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Executive Summary 
This project investigates the development of solution-processable inorganic semiconductors for thin-
film opto/electronic devices. We have shown previously that copper(I) thiocyanate (CuSCN) is a 
promising transparent hole-transporting semiconductor. CuSCN is unique for its combination of 
optical and electrical properties, and its applications in a wide range of applications has been 
recently demonstrated, from thin-film transistors (TFTs), organic light-emitting diodes (OLEDs), to 
organic solar cells (OSCs). CuSCN is one of coordination polymers, a material group which has not 
been explored for electronic applications. In this work, our objectives are: (1) to develop a new 
transparent hole-transporting wide band gap inorganic semiconductor and (2) to improve the 
performance of CuSCN-based opto/electronic devices by tuning the processing.  
 We have successfully achieved both objectives correspondingly. We have synthesized and 
comprehensively characterized Sn(NCS)2 to show that it is a new semiconductor with an electronic 
structure for a transparent hole-transporting material. Sn(NCS)2 features a large band gap, yielding 
high optical transparency in the visible spectrum, as well as the Sn 5s electrons at the top of the 
valence band, resulting in hole-transporting states. We have also employed Sn(NCS)2 as a hole 
transport layer (HTL) in OSCs. Preliminary results show promising power conversion efficiencies 
(PCEs) in the range of 4-6%. Further optimization of process and device structure is expected to 
increase the PCE. 
 In addition, we have employed the anti-solvent treatment to modify the thin film properties of 
CuSCN. Treating CuSCN films with tetrahydrofuran (THF) results in smooth films with low root-
mean-square (RMS) roughness value around 1-2 nm. TFTs employing this CuSCN as the p-type 
semiconducting channel shows a significant increase in the hole field-effect mobility from 0.01 to 
0.05 cm2 V-1 s-1. Alternatively, treating CuSCN HTL on glass/ITO substrates with isopropyl alcohol 
(IPA) leads to the improve the PCEs of solar cells from 8.35% to 8.93%. 
 As for the output of this project, we have published two journal articles and submitted one 
which is currently under review. Three more publications are also in the pipeline based on the 
experimental results obtained from this work. As part of this project, we have been training three 
PhD students. They are now among a few people in Thailand who can fabricate TFTs and achieve 
high PCEs from OSCs. Our team have also participated in numerous conferences and discussions 
to promote the work and start new collaboration. Most importantly, we have opened up a new 
research direction of the development of ‘coordination polymer semiconductors,’ which is the main 
direction of our next proposed project.  
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Abstract 
The unavailability of transparent hole-transporting inorganic semiconductors that can be 
solution-processed, has good stability, and shows excellent carrier transport characteristics 
remains one of the challenges in the field of organic electronics. This work aims to develop 
such semiconductors by focusing on coordination compounds based on the thiocyanate 
ligand. Our earlier investigations have shown that copper(I) thiocyanate (CuSCN) is a 
promising candidate as it shows hole mobility on average of 0.01 cm2 V-1 s-1 and has a large 
optical band gap of 3.9 eV.  
 For the first part of the work, we expand the thiocyanate-based semiconductor library 
by showing that tin(II) thiocyanate [Sn(NCS)2] is also a wide band gap semiconductor with 
promising electronic structure for hole transport. We synthesized the compound and 
comprehensively characterized it with a wide range of experimental techniques as well as 
studied theoretically with density functional theory (DFT). We can reveal the low-dimensional 
nature of the compound through in-depth analysis of the single crystal X-ray data. Sn(NCS)2 
is found to have a 1D polymeric chain that further form 1D ribbons and 2D sheets. The DFT 
calculations show that Sn(NCS)2 has a wide band gap, a feature which is backed up by the 
experimental absorption spectrum that shows the optical band gap of 3.4 eV.  The analysis of 
the density of states also shows that the Sn 5s electrons contribute to the states at the top of 
the valence band. These states are expected to favor good carrier transport. Furthermore, we 
explore the application of Sn(NCS)2 as a hole transport layer in organic solar cells. Initial 
results of unoptimized systems are highly promising with solar cells showing efficiencies in the 
range of 4-6%. We expect that further optimizing of the structure and processing would 
enhance the efficiency further. 
 We also studied the effects of treating CuSCN thin films with anti-solvents on the film 
morphology and device applications. By treating CuSCN with tetrahydrofuran, p-type thin-film 
transistors based on CuSCN as the semiconducting channel show improved characteristics of 
higher on current and increased field-effect hole mobility from 0.01 to 0.05 cm2 V-1 s-1. On the 
other hand, when CuSCN is deposited on glass/ITO substrates for organic solar cell device, 
treating CuSCN with isopropyl alcohol is found to increase the device power conversion 
efficiency from 8.35% to 8.93%. We have demonstrated that the simple anti-solvent treatment 
is a versatile and easily applicable method for improving the performance of CuSCN-based 
devices. 
 Through this project, we have shown that the ‘coordination polymer semiconductors’ 
are a novel family of compounds that have promising electronic properties. They can be 
solution-processed, and further modifications can be done based on coordination chemistry. 
Different metals and ligands await the exploration, and this the subject of our next project. 
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Chapter 1  
Introduction 
 
The field of organic electronics has grown tremendously in the past decade and has 
entered the stage of commercialization with the prime example being the flat or curved 
displays based on organic light-emitting diodes (OLEDs). The materials library has also 
expanded to include not only organic molecules or polymers but also a wider range of 
materials, such as inorganic semiconductors. The common trait or aim shared by the 
development of new materials is that they can be processed preferably by high-
throughput methods onto large-area substrates. Solution-based processes, for example 
printing techniques, are always in the focus as they can satisfy the processing 
requirements. Also, basic solution-based techniques, such as spin-coating, are widely 
used and suitable for laboratory scale due to the cost-effectiveness and versatility.  
 For the development of inorganic materials for the so-called “large-area 
electronics,” one of the key challenges is the lack of high-performance and stable hole-
transporting (or p-type) inorganic semiconductors. Typically, inorganic semiconductors 
are based on metal oxides such as ZnO, SnO2, and In2O3,1 which show excellent 
electron-transporting (or n-type) properties due to the metal ns character in the 
conduction bands (CBs) that leads to states with more dispersion. The spherical 
symmetry of the s states could also remain connected and result in delocalization even 
in the presence of structural disorder.2 These characteristics result in high electron 
mobility and consequently high-performance opto/electronic devices based on metal 
oxides. On the contrary, hole transport in these oxides is severely limited due to the 
presence of O 2p states in the valence bands (VBs) which create localizing states deep 
in energy.3 This means that their VBs are not accessible via injection or extraction by 
metal contacts and that the holes would have extremely low mobility.  
 The research community has been searching for alternative metal oxides with 
good hole-transporting characteristics. Many complex oxides have been proposed, but 
so far only Cu2O, SnO, and NiO have been demonstrated to exhibit potential for 
practical applications.4 However, some important issues remain, in particular the phase 
stability problem as oxides of different oxidation states can co-exist, and the impurities 
of other phases are detrimental to charge transport. Moreover, these three oxides have 
small fundamental band gaps, resulting in the absorption in the visible spectrum that 
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restricts their applications as a hole transport layer in optoelectronic devices (that 
requires the optical transparency) such as organic solar cells (OSCs), perovskite solar 
cells (PSCs), or organic light-emitting diodes (OLEDs).  

However, from the practicality point-of-view, we do not need to limit the 
materials scope to metal oxides. The required properties are hole-transport enabling, 
solution-processability (or more general, large-area compatibility), and, for use as the 
hole transport layer in optoelectronic devices, a wide band gap. We have shown 
previously that copper(I) thiocyanate (CuSCN), a metal pseudohalide, can satisfy all 
three criteria, and its applications in various thin-film devices have been demonstrated.5–

7 In the case of CuSCN, the copper is in +1 oxidation state similar to Cu2O, both of 
which show the same characteristic of Cu 3d states near the top of VB, leading to 
dispersed states for hole transport. However, SCN ligand is found to stabilize the Cu(I) 
state. For example, even for the preparation that starts from Cu(II) salts, the product 
exclusively contains CuSCN with Cu(I). Moreover, the SCN ligand widens the band gap 
due to the CB consisting of the antibonding π* molecular orbital (MO) of the SCN which 
is high in energy.8  

In this work, to develop a new hole-transporting inorganic semiconductor, we 
extend the idea of SCN-based material to tin(II) thiocyanate [Sn(NCS)2]. Comparing 
between Cu2O and SnO, the latter consistently shows larger hole mobility, which could 
be due to the 5s electrons of Sn(II) contributing to hole-transporting states in the VB. 
This is similar to the case of the ns electrons in the CBs of the n-type oxides. Many 
reports have also predicted complex oxides based on Sn(II) that should have hole-
transporting and transparent properties.9–11 Taking a different and novel approach, we 
attempted to synthesize Sn(NCS)2 with the expectation that the thiocyanate ligand can 
also stabilize Sn(II) state as well as widen the band gap. The compound was 
extensively studied both experimentally and theoretically. Initial device application was 
also investigated by employing Sn(NCS)2 film as a hole transport layer in organic solar 
cells (OSCs). Also, this could be the starting point of a new family of materials – 
coordination polymer semiconductors.  

As for further development of CuSCN, we aim to better understand its chemistry 
and processing to improve its performance. CuSCN can be processed from solution, but 
controlling the properties of the resulting thin films has been limited. Typically CuSCN is 
deposited from disulfide-based solvents and forms compact thin films with 
nanocrystalline grains.5,12 The film morphology has a strong impact on charge transport 
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and the overall device performance, and changing film morphology is another objective 
of this project. We employed the anti-solvent treatment, which has been used 
successfully in the fabrication of perovskite films to enlarge the grain size and 
significantly improve charge transport.13 An anti-solvent does not dissolve the material 
and can accelerate the nucleation of crystals during the film coating. In this case, 
different anti-solvents were added to CuSCN wet films after deposition, and the resulting 
films were characterized and applied in thin-film transistors (TFTs) and organic solar 
cells (OSCs).   

 

Objectives 

1. To synthesize and characterize a new coordination polymer semiconductor based on 
Sn(II) thiocyanate [Sn(NCS)2] and explore its potential for opto/electronic applications. 
2. To control the film physical properties of CuSCN prepared from solution-based 
methods and investigate its applications in opto/electronic devices. 
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Chapter 2  
Tin(II) Thiocyanate – a New Wide Band Gap Coordination Polymer 
Semiconductor 

2.1. Introduction 

Tin in the +2 oxidation state is a high-potential candidate for an inorganic hole-
transporting semiconductor due to its 5s electrons that can form the valence band (VB) 
as demonstrated by tin(II) oxide (SnO) and various articles reporting theoretical 
predictions of ternary oxides also based on Sn(II).9–11 SnO shows excellent hole mobility 
with several reports of values higher than 1 cm2 V−1 s−1.4 However, SnO suffers from 
phase instability due to the co-existence of multiple oxidation states and the small 
fundamental band gap of 0.7 eV.  
 As seen in CuSCN, the thiocyanate SCN ligand can stabilize the reduced 
oxidation state due to its softer chemical properties compared to oxygen and also widen 
the band gap as its antibonding molecular orbital (MO) is high in energy. We were 
therefore interested in investigating the thiocyanate compound of Sn(II). There were a 
couple of historical reports on the synthesis and basic structural characterization of 
Sn(NCS)2. In this work, we successfully synthesized Sn(NCS)2 and comprehensively 
characterized the morphology and crystalline structure with modern analysis methods. 
Its electronic structure was also studied by the density functional theory (DFT) with the 
collaboration from Dr. Daniel M. Packwood, from the Institute for Integrated Cell-Material 
Sciences (iCeMS), Kyoto University. Finally, the film deposition and applications in thin-
film electronic devices were also investigated. The latter is still an ongoing work and 
provides the foundation for further work. 

2.2. Methodology 

Synthesis of Sn(NCS)2 

Sn(NCS)2 was synthesized by simple mixing and crystallizing the aqueous solution 
containing thiocyanate and Sn(II) ions (from NaSCN and SnSO4, respectively) in the 
presence of acid. NaSCN (12 g) was dissolved in de-ionized (DI) water (50 mL) while 
SnSO4 (8 g) was separately dissolved in a solution made from DI water (42 mL) and 
H2SO4 (1 M, 8 mL). The SnSO4 solution, appearing slightly cloudy, was filtered directly 
into the NaSCN solution. The mixture was left at room temperature for 5 h, during which 
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white powder precipitated out, and then transferred into a freezer and left at -20 °C for 
18 h for further crystallization. The product was filtered, triple-washed with DI water, and 
dried in a vacuum oven (10 mbar) at 80 °C for 8 h. The average weight of the product 
was 3.8 g, a yield of 43.3% (based on Sn). 

Film deposition and device fabrication 

Solutions of Sn(NCS)2 were prepared by dissolving the product from the synthesis in 
various solvents. Films were deposited from such solutions by spin-coating onto 
substrates. Devices were fabricated by stacking spin-coated layers of Sn(NCS)2 and 
other components (depending on the device architecture) with metal contacts. The latter 
were prepared by thermal evaporation and patterned with shadow masks. 

Characterizations 

The sample was characterized by single-crystal X-ray diffraction (SC-XRD), powder X-
ray diffraction (PXRD), scanning electron microscopy (SEM), and transmission electron 
microscopy (TEM) to study its structural and morphological properties. X-ray 
photoelectron spectroscopy (XPS) and attenuated total reflectance. Thermogravimetric 
analysis (TGA) was employed to study its thermal stability. The optical properties were 
investigated by the ultraviolet-visible-near infrared spectroscopy (UV-Vis-NIR).  
 The film thickness was measured by profilometry, and the film topography by the 
atomic force microscope (AFM). The transistor devices were measured by a probe 
station and a DC source-measure unit. The solar cells were characterized also by a DC 
source-measure unit under a sun simulator (AM1.5 and 100 mW cm−2).  

Density functional theory calculations 

The density functional theory (DFT) calculations were carried out using the Vienna Ab 
Initio Simulation Package (VASP) with plane wave basis sets and PAW-PBE 
pseudopotentials.14 The rev-vdW-DF2 exchange-correlation functional was also used to 
account for the dispersion forces.15–17 Band structure calculations were performed using 
a 8×8×8 Γ-centered k-points mesh and a 640 eV basis set energy cut-off. Density of 
states and charge density calculations were performed using a 16×16×16 Γ-centered k-
points mesh and a 640 eV basis set energy cut-off. The Brillouin zone path follows that 
of a triclinic system as described by Setyawan and Curtarolo.18  
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2.3. Results and discussion 

2.3.1. Physical properties of Sn(NCS)2 

The synthesized product appears as white needles with some single-crystalline particles 
(Fig. 2.1), the latter of which were used for structural determination by SC-XRD. The 
results show the following parameters: M = 234.85, triclinic, a = 4.8792(4), b = 
5.6694(4), c = 10.1845(8) Å, α = 100.369(2), β = 97.316(2), γ = 93.225(2)°, V = 
273.96(4) Å3, T = 143 K, space group 1P  , Z = 2, 1672 reflections measured, 1626 
unique (Rint = 0.0143). The final wR(F2) was 0.0400. Structural data CCDC 1878409 is 
available from the Cambridge Crystallographic Data Centre.  
 

 
 
Figure 2.1. (a) Bulk sample of Sn(NCS)2 obtained after synthesis. Lustrous white needles are visible. 
(b) Sn(NCS)2 sample under optical microscope. Some particles are single crystals which were used 
for single crystal X-ray measurement and analysis. [Pattanasattayavong et al., 2018, under review]. 
 

Fig. 2.2a shows the asymmetric unit which consists of a Sn center and two N-
bonded thiocycnate units (and hence the NCS used in this case). N1-C1-S1 is in 
bridging mode (‘bridging’ NCS) and connects Sn along the b-axis forming a 1D chain 
whereas N2-C2-S2 is non-bridging (‘terminal’ NCS). The Sn center has monocapped 
octahedral geometry, being coordinated by 6 NCS units and capped with a lone pair 
(arising from 5s2 electrons) as shown in Fig. 2.2b. The Sn atom has three covalent 
bonds (two from the bridging NCS ligands and one from the terminal NCS) and three 
further non-covalent interactions with the sulfur ends of the NCS units (dashed lines in 
Fig. 2.2b). These significant interactions may be described based on the novel concept 
of sigma-hole interactions and could be categorized as the tetrel bonds.19,20 Our close 
inspection reveals that these tetrel bonds connect the covalently-bonded 1D chains 
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together, forming the extended structures of the 1D ribbons (Fig. 2.2c and d) and the 
2D sheets (Fig. 2.2e and f). 

 
 
Figure 2.2. (a) Asymmetric unit of Sn(NCS)2. (b) The full coordination of the Sn center with three 
covalent bonds and three tetrel bonds (Sn···S contacts), resulting in the monocapped octahedral 
geometry with the lone pair in the capping position. (c) 1D chains of covalently-bonded Sn(NCS)2 
propagating along the b-axis. One of the two centrosymmetric chains is highlighted. The two chains 
are linked together along the length via Sn···S2ii and Sn···S2iii contacts to form the 1D ribbon. The 
unit cell is shown as a gray box. (d) Spacefill model showing the overlap of Sn and S2 ii/S2iii which 
confirms the significance of the non-covalent Sn···S contacts. (e) and (f) The 1D ribbons are linked 
into a 2D corrugated sheet via the Sn···S1iv contact. [Pattanasattayavong et al., 2018, under review]. 
 
 The powder sample of Sn(NCS)2 was also measured with PXRD as shown in 
Fig. 2.3a. The diffraction pattern of the as-synthesized sample matches with the 
simulated pattern based on the SC-XRD data. Also, remeasuring the sample after 6-
month storage shows that the sample is stable. The SEM and TEM techniques were 
also employed to study the Sn(NCS)2 powder sample. The SEM image in Fig. 2.3b 
reveals the layered structure that could substantiate the 2D structure explained from the 
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SC-XRD analysis. A closer inspection by TEM and high-resolution TEM (HRTEM) 
shows that the layered flakes are composed of small nanocrystalline domains (Fig. 2.3c 
to f). An example of the round nano-domains is shown in Fig. 2.3e (magnified image of 
region A1 marked in Fig. 2.3d). These round domains are randomly distributed and 
correspond to the broad ring in the selected-area electron diffraction (SAED) pattern in 
Fig. 2.3g. Another type of nanocrystalline domains is seen as elongated regions with 
clear lattice fringes, an example of which is shown in Fig. 2.3f (magnified image of 
region A2 marked in Fig. 2.3d). These fringes correspond to the (010) and higher-order 
diffractions observed in the SAED (Fig. 2.3g). 
 

 
 
Figure 2.3. (a) PXRD patterns of as-synthesized and aged Sn(NCS)2 samples. Simulated pattern 
from the single crystal data is also shown. (b) SEM image showing the layered structure of 
Sn(NCS)2 flakes. (c) TEM image of an individual Sn(NCS)2 flake. (d) HRTEM image of the region 
marked by the dashed blue square in (c). (e) Magnified image of an area marked as A1 in (d). (f) 
Magnified image of an area marked as A2 in (d). (g) Selected area electron diffraction pattern of (d). 
[Pattanasattayavong et al., 2018, under review]. 
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Figure 2.4. (a) Sn 3d core-level XPS spectrum of Sn(NCS)2 sample. Scattered points are collected 
data. Solid gray line is the background. Dashed blue line and the corresponding blue-shaded region 
show the fitted peak. Solid red line is the reconstructed spectrum from the fitted peaks. The dashed 
blue line and the solid red line lie on top of each other in this case. Plots of relative mass changes of 
Sn(NCS)2 powder samples from thermogravimetric measurements under (b) O2 and (c) N2. (d) 
Optical reflectance spectrum and the Kubelka-Munk function [F(R)] of Sn(NCS)2 powder sample. The 
short wavelength region of the latter is displayed in the inset. (e) Tauc plot showing the large optical 
band gap (Eg

opt) of 3.37 eV of Sn(NCS)2 powder sample. [Pattanasattayavong et al., 2018, under 
review]. 
 

The XPS scan of powder Sn(NCS)2 sample shows that the Sn exists in one 
state (Fig. 2.4a), confirming our hypothesis that the NCS ligand can stabilize the Sn(II) 
state. The compound is also thermally stable up to 220 °C and 230 °C under O2 and N2 
atmospheres, respectively (Fig. 2.4b and c). The optical absorption in the UV-Vis-NIR 
range is shown as the Kubelka-Munk function [F(R)], calculated from the reflectance 
spectrum of Sn(NCS)2 powder sample (Fig. 2.4d). It shows excellent transparency 
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covering the whole visible spectrum as well as the NIR region. Some absorption 
features at longer wavelengths are ascribed to overtones of mid-IR absorptions. The 
absorption starts below 400 nm and peaks at 345 nm and 300 nm. The band gap as 
calculated form the Tauc plot (Fig. 2.4e) is found to be 3.37 eV. This further verifies our 
hypothesis that the NCS ligand can widen the band gap. As such, we have successfully 
obtained a stable thiocyanate compound of Sn(II) with a large band gap. 

2.3.2. Electronic structure and density of states 

The electronic band structure of Sn(NCS)2 calculated from DFT is shown in Fig. 2.5. We 
can observe that the fundamental band gap of Sn(NCS)2 is indirect and has a value of 
2.35 eV. The smaller value compared to the experimental result is a known property of 
DFT. A direct gap with a slightly larger energy gap of 2.38 eV is also found. The 
experimental optical absorption, especially that of disordered sample, is expected to 
show the direct absorption feature.  
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Figure 2.5. Electronic band structure of Sn(NCS)2 calculated with DFT. The valence band maximum 
(VBM) and conduction band minimum (CBM) (solid red circles) occur at different k-points. Their 
energy difference, which in this case corresponds to the fundamental indirect band gap, is 2.35 eV. 
Also, the VB at Y point (solid pink triangle) is only 0.3 eV lower in energy than the VBM, resulting in 
a direct band gap of 2.38 eV. [Pattanasattayavong et al., 2018, under review]. 
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We also used DFT to calculate the density of states (DOS) and the orbital-
projected partial density of states (PDOS) as displayed Fig. 2.6a and 2.6b. The DOS 
shows that the deep-energy states are bonding states with the NCS ligands, and the 
interactions between Sn and NCS are found between -10 eV and the top of the valence 
band (VB). Very interestingly, the Sn 5s electrons participate in the bonding with NCS 
ligands (Region I, Fig. 2.6b) and its antibonding states with strong character of S 3p 
contribute to the top of the VB where hole transport takes place. The general features of 
the VB can be compared to those of SnO as well. The conduction band (CB) is 
dominated by Sn 5p near the bottom and the antibonding MO on CN portion at higher 
energy (Fig. 2.6b). Overall, coordinating Sn(II) with NCS ligands indeed results in a 
compound with a stable Sn(II) state, wide band gap, and the Sn 5s electrons at the top 
of VB for hole transport. Also, the hole effective mass calculated form the curvature of 
the VB top is found to be 0.4m0, where m0 is the electron rest mass. This value is close 
to that of CuSCN, and hence Sn(NCS)2 is expected to show good hole mobility as well. 

 

 
 
Figure 2.6. (a) Total DOS spectrum of Sn(NCS)2 and valence orbital-projected PDOS spectra of the 
constituent atoms from DFT calculations. Valence band (VB) edge is set to zero energy. (b) PDOS 
spectra in the energy range -7 to 6 eV. Vertical dashed lines represent energy ranges of the VB sub-
regions: I, IIa, IIb, IIIa, and IIIb. [Pattanasattayavong et al., 2018, under review]. 
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We also looked at the charge density distribution in Sn(NCS)2 from the DFT 
calculations and have found that the lone pair indeed occupies the capping position 
(Fig. 2.7a), confirming our earlier structural analysis. By visualizing the electron density 
maps on the axial and basal planes (Fig. 2.7b), the bonding and antibonding character 
of the valence states (DOS and PDOS in the energy range of -10 eV to 0 eV in Fig. 
2.6) can also be observed (Fig. 2.7c to n). Most importantly, the bonding (Region I; Fig. 
2.7e and f) and antibonding states (Region IIIa and IIIb; Fig. 2.7k to n) formed by the Sn 
5s electrons can also be seen. 
 

 
 

Figure 2.7. (a) Schematic of a Sn(NCS)2 2D sheet with the lone pair on Sn atoms. (b) Schematic 
showing the axial and basal planes used for the visualization of electron density. The contour maps 
of the electron density (number of electrons per Å3, represented by the color scale) of the whole VB 
(c, d) and VB sub-regions: Region I (e, f); Region IIa (g, h); Region IIb (i, j); Region IIIa (k, l); and 
Region IIIb (m, n). The electron density plots on the axial plane are plotted as projections on X-Z 
coordinates (c, e, g, i, k, and m) whereas those on the basal plane are plotted as projections on X-Y 
coordinates (d, f, h, j, l, and n). Positions of atoms which are located directly or approximately on the 
planes are labelled in the plots. Dashed white lines represent where the axial and basal planes 
intersect each other. [Pattanasattayavong et al., 2018, under review]. 
 



20 
 

2.3.3. Sn(NCS)2 thin films and applications in organic solar cells 

Sn(NCS)2 was found to dissolve well in many solvents, such as tetrahydrofuran, 
methanol, ethanol, isopropanol, dimethyl formamide, and dimethyl sulfoxide. We chose 
ethanol as the main solvent as due to the good solubility of Sn(NCS)2 (up to 80 mg mL-

1) and appropriate boiling point (78 °C). Films of Sn(NCS)2 were prepared by spin 
coating 20 mg mL-1 of Sn(NCS)2 in ethanol onto substrates at 2000 rpm and annealed 
at 80 °C. The films were first studied by XPS and UV-Vis-NIR, the results of which are 
shown in Fig. 2.8. The XPS results comparing between powder and film samples show 
that the Sn(II) state is retained (Fig. 2.8a). The films are also highly transparent with 
close to 100% optical transmission for wavelengths longer than 400 nm (Fig. 2.8b). The 
optical band gap extracted from the Tauc plot (Fig. 2.8c) is 3.98 eV, a value which is 
higher than the powder sample due to the very thin nature of the films. 
 

 
Figure 2.8. (a) Sn 3d core-level XPS spectra of Sn(NCS)2 powder sample (blue dash-dot line) and 
film sample spin-coated from ethanol solution (red solid line). (b) Optical transmission spectrum of 
spin-coated Sn(NCS)2 film sample. (c) Tauc plot calculated from the transmission spectrum. The 
optical band gap of the thin film is found to be 3.98 eV. [Pattanasattayavong et al., Manuscript in 
Preparation]. 
 
 The films of Sn(NCS)2 were employed as the hole transport layer (HTL) in 
organic solar cells (OSCs), of which structure is shown in Fig. 2.9a. In this case, the 
active light-absorbing bulk-heterojunction (BHJ) layer was PTB7-Th:PC70BM as the 
donor and acceptor (PTB7-Th = poly([2,6’-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-
b]dithiophene]{3-fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}); and PC70BM 
= [6,6]-Phenyl C71 butyric acid methyl ester). The electron transport layer (ETL) was 
bathocuproine (BCP). The HTL was either Sn(NCS)2 or PEDOT:PSS [or poly(3,4-
ethylene dioxythiophene):poly(styrenesulfonate)] as a reference device. For device 
fabrication, the HTL and BHJ layers were deposited by spin-coating and the ETL and Al 
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layers by thermal evaporation. The active area of the solar cell device, as defined by 
the top Al contact patterned via a shadow mask, was 0.18 cm2. 
 

 
 

Figure 2.9. (a) Schematic diagram of the OSC structure and chemical structures of the components 
used. The hole transport layer (HTL) was either PEDOT:PSS (reference device) or Sn(NCS)2. The 
bulk-heterojunction (BHJ) layer was PTB7-Th:PC70BM as the donor-acceptor organic light-absorbing 
layer. The electron transport layer (ETL) was BCP. ITO and Al were used as the anode and 
cathode, respectively. A photo of the resulting device is also shown. The active device area was 
0.18 cm2. (b) Surface topography of the spin-coated Sn(NCS)2 film from ethanol solution. Scan size 
= 5x5 μm2. Root-mean-square (RMS) roughness = 7.71 nm. (c) Current density – voltage (J-V) 
characteristics of the OSC using Sn(NCS)2 as the HTL (red filled circles) and the reference sample 
using PEDOT:PSS as the HTL (blue filled circle). The average cell parameters are also given with 
the maximum obtainable efficiency given in the brackets. [Pattanasattayavong et al., Manuscript in 
Preparation]. 
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 The film topography measured by the AFM is shown in Fig. 2.9b. The film is 
relatively rough with a root-mean-square (RMS) roughness of 7.71 nm. The surface 
features resemble those of CuSCN film coated from sulfide-based solvents, i.e., a 
homogeneous distribution of elongated grains. The resulting solar cells with Sn(NCS)2 
HTL exhibit moderate power conversion efficiencies (PCEs) with an average value of 
4.5% and maximum value of 6.5%. These are still inferior to the reference PEDOT:PSS 
samples which have PCEs higher than 8%, but the initial results are already highly 
encouraging. Other average cell parameters of Sn(NCS)2-based devices are: short-
circuit current (Jsc) of 14.14 mA cm-2, open-circuit voltage (Voc) of 0.73 V, and fill-factor 
(FF) of 0.44. The lower FF indicates that the cells may suffer from poor film and 
interface qualities. Further optimization of film deposition and device fabrication process 
is expected to increase the PCE further.  

2.4. Conclusions and outlook 

We have identified Sn(NCS)2 as a new wide band gap semiconductor with potential for 
use as a hole transport layer. This is a first report on a thiocyanate-based 
semiconductor with a different metal (other than Cu) and could provide a new research 
avenue on the field of ‘coordination polymer semiconductor’. With the bridging NCS 
ligand, Sn(NCS)2 forms a 1D chain via the covalent bonds and expands to 1D chains 
and 2D sheets via the non-covalent tetrel bonds. Compared to the p-type SnO, the NCS 
ligand is found to preserve the Sn 5s states near the top of VB and enlarge the band 
gap, resulting in the high transparency in the visible range of Sn(NCS)2. This is similar 
to the case of CuSCN, which suggests that the thiocyanate ligand can potentially be 
used to engineer other transparent ‘coordination polymer semiconductor’.  
 The application of Sn(NCS)2 in opto/electronic devices is also demonstrated for 
the first time. Sn(NCS)2 when used as the HTL in OSCs, albeit with moderate efficiency, 
shows promising characteristics for further investigation. Sn(NCS)2 is easily soluble in 
common alcohols and polar solvents, meaning that the deposition is simple and 
versatile. We have found that Sn(NCS)2 films are easily crystallized and form segregate 
islands that are detrimental to device operation. The current OSC fabrication also 
requires the treatment of the BHJ film with diiodooctane (DIO) to achieve high-efficiency. 
This step adversely affects the underlying Sn(NCS)2 layer and is likely the cause of poor 
FF. Further optimization, for example, employing the inverted OSC architecture could 
mitigate the problem and is an ongoing investigation. 
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Chapter 3  
Improving Hole Transport in Thin-Film Transistors (TFTs) based 
on Copper(I) Thiocyanate (CuSCN) by Anti-Solvent Treatment 

3.1. Introduction 

We have previously shown that copper(I) thiocyanate (CuSCN) can be used as the 
active semiconducting channel in thin-film transistors (TFTs). The hole-transporting 
ability and optical transparency in the visible spectrum of CuSCN results in the first 
demonstration of highly transparent p-type TFTs based on a solution-processed 
inorganic semiconductor.5 The field-effect hole mobility ( FE

hμ ) was reported to be 0.01 
cm2 V-1 s-1 on average. 
 Improving charge transport in CuSCN thin films is challenging as the control 
over the film properties is rather limited. CuSCN is not soluble in common solvents used 
in the film deposition in organic electronics; the common solvents used for CuSCN are 
sulfide-based, i.e., diethyl sulfide (DES) and dipropyl sulfide (DPS). A narrow window of 
deposition parameters is available, and the resulting thin films usually exhibit similar 
morphologies and yield the same average FE

hμ  of 0.01 cm2 V-1 s-1.5,7 Recently, 
Anthopoulos et al. have reported two methods that could increase the FE

hμ  of CuSCN-
based TFTs by: (1) using aqueous ammonia as the solvent12 and (2) doping CuSCN 
with C60F48.21 For the first method, they were able to obtain very smooth films of CuSCN 
that exhibit FE

hμ  of 0.05 cm2 V-1 s-1. When admixing C60F48 to CuSCN (process also 
based on DES solvent), the dopant was found to alter the morphology, increase hole 
concentration, and help reduce the trapping states at the dielectric/CuSCN interface; as 
a result, FE

hμ  could be enhanced up to 0.1 cm2 V-1 s-1. One drawback of the two 
methods is that the off-current also increases by more than one order of magnitude 
which is the common characteristic of doping. The current on-to-off ratio is inevitably 
reduced. Moreover, the aqueous ammonia solution is not easy to control due to the 
uncertainty in the ammonia concentration, the low boiling point, and the corrosive 
nature. Also, C60F48 is still an exotic compound which is not widely available. 
 In this work, we employed the anti-solvent treatment to adjust the film 
morphology and hole transport properties.13 The anti-solvents are solvents that cannot 
dissolve CuSCN. In this case, we chose the common solvents, tetrahydrofuran (THF), 
acetone (Ace), methanol (MeOH), and isopropyl alcohol (IPA). These are widely 
available, making this method versatile and easily applicable. 
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3.2. Methodology 

Solution and film preparation 

CuSCN was dissolved in DES at a concentration of 10 mg mL-1. The solution was spin-
coated onto substrates at 2000 rpm under dry nitrogen atmosphere. The film was then 
annealed at 100 °C also under dry nitrogen atmosphere. 

Anti-solvent treatment 

While the film of CuSCN from DES solution was being spun, the anti-solvent was 
dropped directly onto the film prior to the annealing step. The anti-solvents used in this 
work were tetrahydrofuran (THF), acetone (Ace), methanol (MeOH), and isopropyl 
alcohol (IPA). The sample deposited from DES solution without treatment is designated 
as ‘DES’ whereas those treated are referred to as ‘DES/THF’, ‘DES/Ace’, ‘DES/MeOH’, 
and ‘DES/IPA’. 

Device fabrication 

Top-gate bottom-contact (TG-BC) TFTs were fabricated by first preparing the bottom 
Cr/Au contacts on cleaned glass substrates by thermally evaporating Cr (5 nm) and Au 
(25 nm) through a shadow mask that defined the source/drain (S/D) contacts. The 
CuSCN layer was spin-coated on top using the procedure described above. The gate 
dielectric was prepared by spin-coating 25 mg mL-1 of poly(vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-CFE)] in 2-butanone onto the 
CuSCN layer at 3000 rpm. Finally, the gate contact was Al (40 nm) thermally 
evaporated through a shadow mask onto the dielectric layer. 

Film and device characterizations 

The surface morphology of CuSCN thin films was studied by the atomic force 
microscope. The CuSCN-based TFTs were characterized by a probe station and a DC 
source/measure unit under dry nitrogen atmosphere. The TFT parameters were 
calculated based on the gradual-channel approximation.  

Synchrotron experiments 

The sulfur K-edge X-ray absorption measurements were carried at Beamline 5.2XAS, 
Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand. Powder samples of 
commercial CuSCN and crystallized {Cu(SCN)[(C2H5)2S]}n [or Cu(SCN)(DES)] were 
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used as reference samples. CuSCN thin films with and without anti-solvent treatment 
were measured, and their spectra were processed by linear fitting of the CuSCN and 
Cu(SCN)(DES) spectra. 

3.3. Results and discussion 

3.3.1. CuSCN thin-film transistors 

Fig. 3.1a shows the photo of the resulting TFT substrate along with the schematic 
diagrams of the device structure and also chemical structures of the CuSCN 
semiconducting channel layer and the P(VDF-TrFE-CFE) dielectric layer. The latter was 
chosen due to its high dielectric constant which can allow low-voltage operation of the 
transistors. The drain current–gate voltage (or transfer) characteristics of the devices 
with W = 1000 μm and L = 30 μm measured in the saturation regime (VD = -20 V). are 
shown in Fig. 3.1b. Clear p-type operation was measured, and good transistor 
characteristics can be observed from the linear relationship of the square root of drain 
current vs gate voltage. The latter also allows the extraction of the threshold voltages 
(Vth) which were found to be around -5 V. The on current increases in the order 
DES/IPA < DES < DES/MeOH < DES/Ace < DES/THF. Correspondingly, the saturation 
field-effect hole mobility ( FE

hμ ) also increases following the same order from 0.006 cm2 
V-1 s-1 of DES/IPA sample to 0.05 cm2 V-1 s-1 of DES/THF sample (Fig. 3.1c). 
Interestingly, the off current remains low, resulting in a large on-to-off current ratio of 
almost 4 orders of magnitude. 

3.3.2. Surface topography of CuSCN treated by anti-solvents 

The surface topography was studied by AFM and the results are shown in Fig. 3.2. At 
the small scale (0.5 x 0.5 μm2), elongated nanocrystalline grains can still be observed. 
It appears that THF, Ace, and MeOH reduce the over size of the grains whereas IPA 
only affects slightly. The treatment with Ace and MeOH also leads to the domains 
clumping together and less homogeneity at the larger scale (5 x 5 μm2). On the other 
hand, THF results in the smoothest film, quantified by the smallest root-mean-square 
(RMS) roughness of 1.39 nm. We can also observe that the trend in FE

hμ  has an 
inverse relationship with the RMS roughness, i.e., large RMS roughness, smaller FE

hμ . 
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Figure 3.1. (a) Photo of the TG-BC TFT substrate (left), schematic diagram of the device structure 
cross-section (center), and chemical structures of the CuSCN semiconducting channel and the 
dielectric layer (right). (b) Transfer characteristics and the plot of square-root of the drain current vs. 
gate voltage of CuSCN TFTs processed from DES solution without anti-solvent treatment (DES) and 
those treated with THF (DES/THF), acetone (DES/Ace), methanol (DES/MeOH), and isopropyl 
alcohol (DES/IPA). The measurements were done at VD = -20 V. The dimensions of the devices 
were W = 1000 μm and L = 30 μm. (c) Bar chart showing the average and standard-deviation of the 
field-effect hole mobility calculated from the saturation regime [transfer curves in (b)] of CuSCN TFTs 
with and without anti-solvent treatment, ranked in descending order from left to right. 
[Pattanasattayavong et al., Manuscript in Preparation]. 
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Figure 3.2. Surface topography images of CuSCN films deposited from DES solution without further 
treatment (a) and those with anti-solvent treatments (b to e). The large images are of scan size 5x5 
μm2 where the insets are 0.5x0.5 μm2. (f) Histograms of the surface height information from the 
large scan size of each image. The root-mean-square (RMS) surface roughness values are given in 
the brackets. [Pattanasattayavong et al., Manuscript in Preparation]. 

3.3.3. Microstructure and local atomic environment 

We investigated further by considering the microstructure and local atomic environment 
of the films. We have found that a different form of copper-based thiocyanate compound 
can be obtained from the slow evaporation of CuSCN in DES solution. The slow 
crystallization results in needle-shaped crystals that can be identified as 
{Cu(SCN)[(C2H5)2S]}n or Cu(SCN)(DES), which is a 1D polymer with CuSCN as the 
backbone and DES molecules as the pendants. It is therefore expected that the films 
prepared from this solution may contain the mixture of CuSCN (Fig. 3.3a) and 
Cu(SCN)(DES) (Fig. 3.3b). Using synchrotron-based X-ray absorption measurements, 
we can indeed observe that the films contain the mixture of both, and the relative 
fractions of the two are plotted in Fig. 3.3c. The fraction of Cu(SCN)(DES) increases 
from DES/IPA < DES < DES/MeOH < DES/Ace < DES/THF, which is the same order of 
the increase in mobility. Also, the thickness of the films increases following the same 
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order. In short, the treatment of CuSCN film with THF results in a thicker film due to 
more fraction of Cu(SCN)(DES) that has a more expanded lattice. The smoother film 
likely contributes to better charge transport. 
 

 
 
Figure 3.3. (a) Structure of CuSCN in the hexagonal β phase. (b) Structure of 1D coordination 
polymer based on CuSCN with DES coordination, {Cu(SCN)[(C2H5)2S]}n or [Cu(SCN)(DES)]. (c) The 
relative fraction of CuSCN and Cu(SCN)(DES) components in the sulfur K-edge X-ray absorption 
spectra of CuSCN thin films with and without anti-solvent treatment.  (d) Thickness of CuSCN thin 
films with and without anti-solvent treatment. [Pattanasattayavong et al., Manuscript in Preparation]. 
 

3.4. Conclusions and outlook 

We have successfully shown that treating CuSCN film with anti-solvents can result in 
the alteration of film morphology and charge transport properties. This is a simple and 
versatile technique that can be easily applied. In particular, treating the film with THF 
results in a smooth surface that can increase the saturation field-effect hole mobility by 
5 times. This work is in the final stage of collecting supplementary data and will be 
published.  
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Chapter 4 
High-Efficiency Organic Solar Cells with Anti-Solvent-Treated 
Copper(I) Thiocyanate (CuSCN) as a Hole Transport Layer 

4.1. Introduction 

As seen in the previous chapter, the treatment of CuSCN films with anti-solvents can 
alter the film morphology leading to different hole transport properties. In this work, we 
apply the similar method on CuSCN films deposited on ITO substrates which are used 
as the hole transport layer (HTL) in organic solar cells (OSCs). 

4.2. Methodology 

Solution, film preparation, and anti-solvent treatment 

These processes follow the same procedure as described in Section 4.1. 

Device fabrication and characterization 

In this case, CuSCN films were spin-coated on glass/ITO substrates to be used as the 
HTL. The active organic bulk-heterojunction (BHJ) layer was PTB7-Th:PC70BM, which is 
the same system used in Section 2.3.3. The BHJ layer was spin-coated on top of 
CuSCN layer. The solar cells were then completed by depositing bathocuproine (BCP) 
as the electron transport layer (ETL) and Al as the cathode by thermal evaporation 
through a shadow mask. The active cell area was 0.18 cm2. The current density-voltage 
characteristics (J-V) of the cells were measured using a DC source/measure unit in air 
under simulated sunlight (AM1.5 100 mW cm-2). 

4.3. Results and Discussion 

4.3.1. Performance of solar cells with HTL based on CuSCN treated by anti-solvents 

The schematic of the OSC structure is shown in Fig. 4.1a, and the energy diagram in 
Fig. 4.1b. CuSCN is a good candidate for a HTL in OSC due to the appropriate energy 
levels, i.e., a valence band (VB) near energy levels of ITO and the PTB7-Th polymer 
donor and a conduction band (CB) high in energy that can effectively block electrons 
and reduce the leakage current. Regarding the performance of the resulting OSCs, 
acetone was found to give the best improvement in power conversion efficiency (PCE) 
of the cells from 8.35% of untreated CuSCN (sample DES) to 8.93% (sample DES/Ace). 
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Surprisingly, the treatment by THF, which was shown to give the highest FE

hμ in CuSCN 
TFTs, results in the worse OSC performance with PCE of 7.56% (sample DES/THF). 
Other solar cell parameters are included in Table 4.1. 
 

 
 
Figure 4.1. (a) Schematic diagram of solar cell structure. (b) Energy diagram of the solar cell 
components. (c) J-V characteristics of cells based on CuSCN as the HTL showing the effects of anti-
solvent treatment. [Pattanasattayavong et al., Manuscript in Preparation]. 
 
Table 4.1. Solar cell parameter summary of OSCs based on CuSCN with and without anti-solvent 
treatment as the HTL. [Pattanasattayavong et al., Manuscript in Preparation]. 
 

HTL Jsc (mA cm-2) Voc (V) FF PCE (%) 
DES 17.5 0.79 0.59 8.35 
DES/Ace 18.5 0.79 0.61 8.93 
DES/IPA 18.2 0.79 0.61 8.90 
DES/MeOH 18.2 0.79 0.60 8.71 
DES/THF 16.7 0.79 0.58 7.56 
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4.3.2. Surface topography of CuSCN films on ITO after anti-solvent treatment 

In order to study the effects of anti-solvent treatment on the film morphology, the films 
were measured with the AFM, and their surface topographical images are shown in Fig. 
4.2. All films appear different from those shown in Fig. 3.2, which were CuSCN films 
deposited onto plain glass substrates. In this case, the films were deposited onto 
glass/ITO substrates. Since the surface of ITO is not featureless but is rough, containing 
small grains and also larger plate-like structures, it is likely that the underlying ITO 
influences the film formation of CuSCN.  
 

 
 
Figure 4.2. Surface topography of CuSCN films deposited onto glass/ITO substrates. (a) As-
deposited film without anti-solvent treatment. (b) Treated with acetone. (c) Treated with isopropyl 
alcohol. (d) Treated with methanol. (d) Treated with tetrahydrofuran. [Pattanasattayavong et al., 
Manuscript in Preparation]. 
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4.4. Conclusions and outlook 

In addition to improving performance of CuSCN TFTs, anti-solvent treatment can also 
be used to improve the efficiency of OSCs using CuSCN as the HTL. This work 
demonstrates further the versatility and simple applicability of the method. We are now 
investigating more on how the anti-solvents affect the solar cell performance and will 
also publish the results. 



33 
 

Chapter 5 Summary  
We have successfully synthesized and comprehensively characterized a new wide band 
gap inorganic semiconductor Sn(NCS)2. This is the first thiocyanate compound based 
on another metal (other than Cu) that has been identified as a semiconductor. Through 
density functional theory, we have shown that Sn(NCS)2 has a promising electronic 
structure for hole transport due to the Sn 5s electronic states at the top of the valence 
band. This work opens a new avenue of research towards the development of 
‘coordination polymer semiconductors’.  
 Furthermore, we have applied the anti-solvent treatment to the deposition of 
CuSCN thin films and shown that device performance can be improved both the case of 
thin-film transistors with CuSCN as the semiconducting channel and organic solar cells 
employing CuSCN as the hole transport layer. The anti-solvent treatment is simple and 
versatile and should be easily applicable to the broad research community. 
 These results have paved the way for our further investigation of ‘coordination 
polymer semiconductors.’ Specifically, the work has demonstrated that this family of 
compounds has the potential beyond CuSCN and that optimization of film deposition 
and device structure can further improve the charge transport characteristics which 
result in higher device performance. Coordination polymers have not been widely 
explored for their electronic properties and applications despite the large library of 
materials and the broad possibility of chemical modifications of both the metals and 
ligands. We hope that this research will be a starting point for the fruitful development of 
coordination polymer semiconductors for electronic applications. 
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applications is the scarcity of suitable 
hole-transporting, wide band gap semicon-
ductors. The arduous pursuit to predict, 
synthesize, and apply such materials has 
focused on metal oxide compounds and 
yielded only limited success, particularly 
when compared with the rapid advances 
of the electron-transporting counterparts 
such as ZnO, In2O3, or indium-gallium-
zinc oxide (IGZO). Among the range of 
studied p-type oxides, only Cu2O, SnO, 
and NiO have been shown to yield func-
tional opto/electronic devices (see a recent 
review on p-type oxide semiconductors by 
Wang et al.[9]), but their performance is 
still lacking, especially when high trans-
parency in the visible range is of crucial 
importance. In addition, their stability and 
processability are also of concern. On the 
other hand, CuSCN, a Cu(I) pseudohalide 

compound, has been shown to be an intrinsic p-type inorganic 
semiconductor with a wide band gap (≥3.5 eV)[10–12] and appro-
priate electronic levels that allow efficient hole injection/extrac-
tion while simultaneously blocking electron transport.[2–4] The 
latter is a characteristic not shared by Cu2O, SnO, and NiO pri-
marily due to difficulties associated with controlling their stoi-
chiometry. As a result, CuSCN has successfully been employed 
as a universal, highly transparent hole-injecting/extracting/
transporting layer in a wide range of applications.[8] Addition-
ally, CuSCN is chemically stable[13–15] and can be easily pre-
pared at high purities as well as processed from the solution 
phase at low temperatures.[16–19] Moreover, owing to its quasi-
molecular nature, CuSCN can be chemically modified;[20] in 
fact, the properties and applications of CuSCN derivatives are 
still awaiting exploration and could potentially open up a new 
range of possibilities.

With an expanding list of important technological appli-
cations, it is now essential that the fundamental electronic 
properties of CuSCN are understood. Herein, we comprehen-
sively review recent works on the electronic and charge trans-
port properties of CuSCN. The band structure and density of 
states in hexagonal β-CuSCN are first examined to elucidate 
the underlying basis for the unique combination of excellent 
hole transporting characteristics and high optical transparency. 
Defects that could lead to unintentional doping are then consid-
ered. Apart from the known bulk α and β phases, recent works 
on the prediction of layered 2D-like structures of CuSCN are 
also presented. These newly predicted phases resemble those 
of the novel 2D metal dichalcogenides and graphene. In addi-
tion, models of different surfaces of hexagonal β-CuSCN are 
also discussed as the orientation of the structure is expected to 

With the emerging applications of copper(I) thiocyanate (CuSCN) as a 
transparent and solution-processable hole-transporting semiconductor in 
numerous opto/electronic devices, fundamental studies that cast light on the 
charge transport physics are essential as they provide insights critical for fur-
ther materials and devices performance advancement. The aim of this article 
is to provide a comprehensive and up-to-date report of the electronic proper-
ties of CuSCN with key emphasis on the structure–property relationship. The 
article is divided into four parts. In the first section, recent works on density 
functional theory calculations of the electronic band structure of hexagonal 
β-CuSCN are reviewed. Following this, various defects that may contribute to 
the conductivity of CuSCN are discussed, and newly predicted phases char-
acterized by layered 2-dimensional-like structures are highlighted. Finally, a 
summary of recent studies on the band-tail states and hole transport mecha-
nisms in solution-deposited, polycrystalline CuSCN layers is presented.

1. Introduction

Copper(I) thiocyanate (CuSCN) has been attracting increasing 
interest for use as an optically transparent hole-transporting 
intrinsic semiconductor in various opto/electronic devices 
including thin-film transistors (TFTs),[1] organic-light emit-
ting diodes (OLEDs),[2] bulk-heterojunction (BHJ) organic 
solar cells,[3,4] extremely thin absorber (ETA) solar cells,[5] dye-
sensitized solar cells (DSSCs),[6] and perovskite solar cells 
(PSCs).[7] Despite the breadth of the high potential technolog-
ical applications (see also a review by Wijeyasinghe and Antho-
poulos[8] on applications of CuSCN), research into the electronic 
properties of CuSCN is still in the early stage. Some key aspects 
that provide the groundwork have recently been investigated 
both theoretically and experimentally, and it is the aim of this 
article to summarize these important works.

One important impediment in the development of inorganic 
semiconductors for plastic/organic electronics and related 
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significantly affect the charge transport. Lastly, studies on the 
tail of localized states in the mobility gap and the resulting hole 
transport mechanisms in polycrystalline solution-processed 
layers of CuSCN are summarized.

2. Electronic Properties of CuSCN

Despite the relatively recent history of CuSCN as a promising 
hole-transporting material for numerous opto/electronic appli-
cations, there have been only a handful of published theoretical 
studies of the electronic properties of CuSCN, in particular by 
Jaffe et al.,[11] Ji et al.,[21] Chen et al.,[22] and Tsetseris.[23] These 
works mainly employ the density functional theory (DFT) cal-
culations for elucidating the electronic structure of the most 
popular form of CuSCN (usually observed in experiments), the 
hexagonal β-CuSCN (Figure 1a). The results of valence band 
(VB) and conduction band (CB) structures of different studies 
are in line with each other, and the two important characteris-
tics near the band edges are: (1) the strong Cu 3d character with 
some hybridization from the S 3p states near the VB edge, and 
(2) the antibonding π* character associated with the cyanide 
portion near the CB edge. These properties lead to the excellent 
hole transport and the predicted large indirect band gap, both 
of which result in the dominant p-type characteristics and the 
extremely high transparency in the visible range.

2.1. Electronic Band Structure of CuSCN

Different DFT calculations[11,21,22] have yielded qualitatively 
consistent results of the band structure of hexagonal β-CuSCN 
(one set of the results[22] is displayed in Figure 1b whereas the 
Brillouin zone of a hexagonal lattice[24] is shown in Figure 1c). 
All of them unanimously predict an indirect band gap with a 
VB maximum (VBM) at the Γ point and a CB minimum (CBM) 
at the Κ point (Figure 1b and 1c). The DFT method employing 
the generalized gradient approximation (GGA), which is well 
known to underestimate the band gap, showed a relatively small 
gap of approximately 2 eV. However, by carrying out the DFT 
calculation with the Heyd-Scuseria-Ernzerhof (HSE) hybrid 
functional, Chen et al.[22] obtained a value of 3.45 eV which is 
closer to the experimental values of 3.7–3.9 eV.[11,12,25–27] How-
ever, the latter values were mostly obtained via Tauc analysis of 
the optical absorption spectra assuming a direct band gap (by 
setting the exponent parameter equal to 2 for the Tauc plot). 
Pattanasattayavong et al.[1] carried out a similar analysis but for 
both indirect and direct types and obtained values of 3.5 and 
3.9 eV, respectively. The lower value of the indirect type seems 
to corroborate the result from the DFT-HSE method while the 
higher value may indeed point to the existence of a higher 
energy transition of a direct type which has also been predicted 
by Jaffe et al.[11] to be at 0.4 eV higher than the lowest transi-
tion. On the other hand, Kim et al.,[28] employing photoelectron 
spectroscopy (PES) and inverse photoelectron spectroscopy 
(IPES) to measure the VBM and the CBM of CuSCN, reported 
a band gap value of 3.65 eV without specifying whether the 
type was direct or indirect. Furthermore, the values of the band 
gap described so far are of CuSCN samples with polycrystalline 

or nanocrystalline morphologies which exhibit a significant 
and rather extensive absorption tail. Such an absorption fea-
ture may be due to the indirect band gap, disorder or non-crys-
tallinity, polymorphism, or a combination of these factors.[11] It 
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should be noted, therefore, that the analysis of the band gap of 
CuSCN still requires further experimental verification.

Another important characteristic of the band structure 
of β-CuSCN is the relatively high dispersion near the top of 
the VB. Generally, for the common wide band gap semicon-
ductors such as In2O3, SnO2, and ZnO, the CBs are highly 
dispersive while the VBs are flat near the band edges,[29] 
resulting in n-type conductivity and high electron mobility 
values. On the other hand, calculations have shown that the 
relative dispersions of the CB and the VB in CuSCN are com-
parable (see Figure 1b),[11,21,22] suggesting that hole transport 
is not hindered (and conversely that electron transport is sup-
pressed). The direction of transport is also important due to 
the alternating planes of Cu and SCN units. Along the c-axis 
of the crystal (along which the Cu and SCN layers alternate), 
Jaffe et al.[11] found that the effective masses (m* expressed 
in terms of multiples of the electron rest mass m0) were 
similar, i.e., m* ≈ m0 for electrons and m* ≈ 0.8m0 for both 
heavy and light holes. On the other hand, the electrons and 
the heavy holes carried effective masses of m* ≈ 2m0 in the 
ab plane whereas the light holes showed a smaller value of 
m* ≈ 0.5m0. The dispersion characteristics of VB and CB of 
CuSCN support the dominant hole-transporting properties of 
this material.

Furthermore, the appropriate level of the VBM (i.e., ioniza-
tion energy) of CuSCN allows the injection and extraction of 
holes by common electrodes such as gold or indium tin oxide 
(ITO)-based conductors. It is crucial that good ohmic contacts 
can be established; otherwise, the hole-transporting properties 

may not be useful if the semiconductor’s VBM level is too deep 
or too shallow such that practical carrier injecting electrodes 
are not available. The reported values of the VBM of CuSCN 
are typically in the range of –5 to –6 eV as measured by the 
PES[12,28,30] and electrochemical methods.[31,32] On the other 
hand, the CBM level of CuSCN determined experimentally via 
IPES is found to be –2.5 eV.[28] This characteristically shallow 
CBM energy makes CuSCN an excellent electron-blocking 
material as already demonstrated in several studies.[2–4,33]

2.2. Density of States in CuSCN

Figure 2a shows the total density of states (DOS) and partial 
density of states (PDOS) of hexagonal β-CuSCN in more detail. 
The top of the VB from the VB edge (set at E = 0 eV) to approxi-
mately –2.5 eV is strongly dominated by the Cu 3d states with 
some contribution from the S 3p states. From –3.5 to –10 eV, 
there are four sub-bands altogether. The first three sub-bands, 
centered around –4, –6, and –7 eV, mainly arise from the 
p states of S, C, and N, which may be associated with the π 
bonding within the –SCN unit. The highest of these sub-bands 
(centered around –4 eV) also has contribution from the Cu 3d 
in addition to the S 3p and N 2p states, possibly suggesting the 
character of the bonding between Cu and the coordinating S 
and N as well. The last of the four sub-bands, located around 
–9 eV, is dominated by the S 3p and C 2p states, which implies 
an SC bond. The photoemission spectrum of CuSCN near 
the VBM in this energy range is in qualitative agreement with 
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Figure 1.  a) Crystal structure of hexagonal β-CuSCN. Atoms are color coded as dark brown for Cu, yellow for S, grey for C, and blue for N. b) Electronic 
band structure of hexagonal β-CuSCN calculated by DFT with HSE hybrid functional. Reproduced with permission.[22] Copyright 2016, the Royal Society 
of Chemistry. c) Brillouin zone of a hexagonal lattice showing the high-symmetry path typically used in the electronic band structure calculations. 
Reproduced with permission.[24] Copyright 2010, Elsevier.
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the calculated DOS, as displayed in Figure 2b. There are two 
additional sub-bands deeper in the VB, which predominantly 
contain the s states of S, C, and N. The sub-band around –16 eV 
is possibly associated with the SC bond while the sub-band 
centered at –19 eV may arise from the σ bonding of the cya-
nide portion. In summary, with the increasing binding energy, 
the VB character of hexagonal β-CuSCN consists of: bonding 
between Cu 3d states with some hybridization from S 3p states, 
coordination between Cu 3d states and S 3p and N 2p states, 
and π bonding and σ bonding in the SCN unit, respectively. 
The dominating Cu 3d states near the top of VB allows the hole 

transport in CuSCN, similar to the case of Cu2O, also a Cu(I) 
compound that shows a strong character of Cu 3d states at the 
VBM.[34,35] This is in contrast to the dominant O 2p character 
in the VBM vicinity of important oxide semiconductors such as 
ZnO, SnO2, and In2O3.[29]

Interestingly, the CB edge, which is dominated by the C 
2p and N 2p states, shows a unique character of the π* anti-
bonding orbitals of the cyanide part that has no analog in tra-
ditional semiconductors. The antibonding characteristics of 
the CB also results in a CBM located away from the Γ point in 
the Brillouin zone,[11] leading to the indirect type of the lowest 
interband transition. The indirect band gap also enhances the 
optical transparency in the visible range of CuSCN since strong 
absorption only takes place when the photon energies reach the 
direct gap which is at a higher energy.

3. Defects in CuSCN

In an early study, Tennakone et al.[10] showed that the conduc-
tivity of CuSCN could be tuned to be either p-type or n-type by 
adjusting the Cu:SCN ratio. Specifically, the authors employed 
the chemical bath and electrodeposition methods to obtain 
both types of CuSCN. Based on their chemical methods and 
analyses, p-type CuSCN had a Cu:SCN ratio from 0.92 to 0.96 
where n-type CuSCN showed a ratio between 1.31 and 1.44. 
Following, it was also demonstrated that doping CuSCN 
with SCN could increase its p-type conductivity.[36] Therefore, 
extrinsic p-doping of CuSCN has generally been associated 
with the excess SCN or deficient Cu conditions, and natu-
rally the native defect Cu vacancy (VCu) is proposed to be the 
major source of excess holes often observed in CuSCN.[11,21,23] 
In extrinsically p-doped CuSCN, the Fermi level (EF) has been 
reported to shift toward the VBM (e.g., 0.63 eV above VBM 
by Pattanasattayavong et al.[12] and 0.75 eV above VBM by 
Kim et al.[28]) Reports on n-type conductivity of CuSCN, on 
the other hand, is not common and, even if attainable, may 
not be suitable for practical applications because the CBM is 
shallow (around –2 to –3 eV with respect to the vacuum level) 
and would require the use of electrodes with extremely low 
work function and/or the use of doped injection layers. Next, 
we discuss relevant types of defects that can influence the con-
ductivity of CuSCN.

3.1. Copper Vacancy

Computational results have shown that Cu vacancies should be 
stable and result in a shallow acceptor level that can contribute 
to high hole concentrations in hexagonal β-CuSCN.[11,21,23] 
The removal of a Cu atom from the lattice causes the neigh-
boring atoms to move only slightly.[11,23] For example, Tset-
seris[23] calculated that the distance between S atoms would 
change from 3.85 Å to 3.71 Å. Jaffe et al.[11] reported that the 
formation energy of a Cu vacancy was around 0.2 eV for a 
32-site supercell and estimated that a hole concentration as 
high as 1019 cm–3 could be feasible. Interestingly, their calcula-
tion result of a larger 72-site supercell (which corresponds to a 
lower concentration of VCu) yielded a higher formation energy 
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Figure 2.  a) Calculated total and partial densities of states of hexagonal 
β-CuSCN showing the contributions from different states of the con-
stituents of CuSCN. Reproduced with permission.[11] Copyright 2010, 
American Chemical Society. b) Measured photoemission spectrum near 
the valence band edge of CuSCN. Features in the spectrum are labelled 
based on the calculated DOS shown in (a). Reproduced with permis-
sion.[12] Copyright 2013, the Royal Society of Chemistry.
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of 0.55 eV, possibly further suggesting that high concentra-
tions of VCu are easily obtainable. Results from Ji et al.[21] also 
indicated a similar trend, i.e., a lower VCu formation energy 
at a higher concentration; however, their calculated forma-
tion energies were rather high (4.45 eV for a 32-site super-
cell and 5.12 eV for a 72-site supercell). The same authors 
also reported the effect of a Cu vacancy on the band gap of 
CuSCN although the results were not straightforward. Specifi-
cally, in the case of the 72-site supercell the energy band gap 
was found to slightly increase while transforming to direct 
type. On the other hand, in the 32-site supercell the band gap 
remained indirect but increased significantly. The widening 
of the bandgap in both cases was caused by a corresponding 
shift in the CB energy.[21]

An acceptor level at about 0.1 eV above the VBM has been 
reported by Jaffe et al.[11] and Ji et al.[21] for the Cu vacancy. 
The latter study also described another acceptor level at 
0.02 eV although they did not specify/elaborate on its pos-
sible origin.[21] In contrast, Tsetseris[23] showed that VCu did 
not yield an acceptor level but instead caused EF to move into 
the VB, leading to strongly enhanced p-type conductivity. How-
ever, despite the speculation of VCu being the main contributor 
of excess holes in CuSCN, its existence and its defect energy 
level in CuSCN are still awaiting experimental substantiation. 
To this end, Perera et al.[36] reported that doping CuSCN with 
SCN resulted in an acceptor level at 1 eV above VBM as experi-
mentally observed from a photoluminescence (PL) emission at 
460 nm, yet such a deep level should not contribute to a sig-
nificant increase in conductivity. Interestingly, significant PL 
emission at ≈460 nm in CuSCN has been reported previously 
and was attributed to surface states originating from Cu(SCN)2 
impurities.[37] It is therefore absolutely clear that further work 
would be required in order to elucidate the origin of these 
defects.

3.2. Other Native Defects

Another basic vacancy is the removal of the SCN unit (VSCN), 
which is predicted to yield a donor level and essentially acting 
as n-dopant. Tsetseris[23] reported that VSCN in β-CuSCN lattice 
would lead to significant changes in the positions of the sur-
rounding atoms, e.g., the Cu-Cu distance would increase from 
3.85 Å to 4.33 Å. Jaffe et al.[11] also showed that the formation 
energy of VSCN would be high (i.e., 3.17 eV for a 32-site super-
cell) even under favorable Cu-rich conditions and still as high 
as 2.05 eV under degenerate p-type conditions (when EF moves 
into VB) which would highly favor the creation of compensating 
donors. These values are much higher than those predicted 
by the authors for VCu (0.2 to 0.55 eV) as discussed earlier. 
Jaffe et al.[11] further speculated that VSCN should not exist in 
significant amount under equilibrium conditions although they 
may be present in samples which are out of thermodynamic 
equilibrium, such as those prepared by electrodeposition under 
certain conditions.[10]

Tsetseris[23] also considered two other isomers of the SCN 
unit as substitutional defects on SCN site, i.e., NCS and 
CNS [which can be represented as (NCS)SCN and (CNS)SCN]. 
The formation energies were calculated to be 0.85 eV and 

1.58 eV, respectively, implying that they could still exist in 
small numbers in β-CuSCN. However, the author only stated 
the rearrangement of the atoms in the thiocyanate group but 
did not discuss the details regarding the bonding schemes 
in these isomers. For example, the NCS may exist as a iso-
thiocyanate (NCS) in such circumstance and could lead 
to extra strain from the different bond angles and distances. 
Isomerism in CuSCN is not uncommon,[38] and these sub-
stitutional defects may be an interesting subject of further 
study.

On the other hand, Jaffe et al.[11] examined the possibili-
ties of the SCN unit having some parts missing. In particular, 
removing the cyanide part (a CN vacancy, VCN, or equivalently 
a substitutional S on SCN site, SSCN) could serve as another 
acceptor as the divalent sulfide can accept another electron 
from the lattice. Indeed, its defect energy level was calculated 
to be sufficiently shallow for p-type doping although its forma-
tion energy was not reported. In contrast, removing the sulfide 
[an S vacancy, VS, or equivalently a substitutional CN on SCN 
site, (CN)SCN] would likely lead to an inactive neutral defect due 
to the same charge on the cyanide and thiocyanate ions. The 
authors also stated that vacancies of only C or N would unlikely 
exist due to the strong triple bond and speculated that inter-
stitial and antisite defects would not be likely due to the close-
packed hexagonal structure of β-CuSCN and the large asym-
metry between the Cu and SCN units.

Although a small number of studies as presented above have 
considered defects in CuSCN, there is still an apparent lack 
of intensive and extensive investigation into the topic akin to 
defect studies in other oxide semiconductors.[39–41] A compre-
hensive study on the formation energies of various defects in 
different charge states and under different preparation condi-
tions (Cu-rich or Cu-deficient) as a function of EF would pro-
vide a more complete picture of the defect physics and charge 
compensation in CuSCN.

3.3. Hydrogen Impurities

Tsetseris[23] studied the inclusion of hydrogen impurities in 
the lattice of hexagonal β-CuSCN. The calculation results of a 
single hydrogen atom showed that the most stable configura-
tions were the formation of SH or CH bonds (Figure 3a 
and 3b) with corresponding formation energies of 0.6 eV and 
0.7 eV, respectively. More importantly, two H impurities that 
resulted in the hydrogenation of the cyanide [HCNH defect 
as depicted in Figure 3c or equivalently substitutional hydro-
genated SCN (SCNH2)SCN] were shown to be significantly 
more stable as the formation was highly exothermic, lowering 
the energy by approximately 1 eV with respect to the pristine 
β-CuSCN lattice and a H2 molecule in vacuum. The author pro-
posed that the H2 impurities in the form of hydrogenated cya-
nide defect could likely exist in real β-CuSCN samples. Another 
report by Pattanasattayavong et al.[12] also showed that some C 
and N in their CuSCN samples may exist in CN state instead 
of the cyanide CN state. One of the causes for such obser-
vation may be hydrogenation, which would corroborate Tsets-
eris’s findings. However, no final conclusion should be drawn 
yet until further experiments can confirm the finding. Also, 
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isomerism of the thiocyanate ion may be another explanation 
for the CN state.[38]

Regarding the type of defect, the single H impurities (both 
SH and CH) were found to be of acceptor type, and their 
effects on the electronic structure of β-CuSCN were similar to 
those of VCu, i.e., increasing p-type conductivity.[23] Contrast-
ingly, the HCNH defect was reported to create a state at 
0.2 eV below the CBM that could act as a donor level and may 
lead to the compensation of acceptors.[23] Again, these computa-
tional results still require experimental validation.

4. Polymorphs and Surfaces of CuSCN

Most of the results reported to date, both computational and 
experimental, were associated with the hexagonal β-CuSCN.[18] 
Another form, α-CuSCN (Figure 4a), has also been reported 
and its structure characterized[16] although it is less observed 
in experiments. It should also be noted that the β phase also 
exhibits polytypism, which results from different stacking 
sequences along the c-axis of the lattice. The most studied 
polytype is the hexagonal 2H corresponding to AB type layer 
stacking[18] whereas the rhombohedral 3R with the ABC 
stacking also exists.[17] Tsetseris[23] calculated the energies and 
electronic properties of these two polytypes of β-CuSCN as well 
as 4H (ABAC-stacked) and 6H (ABCACB-stacked) and found 
that they could all co-exist and would exhibit similar properties.

4.1. Predicted Layered Structures of CuSCN

Remarkably, in another paper Tsetseris also theoretically pre-
dicted layered 2D-like structures of CuSCN, namely the γ, δ, 
and ε phases (Figure 4c, 4d, and 4e).[42] Interestingly, the struc-
ture of γ-CuSCN was an analog of that of the 2D metal dichal-
cogenide while δ-CuSCN resembled the graphene honeycomb 
structure. These two structures are well known for the 2D mate-
rials which currently receive tremendous amount of attention. 
In fact, a structure similar to that of δ-CuSCN has already been 
reported for β-CuN3,[43] which is also a pseudohalide compound 
of Cu(I). The ε phase of CuSCN was also honeycomb-like but 
with high degree of corrugation. Among the different phases 
of CuSCN, Tsetseris[42] calculated that the β form was the most 
stable, followed by the α phase. The layered γ-CuSCN was, how-
ever, only slightly higher in energy than α-CuSCN and may 
possibly be synthesized under the right conditions. The other 
two phases, δ and ε forms, were significantly higher in energy 
and thus less stable. The calculated total density of states (DOS) 
of γ-CuSCN showed that the band gap was widened compared 
to that of β-CuSCN.[42] Qualitatively, their plot also suggested 
that the VB of γ-CuSCN became less dispersive while the CB 
was more dispersive, which may suggest that the hole transport 
would be impeded in the layered structure.

Building on the previous study on hydrogen impurities in 
β-CuSCN, Tsetseris also found that adding hydrogen could 
significantly improve the stability of the layered forms of 
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Figure 3.  Single H impurity in hexagonal β-CuSCN forming a) SH bond and b) CH bond. c) Two H impurities hydrogenating the cyanide 
portion. Atoms are color coded as brown for Cu, yellow for S, grey for C, and blue for N. Reproduced with permission.[23] Copyright 2016, IOP 
Publishing.
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CuSCN.[44] In fact, the hydrogenation reactions (specifically 
adding a hydrogen molecule to the cyanide portion) of α-, β-, γ-, 
and δ-CuSCN were all exothermic. Surprisingly, the fully hydro-
genated form of γ-CuSCN (denoted as γ-CuSCNH2) was the 
second most stable phase after β-CuSCNH2. However, the band 
gap of γ-CuSCNH2 was significantly reduced, and the DOS also 
exhibited the adverse trend on the hole transport similar to the 
case of γ-CuSCN (less dispersive VB and more dispersive CB).

4.2. Surfaces of CuSCN

The orientation of the CuSCN crystal is also of high importance 
as it could have implications on the charge transport proper-
ties due to the highly anisotropic nature of its structure. One 
example is the difference in the calculated effective masses in 
the ab plane and along the c-axis of the hexagonal β-CuSCN 
as discussed previously. Electrodeposition-based methods 

have been shown to be able to tune the orientation between 
the (001)-terminated and (101)-terminated surfaces [(001) or 
(101) planes parallel to the substrate surface, respectively, 
(Figure 5)].[45,46] Although for solution-grown CuSCN films 
the evidence is not yet clear due to the often small layer thick-
nesses, results also indicate the presence of (101) or (001) sur-
face-oriented crystals.[11,33] Computational results suggested that 
the (101)- and (001)-orientations of hexagonal β-CuSCN could 
be stable especially when terminated with Cu, but the most 
stable surfaces were (100) and (110).[22] This is mainly because 
the former pair are characterized by polar surfaces exhibiting a 
permanent dipole, while the latter are non-polar surfaces.

Interestingly, the results from Chen et al.[22] showed that the 
polar surfaces experienced only slight changes in the displace-
ment of the surface atoms and that their partitioned charges 
were only marginally different from atoms in the bulk, hence 
supporting the idea of the existence of polar surfaces. Worth 
noting, however, is the fact that calculations of the electronic 
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Figure 4.  Two phases of bulk CuSCN which have been experimentally observed: a) α and b) β phases (the latter shown in the 2H polytype). Three 
newly predicted layered 2D-like phases: c) γ, d) δ, and e) ε phases. Atoms are color coded as brown for Cu, yellow for S, grey for C, and blue for N. 
Reproduced with permission.[42] Copyright 2016, PCCP Owner Societies.
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properties of polar and non-polar surfaces (modelled as slabs 
in the computations) of β-CuSCN yielded different results.[22,23] 
The DOS of the non-polar (110) and (100) surfaces (Figure 5a 
and 5b) were similar to that of the bulk. On the other hand, 
those of the polar (101) and (001) surfaces (Figure 5c and 5d) 
showed a significant number of states within the band gap. 
Chen et al.[22] proposed that the polar surfaces could be semi-
metallic due to the high density of the Cu 4s states near EF, 
which could in turn be a result of under-coordination of Cu 
atoms at the surface.

5. Hole Transport Properties of CuSCN

As already discussed earlier, CuSCN has been employed as a 
hole-transporting layer in numerous opto/electronic devices 
(see the review on the applications of CuSCN by Wijeyasinghe 
and Anthopoulos[8]); however, the studies on the hole trans-
port properties of CuSCN are very limited. Pattanasattayavong 

et al.,[1] employing field-effect measurements, obtained hole 
mobilities between 0.01 and 0.1 cm2 V–1 s–1 from solution-pro-
cessed thin film CuSCN layers. These mobility values further 
corroborated the hole diffusion coefficients (which are related 
to hole mobilities via the Einstein relation D = μkT/q, where D 
is the diffusion coefficient, μ is the mobility, k is the Boltzmann 
constant, T is the temperature, and q is the elementary electric 
charge) which were reported earlier for CuSCN by Mora-Seró 
et al.[47] to be in the range of 0.001 to 0.01 cm2 s–1 based on 
impedance spectroscopy measurements. More recently, Pat-
tanasattayavong et al.[48] investigated the band-tail states and 
hole transport processes in CuSCN based on the analyses of 
field-effect transistors. In addition, Kim et al.[28] used the PES 
technique with He II source to examine the band-tail states of 
CuSCN and their effects on the charge extraction in organic 
photovoltaic devices. It should be noted that the CuSCN sam-
ples in both studies were thin films cast from sulfide-based 
solutions at room temperature followed by thermal annealing 
in nitrogen environment.
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Figure 5.  Slabs of hexagonal β-CuSCN displaying the non-polar (110) and (100) surfaces in (a) and (b), respectively, and the polar (101) and (001) 
surfaces in (c) and (d), respectively. The images are shown as side views with the surfaces orthogonal to the page and the plane normal pointing to 
the top of the page. Atoms are color coded as dark brown for Cu, yellow for S, grey for C, and blue for N. Reproduced with permission.[22] Copyright 
2016, the Royal Society of Chemistry.
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5.1. Band Tail States in CuSCN

It is well established that charge carrier transport in semi-
conductors and their devices is strongly influenced by the 
densities of states near the band edges. In highly crystalline 
materials (e.g. single crystals), the VB and CB are sharp, and 
the transport proceeds via band transport mode (extended 
states—wavefunctions are highly delocalized). In non-crys-
talline and polycrystalline materials, however, structural dis-
order as well as chemical impurities and the presence of grain 
boundaries between crystalline regions/domains (crystallites) 
create localized states above the VBM or below the CBM 
within the band gap, disrupting the band transport. In the case 
where the DOS of these localized states are distributed near 
the band edges (within the bandgap) and are manifested as an 
optical absorption tail often called band-tail states. Since these 
DOS can exist in the supposedly forbidden gap (hence no 
longer a true energy gap), the notation “mobility gap” is some-
times used to distinguish the region between the VB and CB 
edges. The gap in this case refers to the separation between 
the extended states where band transport takes place and the 
localized states.

Pattanasattayavong et al.[48] employed a method developed by 
Grünewald et al.[49] to analyze the current-voltage characteristics 
of nanocrystalline CuSCN layer-based field-effect transistors in 
order to study the band-tail states. Their results showed that the 
DOS of the tail states followed an exponential distribution with 
a characteristic energy of around 42 meV (Figure 6a), a value 
which is similar to those of p-type amorphous inorganic semi-
conductors such as a-Si or a-As2Se3.[50–52] It was also shown that 
the dynamic disorder could play an important role as the DOS 
became narrower with the decreasing temperature although 
further investigation is required.

Kim et al.[28] studied the VB of CuSCN using the PES 
technique equipped with a He II (40.82 eV) UV source for 
resolving states near the band edge. The PES spectrum in close 
proximity of the VBM revealed the existence of exponential 
tail states extending into the gap (Figure 6b and inset) with a 
characteristic energy of around 150 meV (calculated from the 
digitized image). The latter value is significantly larger than 
that reported by Pattanasattayavong et al., but the results are 
in qualitative agreement. To this end, it should be noted that 
the spectra from PES measurements may be broadened by 
various effects and may add to the characteristic energy of the 
tail states distribution. The authors also showed that, when 
CuSCN was used as a hole-transporting interlayer, the band-
tail states could assist with the hole transport between the 
electrode and the active semiconductor layer by providing the 
transport pathway. Specifically, the hole injection/extraction 
barrier is effectively reduced by the presence of the band-tail 
states even when CuSCN is not heavily doped (EF still lies at 
a considerable distance from the VBM). Additionally, Aldakov 
et al.[53] also analyzed the optical absorption tail (Urbach tail) 
of their electrodeposited CuSCN samples and reported rela-
tively high values of the characteristic energy in the range of 
200–240 meV. The authors cited the possible origins as states 
within the band gap that may originate from internal strain, 
composition variations, or surface defects.

5.2. Hole Transport in CuSCN

Despite the widespread use of CuSCN as a hole-transporting 
layer in various optoelectronic devices, the charge carrier trans-
port mechanisms in CuSCN have only been studied recently 
by Pattanasattayavong et al.[48] By investigating the tempera-
ture dependence of the field-effect hole mobility of CuSCN-
based thin-film transistors, three different transport regimes 
were identified for solution-processed CuSCN layers. At high 
temperatures (228–303 K), the transport was strongly ther-
mally activated, a signature of the multiple trapping and release 
(MTR) mode which is an archetype model for transport in non-
crystalline inorganic semiconductors.[54–56] In this case, carriers 
can still travel as waves (band transport) in the extended states 
outside the mobility gap but become momentarily trapped by 
the localized states in the band tail before being released via 
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Figure 6.  a) Density of states of the tail localized states in the mobility 
gap of polycrystalline solution-processed CuSCN calculated from the 
transfer characteristics of CuSCN-based field-effect transistors. Repro-
duced with permission.[48] (b) Photoemission spectrum near the valence 
band edge of CuSCN obtained using the He II UV source and (inset) the 
close-up showing the band-tail states extending from the valence band 
edge toward the Fermi level. Reproduced with permission.[28] Copyright 
2016 American Chemical Society.
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thermal activation. At intermediate temperatures (123–228 K), 
the transport mechanism was also thermally activated but with 
a smaller energy barrier. Based on similar observations in non-
crystalline inorganic semiconductors, the authors proposed 
that the transport process followed the variable range hopping 
(VRH) mechanism in this temperature range.[50,55] The thermal 
activation persists in this regime due to the hopping process in 
the tail of localized states.

The transition from MTR to VRH could be understood from 
the temperature dependence of the transport energy, a repre-
sentative energy level that the carrier transport takes place.[57,58] 
For MTR mode, this energy coincides with the band edge, i.e., 
holes are activated from localized states to the extended states 
in the VB. When temperature decreases, the transport energy 
moves away from the VB into the tail states, and the trans-
port mode changes to VRH. Further decrease in temperature 
causes the transport energy to move deeper into the mobility 
gap toward the EF. At low temperatures (78–123 K), the data 
was not conclusive, but the authors speculated that the trans-
port mode in this regime may be the field-assisted hopping. In 
light of these results it can be concluded that hole transport in 
solution-processed polycrystalline layers of CuSCN appears to 
follow similar mechanisms already observed in conventional 
non-crystalline inorganic semiconductors. Although established 
theories provide an appropriate starting point for the develop-
ment of a deeper understanding of charge carrier transport in 
CuSCN, more work is certainly required. Elucidating the funda-
mental nature of charge transport in CuSCN and the role of the 
layer microstructure, in particular, will most definitely lead to 
improved deposition routes as well as assist towards the design 
of new materials and devices with improved operating charac-
teristics for a wide range of future opto/electronic applications.

6. Related Materials

To the best of our knowledge, CuSCN is so far the only mate-
rial in the pseudohalide group of compounds that exhibits 
semiconducting properties suitable for practical electronic 
applications. Another closely related compound, copper(I) 
selenocyanate (CuSeCN), has also been studied computation-
ally by Tsetseris[42,44] and shown to possibly possess electronic 
properties akin to those of CuSCN. Based on similar DFT cal-
culations with the sulfur atom replaced by a selenium atom, 
the natural phase of CuSeCN was also predicted to be the β 
phase while the α and the 2D-like layered γ phases were less 
stable,[42] analogous to the case of CuSCN. Although the author 
did not explicitly study the charge carrier transport properties, 
the plot of the total DOS of β-CuSeCN could imply that holes 
may be the dominant charge carriers due to the higher disper-
sion near VBM than CBM. Another prediction was a smaller 
band gap for CuSeCN compared to that of CuSCN.[44] CuSeCN 
has been observed in electrochemical systems,[59,60] but more 
research is required to understand its properties and uses. Also 
mentioned in Ref. [42] is copper azide CuN3, which is isoelec-
tronic to CuSCN and exhibits a layered phase similar to those 
predicted for CuSCN and CuSeCN.[43,61] However, azides are 
highly explosive and thus unlikely to be suitable for electronic 
applications.[62]

It is also noteworthy to acknowledge copper iodide (CuI) as 
it is a well-known p-type metal halide also based on Cu(I) and 
has been employed in several device applications as a hole-
transporting layer.[63–66] Although the conductivity of γ-CuI is 
electronic, α-CuI and β-CuI also show strong ionic conduc-
tivity[67] and may present a challenge in the development of 
electronic devices. However, a full discussion on CuI is beyond 
the scope of this work as it is a common metal halide and does 
not possess the quasi-molecular nature as in the case of pseu-
dohalides. To this end, Grundmann et al.[67] have recently pub-
lished a comprehensive review of the properties and applica-
tions of CuI.

7. Conclusion

We have reviewed key aspects of the electronic and charge 
transport properties of the quasi-molecular, wide band gap 
semiconductor CuSCN. Its excellent hole-transporting proper-
ties and the high optical transparency can be understood based 
on the band structure of this rather unique material. Recent 
DFT calculations of hexagonal β-CuSCN show that the VBM is 
mainly composed of Cu 3d states with some hybridization from 
S 3p states whereas the CBM is predominantly the antibonding 
π* states of the cyanide portion, resulting in a more dispersive 
VB as compared with conventional wide band gap inorganic 
semiconductors.[11,22,23] The antibonding character also leads to 
an indirect band gap which, coupled with the large band gap of 
≥3.5 eV, enhances the optical transparency in the visible range. 
Calculations of various defects in CuSCN also support the pre-
dominant p-type conductivity observed in various CuSCN sam-
ples prepared from different methods. The Cu vacancy is the 
main candidate for the acceptor-type doping as its formation 
energy is predicted to be sufficiently low and its defect energy 
level close to the VB.[11,21,23] Other potential candidates include 
the CN vacancy and H impurities.[11,23]

Polymorphism in CuSCN has also been studied theoreti-
cally.[23] The β-CuSCN is shown to be the most stable phase, 
followed by the already observed α phase. Three new layered 
structures have been predicted, namely the γ, δ, and ε phases. 
The stability of γ-CuSCN is reported to be close to that of the α 
phase, suggesting the possibility of synthesizing this form. Its 
structure also resembles that of the 2D metal dichalcogenides, 
which represent an important class of emerging electronic 
materials. Different orientations of CuSCN could also have an 
impact on the carrier transport due to its anisotropic structure 
(and the high asymmetry between the Cu and SCN units). Polar 
and non-polar surfaces of hexagonal β-CuSCN are shown to 
have different DOS.[22,23]

The band-tail states in non-crystalline solution-processed 
samples of CuSCN have also been studied. The distribution of 
these localized states is reported to be in an exponential form 
extending from the VBM into the gap.[28,48,53] Hole transport in 
this type of CuSCN has been explained based on the theories 
of multiple trapping and release and variable range hopping.[48] 
Theoretical models initially developed for conventional non-
crystalline inorganic semiconductors have been shown to offer 
basic explanation of tail states and hole transport mechanisms 
in non-crystalline CuSCN.
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On the basis of the published literature to date it can be 
argued that although the general background of semicon-
ductor physics of CuSCN has been laid out, a significant gap 
in the detailed understanding of the electronic phenomena that 
govern charge transport in CuSCN still exists. Experimental 
verifications are also required for many of the properties that 
have been predicted by theory. As CuSCN becomes more tech-
nologically relevant for application as an optically transparent 
hole-transporting semiconductor in various opto/electronic 
devices, further studies of its properties are expected to be 
highly fruitful and critically important.
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Polymeric metal thiocyanates are introduced as a new class of semiconductors with unique electronic 
properties of the metal centers combined with wide band gaps from bonding with the thiocyanate 
ligand. One example is copper(I) thiocyanate (CuSCN) which is an excellent transparent p-type 
semiconductor and has already shown a great potential in electronic application particularly thin film 
transistors (TFTs), perovskite solar cells (PSCs), organic solar cells (OSCs), and organic light emitting 
diodes (OLEDs).1,2,3 Herein, we introduce tin(II) thiocyanate [Sn(NCS)2] as another inorganic 
coordination polymer semiconductor. Sn(II) compounds show promising applications in opto/electronic 
devices due to its electronic structure, for example, SnO is an excellent p-type oxide with high hole 
mobility.4 It is of great interest to study the properties of Sn(NCS)2 and its applications in electronic 
devices. 

 Sn(NCS)2 was synthesized and solution-processed into thin films by spin coating. Film 
annealing can be carried out at temperatures below 80oC, showing compatibility with organic layer 
processing and plastic substrates. As part of this study, optical, chemical, and morphological 
characterization was performed. Absorption spectrum of SnSCN2 also demonstrated absorption in UV 
region which related to high transparency of SnSCN2 thin film in visible and NIR region. The chemical 
composition of Sn(NCS)2 thin film was confirmed by X-ray photoelectron spectroscopy (XPS). Atomic 
force microscopy (AFM) presented morphology and roughness of Sn(NCS)2 film. The result shows that 
the film had high smoothness (RMS = 7.5 nm.) and excellent film quality. In addition, organic solar 
cells were fabricated using either P3HT:PC70BM or PBDTTT-EFT:PC70BM as the active light-
absorbing layer and employing Sn(NCS)2 as the hole transport layer. Device fabrication currently 
investigates the deposition parameters to optimize the device efficiency. 
 
 In conclusion, Tin thiocyanate was demonstrated as one of the new p-type material based on 
thiocyanate ligand which exhibits remarkable properties and a potential to use in OPVs.                       
Further studies are required to understand charge transport mechanism and investigate new electronic 
applications. 
 
 
 
Keywords : Tin(II) Thiocyanate [Sn(NCS)2], P-type Semiconductor, Hole Transport Layer,                         
                     Organic Solar Cells  
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Improving charge transport in CuSCN hole transport layer by 
anti-solvent treatment and application in high-efficiency 

organic solar cells 
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Copper(I) thiocyanate (CuSCN) is a wide bang gap transparent p-type semiconductor with 
remarkable potential as a hole transporting material. Low-temperature, solution processability is another 
advantage of applying CuSCN in large-area electronic applications.1 CuSCN was recently reported to use 
as a hole transport layer in organic photovoltaic (OPVs) and organic light emitting diodes (OLEDs) in order 
to replace the conventional materials such as PEDOT:PSS. Interestingly, CuSCN devices exhibit higher 
efficiency than PEDOT:PSS.2-3 However, the development of CuSCN as hole transport layer is still in the 
early stage and further optimization is expected to improve performance, especially by improving the charge 
transport properties within CuSCN film which is the fundamental factor to control device efficiency. 

Here, we report on adjusting film morphology by anti solvent treatment that leads to improved hole 
transport in the films. The common solvents were applied in a second spin coating step, using as an anti-
solvent including Acetone (Ace), Methanol (MeOH), Isopropanol (IPA) and Tetrahydrofuran (THF). The 
resultant films were highly transparent in visible and NIR region similar to an untreated film. In addition, film 
morphology was observed using atomic force microscopy (AFM). The results show that CuSCN film treated 
by Ace, IPA and THF exhibit better film quality than the other bacause of smaller grain size and reducing 
root mean square roughness (RMS). These smoother films enhance the transport of charge carriers as 
proved by five times increasing of CuSCN thin-film transistor mobility. Thus, anti-solvent method appear to 
be a remarkable approach to enhance OPVs devices efficiency. 

 

Keywords  Copper(I) thiocyanate, CuSCN, Solution-processed, Charge Transport, Organic Photovoltaic 
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Abstract: Copper(I) thiocyanate (CuSCN) has been presented as a promising wide band gap semiconductor 
with novel characteristics that feature high optical transparency in the UV, visible, and near-infrared range as 
well as the ability to transport holes. Moreover, CuSCN can be deposited from solution and only requires mild 
annealing condition around 80 to 120 °C, making it compatible with large-area plastic substrates. The unique 
properties of CuSCN have led to the demonstrations of p-type thin-film transistors (TFTs) based on solution-
processed, transparent, inorganic semiconductor using CuSCN as the active channel layer on both rigid and 
flexible substrates (Adv. Mater. 2013, 25, 1504; Appl Phys. Lett. 2017, 110, 113504.). In this work, we 
investigate the solution-processing of CuSCN thin film further by employing solvent treatment after the 
deposition of CuSCN thin films. The base CuSCN films were deposited by spin-coating CuSCN solution in 
diethyl sulfide (DES) on glass substrates and were subsequently treated by spin-coating neat solvent on top. 
Four solvents that do not dissolve CuSCN (i.e., antisolvents) were tested, namely acetone, methanol, 
isopropanol, and tetrahydrofuran. Photoelectron spectroscopy (PES) was used to study the changes in the 
chemical and electronic properties whereas scanning electron microscopy (SEM) and atomic force microscopy 
(AFM) were employed for the characterization of surface morphology. Top-gate bottom-contact (TGBC) TFTs 
using CuSCN treated with various solvents as the active channel layer and poly(methyl methacrylate) (PMMA) 
as the dielectric were fabricated. Significant increase between 2-fold up to 5-fold of maximum drain current and 
hole mobility was observed. This work shows that the simple technique of solvent treatment can be used to 
improve hole transport in CuSCN film and that further optimization of CuSCN solution-processing is possible. 
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Copper(I) thiocyanate (CuSCN) has recently been shown as a high-potential wide 

band gap, hole-transporting semiconductor with promising applications demonstrated 

in a variety of applications from a p-type active channel layer in thin-film transistors 

(TFTs) [1] and a transparent hole transport layer (HTL) in organic light-emitting 

diodes (OLEDs) [2], organic photovoltaics (OPVs) [3], and perovskite solar cells [4]. 

In particular, CuSCN as HTL can improve the efficiencies of devices when compared 

to the incumbent PEDOT:PSS, owing to its large band gap (> 3.5 eV), moderate hole 

mobility (0.01 to 0.1 cm2 V-1 s-1), and appropriate energy level for hole 

injection/extraction (valence band around 5-5.5 eV) [5]. However, solution processing 

of CuSCN has remained a key issue that limits its optimization and wider utilization. 

Specifically, two key aspects will be highlighted in this talk: the choice of solvents 

and the complexation of solvent molecules with CuSCN. Firstly, in addition to diethyl 

sulfide (DES), dipropyl sulfide (DPS), and aqueous ammonia [NH3(aq)] which have 

been previously employed to process CuSCN, we report here that pyridine, diethyl 

amine, dipropyl amine, and dibutyl amine can also dissolve CuSCN. Various thin-

film characterization techniques such as photoelectron spectroscopy (PES), X-ray 

diffraction (XRD), atomic force microscopy (AFM), and UV-visible spectroscopy 

(UV-Vis) have been used to study the chemical, structural, morphological, and optical 

properties of the resulting CuSCN thin films deposited from these alternative 

solvents. Although, the optical band gaps (Eg,opt) and valence band edge (VBE) 

structures are mostly similar to CuSCN processed from DES or DPS, i.e., Eg,opt in the 

range of 3.8 to 3.9 eV and VBE lying approximately 1 eV below the Fermi level, we 

have observed varying chemical and structural/morphological properties, such as 

different Cu(I)/Cu(II) ratios and extent of preferred crystallographic orientations. 

Secondly, we have found that CuSCN and solvent molecules can form stable 

complexes. Solids obtained from slow evaporation of CuSCN dissolved in sulfide-

based solvents have been characterized by single-crystal X-ray diffraction (SCXRD) 

and shown to be solvates containing CuSCN and solvent molecules as ligands. Based 

on thermogravimetric analysis (TGA), CuSCN-DPS solvates show a 50% mass loss at 

110°C. Immersing these solvates in alcohols shows that the mass loss is reduced to 

2%, suggesting an alternative method to remove solvents from CuSCN thin films. The 

two points discussed here can provide direction for further modification and 

optimization of CuSCN thin film and improved device performance. 
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Oxide semiconductors, particularly ZnO, SnO2, and In2O3 have shown great potential in plastic 
and organic opto/electronic applications due to their high charge carrier mobility, stability, and 
manufacturing versatility. However, there has always been one hurdle that prevents their full 
utilization  the lack of p-type or hole-transporting counterparts. The electronic structures of 
the prevalent oxide semiconductors do not favor holes as charge carriers, and attempts at p-
doping have not been fruitful. Copper(I) thiocyanate (CuSCN), a pseudo-halide compound, is 
one of a handful of inorganic compounds that have been successfully shown functional 
applications based on its hole-transporting characteristics. Coupled with its wide band gap of 
larger than 3.5 eV, CuSCN yields the unique combination of hole transport and high optical 
transparency.1,2 Recent demonstrations have shown its enormous potential as a transparent p-
type channel layer in thin-film transistors3,4 as well as a hole-extracting/injecting layer in 
organic photovoltaics5,6 and organic light-emitting diodes.7 The latter two applications also 
exhibited improved efficiencies when compared with devices based on the incumbent poly(3,4-
ethylenedioxythiophene:polystyrenesulphonate) (PEDOT:PSS) as the hole-transporting layer. 
In this talk, I will present an up-to-date summary of the development of CuSCN for plastic and 
organic opto/electronics and as well as our recent investigations on the processing of CuSCN 
thin films. 
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Abstract 

Copper(I) thiocyanate (CuSCN) is a p-type semiconductor with great potential as the active layer in thin film 

transistors (TFT), or as a hole transporting material in other electronic devices such as solar cells and light emitting 

diode. A major obstacle limiting the use of CuSCN in large area applications is its solubility. Current literature 

reports only a few solvents that dissolve CuSCN such as diethyl sulfide (DES) and dipropyl sulfide (DPS). 

However, these solvents are irritants and expensive. Here we present a study of alternative solvents along with 

their electronic and morphological effects on thin films of CuSCN. 

This report introduces multiple organic solvents including Pyridine, Diethylamine and Dibutylamine to 

dissolve CuSCN for thin film processing. Fourier-transform infrared spectroscopy (FT-IR) was used to observe 

atomic bonding between the chosen solvents and CuSCN molecules. Next, films of CuSCN were deposited via 

spin-casting at low temperatures (≤100°C). The resultant films were highly transparent in visible and NIR region 

(≤1% absorption) as demonstrated from UV-vis-NIR spectroscopy results. The optical band gaps of the films 

produced from these new solvents showed values of approximately 3.9 eV, comparable to the optical band gap of 

CuSCN films produced from solutions of DES and DPS. Scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) were used to examine the ensuing film morphology. From these measurements a solvent 

dependent morphology was observed. Finally, X-ray photoelectron spectroscopy (XPS) was used to further study 

and determine the oxidation state of Copper element in the CuSCN films. 

In conclusion, this study characterizes safer and less expensive alternative solvents for CuSCN solutions, 

crucial in the development of large area electronic processing. These solvents produced new morphologies of 

CuSCN films while maintaining comparable optical and electronic properties. 

 

 

Keywords: Copper(I) thiocyanate, CuSCN, Thin film, Optical property, Solution-processed, Dissolution, 

Solubility 
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Oxide semiconductors, particularly ZnO, SnO2, and In2O3 have shown great potential in plastic 

and organic opto/electronic applications due to their high charge carrier mobility, stability, and 

manufacturing versatility. However, there has always been one hurdle that prevents their full 

utilization – the lack of p-type or hole-transporting counterparts. The electronic structures of 

the prevalent oxide semiconductors do not favor holes as charge carriers, and attempts at p-

doping have not been fruitful. Copper(I) thiocyanate (CuSCN), a pseudo-halide compound, is 

one of a handful of inorganic compounds that have been successfully shown functional 

applications based on its hole-transporting characteristics. Coupled with its wide band gap of 

larger than 3.5 eV, CuSCN yields the unique combination of hole transport and high optical 

transparency. Recent demonstrations have shown its enormous potential as a transparent p-type 

channel layer in thin-film transistors (Adv. Mater. 2013, 25, 1504) as well as a hole-

extracting/injecting layer in organic photovoltaics (Adv. Energy Mater. 2015, 5, 1401529) and 

organic light-emitting diodes (Adv. Mater. 2015, 27, 93). The latter two applications also 

exhibited improved efficiencies when compared with devices based on the incumbent poly(3,4-

ethylenedioxythiophene:polystyrenesulphonate) (PEDOT:PSS) as the hole-transporting layer. 

In this talk, I will present a summary of the development of CuSCN for plastic and organic 

opto/electronics and as well as a review on the recent studies on fundamental properties of 

CuSCN.  
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Copper(I) thiocyanate (CuSCN) is a solution-processable inorganic semiconductor 

that combines two sought-after characteristics of good hole-transporting properties and 

high optical transparency. As recently reviewed [1], its use in thin-film electronic 

devices is gaining more attention due to its versatility, favorable energetics, and p-type 

characteristics. Albeit having been utilized in various types of solar cells such as the 

bulk-heterojunction (BHJ) cells, dye-sensitized solar cells (DSSCs), and perovskite 

solar cells (PSCs) as well as in organic light-emitting diodes (OLEDs) and thin-film 

transistors (TFTs), there is still a crucial lack of understanding of electrical and 

electronic properties of CuSCN. 

In this work, we fabricated metal-insulator-semiconductor (MIS) capacitors and top-

gate bottom-contact TFTs based on CuSCN as the semiconductor layer and two 

different polymeric insulators and analyzed field-effect measurements to obtain several 

important parameters: dielectric constant (5.1 ±1.0), flat-band voltage (–0.7 ±0.1 V), 

and unintentional doping concentration (7.2 ±1.4×1017 cm–3). The subthreshold 

characteristics of CuSCN-based TFTs also reveal the presence of localized hole states 

that can be characterized by an exponential distribution with a characteristic energy of 

42.4 ±0.1 meV. Investigating the temperature dependence of the transistor transfer 

characteristics also allows the study of the hole transport processes in CuSCN which are 

found to exhibit three transport regimes. The first regime observed at high temperatures 

(228 to 330 K) appears to follow the multiple trapping and release mechanism while the 

second regime seen at intermediate temperatures (123 to 228 K) can be described with 

the variable range hopping mechanism. The third regime at low temperatures (78 to 123 

K) displays weak temperature dependence and is speculated to arise from a field-

assisted hopping process. The transitions from one transport mechanism to another are 

explained by the temperature dependence of the transport energy. Devices based on two 

different polymeric insulators showed similar behaviors, asserting that the observed 

results are characteristics of CuSCN. 

Due to the recent increasing interest in CuSCN, this work timely discusses the 

electrical and electronic properties of this material which are important for further 

development as a high potential hole-transporting wide band gap semiconductor to 

replace the incumbent PEDOT:PSS as well as to match with the transparent n-type 

oxides in order to realize transparent electronics. 

 
 [1] N. Wijeyasinghe and T. D. Anthopoulos, “Copper(I) thiocyanate (CuSCN) as a hole-

transport material for large-area opto/electronics”,  Semiconductor Science and Technology, 
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