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Abstract

Copper(I) thiocyanate (CuSCN) is a unique wide band gap, p-type inorganic semiconductor 

with extensive opto/electronic applications. Being a coordination polymer, CuSCN requires 

processing by coordinating solvents, such as diethyl sulfide (DES). The strong interactions 

between CuSCN and DES lead to the formation of SCN- vacancies (VSCN), which are 

detrimental to hole transport. In this work, we rationally modify copper(I) thiocyanate 

(CuSCN) through the use of chemically compatible copper(I) halides (CuX, where X = Cl, Br, 

or I). Assessing the device characteristics of thin-film transistors employing CuX-modified 

CuSCN as the p-channel layer, adding 5% of CuBr is found to be the most optimal condition. 

The hole mobility is increased by 5-fold to 0.05 cm2 V−1 s−1 while the on/off current ratio is 

also enhanced up to 4×104. As the drain current in the off-state does not increase whereas the 

trap states density is reduced, the performance improvement can be attributed to the defect 

healing effect. Detailed characterizations by synchrotron-based X-ray absorption spectroscopy 

reveal the recovery of the coordination environment around Cu, confirming that Cl- and Br- 

can effectively passivate VSCN defects. In particular, CuBr further improves film uniformity 

and smoothness. The simple protocol based on common chemicals reported herein is applicable 

to the standard CuSCN processing recipe, which is currently applied across a wide range of 

electronic and optoelectronic devices. 
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1. Introduction

Semiconductors based on coordination polymers (CPs) are an emerging class of materials with 

several attractive features, such as tunable optical and electronic properties, thermal and 

chemical stability, and solution-based processability.1–5 One of the prime examples is copper 

(I) thiocyanate (CuSCN) which has been applied across a wide range of electronic and 

optoelectronic device applications.6–9 CuSCN has a wide optical band gap (>3.5 eV) and 

moderately high field-effect hole mobility (in the saturation regime, µsat) of >0.01 cm2 V-1 s-

1.7,10,11 CuSCN can be deposited from solution at low temperatures, a trait that enables versatile 

processability and material modifications through simple methods. Importantly, CuSCN is 

among a few wide band gap, p-type inorganic semiconductors with well-demonstrated 

applications in thin-film transistors (TFTs). Nevertheless, its carrier transport characteristics 

need further improvements to get closer to the performance level of the n-type counterparts, 

particularly metal oxides.12–14

With its high potential, several studies have reported the doping of CuSCN to improve 

the device metrics further. Notably, Wijeyasinghe et al.15 demonstrated strong p-doping of 

CuSCN by using a fluorinated fullerene derivative C60F48 which increased µsat by 10-fold up to 

0.1 cm2 V-1 s-1 in TFTs. The improved hole-transport properties of CuSCN in that case were 

attributed to the trap-filling effect by excess holes; the highly fluorinated molecular dopant has 

very deep energy levels, being able to accept electrons from the valence band (VB) of CuSCN 

and generate a high hole concentration. However, the method leaves behind the trap states as 

well as possibly introduces more scattering centers (due to the dopants themselves) as evident 

from the larger subthreshold swing (Sth). The defect states in CuSCN likely arise from the 

native defects, such as Cu vacancies (VCu) and SCN vacancies (VSCN).16,17 Indeed, we recently 

identified VSCN as important hole-trapping states in CuSCN and introduced solution-based I2 

doping as a defect healing method.18 The optimal level of I2 dopant results in I- replacing the 
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vacant SCN- sites, hence recovering the incomplete and distorted coordination around Cu+. 

With such a defect passivation method, the performance of TFT devices remarkably showed 

an 8-fold enhancement of µsat and simultaneously a reduced trap state concentration. The work 

showed that addressing hole-trapping states is a promising strategy to advance hole-transport 

properties of CuSCN.

Further, Liang et al.19 showed that Cl2 can also result in a strong p-doping effect. The 

significant enhancement of conductivity through an increased hole-concentration led to a rise 

in the power conversion efficiencies (PCE) by approximately 20% and 40% in organic and 

perovskite solar cells, respectively, when compared to the undoped CuSCN employed as the 

hole transport layer (HTL). However, the potent p-doping was detrimental to TFT devices, as 

the CuSCN semiconducting channel became persistently conductive, hence negating the field 

effect.  More recently, we investigated the effects of metal chlorides, namely, copper(I) 

chloride (CuCl), copper(II) chloride (CuCl2), tin(II) chloride (SnCl2), and tin(IV) chloride 

(SnCl4), as dopants in CuSCN.20 The simple solution-based doping method allows the 

incorporation of Cl- ions into the CuSCN host while avoiding the usage of hazardous, highly 

toxic Cl2 gas which requires specialized equipment or a closed environment setup, such as a 

dry-etching system.19 The resulting CuCl2- or SnCl4-doped TFTs achieved µsat of up to 0.05 

cm2 V-1 s-1; however, a noticeable p-doping behavior was still observed as the field-effect 

modulation was hindered,19 evident from the high drain current in the off-state (ID,off) and 

reduced on-off current ratio (Ion/Ioff). This was due to the metal ions in the high oxidation state 

that could accept electrons from the CuSCN host, causing excessive p-doping effect. 

As demonstrated in the previous work, halide ions are promising for improving the hole 

transport properties of CuSCN, and it is essential to investigate the halide series systematically. 

In particular, the type of halide anions needs to be optimized for TFTs such that an increase in 

µsat is not traded off with a reduction in Ion/Ioff or an increase in Sth. However, as Cl2, Br2, and 
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I2 exist in the gas, liquid, and solid states, respectively; we instead employ solution-processable 

metal halide salts for inserting halide anions into CuSCN. As for the metal cation, Cu(I) is 

selected due to the chemical and structural compatibilities with CuSCN. Therefore, in this work 

we investigate the effects of doping CuSCN with copper(I) halides (CuX), with X = Cl, Br, and 

I (Figure 1a), on the physical properties and TFT device performance. Cu centers in CuSCN 

and CuX are all tetrahedrally coordinated, and the ionic radii of pseudohalide and halide anions 

are relatively suitable.21 We found that all three dopants improved the hole transport properties 

with 5% CuBr-doped giving the best performance with µsat improved by five-fold to 0.05 cm2 

V-1 s-1, accompanied by the lowest Sth and highest Ion/Ioff ratio. Detailed characterizations 

showed that CuX doping can promote the crystalline orientation with in-plane Cu-S network 

which favors hole transport as well as restore the defective coordination environment around 

Cu via VSCN defect healing with halide anions substitution. 

2. TFT performance of CuX-doped CuSCN

TFTs were fabricated in the bottom-gate top-contact (BG-TC) architecture (Figure 1b) 

featuring Al (40 nm) as the bottom gate electrode and poly(vinylidene fluoride-

trifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-CFE), 500 nm, geometric capacitance 

96 nF cm-2] as the gate dielectric. Pristine (undoped) and CuX-doped CuSCN layers (35±3 nm) 

were deposited as the p-channel, and Au (25 nm) were employed as the top source/drain 

electrodes. As the high-k polymer dielectric required a long period of annealing (3 h at 80 °C, 

see details in ESI),7 the bottom-gate structure was employed to avoid the effects of the extended 

heating that might volatilize the halide species.22,23 The top-contact was selected as it has been 

reported that staggered device architecture can minimize the contact resistance due to charge 

injection.24 Devices were patterned with shadow masks to obtain channel lengths (L) between 
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30 to 100 µm and a channel width (W) of 1000 µm. The three dopants were tested at 1, 3, 5, 

and 7% doping [calculated from (molCuX/molCuSCN)×100, see Table S1 in the Electronic 

Supplementary Information (ESI) for detail]. The full results of representative transfer and 

output characteristics from all sample conditions are shown in Figure S1-S4 (ESI). For transfer 

characteristics, small hysteresis can be observed, similar to previous reports on CuSCN 

TFTs.6,18,25 Statistics of device parameters, including µsat, threshold voltage (Vth), Sth, and trap 

state density (Dtr) are shown in Figure S5 and Table S2 (ESI). Based on this data, the most 

optimal doping concentration that yielded the highest µsat for each dopant was 3% CuCl, 5% 

CuBr, and 1% CuI. These doping conditions are discussed in more detail below.

Figure 1c displays the transfer characteristics of TFTs from the best condition for each 

dopant. All devices exhibited well-behaved p-channel character. Our reference pristine CuSCN 

TFTs displayed standard characteristics similar to previous reports.6,7,20,26  In CuX-doped 

devices, the drain current in the on-state (ID,on) was increased by 2 to 5 times whereas ID,off was 

not significantly affected. The plots between and gate voltage (VG) (Figure 1d) show a 

positive shift in Vth (from the x-intercept) and an increase in µsat (from the slope). Figures 1e-

g compare Vth, Sth, Dtr, µsat, and Ion/Ioff of TFTs based on undoped CuSCN and the optimal 

condition of each dopant. Dtr was calculated from

𝐷tr =
𝐶i

𝑞
𝑞

𝑘B𝑇
𝑆th

ln (10)
― 1 (1)

where Ci is the geometric capacitance of the dielectric, q the elementary charge, kB the 

Boltzmann constant, and T the temperature. Note that from Eq. (1), Dtr is obtained in the units 

of [cm-2 eV-1] directly if Ci, q, kB, T, and Sth are substituted in the units of [F cm-2], [C], [J K-

1], [K], and [V dec-1], respectively.

DI
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Figure 1. (a) Schematic of solution-based CuSCN doping process by CuX, where X = Cl, Br, 

or I. The solvent employed was diethyl sulfide (DES). The calculation for the % doping is also 

annotated. (b) Schematic structure of the bottom-gate top-contact (BG-TC) thin-film transistors 

(TFTs) employing CuSCN as the p-type channel. (c) Transfer characteristics (drain current ID 

vs gate voltage VG) at a drain voltage VD = -30 V of TFTs based on pristine and doped CuSCN. 

Only forward sweeps are shown for clarity. (d) Plots of 𝐼D vs VG. (e-g) TFT device 

performance metrics: threshold voltage (Vth), subthreshold swing (Sth), trap states density (Dtr), 

saturation hole mobility (µsat), and on/off drain current ratio (Ion/Ioff). For (c-g), Only the best 

condition (achieving highest µsat) for each dopant is shown: 3% for CuCl, 5% for CuBr, and 

1% for CuI.
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Notably, the observation that ID,off did not increase suggests that p-doping effect was 

not significant in this case.15,27 In contrast, changes in other device parameters indicate that the 

addition of CuX led to VSCN defect healing,18,28,29 particularly evident from the concurrent 

positive shift in Vth and reduction in Sth (Figure 1e). Essentially, the shift in Vth (ΔVth) could be 

correlated to the interfacial traps filling (ΔNtr) (please see ESI for the calculation).27,30
 The 

values of ΔVth and ΔNtr for the optimized TFTs are shown in Table S3 (ESI). The average ΔVth 

of 3% CuCl and 5% CuBr were found to be similar at +2.92 V (requiring a smaller negative 

VG to turn the p-channel device on), corresponding to a decrease in the trap density of 1.75×1012 

cm-2 (VSCN hole-trapping states filled by doping). For 1% CuI, ΔVth and ΔNtr were found to be 

+0.71 V and 4.3×1011 cm-2, respectively. Similarly, the subthreshold swing Sth is related to the 

overall trap states density Dtr;31,32 both of which were reduced upon CuX doping (Figure 1f), 

reflecting the VSCN defect passivation effect (see Section 4 for discussion on VSCN defects and 

their passivation by halide ions). Ultimately, hole transport in CuSCN was significantly 

enhanced as evident from the higher µsat (Figure 1g).

It is apparent that 5% CuBr yielded the best results overall, followed by 3% CuCl and 

1% CuI. Comparing the average device parameters to those of pristine CuSCN, doping with 

5% CuBr resulted in smaller Vth in terms of magnitude (from -6.45 to -3.53 V), reduced Sth 

(from 5.14 V to 2.50 V dec-1) and correspondingly lower Dtr (from 5.15×1013 to 2.47×1013 cm-

2 eV-1), and enhanced µsat (from 0.01 to 0.05 cm2 V-1 s-1). Importantly, devices did not suffer 

from increased ID,off from the doping, and Ion/Ioff was in fact increased from ~1×104 to ~3-4×104 

due to the enhancement in ID,on. 
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Figure 2. (a) Power law analysis of the relationship between linear mobility μlin and gate 

voltage VG. (b) Trap states density Dtr vs power law exponent γ. (c) and (d) Gated transfer 

length method to find the contact resistance RcW from the plots of the total resistance RtW vs 

channel length L for pristine and 5% CuBr-doped CuSCN devices, respectively. Note that the 

resistances are normalized by the channel width W. (e) VG dependence of RcW from (c) and (d). 

Next, the hole conduction mechanism was analyzed by fitting the VG dependence of 

field-effect hole mobility in the linear regime (µlin) with the power law equation:33

𝜇lin = 𝐾(𝑉𝐺 ― 𝑉P)𝛾 (2)
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where VP is the percolation threshold voltage, K is the proportional constant, and the exponent 

γ is associated with charge transport mechanism. Percolation conduction (PC) dominates when 

γ approaches 0.1 whereas trap-limited conduction (TLC) prevails when γ becomes close to 

0.7.33 In our case, the pristine CuSCN sample exhibited γ of 0.61, associated with the TLC-

dominant charge transport mechanism, described by the thermal excitation from the localized 

tail states to the extended (mobile) states. In contrast, CuX-doped samples showed significantly 

smaller γ, for example, reduced to 0.21 for 5% CuBr doping (Figure 2a-b), indicating that the 

conduction mechanism transitioned to PC-dominant, which is more mobile as it occurs through 

the extended states impeded by some potential energy barriers from structural variations (in 

amorphous or polycrystalline structures).34,35 The results corroborate that the hole transport 

was markedly improved through the reduction in trap states density as a result of VSCN defect 

healing.

We also performed contact resistance (Rc) analysis to highlight the enhancement in 

device performance with CuX doping. The channel width-normalized RcW was determined by 

the gated transfer length method (gTLM,36 see detail in ESI) as shown in Figure 2c-d for 

pristine and 5% CuBr-doped CuSCN TFTs, respectively. As clearly evident, RcW was 

substantially decreased by approximately 1 order magnitude to 1-2×103 Ω cm upon doping by 

5% CuBr. We infer that the suppression of Rc was also attributable to the defect healing effect. 

The reduction in charge trapping states within the semiconducting channel and at the 

semiconductor/dielectric interface mitigates the gate-field screening effect, leading to more 

effective charge injection and the apparent decrease in Rc as observed.37,38 

To summarize the effects of CuX doping on TFT device performance, our simple 

method resulted in a significant improvement in hole transport properties in CuSCN by 

reducing the hole trapping states. Importantly, TFT devices did not suffer from Ion/Ioff reduction 

or subthreshold characteristics deterioration, typically associated with the p-doping 
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effect.15,19,20 Instead, the performance enhancement can be attributed to VSCN defect passivation 

by CuX. The substitution of suitable anions to the VSCN sites (donor states, detrimental to hole 

transport)17 within CuSCN has been shown to recover the coordination environment and 

subsequently suppress defect concentration.18,26 Interestingly, CuCl and CuBr doping increased 

µsat by ~4-fold and ~5-fold, respectively, whereas CuI doping only improved µsat by ~2.5 times. 

In addition, device performance gradually dropped when the concentration of CuI was higher 

than 1% (also agreeing with our previous report which found an optimal doping concentration 

with I2 to be 0.5 mol%).18 One of the reasons could be due to the size of the anions: 181 pm for 

Cl-, 196 pm for Br-, and 220 pm for I-, as compared to 213 pm for SCN-.39,40 The slightly smaller 

radii of Cl- and Br- could allow more favorable incorporation into CuSCN. However, the larger 

I- led to more structural distortion and impurity phase formation, especially at high doping 

concentrations, as shown in the following sections.

3. Effects of CuX doping on optical, electronic, and structural properties of CuSCN

To understand the effects of CuX addition on the physical properties of CuSCN, samples of 

undoped CuSCN (as reference) and the optimal condition of each dopant: 3% CuCl, 5% CuBr, 

and 1% CuI, were further characterized. Ultraviolet-visible-near infrared (UV-vis-NIR) 

spectroscopy was employed to obtain the absorption spectra and determine the optical band 

gaps (Eg,opt) via Tauc plots (Figure S6, ESI). All doped samples displayed similar 

characteristics to those of reference CuSCN,18,20,26,41 i.e., showing absorption peaks at 235 and 

300 nm and having Eg,opt in the range of 3.78-3.81 eV. Clearly, CuX doping did not affect the 

optical transparency or create new electronic states. Next, photoelectron yield spectroscopy 

(PYS) and Kelvin probe (KP) measurements were performed to elucidate the electronic energy 

levels. The ionization potential or the valence band maximum (VBM) obtained from PYS 

(Figure S7a, ESI) and the Fermi level (EF) from KP allowed for the construction of a simplified 
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energy band diagram as shown in Figure S7b (ESI). Note that the conduction band minimum 

(CBM) was estimated from VBM + Eg,opt. In general, the band diagram remained largely 

unaffected. While doping shifted EF slightly closer to VBM, the effect was not dramatic, 

agreeing with the previous section that the p-doping effect was not significant.

Figure 3. Surface heights from atomic force microscopy (AFM) of (a) P(VDF-TrFE-CFE) 

bottom dielectric layer, (b) CuSCN, (c) 3% CuCl, (d) 5% CuBr, and (e) 1% CuI. For (b) to (e), 

the films were deposited on top of the dielectric. Top row images: 5 µm × 5 µm. Bottom row 

images: 1 µm × 1 µm. (f) Surface height histograms and (g) root-mean-square roughness (σrms) 

of 5 µm × 5 µm images.
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To study the morphology, CuSCN films engineered by CuX were investigated by 

atomic force microscopy (AFM). The films were deposited on the P(VDF-TrFE-CFE) 

dielectric layer in the same fashion as the TFT device structure. As shown in Figure 3a-e, the 

reference CuSCN, 3% CuCl, and 1% CuI films showed the familiar character of rice-grained 

features but with some clustering,18,20 likely due to the interactions with the bottom dielectric 

layer.25 However, the film doped with 5% CuBr exhibited noticeably different morphology: 

flat surface with small grains. Figure 3e-f display the histograms of the surface height 

distributions and root-mean-square roughness (σrms) obtained from the AFM images, 

respectively. While CuCl and CuI decreased σrms slightly, CuBr resulted in a dramatically 

smoother film with σrms reduced from 6.02 nm (reference CuSCN) to 1.31 nm (also similar to 

the value of the underlying dielectric layer). The improvement in film uniformity and 

ultrasmooth surface roughness should facilitate hole transport in CuBr-doped CuSCN when 

compared to other samples.26,31,42

X-ray diffraction (XRD) was then carried out to study the structural properties of CuX-

doped CuSCN. In this case the samples were prepared by drop-casting to increase signal 

intensity. The pristine CuSCN prepared from DES-based solution expressed a distinct 

diffraction pattern identifiable as 3R β-CuSCN (ICSD 24372),43 similar to our previous 

results.18,20 As annotated in Figure 4a, the prominent peaks at 2θ = 16.3°, 27.3°, 32.7°, 34.7°, 

47.2°, and 50.0° can be assigned to diffractions from (0 0 6), (1 0 2), (0 0 12), (1 0 8), (2 1 0), 

and (2 1 6) planes, respectively. While Figure 4a only shows the data of undoped CuSCN and 

the optimal condition of each dopant, the full results of all samples are included in Figure S8a-

c (ESI). It is evident from the strong intensity of the (0 0 6) diffraction that the preferred 

orientation in all samples was with the c-axis of the CuSCN structure perpendicular to the plane 

of the substrate (‘vertical’ orientation, see Figure S8d ESI). Interestingly, this preferential 

orientation was further intensified upon CuX doping as the diffractions from other planes 
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diminished (Figure 4b); the XRD patterns became strongly dominated by diffractions from (0 

0 6) and (0 0 12) planes with some detectible signal from (1 0 2) planes. As diffraction from 

the latter signifies that the c-axis of β-CuSCN lies relatively flat with respect to the substrate 

(making a small angle to the substrate plane, ‘horizontal’ orientation, see Figure S8e ESI), we 

then calculated the intensity ratios between (0 0 6) and (1 0 2) diffractions as a proxy to 

compare the preferential orientation. As shown in Figure 4c, it becomes apparent that CuX 

doping preferentially led to the ‘vertical’ orientation. Since the large dispersion in the valence 

band states (corresponding to low hole effective mass or high hole mobility) is strongly related 

to the plane of the Cu-S network in CuSCN,2,44 this preferred orientation could also contribute 

to the increase in µsat observed in CuX-doped TFT devices. 

When analyzing the (0 0 6) diffraction in more detail, we estimated the crystallite size 

using the Scherrer equation and found that the size slightly increased from 62 nm for undoped 

CuSCN to around 70 nm for the optimal doping conditions. We also noticed that the peaks of 

CuCl- and CuI-doped samples remained largely similar to that of reference CuSCN whereas 

those of CuBr-doped samples slightly shifted to lower diffraction angles (Figure S8b, ESI), 

signifying an expansion in the CuSCN lattice.  The exact reason is still unknown. As the radius 

of Br- is intermediate between that of Cl- and I-, the anion size may not be the only factor. We 

speculate that the specific interactions between the constituents (Cu+-Br- and SCN--Br-) could 

play a role. However, this effect on the lattice may be related to the change in the morphology 

observed from the AFM images. The stress from the lattice expansion could prevent the grain 

growth, resulting in small grains and smooth morphology in CuBr-doped CuSCN film.

We also remark that for CuI doping, concentrations higher than 1% resulted in two 

extra XRD peaks at 19.9° and 25.0°, which can be identified as a segregated CuI impurity 

phase. The latter was confirmed by measuring a drop-cast sample of CuI (also processed with 

DES) which produced a similar XRD pattern (Figure S8c). The presence of the impurity phase 
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could explain the limited TFT device performance in CuI-doped devices, especially with 

concentrations higher than 1%. While excess amount of dopants generally leads to reduced 

mobility due to impurity scattering,45,46 the case of CuI doping was exacerbated by the 

additional formation of the heterogeneous CuI phase. 

Figure 4. (a) X-ray diffraction (XRD) patterns of drop-cast samples. Simulated data of 3R β-

CuSCN phase is shown for diffraction planes identification. The broad feature around 20° is 

from the glass substrate. (b) Close-up of XRD patterns in the 2θ range of 25° to 55°. (c) Ratio 

of peak intensity between (0 0 6) and (1 0 2) diffractions. (d) Schematic of hole transport 

through the Cu-S network in CuSCN.
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4. Chemical states and defect healing effect

Chemical states of the samples were probed by X-ray photoelectron spectroscopy (XPS). The 

XPS survey scans confirmed the presence of Cu, S, N, C, and the relevant halide dopant in all 

samples (Figure S9-S11, ESI). Very small signals of O were detected, likely due to 

contamination from the atmospheric oxygen during sample transport. The high-resolution core-

level spectra of Cu 2p, S 2p, N 1s and C 1s found the expected chemical states at typical binding 

energies (BE) similar to previous reports of CuSCN.26,47 In general, the Cu 2p core-level 

spectra showed that Cu was in the Cu(I) state with the intense Cu 2p3/2 peak found at BE of 

~932.7-932.9 eV. The satellite feature of Cu(II) was not detected.6,26 Moreover, Cu(I) species 

belonging to CuCl, CuBr, or CuI (with Cu 2p3/2 BE between 932.0-932.4 eV)48–50 were not 

found. We inferred that Cu atoms from the dopants were located at the Cu(I) sites of CuSCN 

(further corroborated by X-absorption experiments discussed below). This confirmed the 

chemical compatibility of Cu(I) halides as dopants in the CuSCN host. However, to determine 

whether these additional Cu(I) species also fill VCu sites or displace the original Cu(I) atoms of 

the host, further investigation is still needed. A system with a high concentration of VCu (i.e., 

CuSCN having high initial conductivity or high ID,off) should be synthesized first to allow for 

an objective analysis.51

Next, the high-resolution S 2p and N 1s core-level spectra indicated the S−C≡N 

bonding state, associated with S 2p3/2 around ~163.8 eV and N 1s ~398.6-398.9 eV. For the 

latter state, a small and broad feature at a higher BE was observed in some samples. This has 

been assigned to N-H in previous reports.6,47 For C 1s, the spectra revealed two features: 

S−C≡N at 286.1-286.2 eV and adventitious carbon at 284.8 eV (used for referencing the XPS 

spectra). Overall, the chemical states of the CuSCN host remain largely unaffected by the 

addition of copper(I) halides at the concentrations studied in this work. 
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Figure 5. X-ray photoelectron spectroscopy (XPS) high-resolution core-level scans of (a) Cl 

2p, (b) Br 3d, and (c) I 3d in doped CuSCN samples. Solid circles indicate the experimental 

data points, shaded areas the deconvoluted fitting components, colored lines the sum of the 

fitting, and grey lines the background. (d) Plots between amount of dopants initially added in 

mol.% vs amount found by XPS in at.%.

XPS results also confirmed the existence of each dopant, and the high-resolution core-

level spectra are shown in Figure 5a-c for Cl 2p, Br 3d, and I 3d. At 1% doping, the signal 

intensity for Cl and Br was too low to be detected whereas the feature of I was easily detected 

due to its high sensitivity in XPS measurements.52,53 We note that the I 3d spectra overlapped 
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with Cu L2M23M45 (1P) Auger electron peak at BE ~629 eV,52,54 which we carefully accounted 

for in the quantitative analysis of iodine. In general, the signal intensity of halides gradually 

increased with the increasing amount of added dopant. Figure 5d shows the plots between the 

atomic percentage of the dopants found from XPS vs the nominal doping concentration 

(converted to mol.%) (see also Table S1, ESI). The quantities found from XPS were lower 

than the amounts initially added in the solution, possibly limited by the thermodynamic 

equilibrium of the modified structure. Also, some halides may have been lost during film 

annealing due to their volatile nature.55,56 

Furthermore, the local environment around Cu atom was characterized in detail by 

synchrotron-based X-ray absorption spectroscopy (XAS, details in ESI) with the full results 

shown in Figure S12 (ESI). Figure 5a displays the X-ray absorption near edge structure 

(XANES) data of undoped CuSCN and the optimally doped condition for each CuX dopant. 

The rising edge at 8984 eV could be attributed to the 1s→4p electronic transition of Cu+. The 

1s→3d transition of Cu2+ was not detected as no features of the pre-edge at energies below 

8980 eV were observed, indicating the oxidation of Cu+ to Cu2+ did not occur through doping 

process.57,58 The overall XANES spectra were consistent with the pattern of 4-coordinate Cu+ 

(d10) previously reported in the literature.18,20,26,59 The results corroborate our XPS discussion 

that Cu existed in the Cu(I) state in all samples. Comparing the white line (the highest 

absorption peak at 8997 eV), samples doped with 3% CuCl and 5% CuBr exhibited noticeably 

higher intensities than that of undoped CuSCN, signifying improvement in the coordination 

number of Cu.60–62 A similar observation was previously reported and could be explained by 

the defect healing effect.18
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Figure 6. (a) X-ray absorption near-edge structures (XANES) and (b) extended X-ray 

absorption fine structures (EXAFS) in R-space at Cu K-edge of undoped CuSCN and the 

optimal concentration for each dopant. The radian distance (R) is shown without phase shift 

correction.

Defect passivation could be further confirmed by the extended X-ray absorption fine 

structure (EXAFS) results as shown in Figure 5b (data in k-space is shown in Figure S12, 

ESI). The spectrum of CuSCN standard typically exhibits a dominant peak at 1.87 Å and 

another feature around ~1.5 Å, attributed to the scattering paths of Cu−S and Cu−N bonding, 

respectively.18,20,63 For the undoped CuSCN sample, we observed that overall environment of 

Cu atom became less well defined when compared to the standard. This evidence signifies 
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defective coordination environment around Cu in the reference sample prepared from 

dissolving CuSCN in DES. As reported in our previous work, DES can coordinate strongly to 

Cu(I),26 and the subsequent removal during annealing can lead to the formation of incomplete 

bonding, i.e., VSCN defects, around Cu.18 As VSCN are donor states, they are detrimental to the 

hole transport.17,18,64 With the optimal addition of CuX dopants, especially CuCl and CuBr, the 

EXAFS spectra displayed similar profiles to that of the CuSCN standard, indicating the 

remarkable recovery of the local structure around Cu atoms. Specifically, the voids associated 

with VSCN around Cu were effectively passivated. We previously reported a detailed study in 

which I- could fill in the defective VSCN site, restoring the Cu coordination environment.18 

Based on similar XAS results in this work, we infer that Cl- and Br- could also passivate VSCN 

defects in CuSCN.  As seen from the TFT results, the trap states density was reduced while 

hole mobility was significantly improved in CuCl- and CuBr-doped devices.  We note that 

while CuI doping somewhat produced similar effects at 1% doping (as expected from I-), the 

samples mainly suffered from the formation of the impurity CuI phase at higher concentrations 

which greatly hindered hole transport.

5. Conclusions

We have shown that CuX dopants, with X = Cl, Br, or I, could significantly improve the 

performance of CuSCN p-channel TFT devices. The optimal concentrations were found to be: 

3% CuCl, 5% CuBr, and 1% CuI. Specifically for CuBr doping, µsat was increased by ~5 times 

up to 0.05 cm2 V-1 s-1. Importantly, Ion/Ioff ratio was also increased to 3-4×104 as ID,off did not 

increase upon the addition of CuX dopants, suggesting that there was minimal p-doping effect. 

The enhancement in device performance was accompanied by a reduction in Dtr by about 2 

times, from 5.2×1013 down to 2.5×1013 cm-2 eV-1. The latter could be explained by the defect 
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healing effect. XAS results clearly showed that the defective coordination environment around 

Cu due to VSCN defects was effectively passivated by Cl- and Br-. While I- could also heal the 

defects, CuI impurity phase easily formed, adversely affecting the hole transport. Our solution-

based doping method reported herein employs common chemicals, CuCl and CuBr, which can 

be added directly to the standard CuSCN processing recipe. As CuSCN is now employed as a 

hole transport layer in a wide range of devices, the method can be easily applied to improve 

the performance or efficiency of various electronic and optoelectronic applications.
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