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Abstract

With the emerging applications of copper(l) 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 further materials and devices performance advancement. The aim
of this article is to provide a comprehensive and up-to-date report of the electronic properties
of CuSCN with key emphasis on the structure-property relationship. The article is divided
into four parts. In the first section, we review recent works on density functional theory
calculations of the electronic band structure of hexagonal B-CuSCN. Following, various
defects that may contribute to the conductivity of CuSCN are discussed, and newly predicted
phases characterized by layered 2-dimesnional-like structures are highlighted. Finally, a
summary of recent studies on the band-tail states and hole transport mechanisms in solution-

deposited, polycrystalline CuSCN layers is presented.
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1. Introduction

Copper(l) thiocyanate (CuSCN) has been attracting increasing interest for the use as an
optically transparent hole-transporting intrinsic semiconductor in various opto/electronic
devices including thin-film transistors (TFTs),[ organic-light emitting diodes (OLEDs),
bulk-heterojunction (BHJ) organic solar cells,®# extremely thin absorber (ETA) solar cells,®!
dye-sensitized solar cells (DSSCs),!®! and perovskite solar cells (PSCs).["! Despite the breadth
of the high potential technological applications (see also a review by Wijeyasinghe and
Anthopoulos® on applications of CuSCN), the study 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 applications is the scarcity of suitable hole-transporting,
wide band gap semiconductors. The arduous pursuit to predict, synthesize, and apply such
materials has focused on metal oxide compounds and vyielded only limited success,
particularly when compared with the rapid advances of the electron-transporting counterparts
such as ZnO, In20s3, or indium-gallium-zinc oxide (IGZO). Among the range of studied p-type
oxides, only Cu-0, SnO, and NiO have been shown to yield functional opto/electronic devices
(see a recent review on p-type oxide semiconductors by Wang et al.’l), but their performance
is still lacking, especially when high transparency 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(l) pseudohalide compound, has been shown to be an intrinsic p-type inorganic
semiconductor with a wide band gap (>3.5 eV)[***2 and appropriate electronic levels that
allow efficient hole injection/extraction while simultaneously blocking electron transport.[>
The latter is a characteristic not shared by Cu20, SnO, and NiO primarily due to difficulties

associated with controlling their stoichiometry. As a result, CUSCN has successfully been
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employed as a universal, highly transparent hole-injecting/extracting/transporting layer in a
wide range of applications.[®! Additionally, CuSCN is chemically stable™**°! and can be
easily prepared at high purities as well as processed from solution-phase at low
temperatures.[*®*1 Moreover, owing to its quasi-molecular nature, CUSCN can be chemically
modified;?" 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 applications, it is now essential that
the fundamental electronic properties of CuSCN are understood. Herein, we comprehensively
review recent works on the electronic and charge transport properties of CuSCN. The band
structure and density of states in hexagonal B-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 considered.
Apart from the known bulk a and B 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 addition, models of different surfaces of
hexagonal B-CuSCN are also discussed as the orientation of the structure is expected to
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 applications, there have been only a handful of published theoretical
studies of the electronic properties of CuSCN, in particular by Jaffe et al.,[*Yl Ji et al.,[?*] Chen
et al.,[??l and Tsetseris.I¥] These works mainly employ the density functional theory (DFT)

calculations for elucidating the electronic structure of the most popular form of CuSCN
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(usually observed in experiments), the hexagonal B-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 characteristics 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 7z~ 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!**?*?? have yielded qualitatively consistent results of the band
structure of hexagonal B-CuSCN (one set of the results?? is displayed in Figure 1b whereas
the Brillouin zone of a hexagonal lattice!! is shown in Figure 1c). All of them unanimously
predict an indirect band gap with a VB maximum (VBM) at the I" point and a CB minimum
(CBM) at the K 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.??l obtained a value of
3.45 eV which is closer to the experimental values of 3.7-3.9 eV.[*11225-271 However, 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.[Yl 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.l'* to be at 0.4 eV higher than the lowest transition. On the other hand,
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Kim et al.,[?®1 employing the 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. Also, 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 feature may be due to the indirect band gap, disorder or non-crystallinity,
polymorphism, or a combination of these factors.l!™ It 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 B-CuSCN is the relatively
high dispersion near the top of the VB. Generally, for the common wide band gap
semiconductors such as In203, SnO2, and ZnO, the CBs are highly dispersive while the VBs
are flat near the band edges,!? 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 comparable (see Figure 1b),[21221 suggesting that hole transport is not
hindered (and conversely that electron transport is suppressed). 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.'Y found that the effective
masses (m™* expressed in terms of multiples of the electron rest mass m,) were similar, i.e.,
m*~ m, for electrons and m*~ 0.8m, for both heavy and light holes. On the other hand, the
electrons and the heavy holes carried effective masses of m*~2m, in the ab plane whereas
the light holes showed a smaller value of m*~0.5m,. 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., ionization energy) of CuSCN
allows the injection and extraction of holes by common electrodes such as gold or indium tin

oxide-based conductors. It is crucial that good Ohmic contacts can be established; otherwise,
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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 PESI*22830 and electrochemical methods.31321 On the other hand, the CBM level of
CuSCN determined experimentally via IPES is found to be -2.5 eV.128 This characteristically
shallow CBM energy makes CuSCN an excellent electron-blocking material as already

demonstrated in several studies.[2433

2.2. Density of States in CuUSCN

Figure 2a shows the total density of states (DOS) and partial density of states (PDOS) of
hexagonal B-CuSCN in more detail. The top of the VB from the VB edge (set at E = 0 eV) to
approximately -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 z bonding within the —SCN unit. The highest of these three 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 the S-C bond. The photoemission
spectrum of CuSCN near the VBM in this energy range is in qualitative agreement with 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 o bonding of the cyanide portion. With the increasing binding energy, the VB character of
hexagonal B-CuSCN is consisted 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 = bonding
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and ¢ 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 Cu20, also a Cu(l) compound that
shows a strong character of Cu 3d states at the VBM.E**] This is in contrast to the dominant
O 2p character in the VBM vicinity of important oxide semiconductors such as ZnO, SnOa,
and In,03.1%°]

Interestingly, the CB edge, which is dominated by the C 2p and N 2p states, shows a
unique character of the 7~ antibonding orbitals of the cyanide part that has no analog in
traditional semiconductors. The antibonding characteristics of the CB also results in a CBM
located away from the I' point in the Brillouin zone,™! 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.*® showed that the conductivity 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.[l
Therefore, extrinsic p-doping of CuSCN has generally been associated with the excess SCN
or deficient Cu conditions, and naturally the native defect Cu vacancy (Vcu) is proposed to be
the major source of excess holes often observed in CuSCN.[*+2L21 |n 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.[*?l and 0.75 eV above VBM by Kim et al.[?®l. Reports on n-

type conductivity of CuSCN, on the other hand, is not common and, even if attainable, may
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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 conductivity 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 B-CuSCN.[1%21.2]
The removal of a Cu atom from the lattice causes the neighboring atoms to move only
slightly.[**2%1 For example, Tsetserist®! calculated that the distance between S atoms would
change from 3.85 A to 3.71 A. Jaffe et al.*Y 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 10*° cm™ could be feasible. Interestingly, their calculation result of a larger 72-site
supercell (which corresponds to a lower concentration of Vcy) yielded a higher formation
energy of 0.55 eV, possibly further suggesting that high concentrations of V¢, are easily
obtainable. Results from Ji et al.!?!! also indicated a similar trend, i.e., a lower V¢, formation
energy at a higher concentration; however, their calculated formation energies were rather
high (4.45 eV for a 32-site supercell 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. Specifically, in the case of the 72-site supercell the energy band gap was
found to slightly increase while transforming to direct. 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.!]

An acceptor level at about 0.1 eV above the VBM has been reported by Jaffe et al.[!l
and Ji et al.?!l for the Cu vacancy. The latter study also described another acceptor level at

0.02 eV although they did not specify/elaborate on its possible origin.[?Y In contrast,
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Tsetseris!?! showed that Vcy did not yield an acceptor level but instead caused Er to move
into the VB, leading to strongly enhanced p-type conductivity. However, despite the
speculation of Vcy 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.*®! reported that doping CuSCN with SCN resulted in an acceptor level at 1 eV
above VBM as experimentally observed from a photoluminescence (PL) emission at 460 nm,
yet such a deep level should not contribute to a significant 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). impurities.B 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?®l reported that Vscn in p-CuSCN
lattice would lead to significant changes in the positions of the surrounding atoms, e.g., the
Cu-Cu distance would increase from 3.85 A to 4.33 A. Jaffe et al.l'Yl also showed that the
formation energy of Vscn would be high (i.e., 3.17 eV for a 32-site supercell) even under
favorable Cu-rich conditions and still as high as 2.05 eV under degenerate p-type conditions
(when Er moves into VB) which would highly favor the creation of compensating donors.
These values are much higher than those predicted by the authors for Vcy (0.2 to 0.55 eV) as
discussed earlier. Jaffe et al.l'Yl 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.[1%
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Tsetseris®®! 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 B-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
isothiocyanate (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,® and these substitutional
defects may be an interesting subject of further study.

On the other hand, Jaffe et al.l*¥l examined the possibilities 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 formation 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 interstitial
and antisite defects would not be likely due to the close-packed hexagonal structure of f3-
CuSCN and the large asymmetry 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.®*# A comprehensive study on the
formation energies of various defects in different charge states and under different preparation
conditions (Cu-rich or Cu-deficient) as a function of Er would provide a more complete

picture of the defect physics and charge compensation in CuSCN.
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3.3. Hydrogen Impurities

Tsetseris(?®l studied the inclusion of hydrogen impurities in the lattice of hexagonal f-CuSCN.
The calculation results of a single hydrogen atom showed that the most stable configurations
were the formation of S-H or C-H bonds (Figure 3a and 3b) with the 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 hydrogenated 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 B-CuSCN lattice and a H> molecule in vacuum. The author
proposed that the Hz impurities in the form of hydrogenated cyanide defect could likely exist
in real B-CuSCN samples. Another report by Pattanasattayavong et al.[!?l 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 observation may be hydrogenation, which would corroborate
Tsetseris’s findings. However, no final conclusion should be drawn yet until further
experiments can confirm the finding. Also, isomerism of the thiocyanate ion may be another
explanation for the C=N state.[%]

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 p-CuSCN were similar
to those of Vey, i.e., increasing p-type conductivity.[?® Contrastingly, 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.[?l Again, these computational results still require

experimental validation.

4. Polymorphs and Surfaces of CUSCN
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Most of the results reported to date, both computational and experimental, were associated
with the hexagonal B-CuSCN.!8 Another form, a-CuSCN (Figure 4a), has also been reported
and its structure characterized[® although it is less observed in experiments. It should also be
noted that the B 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™® whereas the rhombohedral 3R with the ABC
stacking also exists.[*"] Tsetseris!?®! calculated the energies and electronic properties of these
two polytypes of B-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 predicted layered 2D-like structures
of CuSCN, namely the v, 8, and & phases (Figure 4c, 4d, and 4e).[*?] Interestingly, the structure
of y-CuSCN was an analog of that of the 2D metal dichalcogenide while 5-CuSCN resembled
the graphene honeycomb structure. These two structures are well known for the 2D materials
which currently receive tremendous amount of attention. In fact, a structure similar to that of
8-CuSCN has already been reported for B-CuNs,[“®! which is also a pseudohalide compound of
Cu(l). The & phase of CuSCN was also honeycomb-like but with high degree of corrugation.
Among the different phases of CuSCN, Tsetserisl*? calculated that the p form was the most
stable, followed by the a phase. The layered y-CuSCN was, however, only slightly higher in
energy than a-CuSCN and may possibly be synthesized under the right conditions. The other
two phases, & and ¢ forms, were significantly higher in energy and thus less stable. The
calculated total density of states (DOS) of y-CuSCN showed that the band gap was widened
compared to that of B-CuSCN.[*?l Qualitatively, their plot also suggested that the VB of -
CuSCN became less dispersive while the CB was more dispersive, which may suggest that the

hole transport would be impeded in the layered structure.
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Building on the previous study on hydrogen impurities in B-CuSCN, Tsetseris also
found that adding hydrogen could significantly improve the stability of the layered forms of
CuSCN.IY In fact, the hydrogenation reactions (specifically adding a hydrogen molecule to
the cyanide portion) of a-, B-, y-, and 6-CuSCN were all exothermic. Surprisingly, the fully
hydrogenated form of y-CuSCN (denoted as y-CuSCNH2) was the second most stable after [3-
CuSCNHo>. However, the band gap of y-CuSCNH> was significantly reduced, and the DOS
also exhibited the adverse trend on the hole transport similar to the case of y-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 properties 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 B-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)].45461 Although for solution-grown CuSCN films the evidence is not yet clear due
to the often small layer thicknesses, results also indicate the presence of (101) or (001)
surface-oriented crystals.[***1 Computational results suggested that the (101)- and (001)-
orientations of hexagonal B-CuSCN could be stable especially when terminated with Cu, but
the most stable surfaces were (100) and (110).122 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.??l showed that the polar surfaces
experienced only slight changes in the displacement of the surface atoms and that their

partitioned charges were only marginally different from atoms in the bulk, hence supporting
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the idea of the existence of polar surfaces. Worth noting, however, is the fact that calculations
of the electronic properties of polar and non-polar surfaces (modelled as slabs in the
computations) of B-CuSCN vyielded different results.[?22®1 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 5¢ and 5d) showed a significant number of
states within the band gap. Chen et al.??l proposed that the polar surfaces could be semi-
metallic due to the high density of the Cu 4s states near Er, 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!®): however, the studies on the hole transport properties of
CUuSCN are very limited. Pattanasattayavong et al.,l*! employing field-effect measurements,
obtained hole mobilities between 0.01 and 0.1 cm? V! s from solution-processed thin film
CuSCN layers. These mobility values further corroborated the hole diffusion coefficients
(which are related to hole mobilities via the Einstein relation D = ukT/q, where D is the
diffusion coefficient, « is the mobility, k is the Boltzmann constant, T is the temperature, and
g is the elementary electric charge) which were reported earlier for CUSCN by Mora-Serd et
al.*l to be in the range of 0.001 to 0.01 cm? s based on impedance spectroscopy
measurements. More recently, Pattanasattayavong et al.*®l investigated the band-tail states
and hole transport processes in CuSCN based on the analyses of field-effect transistors. In
addition, Kim et al.[?® used the PES technique with He Il 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 samples 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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5.1. Band Tail States in CuSCN

It is well established that charge carrier transport in semiconductors 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-crystalline
and polycrystalline materials, however, structural disorder 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 sometimes 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.[*®l employed a method developed by Grinewald et al.[*?! 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 semiconductors
such as a-Si or a-AszSes.5%%2 |t 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.!?®] studied the VB of CuSCN using the PES technique equipped with a He 11
(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
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(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 (Er still lies at a
considerable distance from the VBM). Additionally, Aldakov et al.>®l also analyzed the
optical absorption tail (Urbach tail) of their electrodeposited CuSCN samples and reported
relatively 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 transport mechanisms in CuSCN have only been studied recently
by Pattanasattayavong et al.*®l By investigating the temperature 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 thermally activated, a signature of the multiple trapping and release
(MTR) mode which is an archetype model for transport in non-crystalline inorganic
semiconductors.54%81 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 thermal activation. At intermediate
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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.>®%! 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 representative energy level that the carrier transport
takes place.’”%8 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 transport mode
changes to VRH. Further decrease in temperature causes the transport energy to move deeper
into the mobility gap toward the Er. At low temperatures (78-123 K), the data was not
conclusive, but the authors speculated that the transport 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 development of a deeper understanding
of charge carrier transport in CuSCN, more work is certainly required. Elucidating the
fundamental 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 characteristics for a wide range

of future opto/electronic applications.

6. Related Materials
To the best of our knowledge, CuSCN is so far the only material in the pseudohalide group of

compounds that exhibits semiconducting properties suitable for practical electronic

17
Adv. Electron. Mater. 2017, 1600378


http://onlinelibrary.wiley.com/doi/10.1002/aelm.201600378/abstract

Adv. Electron. Mater. 2017, 1600378, DOI: 10.1002/aelm.201600378

applications. Another closely related compound, copper(l) selenocyanate (CuSeCN), has also
been studied computationally by Tsetseris! 244 and shown to possibly possess electronic
properties akin to those of CuSCN. Based on similar DFT calculations with the sulfur atom
replaced by a selenium atom, the natural phase of CuSeCN was also predicted to be the
phase while the a and the 2D-like layered y phases were less stable,*?l 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 B-CuSeCN could imply that holes may be the dominant charge
carriers due to the higher dispersion near VBM than CBM. Another prediction was a smaller
band gap for CuSeCN compared to that of CuSCN.[* CuSeCN has been observed in
electrochemical systems,*€° but more research is required to understand its properties and
uses. Also mentioned in Ref.[*?l is copper azide CuN3 which is isoelectronic to CuSCN and
exhibits a layered phase similar to those predicted for CuSCN and CuSeCN.[“3¢1 However,
azides are highly explosive and thus unlikely to be suitable for electronic applications.[®?

It is also noteworthy to acknowledge copper iodide (Cul) as it is a well-known p-type
metal halide also based on Cu(l) and has been employed in several device applications as a
hole-transporting layer.[3 Although the conductivity of y-Cul is electronic, a-Cul and p-
Cul also show strong ionic conductivity®’! and may present a challenge in the development of
electronic devices. However, a full discussion on Cul 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
pseudohalides. To this end, Grundmann et al.®l have recently published a comprehensive

review of the properties and applications of Cul.

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 properties

and the high optical transparency can be understood based on the band structure of this rather
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unique material. Recent DFT calculations of hexagonal B-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 =~ states of the cyanide portion, resulting in a more
dispersive VB as compared with conventional wide band gap inorganic
semiconductors.!1:2223 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 predominant p-type
conductivity observed in various CuSCN samples 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.[1121231 Other
potential candidates include the CN vacancy and H impurities.[**2l

Polymorphism in CuSCN has also been studied theoretically.”®] The B-CuSCN is
shown to be the most stable phase, followed by the already observed a phase. Three new
layered structures have been predicted, namely the vy, 8, and & phases. The stability of y-
CuSCN is reported to be close to that of the a 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 f-
CuSCN are shown to have different DOS.[222l

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.[?8485% Hole transport in this type of CuSCN has been
explained based on the theories of multiple trapping and release and variable range

hopping.*8 Theoretical models initially developed for conventional non-crystalline inorganic
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semiconductors have been shown to offer basic explanation of tail states and hole transport
mechanisms in non-crystalline CuSCN.

On the basis of the published literature to date it can be argued that although the
general background of semiconductor 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 technologically 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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Figure 1. (a) Crystal structure of hexagonal f-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 -
CuSCN calculated by DFT with HSE hybrid functional. Reproduced from Ref.[?2l with
permission from The Royal Society of Chemistry. 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. Reprinted from Computational Materials
Science, Vol. 49, W. Setyawan and S. Curtarolo, High-throughput electronic band structure
calculations: Challenges and tools, pp. 299-312,[241 Copyright 2010, with permission from

Elsevier.
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Figure 2. (a) Calculated total and partial densities of states of hexagonal B-CuSCN showing

the contributions from different states of the constituents of CuSCN. Reprinted with

permission from J. Phys. Chem. C 2010, 114, 9111.1*Y1 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). From Chem.

Commun. 2013, 49, 4154-4156!*2 - Reproduced by permission of The Royal Society of

Chemistry. Copyright 2013, The Royal Society of Chemistry.
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Figure 3. Single H impurity in hexagonal B-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. Copyright IOP Publishing. Reproduced with

permission.2®! All rights reserved.
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Figure 4. Two phases of bulk CuSCN which have been experimentally observed: (a) o and
(b) B phases (the latter shown in the 2H polytype). Three newly predicted layered 2D-like
phases: (c) v, (d) 9, and (e) epsilon phases. Atoms are color-coded as brown for Cu, yellow for
S, grey for C, and blue for N. Reproduced from Ref.1*?l with permission from the PCCP

Owner Societies. Copyright 2016, PCCP Owner Societies.
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Figure 5. Slabs of hexagonal -CuSCN displaying the non-polar (110) and (100) surfaces in
(@) 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 from Ref.[?2 with permission from The Royal

Society of Chemistry. Copyright 2016, The Royal Society of Chemistry.
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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. Reproduced with permission.[*®l Copyright 2015, Wiley. (b) Photoemission
spectrum near the valence band edge of CuSCN obtained using the He Il UV source and
(inset) the close-up showing the band-tail states extending from the valence band edge toward

the Fermi level. Reprinted with permission from J. Phys. Chem. Lett. 2016, 2856.[%¢

Copyright 2016 American Chemical Society.
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