFT [34]. One key

parameter is the threshold voltage (VTH), which quantifies an

offset in the hole distribution that contributes to hole-transport

in the absence of a gate potential. This offset can originate

from multiple sources, including, charge-carrier trapping in

the bulk semiconductor, or interface trap-state formation at

the semiconductor-insulator boundary [88]. Another such

variable is the on-to-off channel current ratio, which defines

the difference between maximum ID measured in the on-state,

and the leakage current that often dominates the channel’s

off-state. This value is usually specified in orders of magni-

tude and a low ratio is indicative of poor switching func-

tionality. Most importantly, the field-effect hole mobility for

both linear and saturation regimes can easily be computed

directly from the transfer characteristics (figure 8(b)) using

the aforementioned transistor model [72].

4.2. CuSCN TFTs

Hole-transporting TFTs based on p-CuSCN are a recent

development [25, 30, 34]. In these devices the semiconductor

films are deposited from solution in DPS or DES at room-

temperature via spin-coating. The method is simple and

highly scalable, while it enables use of inexpensive and

temperature sensitive substrate materials such as plastic. In

these early reports it has been shown that the device perfor-

mance depends heavily on the device configuration and par-

ticularly on the position of the S–D electrodes. Two types of

device architectures have so far been demonstrated, namely,

the coplanar bottom-gate structures, and the staggered top-

gate structures. The latter have shown superior performance

as compared to coplanar TFTs. This is partly explained by a

difference in architecture-related parasitic contact effects

since discontinuities in hole concentration can result from

irregularities in the channel potential profile, which in turn

limits carrier injection and increases parasitic contact resis-

tance RC [89, 90].

The transfer characteristics for a staggered top-gate TFT

is shown in figure 8(b) [34]. Low hysteresis is primarily

attributed to a high-quality semiconductor-insulator interface

[30], while the high on/off channel current ratio is indicative

of the intrinsic semiconducting nature of the solution-pro-

cessed CuSCN layer. Field-effect hole mobilities up to

0.1 cm2V−1 s−1 were observed in TFTs that incorporate the

high-k relaxor ferroelectric polymer dielectric P(VDF-TrFE-

VFE). While parasitic contact resistance and interface charge-

traps are both factors that limit carrier mobility [91], the

combined effects in CuSCN TFTs are yet to be fully under-

stood. Roughness of the film surface is suspected as the origin

of relatively high trap concentrations present in the P(VDF-

TrFE-VFE) layer. While TFTs with the transparent amor-

phous fluoropolymer, Cytop, as the dielectric exhibit good

hole-transport properties, using a high-k material has the

added advantage of producing devices that operate at sig-

nificantly lower voltages and as such consume less power.

The hole mobilities in comparable p-type semiconductor

Figure 7. Schematic of TFT architectures. (a) Staggered, top-gate; (b) coplanar, top-gate; (c) staggered, bottom-gate; and, (d) coplanar,
bottom-gate. Reproduced from [72] with permission of The Royal Society of Chemistry.
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technologies, such as copper oxide TFTs, rarely exceed unity

[5]. Therefore, while further optimization of fabrication pro-

cesses is required in order to compete with the highest per-

forming p-type TFTs, the results from CuSCN transistors are

encouraging thus far.

Finally, good distribution in performance parameters,

such as VTH (−2 to −3 V) and on-to-off channel current ratio

(104), have been reported for CuSCN TFTs, further demon-

strating the potential of the material. This excellent device

reproducibility and low operating voltages, have allowed

integration of CuSCN TFTs into functioning logic gates such

as voltage inverters (i.e. NOT gates). The latter type of cir-

cuits have been shown to exhibit voltage signal gain of >2,

with appreciable noise margins, which make them interesting

for future microelectronic applications [30].

5. Photovoltaic cells

There is an immense interest in OPV [10, 11, 92–97] and

hybrid organic-inorganic photovoltaics [4, 98–101] for large-

area applications. Such devices offer low-cost, flexible alter-

natives to traditional silicon technologies, while at the same

time promise a significant expansion of the application space

far beyond what is currently covered by incumbent

technologies.

Unfortunately, these emerging technologies often exhibit

inferior power conversion efficiencies (PCE) relative to

inorganic devices. The latter disadvantage is primarily

attributed to the low charge-carrier mobility, and inferior solar

spectral absorption and charge dissociation characteristics in

most organic semiconductors [103, 104]. However, tre-

mendous progress has been made in high-efficiency OPV and

hybrid cell research, with reports of PCE approaching and

surpassing 10% [105, 106]. It is therefore essential to identify

methods to further increase the PCE in order to compete with

existing inorganic technologies, and the use of alternative

HTLs can be seen as a promising step towards this direction.

Based on the physical characteristics of CuSCN discussed so

far, it can be argued that it may be an ideal HTL candidate.

For example, it exhibits excellent hole-transport character-

istics, is highly transparent in the optical spectral region, and

is solution-processable at low temperature. Furthermore, and

unlike semi-metallic HTL materials such as PEDOT:PSS,

CuSCN is an intrinsic semiconductor and as such facilitates

excellent electron blocking which can help to minimize

exciton recombination at the anode side. Because of its

attractive properties CuSCN has been used as a transparent

hole conductor in solid-state inorganic photovoltaic cells for

more than a decade [68, 107–109], including cells that

employ an extremely thin absorber (ETA) [110–115], as well

as in quantum dots-based devices [116, 117]. With the

exception of dye-sensitized solar cells (DSSCs), reports of

organic and hybrid photovoltaic cells with CuSCN remained

limited despite their potential, until recent years. This section

provides a simplified description of photovoltaic cell opera-

tion and discusses new developments in research on CuSCN

HTLs for organic and hybrid photovoltaics.

5.1. Operating principles of organic/hybrid BHJ solar cells

Efficient organic and hybrid photovoltaic cells can be man-

ufactured utilizing the BHJ concept [118–120] illustrated in

figure 9 [102]. In the standard geometry, photons enter the

cell through a transparent anode electrode and reach the BHJ

active layer, which is typically a nanostructured composite of

two materials, the so-called donor and an acceptor. Donors

are often semiconducting organic polymers; they function as

primary absorbers that transfer excited electrons to the

acceptor materials (inorganic system or an organic semi-

conductor). The BHJ concept offers ambipolar charge trans-

port and excellent internal quantum efficiencies because

energy bands in the constituent materials are tuned to opti-

mize photon absorption and photo-generated charge transport

and collection [119]. Photons with energies that exceed the

bandgap are absorbed, leading to electron-hole pair (exciton)

generation. Excitons diffuse through the BHJ, and separate

into electrons and holes at the extended donor-acceptor

interfaces. The separated charge-carriers drift and diffuse

Figure 8. (a) AFM surface topography (left) and phase (right) images
of a 45 nm thick CuSCN film deposited onto a glass substrate. (b)
Transfer characteristic data from a CuSCN TFT, with 30 μm channel
length and 1 mm channel width. Inset: schematic of the TFT
architecture, illustrating thin-films deposited onto a glass substrate.
Source and drain contacts are gold; the gate contact is aluminium.
The dielectric used in this instance is the high-k polymer, P(VDF-
TrFE-CFE). Reprinted with permission from [34], copyright 2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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through to the HTL and the electron-transport layer (ETL), after

which they are transported into an external circuit via the

electrodes to generate a photocurrent. Figure 9 shows that the

standard cell geometry demands HTLs with high optical

transparency to minimize absorption of incident photons

because the solar emission spectrum peaks at visible fre-

quencies. Furthermore, device performance is optimized if the

HTL exhibits good electron-blocking properties and stops

electrons from reaching the anode. Additionally, inverted geo-

metries can be used if the oxidation of the low work-function

cathode in ambient air conditions presents a problem [102].

Typically, photovoltaic cells are characterized by mea-

suring their current–voltage (I–V) characteristics under simu-

lated air mass 1.5 global (AM1.5G, 1 Sun) irradiation using a

solar simulator, and in the dark. PCE is thus the measure of

maximum electrical output power relative to total incident

optical power. Another parameter extracted from I–V curves is

the fill-factor (FF), which defines output at the maximum

power point relative to the potential power. Meanwhile, short-

circuit current density (JSC) is the per unit area photocurrent

under AM1.5G illumination with zero applied bias, and open-

circuit voltage (VOC) is the applied voltage at which the

photocurrent is zero. The spectral dependence of photocurrent

is also measured. This gives another measure of efficiency,

described as incident-photon to collected-electron (IPCE), or

external quantum efficiency (EQE).

5.2. Organic BHJ photovoltaic cells

In general, OPV cells are devices that contain an organic active

layer. BHJ OPV cells often contain an active layer with an

interpenetrating polymer:fullerene blend. A conjugated poly-

mer, such as poly(3-hexylthiophene-2, 5-diyl) (P3HT), typi-

cally serves as the light absorber. Common soluble acceptors

include the fullerene derivative, phenyl-C61-butyric acid

methyl ester (PCBM). Upon photon absorption, electrons are

excited from the highest occupied molecular orbital (HOMO)

of P3HT to its lowest unoccupied molecular orbital (LUMO),

and then relax to form excitons. In the ideal case, the formed

excitons diffuse and dissociated at the critical donor:acceptor

interface with the free electron transferred to PCBM, and

eventually to the cathode electrode, while the hole is trans-

ferred via the donor polymer to the anode electrode. The tra-

ditional hole-transporting/extracting layer in standard polymer:

fullerene devices is poly(3, 4-ethylenedioxythiophene) doped

with polystyrenesulphonate (PEDOT:PSS). However, its use as

an interlayer causes instabilities due to its acidic nature because

it can chemically react with the active layer [121], or etch the

ITO anode [122]. This rather critical technology bottleneck has

prompted a significant search for unconventional HTLs that

improve both device lifetime and PCE.

Recently Yaacobi-Gross et al have reported the use of

CuSCN as a promising HTL in high efficiency organic BHJ

cells (figure 10) and compared the cells’ performance against

control cells made using PEDOT:PSS [34]. It was shown that

nanocrystalline films of CuSCN, spin-coated from solution in

DES with controlled thickness, show greater transparency in

visible and NIR spectral regions relative to PEDOT:PSS films

with similar thickness. Although CuSCN films were found to

exhibit lower uniformity across the substrate, the resulting

devices produce similar open circuit voltage (VOC) and FF

with PEDOT:PSS devices, but significantly higher short

Figure 9. Schematic of standard (top) and inverted (bottom) geometries for a BHJ photovoltaic cell, accompanied by an energy level diagram
of the constituent layers. The arrow below the schematic represents the direction of incident photons; blue circles represent electrons and red
circles represent holes. Reprinted from [102].
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circuit current (JSC). Consequently, cells with CuSCN as

HTLs produce superior PCE of 6.2%, and EQE that is

approximately 5% higher than PEDOT:PSS-based devices

due to enhanced transparency of CuSCN across the relevant

spectrum. PCE greater than 8% was also reported for some

devices containing alternative polymer:fullerene blend com-

binations [34]. A further key observation was that the valence

band position of CuSCN is well suited for use as a HTL and

does not hinder the cell’s efficiency.

In the case of planar (layered) heterojunction P3HT:

PCBM cells incorporating low-temperature electrodeposited

CuSCN HTLs, a marginally lower PCE of 2.5% was

achieved, relative to devices with PEDOT:PSS (PCE= 2.6%)

[123]. It was established that the cell’s efficiency strongly

depends on deposition parameters of CuSCN such as solution

concentration and temperature. Furthermore, electrodeposited

CuSCN nanowires (NWs) have shown excellent potential as a

novel HTL material for polymer:fullerene BHJ devices [81].

These types of HTLs were tested in OPVs with blends con-

sisting of PC70BM, as the acceptor, and poly[N-9′-heptade-

canyl-2, 7-carbazole-alt-5, 5-(4′,7′-di-2-thienyl-2′, 1′, 3′-

benzothiadiazole)] (PCDTBT) as the donor polymer. Impor-

tantly, the lack of a high-temperature annealing step during

deposition lowers fabrication costs and facilitates the use of

inexpensive plastic substrates. Comparisons with CuSCN

thin-films indicate that the nanostructuring provided by

CuSCN NWs improves OPV performance by enhancing the

hole extraction properties of the HTL, with the PCE value

increasing from 3.3 to 5.1% for thin-film and NW HTL

devices, respectively. However, both PCE values were found

to be lower than that of reference devices made using

PEDOT:PSS as the HTL. It was argued that further optimi-

zation of the active layer thickness to NW length ratio should

lead to improved cell performance. Additionally, in optical

modelling considerations for multilayer tandem OPV cells

with donor:acceptor as the active layers, CuSCN HTLs were

proposed as a superior alternative to PEDOT:PSS HTLs, due

to the acidic nature of the latter that tends to damage the

frequently used ZnO-based ETLs, allowing for maximum

optical absorption [124].

5.3. Hybrid organic-inorganic photovoltaic cells

The term ‘hybrid’ is often used to describe a broad range of

energy generation technologies. In this context, it refers to

devices which contain a mixture of organic and inorganic

materials in the active layer to profit from the advantages of

both. Three primary types of hybrid photovoltaic cells with

CuSCN HTLs have so far been reported. These are, (i) the

BHJ photovoltaic cells [62], (ii) the organo-metal PSCs

[71, 80, 126–129], and (iii) the dye-sensitized solar cells

(DSSCs) [64, 66, 130–134].

Figure 10. (a) Molecular structure of P3HT and ICBA. (b) Schematic of the BHJ OPV cell, with a transparent ITO anode and a samarium/
aluminium (Sm/Al) cathode. (c) Energy level diagram of the constituent materials. (d) Comparison of current density–voltage (J–V)
characteristics for P3HT:ICBA cells with CuSCN and PEDOT:PSS HTLs, under AM1.5G illumination. (e) Corresponding EQE spectra from
P3HT:ICBA cells. Reprinted with permission from [34], copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The operating principles of hybrid BHJ cells are similar

to organic BHJ devices. In the former case, the active layer

usually contains an organic semiconducting polymer as the

donor, blended with an inorganic semiconducting material

(commonly nanoparticles, quantum dots, etc.) acting as the

acceptor component. Alternatively, the active layer contains

an organic polymer:fullerene blend, with a HTL or ETL

material penetrating into the active region in the form of an

inorganic nanostructured scaffold that functions as a high-

mobility pathway for improved charge-carrier extraction/

collection. CuSCN nanorod scaffolds have been successfully

implemented in P3HT:PCBM BHJ cells [62]. The observed

trends in device performance are similar to cells with ZnO

scaffolds, where an inverse proportionality between PCE and

nanorod length is observed. However, the inclusion of

CuSCN scaffolds lowers both the JSC and FF, and as such the

resulting PCE is inferior to devices without scaffolds. Cur-

rently, there is insufficient evidence to conclusively determine

the origins of poor device performance and further work will

be needed.

DSSCs are an extensively studied topic with some

reports of PCE exceeding 10% [135–142], and their applic-

ability as large-area flexible devices is an incentive to conduct

further research [143]. DSSCs often employ n-type semi-

conductors as photoelectrodes. Reports of DSSCs with dye-

sensitized p-type semiconductors are less frequent due to their

inferior PCE [144]. The original liquid-based DSSC design is

illustrated in figure 11 [125]. The device was fabricated onto a

glass substrate, coated with a transparent conducting oxide,

such as fluorine-doped tin oxide (FTO). A monolayer of a dye

that exhibits strong absorption of visible light frequencies is

covalently bonded to the surface of a nanostructured metal

oxide photoanode, usually consisting of mesoporous n-TiO2.

Dye-sensitization of such nanostructured photoanodes

amplify photoresponsivity of the device and hence increase

the overall device performance. Dye molecules can be purely

organic or metal complexes with organic ligands. Upon illu-

mination, photo-excited electrons are transferred from the

LUMO of the dye to the conduction band of TiO2. The back

contact (cathode) is typically a conductive substrate with an

added catalyst layer, such as platinum (Pt). Presence of a

hole-conducting electrolyte mediates redox reactions and

facilitates dye-regeneration through charge transfer. However,

volatility and leakage risks associated with liquid electrolytes

present serious disadvantages, and it is thus beneficial to

substitute the liquid electrolytes with solid-state hole-trans-

port materials (HTMs) such as p-CuSCN.

Reports on the use of CuSCN in DSSCs as transparent

solid-state HTMs follow from the development of dye-sen-

sitized heterojunctions with CuSCN [48, 49]. The discovery

of n-propyl sulphides as orthogonal solvents for solution-

based deposition of CuSCN led to the construction of the first

functional CuSCN-based solid-state DSSC, with PCE of

1.25% [64]. Nanocrystalline HTMs are deposited from solu-

tion in DPS onto substrates heated to 75–85 °C, using a

simple drop-casting method, which eliminates the dye

degradation problem associated with electrodeposition.

However, the suggestion that DES is an unsuitable solvent

due to its strong complexation with copper ions, is contra-

dicted by later studies that successfully deposited CuSCN

HTLs from solution in DES using similar annealing tem-

peratures [34].

Other studies reported limited success since although the

CuSCN was shown to behave as a functional solid-state hole

conductor in DSSCs, the resulting cell’s PCE remained low

and rarely exceeded 2%, i.e. a value significantly inferior to

that measured for liquid electrolyte-based devices [66, 130–

134]. Conductivity enhancement of the CuSCN HTMs was

thus proposed as an option to improve DSSC performance,

with several reports on DSSC cells with PCEs >3% [145–

148]. Significant increase in the hole conductivity in CuSCN

can be achieved using several techniques including: (i)

creating a greater stoichiometric excess of SCN− by exposing

CuSCN films to halogen gases or (SCN)2 in organic solvents

[145]; (ii) by modifying the CuSCN crystal structure by

introducing triethylamine coordinated Cu+ sites with (SCN)2

Figure 11. Schematic of the original liquid-based DSSC design. Two FTO-coated glass substrates, including one plated with Pt, form the
front and back contacts. The dye-sensitized nanostructured titania (TiO2) forms the photocathode, and the redox mediating electrolyte
facilitates the regeneration of dye molecules following photoexcitation. Adapted by permission from Macmillan Publishers Ltd: Nature
Photonics [125], copyright 2012.
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contaminants [146], or (iii) by introducing triethylamine

coordinated Cu2+ sites [147, 148]. However, the resulting

device efficiencies were significantly lower than that of the

highest-performing DSSCs or the CuSCN-based BHJ OPVs

discussed previously. This motivated experimentation into the

use of CuSCN in high-efficiency hybrid photovoltaic devices,

such as perovskite-based photovoltaics [149].

PSCs are an emerging third generation photovoltaic

technology, where perovskite-based compounds are used as

light absorbers. PSCs are now intensely researched due to

rapid progress in increasing PCE [150–152]. A common class

of perovskites used in photovoltaics are organometal

halide perovskites, with ABX3 perovskite crystal structure.

Typically, methylammonium lead halides of the form

CH3NH3PbX3 are used, where CH3NH3
+ is the A-site ion and

Pb2+ is the B-site ion; the halide, X, is typically chlorine (Cl),

bromine (Br) or iodine (I). Initially, it was the effective pho-

tocurrent generation from CH3NH3PbBr3 and CH3NH3PbI3 in

DSSC-type photovoltaics that demonstrated the light har-

vesting potential of organometal halide perovskites [153].

Subsequently, high PCE PSCs were developed.

Ordinary DSSCs with dye-sensitized n-ZnO and

p-CuSCN HTM show optimized performance when the ZnO-

nanorod structure is enhanced with an inorganic perovskite

interlayer of p-type bismuth ferrite (BFO) [154]. However,

despite the significant increase in device efficiency, the

enhanced devices exhibit a very low PCE of 0.217%. Reports

of PSCs with CuSCN first emerged in 2014 [71, 80, 126–

129], and figure 12 illustrates the typical device structure of a

PSC with CuSCN HTM [126]. A glass substrate with a

transparent conducting film of FTO functions as the anode; an

Au cathode is present at the opposite end of the device.

Mesoporous TiO2 functions as an electron extracting scaffold,

and CH3NH3PbI3 is the solution-deposited perovskite light

absorber. In this case, the solid-state CuSCN HTM is printed

by doctor blading. Figure 13(a) shows the J–V characteristics,

measured in the dark and under simulated AM1.5G illumi-

nation. It was argued that the large hole mobility in CuSCN

facilitates significantly higher JSC, and improves charge

extraction from CH3NH3PbI3 by facilitating rapid hole-

transport to the cathode, while small increases were also

observed in FF and VOC. Consequently, PCE up to 12.4% was

achieved, compared with only 6.7% in the absence of CuSCN

[126]. Significant rises in photocurrent in the 450–800 nm

spectral region, as observed from IPCE data in figure 13(b),

confirms an improvement in the efficiency of charge injection

and collection. Several other publications reporting CuSCN-

based PSCs with similar efficiencies have also emerged in

recent months. For instance, an average PCE of 15.6% was

measured in inverted planar structures containing

CH3NH3PbI3 and electrodeposited CuSCN, with the best-

performing devices achieving PCE of 16.6% [155]. The small

standard deviation in the measured photovoltaic parameters of

18 solar cells also demonstrates high device reproducibility

and hence improved manufacturing yield. Another experi-

ment, which focuses on the benefits of substrate-preheating,

succeeds in enhancing the maximum PCE from 5.45 to

10.51% by limiting the diffusion of CuSCN into the

CH3NH3PbI3 active layer through pinholes that are otherwise

present [156]. A second study into reducing interdiffusion

between CuSCN and CH3NH3PbI3 reported similar results,

with PCE measurements reaching 11.96% in the optimized

devices [157]. Furthermore, the research on CuSCN appears

to be reaching the stage where it is now recongnized as a

standard HTM, utilized in experiments on more general sci-

entific problems, such as trap state formation in PSCs [158]

Other studies on PSCs with CuSCN HTM are yet to

surpass the 10% PCE margin, but show encouraging results.

For instance, printed CuSCN interlayers are also successfully

incorporated into CH3NH3PbI3-based PSCs, where antimony

trisulphide surface blocking layers were found to improve

device stability and enhance device lifetime by preventing

structural changes to the perovskite material upon exposure to

light [128]. Furthermore, there is evidence to suggest that

inorganic HTMs, such as printed CuSCN films, limit photo-

voltaic degradation of moisture-sensitive perovskite materials

that can otherwise cause instabilities in high-humidity envir-

onments [71]. However, the doctor-blading of CuSCN films

as hole conductors for CH3NH3PbI3-based PSCs creates a

risk of interdiffusion between the absorber and the HTM,

which was reported to be the reason for the inferior device

performance observed [129]. CuSCN films drop-casted from

a DPS solution onto substrates heated to 85 °C, have also

Figure 12. Schematic of a hybrid perovskite solar cell. A TiO2

electron-extraction scaffold is deposited onto a FTO-coated glass
substrate. Holes generated at the CH3NH3PbI3 perovskite light
absorber are transported to the Au cathode via the CuSCN HTM.
Adapted by permission from Macmillan Publishers Ltd: Nature
Communications [126], copyright 2014.
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been shown to serve as functional HTM interlayers in

CH3NH3PbI3−xClx based cells with PCE= 6.4% [127]. The

extracted FF values of 62% indicate good hole selectivity, but

modest VOC values were observed, and explained by recom-

bination losses in both the HTM and perovskite films. In a

recent study, however, researchers succeeded in demonstrat-

ing electrodeposited CuSCN films as effective HTMs in

CH3NH3PbI3-xClx based PSCs [80], although PCEs measured

with nickel oxide (NiO) interlayers were higher than values

achieved with CuSCN.

6. Organic light-emitting diodes (OLEDs)

The digital display market is being revolutionized following

breakthroughs in OLED technology, with the emergence of

commercialized smartphone, television and tablet products

incorporating OLED displays [1, 2, 159, 160]. Reports of

lightweight, high-efficiency OLEDs fabricated on flexible,

plastic substrates open the door to a wider range of next

generation display applications relative to traditional flat

panel displays that utilize liquid crystal display (LCD) tech-

nology [161]. Moreover, white OLEDs are an environmen-

tally-friendly form of lighting, which shows potential as a

major competitor for common incandescent and fluorescence

technologies [162], with vacuum processed OLEDs challen-

ging the 100 lmW−1 luminous power efficiency of fluorescent

lighting [163]. Vacuum processing schemes are certainly not

ideal for application in large-area electronics due to their

expensive and complicated nature. Consequently, solution-

processing techniques for OLED fabrication, such as inkjet

printing [164], are gaining interest. Selection of materials for

hole injection and transport poses an additional challenge.

PEDOT:PSS is the archetypal material, but it suffers from

several drawbacks, which include interface instabilities

resulting from PEDOT:PSS chemically reacting with organic

emissive layers [121] and etching the commonly used ITO

anodes [122]. Hence, it is necessary to explore alternative

material systems and CuSCN is one such option that appears

to satisfy all important requirements including, extremely low

cost, processing versatility, extreme optical transparency and

excellent hole-transport/electron blocking properties.

6.1. Operating principles of OLEDs

Modern OLEDs employ multilayer device configurations

similar to that illustrated in figure 14. Such structures contain

distinct ETLs and HTLs, identified as ETL and HTL,

respectively, in addition to the all-important emissive layer

(EML). The three layers are contained between a high work-

function anode, and a low work-function metal cathode that

injects holes and electrons into the HTL and ETL, respec-

tively. Light emission originates from an organic EML, while

ETL and HTL are often inorganic interlayers with com-

plementary electronic band structures that optimize the

device’s light-emitting characteristics. The conventional

device architecture discussed in this review is the bottom-

emitting OLED; top-emitting OLEDs are an alternative

architecture and is better suited to some display technologies

[165]. Bottom-emitting architectures necessitate the use of

transparent substrates, anodes and HTLs. Meanwhile, HTLs

must also exhibit good hole-transport and electron blocking

characteristics in order to maximize electron-hole recombi-

nation and facilitate photon emission. Some HTLs also

function as efficient hole-injection layers (HILs), but addi-

tional HILs are inserted in some cases. The EML facilitates

radiative recombination of electrons and holes, and thus

contains highly emissive organic/organo-metallic compounds.

When a voltage is applied to the electrodes, electrons are

injected at the cathode and holes are injected at the anode.

Pairs of holes and electrons subsequently meet within the

EML to form excitons, and it is the decay of excitons within

that part of the device that results in optical photon emission.

The electroluminescence (EL) can be due to fluorescence or

Figure 13. (a) J–V characteristics from a CH3NH3PbI3 perovskite
solar cell, with (circles) and without (squares) CuSCN HTM,
measured in the dark and with AM1.5G irradiation. (b) Corre-
sponding IPCE (EQE) spectra of a hybrid perovskite cell shows
improved photocurrent with the addition of CuSCN HTM. Reprinted
by permission from Macmillan Publishers Ltd: Nature Commu-
nications [126], copyright 2014.
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phosphorescence process, where the latter gives greater

internal quantum efficiencies (theoretically up to 100%)

because electronic transitions that violate spin-related quan-

tum mechanical selection rules also contribute to useful

radiative emission [166, 167]. Furthermore, there is often a

blend of organic compounds often in the form of guest

dopants dispersed within a host system. Peak spectral emis-

sion, and thus OLED colour, is mainly tuned by selecting

molecules with appropriate HOMO and LUMO levels. OLED

display technologies are further categorized according to

differences in the driving electronics/schemes employed.

Passive-matrix OLEDs employ external circuitry to control

rows of pixels. Active-matrix OLEDs (AMOLEDs) are sup-

ported by TFT backplanes that control individual pixels;

AMOLED displays require, in principle, lower power con-

sumption and are better suited to large-area applications.

OLEDs are characterized using a variety of methods.

Measurement of the EL spectrum is of particular importance

as it shows a characteristic emission peak that corresponds to

the EML composition while the luminance value quantifies

the brightness of the device. Reports typically present current

density–voltage–luminance (J–V–L) characteristics, where

current density and luminance are shown as functions of

voltage. Important device parameters such as turn-on voltage

(VON) can be extracted directly from the I–V characteristics.

Next, OLED efficiency parameters are specified. Radiometric

efficiency parameters provide an important understanding of

device behaviour, but have little relevance for commercial

display applications. Consequently, photometric efficiency

parameters are often highlighted in the literature, as opposed

to variables such as EQE, which defines the number ratio of

photon output to charge-carrier input. Luminous efficiency is

the ratio between luminance and electrical current (cd A–1); it

is a photometric efficiency that accounts for the spectral

response of the human eye. Another key parameter is the

luminous power efficiency (luminosity), which is the ratio

between total luminous flux and electrical power input given

in lmW–1.

6.2. OLEDs with CuSCN hole-transporting/electron blocking

interlayers

Surprisingly, to date there appears to be only a few reports of

OLEDs utilizing CuSCN [63, 168]. The device architecture of

solution-processed, multilayer, bottom-emitting, phosphor-

escent green OLEDs from the earlier study is illustrated in

figure 14 [63]. Meanwhile, figure 15 shows a comparison

between OLED design and a transmission electron micro-

scope (TEM) image of the focus ion beam-milled cross

section of a real OLED. CuSCN HIL/HTLs are spin coated

from a DES solution at room temperature resulting in layers

with good uniformity. Furthermore, the distinct interface

between CuSCN and EML, where the latter is processed from

cholorobenzene, demonstrates excellent solvent orthogonality

between CuSCN and chlorobenzene. The deep HOMO level

of the ETL, combined with the high energy conduction band

of CuSCN, confines excitons tightly within the EML while

eliminating parasitic charge recombination. Phosphorescent

green emission originates from small molecule guest-host

blends within the EML. Guest emitter, bis(2-phenylpyridine)

(acetylacetonate)iridium(III), commonly known as (PPy)2Ir

(acac), was dispersed within a host that is a blend of two

compounds, namely; 2, 6-bis(3-(9H-carbazol-9-yl)phenyl)

pyridine and 4, 4′, 4″-tris(N-carbazolyl)triphenylamine

(26DCzPPy:TCTA). Energy levels of guests and hosts are

aligned such that the combination favours charge-injection

and balance.

The photoluminescence (PL) spectrum shown in

figure 16(a) reveals a 523 nm emission peak for (PPy)2Ir

(acac) guest emitter [63]. The EL spectra for CuSCN and

Figure 14. Schematic of a conventional bottom-emitting OLED with
a transparent glass substrate, where CuSCN can be used as the HTL.
The emissive region is present between the ETL and HTL, with an
ITO anode and a metal cathode functioning as top and bottom
contacts.

Figure 15. Schematic of an OLED with CuSCN HIL/HTL (left) and
corresponding TEM image of a cross-section from the device (right).
The OLED contains a small molecule EML, ITO anode, and Ca/Al
cathode. The two organic layers, EML and ETL (4,6-bis(3,5-di
(pyridin-3-yl)phenyl)-2-methylpyrimidine (B3PYMPM)), are not
resolved in the image due to their similar composition limiting
scattering contrast. Reprinted with permission from [63], copyright
2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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PEDOT:PSS devices closely match the PL spectrum indi-

cating that light emission is primarily determined by the

properties of the EML. The J–V–L characteristics of the best

performing OLEDs are presented in figure 16(b). Interest-

ingly, a higher VON of ∼6 V for PEDOT:PSS devices,

determined under forward bias, was observed and attributed

to the significant difference between the HOMO of TCTA

(5.6 eV) and the work-function of PEDOT:PSS (4.9–5.2 eV).

In contrast, the injection barrier for holes is much smaller

when CuSCN is used and thus the CuSCN OLEDs show

significantly lower VON of ∼2.7 V. Moreover, significantly

lower leakage currents are detected in OLEDs with CuSCN

due to its excellent electron-blocking properties, a result of its

rather high conduction band energy (∼2.0 eV). This important

characteristic makes inclusion of additional hole-injection or

electron-blocking layers completely unnecessary, hence sig-

nificantly reducing the fabrication cost. Figures 16(c) and (d)

display the photometric efficiencies for the two types of cells

from which critical performance parameters can be extracted.

Luminous efficiency and luminous power efficiency of

PEDOT:PSS OLEDs improve with increasing luminance (i.e.

higher bias voltages), but CuSCN OLEDs show superior

performance in the luminance range relevant to display

applications (e.g. <1000 cd m−2). Not surprisingly, the

luminous and luminous power efficiencies of CuSCN-based

OLEDs were found to exceed those of PEDOT:PSS devices

at both 100 cd m−2 and 1000 cd m−2 luminance levels. Max-

imum luminance values in CuSCN-based OLEDs exceed

10 000 cd m−2 with the highest luminous and luminous power

efficiencies on the order of ∼51 cd A−1 and ∼55 lmW−1,

respectively. Most importantly, the latter two values are sig-

nificantly greater than efficiencies achieved in PEDOT:PSS-

based OLEDs.

A more recent publication on solution-processed, phos-

phorescent OLEDs reports on the use of CuSCN as the HTL

and PEDOT:PSS as the HIL in devices based on metal cluster

complexes [168]. The ETL utilizes a mixed host with hole-

transporting 1,3-di(9H-carbazol-9-yl) benzene) [mCP] and

electron-transporting 1,3-bis(5-(4-(tert-butyl)phenyl)-1,3,4-

oxadiazol-2-yl)-benzene) [OXD-7], doped with an Au4Ag2
cluster complex as the phosphorescent emitter. Five different

Au4Ag2 cluster complexes were studied and used to fabricate

OLEDs with emission peaks in the 482–550 nm wavelength

range. The addition of the solution-processed CuSCN HTL

was found to significantly reduce the turn-on voltage of the

OLEDs and increase their electroluminescent efficiency.

High-performance CuSCN-based OLEDs were thus produced

with the following maximum efficiency parameters: luminous

Figure 16. Comparison of results for OLEDs with CuSCN (squares) and PEDOT:PSS (circles) HIL/HTL. (a) EL spectra for (PPy)2Ir(acac)
guest emitter recorded at 0.1 mA, with the PL spectrum of (PPy)2Ir(acac) shown for reference. (b) J–V–L characteristics. (c) Luminous
efficiency. (d) Luminous power efficiency. Reprinted with permission from [63], copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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efficiency of 24.1 cd A−1, luminous power efficiency of

11.6 lmW−1, and EQE of 7.0%.

Despite the much promising achievements, however,

solution-processed OLEDs incorporating CuSCN as the HIL/

HTL are yet unable to compete with state-of-the-art vacuum-

processed OLEDs [160, 169]. It is certain however that fur-

ther optimization of solution-processable interlayer technol-

ogies based on CuSCN, as well as other materials systems, is

expected to improve the efficiency of solution-processed

OLEDs, and potentially enable use of the technology in a

range of inexpensive lighting applications.

7. Conclusions

A review of the literature on the wide bandgap semiconductor

CuSCN reveals that it is a highly versatile p-type electronic

material with significant potential for a host of relevant

applications. Its excellent hole-transport characteristics,

combined with its low-temperature solution-processability,

make CuSCN a strong contender as hole-injecting/hole-

transport interlayer material in next-generation plastic optoe-

lectronics. Thus far, the wide bandgap and the relatively high

hole mobility of CuSCN has been explored in high-efficiency

organic and hybrid photovoltaic cells, and OLEDs. Further-

more, the first CuSCN transistors and integrated circuits with

promising performance characteristics close to those required

for use in driving backplanes for various optical display

technologies and future transparent microelectronics, have

also been developed. Most importantly, a range of scalable,

low-cost techniques suitable for large-area deposition of

CuSCN have been demonstrated, including, printing (e.g.

inkjet printing and doctor blading), spin-coating, spray-coat-

ing, and low-temperature electrochemical deposition. By

exploring this unique combination of highly desirable phy-

sical characteristics, numerous studies have demonstrated

high performance CuSCN-based opto/electronic devices even

on inexpensive flexible substrates.

Results reported in the literature to date are most defi-

nitely very promising. For instance, organic solar cells and

OLEDs incorporating CuSCN as hole-transporting layers,

typically exhibit efficiencies that are often far superior to

those measured for devices based on conventional hole-

transporting materials such as the conductive polymer

PEDOT:PSS. Hole-transporting interlayers based on CuSCN

have also shown excellent hole-injecting/extracting and

electron blocking properties. In the case of OLEDs, this

important characteristic results in devices with significantly

lower turn-on voltages, while in the case of organic solar

cells, it leads to significantly reduced reverse currents and

higher device performance.

However, some challenges still lie ahead. In many cases,

research on CuSCN HTLs is at an early stage. Therefore, the

origins of certain intrinsic properties, such as the nature of its

bandgap and hole-mobility limitations, are yet to be fully

understood. While significant efforts are being made to

improve the efficiency of CuSCN-based organic and hybrid

systems, further optimization of fabrication parameters is

required to compete with existing products. For instance,

inorganic photovoltaic cells and vacuum-processed OLEDs

are commercially available products, but all CuSCN-based

device applications reported to date are still far from being

used in a commercial product. Recent advances, however,

have provided greater insights into factors that affect the

performance of CuSCN interlayers, and as such significant

progress is being made, with the number of articles published

annually on high performance CuSCN-based devices steadily

on the rise. This is particularly true in the case of emerging

technologies, such as PSCs, as well as more established

technologies such as OLEDs. Meanwhile, researchers should

continue to focus on gaining a deeper understanding of the

underlying physical mechanisms that govern the semi-

conducting behaviour of CuSCN in order to realize the full

capabilities of this rather interesting and much promising

material system. If such efforts are successful, CuSCN and

possibly other related compounds, have the potential to serve

as universal transparent hole-transporting/electron-blocking

semiconductors and potentially dominate numerous existing,

as well as rapidly emerging, opto/electronic applications.
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