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Determining out-of-plane hole mobility in CuSCN via the time-of-flight technique to elucidate its function in perovskite solar cells
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Abstract
Copper (I) thiocyanate (CuSCN) is a stable, low-cost, solution processable p-type inorganic semiconductor used in numerous optoelectronic applications. Here, we employ time-of-flight (ToF) technique to measure the out-of-plane hole mobility of CuSCN films for the first time, enabled by the deposition of 4 µm thick films using AACVD. A hole mobility of ~10-3 cm2/Vs was measured with a weak electric field dependence of 0.005 (cm/V)1/2. Additionally, by measuring several 1.5 µm CuSCN films, we show the mobility is independent of thickness. To further validate the suitability of our AACVD prepared 1.5 µm thick CuSCN film in device applications, we demonstrate its incorporation as a hole transport layer (HTL) in methylammonium lead iodide (MAPbI3) perovskite solar cells (PSCs). Our AACVD films result in devices with measured power conversion efficiencies of 10.4 %, which compares favourably with devices prepared using spin coated CuSCN HTLs (12.6 %), despite the AACVD HTLs being an order of magnitude thicker than their spin coated analogues. Improved reproducibility and decreased hysteresis was observed, owing to a combination of excellent film quality, high charge carrier mobility and favourable interface energetics. In addition to providing a fundamental insight into charge carrier mobility in CuSCN, our work highlights the AACVD methodology as a scalable, versatile tool suitable for film deposition for use in optoelectronic devices. 
Introduction
Since Miyasaka et al. introduced organic-inorganic halide perovskites as photoactive layers in solar cells these materials have continued to gain vast interest 1. Their evolution has been remarkable with device power conversion efficiencies (PCEs) increasing from 3.8 % to over  25 % in a little over a decade  1,2. Extensive research has been conducted into improving every aspect of perovskite solar cells (PSCs) including;  architecture 3, composition 4,5, charge transport layers 6,7, interlayers 8,9 and scalability 10–13, which have resulted in this being a truly disruptive technology.
One significant area of research has been around identifying alternative hole transport layers (HTLs) to the commonly used organic HTLs that include (2,2’,7,7’-tetrakis(N,Npdimethoxyphenylamino)-9,9’-spirobifluorene (spiro-MeOTAD) and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) which yield the highest PCEs 14–16. The need for alternatives stems from their high cost (> $170 g-1) and low thermal stability which raise doubts over their lifetime and commercial viability 14,17. Inorganic p-type semiconductors such as copper thiocyanate (CuSCN), copper iodide (CuI) and nickel oxide (NiO) are attractive alternatives due to their relatively low cost (< $10 g-1), dopant-free high conductivity, and high chemical and thermal stability 18–21.  Among these, CuSCN is the most efficient HTL for use in n-i-p architectures 22. The wide bandgap (>3.5 eV), favourable valence band alignment to MAPbI3 (-5.3 eV) and high field-effect hole mobility (~10‑2‑10‑1 cm2/Vs) have further made CuSCN an attractive option 23,24. Moreover, its application is not only limited to conventional (n-i-p) and inverted (p-i-n) PSCs but also its use in organic solar cells, thin-film transistors and UV photodetectors have been reported 25–31. To optimise for these various applications, it is essential to understand the intrinsic charge carrier dynamics of CuSCN. To date values for hole mobility have been obtained via field-effect transistor (FET) measurements and depend on several parameters such as channel length, dielectric layer and FET configuration. For example, Pattanasattayavong et al. reported an order of magnitude lower mobility was measured using CYTOP instead of poly (vinylidene fluoride-trifluoroethylene-chlorofluoroethylene) [P(VDF-TrFE-CFE)] dielectric layers due to Fermi level pinning at the CuSCN/ dielectric interface, which impedes hole transport and influences the final mobility value achieved 32. Typical undoped FET mobilities for CuSCN are in the range of ~10-2-10-1 cm2/Vs and increase to 0.3 cm2/Vs when doped 33,34. However, these FET measurements are not conducted under conditions that represent solar cell performance as they elucidate in-plane mobility, perpendicular to the direction of charge transport in solar cells.
CuSCN as a HTL in PSCs was first reported by Chavhan et al. with devices achieving a PCE of 6.4 % 20. Since then, CuSCN has been incorporated in various n-i-p and p-i-n architectures resulting in champion PCEs of 20.4 % and 16.6 %, respectively 25,35.  Due to the ease of processing, CuSCN has been deposited by various techniques including spin coating 36,37, spray coating 38, drop casting 39, doctor blading 40 and electrodeposition 41. Most recently, we have shown a scalable technique, aerosol-assisted chemical vapour deposition (AACVD) can be used to deposit CuSCN with a minimum thickness of 1.5 µm 42. Until now there have been no reports of PSC device performance when AACVD is employed for CuSCN deposition, whereas PCEs have been reported for CuSCN deposited by each of the other techniques stated above ranging from 6.4 % for drop cast CuSCN to 20.4 % for spin coated CuSCN 20,25. It should be noted, 20.4 % PCE was achieved by incorporating a triple-cation perovskite and reduced graphene oxide interlayer 25.
As highlighted above, previously reported charge carrier mobility values calculated from FETs measure in-plane mobility. ToF measurements require thick films for an accurate measurement of the time taken for charge carriers to transit the material. Thus, here we exploit AACVDs unique advantage of creating ultra-thick (> 1.5 µm) CuSCN films to determine the out-of-plane charge carrier mobility for two different film thicknesses for the first time, which is a more representative value for the direction of charge transport in solar cells. We report the incorporation of 1.5 µm AACVD deposited CuSCN into n-i-p PSCs, achieving a PCE of 10.4 %. In addition to providing a fundamental insight into the charge transport properties of this intriguing semiconductor material our results enable us to understand the performance of our AACVD-prepared CuSCN HTLs in PSC devices to determine if it can be used in scalable applications. 
To summarise, AACVD is a large area scalable fabrication technique for CuSCN which produces relatively thick films (≥ 1.5 μm). We observe long range charge transport in the out-of-plane direction and measure thickness independent hole mobility of order ~10-3 cm2/ Vs in 1.5 and 4 μm thick films and incorporated the layer in a working perovskite solar cell. Although the AACVD CuSCN hole transport layer is 75 times thicker than the spin coated reference CuSCN layer, the PCE shows a very modest drop from 12.6 % to 10.4 %, demonstrating the excellent charge transport properties of the high quality layer produced by the method.
Experimental Section
[bookmark: _Hlk49620533]ToF device fabrication: 2 cm x 2 cm fluorine doped tin oxide (FTO) coated glass (TCO 16-15, Solaronix) was used to make the ToF devices. Zinc powder and 2 mol dm-3 hydrochloric acid (HCl) solution was used to etch the substrates to expose a 1 cm FTO strip at the centre of the substrates. The resistivity of the etched area was in the order of MΩ. The substrates were washed with a detergent, acetone, isopropanol and dried using N2 prior to UV-Ozone cleaning for 20 minutes. For the perovskite layer, a 1.5 mol dm-3 MAPbI3 solution was prepared using lead iodide (TCI 99%, LO279) and methylammonium iodide (Greatcell Solar Materials, MS101000) in a mixture of N,N-dimethylformamide: dimethyl sulfoxide solvent at a ratio of 9:1 in a N2 filled glovebox. The solution was stirred at 60 °C for 2 hours and filtered prior to spin coating. 50 µl of the 1.5 mol dm-3 MAPbI3 solution was spun at 4000 rpm for 15 s in a N2 filled glovebox and diethyl ether antisolvent was added 7 s into spin coating. Films were annealed at 60 °C for 1 min and 100 °C for 10 mins. To form 1.5 µm and 4 µm CuSCN layers for ToF, filtered 20 ml and 40 ml solutions of 35 mg/ml copper (I) thiocyanate (CuSCN 99%, Sigma-Aldrich)  in diethyl sulfide (DES 98 %, Sigma-Aldrich) were deposited in a custom-made AACVD reactor in a well-ventilated fume hood at 60 °C and a N2 flow rate of 0.5 dm3/min 42. Full details are reported in reference 42. 100 nm gold (Au) was thermally evaporated to form the counter electrode. ToF devices 1 and 2 are built on a common 4 μm CuSCN layer substrate, whereas devices 3, 4 and 5 are formed on 1.5 μm CuSCN layer substrate.
ToF device testing: The ToF setup (Figure S1) consisted of an excitation source, sample holder, signal generator and oscilloscope. The excitation source was a frequency-tripled Big Sky Nd: YAG laser (355 nm wavelength) with a pulse width of 8 ns and was directed at the sample at 5 Hz controlled by a Q-switch. To apply a bias on the sample, an Aim-TTi TGA 1241 (2-10 V) and BNC 6040 universal power generator (10-30 V) was used to generate the voltage pulse. The bias was applied in pulsed mode as its difficult to discern the transit time using DC field due to increased ionic drift screening charges. The voltage drop across a 50 Ω resistor was monitored and resulting signals were collected using a Wavesurfer 3024 oscilloscope. An example of the timing sequence and typical currents can be found in Figure S2a. For improved accuracy, an average of 64 signals was calculated. The background current was subtracted from the final data (Figure S2b). To determine hole mobility, the illuminated FTO was biased positive. The ToF sample holder consisted of 5 pins, 4 for each of the gold contacts and 1 which is in contact with the underlying FTO layer. The sample was mounted face down to be in contact with the pins and the holder was sealed under vacuum. The sample was mounted such that the laser enters through the glass side of the device and the setup is connected to the signal generator and oscilloscope. The measurements were conducted at room temperature.
Solar cell fabrication: 1.2 cm x 1.2 cm pre-patterned FTO coated glass substrates (TCO 10‑10, Solaronix) were washed sequentially with detergent, acetone, isopropanol then dried under a flow of N2. The substrates were subjected to UV-Ozone cleaning for 20 minutes before deposition of 40 nm compact and ~150 nm mesoporous titanium dioxide (TiO2) electron transport layers. The compact TiO2 layer was formed by spin coating a solution of 0.2 mol dm-3 titanium (IV) isopropoxide (99%, Sigma-Aldrich) and 0.02 mol dm-3 HCl in ethanol at 5000 rpm for 60 s, followed by heating at 120 °C for 10 minutes. The same spin coating parameters were used to deposit the mesoporous TiO2 layer using a solution of 18-NRT Titania paste (27 wt. %, Sigma-Aldrich) diluted in ethanol at a ratio of 1:7 wt. % with subsequent annealing at 500 °C for 1 hour. For the ~400 nm perovskite layer, 30 µl of 1.5 mol dm-3 filtered MAPbI3 solution was spun onto substrates at 4000 rpm for 15 s, with an addition of 400 µl diethyl ether antisolvent 7 s into spin coating. Substrates were then annealed at 60 °C for 1 min and 100 °C for 10 mins. For the AACVD preparation of the HTL a 20 ml solution of 35 mg/ml CuSCN in DES was prepared and stirred overnight. The solution was filtered prior to deposition. Deposition was conducted at 60 °C and a N2 flow rate of 0.5 dm3/min was used 42. Post-deposition, substrates were transferred to a N2 filled glovebox and left for 12 hours to dry. Finally, 100 nm of counter electrode Au was thermally evaporated onto the substrates. To enable a comparison CuSCN films were also prepared using spin coating, here 35 µl of 35 mg/ ml CuSCN in DES was deposited onto the MAPbI3 layer via dynamic spin coating at 5000 rpm for 30 s.
Solar cell testing: PSCs were stored in a N2 filled glovebox prior to testing. Current density-voltage (J-V) measurements were conducted using a Keithley 2400 source meter. PSCs were illuminated during testing by an AM 1.5 filtered Xenon lamp (Oriel instruments) at                     100 mW/cm2 calibrated using a Si reference photodiode. PSCs were scanned in the forward and reverse directions at a rate of 30 mV s-1.
Materials and device characterisation: Scanning electron microscopy (SEM) was used to study the cross-sectional morphology of the devices. Films were coated with 10 nm of Cr and imaged via an in-lens detector using a LEO Gemini 1525 field emission SEM operated at 3 kV. Surface roughness and topography were analysed using an Agilent 5500 atomic force microscope (AFM) in tapping mode. The data was analysed using Gwyddion software. UV-Vis spectra were acquired using a Perkin Elmer Lambda 25 UV-Vis spectrometer and analysed over the range 200-900 nm. Structural properties were determined using X-ray diffraction (XRD) obtained using a PANalytical X’Pert-Pro diffractometer. Valence band edges (Ev) were obtained using ambient photoemission spectroscopy (APS) measurements using an APS04 system (KP Technology). A linear fit was used in the cube root photoemission plot to determine the value of Ev.











Results and Discussion[bookmark: _Ref59979463]Figure 1. (a) Cross-sectional SEM image (scale bar = 1 µm), (b) UV-Vis absorption spectra and (c) Indexed XRD patterns for MAPbI3 and 4 µm CuSCN on MAPbI3.

The ToF device architecture is shown in Figure 1a. SEM cross-section images show a uniform 4 µm CuSCN film deposited via AACVD on a ~410 nm MAPbI3 layer. The reason for incorporating a MAPbI3 layer is three-fold. Firstly, the MAPbI3 acts as a sensitizer layer, absorbing the laser of wavelength 355 nm and generating the charge carriers which drift through the bulk of the thick CuSCN layer to the counter electrode. The optical absorption spectrum (Figure 1b) shows the absorption onset for the different layers in the ToF device. CuSCN has an absorption onset of 320 nm and therefore does not absorb the laser used for ToF measurements (355 nm wavelength), thus requiring the use of a sensitizer layer. Ideally, a small absorption depth and high charge generation efficiency is needed for ToF 43. MAPbI3 has an absorption onset of ~770 nm and serves as the source of photogenerated charge carriers. Secondly, smoother films of CuSCN form on MAPbI3 reducing the thickness error on the final measurement. Through AFM measurements (Figure S3), it was found that a CuSCN layer with 30% lower root mean square (RMS) roughness (64 nm) was formed on MAPbI3 in comparison to the CuSCN layer deposited on FTO, which had an RMS roughness of 92 nm 42. Lastly, the addition of MAPbI3 better represents the PSC structure. Based on the absorption coefficient at 355 nm wavelength (~105 cm-1, Figure S4), the laser penetrates less than 1/4th of the MAPbI3 thickness (90 nm) indicating all the light is absorbed within the MAPbI3 layer. The raw absorbance data, absorption coefficients data and thickness information for the different material layers can be found in the supporting information Figure S4 and Table S1. Therefore, charge generation is limited to the MAPbI3 sensitizer layer. The MAPbI3 and CuSCN layers are sandwiched between two electrodes, FTO and Au (Figure 1a). Short laser pulses are used to generate charge carriers in the MAPbI3 layer, with holes transferred to CuSCN due to the conduction band offset. To identify the hole mobility in CuSCN, the FTO is biased positive so that the photogenerated holes drift towards the Au counter electrode 44. The time taken for holes to drift across the bulk thickness () of CuSCN at each applied bias () is identified as the transit time () and is used to calculate the mobility () according to equation (1).

The absorption spectrum (Figure 1b) also indicates the presence of lead iodide (PbI2), a degradation product of MAPbI3 (indicated by the yellow region, ~500 nm). The sample was analysed via XRD to confirm this (Figure 1c, Figure S5). The XRD patterns indicate the presence of some PbI2 along with the main peaks corresponding to MAPbI3, CuSCN and FTO. This degradation may have occurred when the devices were exposed to air during transfer of samples to conduct measurements and because of the longer deposition timeframe required to deposit 4 µm CuSCN. It should be noted, the presence of PbI2 does not influence the ToF measurement as the measurement only requires sufficient charge carriers to be generated by the MAPbI3 to be detected after transit through the CuSCN layer. 
For the 4 µm CuSCN device, ToF measurements were conducted over a range of 2-30 V. Typical ToF transients plotted on a double logarithmic scale measured at 5 V, 10 V and 20 V are shown in Figure 2a-c, they indicate the general trend of decreasing ttr with increasing bias. The complete range of ToF transients is shown in Figure S6.
As it is difficult to identify the location of ttr on the linear plot (Figure 2 insets) a double logarithmic plot was used to identify the ttr. The ttr was obtained from the intersection of the linear regions shown in Figure 2a-c. Figure 2a-c show a decrease in ttr from 35 µs to 7 µs with an increase in voltage from 5 V to 20 V. The trend follows what is expected, as an increase in electric field should result in the charge carriers drifting through the bulk at a faster speed. To determine the effect of altering the film thickness on the out-of-plane hole mobility, additional ToF measurements were conducted on three 1.5 µm CuSCN film devices over a range of electric fields comparable to the 4 μm film measurements. [bookmark: _Ref60001993]Figure 2. ToF transients measured at different voltages of (a) 5 V, (b) 10 V and (c) 20 V, plotted on a double logarithmic scale (transit time ttr is indicated on the plots). Insets show the same data plotted on a linear scale.

Poole-Frenkel plots (Figure 3a-b) are used to identify the relationship between CuSCN hole mobility and applied electric field. Figure 3a indicates a CuSCN hole mobility of ~10-3 cm2/Vs is reproducibly measured across devices with varying thickness of 4 µm and 1.5 µm CuSCN with weak field dependence at lower electric fields. The effect of higher electric fields on CuSCN hole mobility is analysed in Figure 3b. Here, a slight increase in field dependence can be seen at higher electric fields, but mobility remains within the order of 10-3 cm2/Vs. The average mobility across the range of electric fields studied can also be calculated using a 1/ttr vs. V plot and is shown for the 4 µm CuSCN devices in Figure S7.  [bookmark: _Ref60002452]Figure 3. (a) Poole-Frenkel plots for 4 µm and 1.5 µm CuSCN devices. (b) Device 2 measured across a broad range of electric fields. The dashed line in a and b indicates an exponential fit to the data points of device 2.

Poole-Frenkel-type electric field dependence allows calculation of the electric field dependence parameter () according to equation (2) 45. Mobility, zero field mobility and electric field are denoted as ,  and , respectively.

Here,  takes the value 4.3 x 10-4 cm2/ Vs allowing calculation of  via an exponential fit of the data in Figure 3b (Figure S8), resulting in an average value of 0.005 ± 0.0016 (cm/V)1/2 over the range of fields measured.  is calculated by extrapolating the fit to find the mobility when no electric field is applied. For comparison, the field dependence of CuSCN at room temperature matches that of other HTLs such as PTAA 46.
Given the overlap between the 1.5 μm data and the 4μm data in Figure 3a, we can conclude that the out-of-plane mobility of AACVD CuSCN is thickness independent and  ~10-3 cm2/Vs with a weak field dependence of 0.005 (cm/V)1/2. This value is at least an order of magnitude lower than the CuSCN FET mobility values stated in literature (~10-2-10-1 cm2/Vs) 47. It is important to consider slight differences in mobility do arise from different measurement techniques primarily due to device geometry 48. For a more like-for-like comparison, ToF mobilities of commonly used HTLs PTAA and Spiro-OMeTAD have been reported as 10-5-10-3 cm2/Vs and 10-5-10-4 cm2/Vs, respectively 46,49,50. Thus, the out-of-plane ToF mobility value we have measured for CuSCN is equal to or higher than the maximum ToF mobility values reported for other HTMs used in PSCs. We conclude that ~10-3 cm2/Vs is a more realistic measurement of CuSCN out-of-plane mobility found in devices than FET mobility measurements.
[image: ]
[bookmark: _Ref59555934]Figure 4. (a) Schematic of the n-i-p PSC structure. Figures b-c show SEM cross-sections of complete PSCs involving (b) spin coated and (c) AACVD CuSCN (scale bar = 200 nm).
To investigate how this measured mobility translates to device performance, the performance of CuSCN deposited by AACVD was compared to spin coated CuSCN in PSCs, using n-i-p architectures (Figure 4a). Figure 4b-c show SEM cross-sections of spin coated CuSCN and AACVD CuSCN incorporated into PSCs. The SEM images show that the AACVD CuSCN layer is approximately 75 times thicker than the spin coated CuSCN layer. As previously reported, a thickness of at least 1.5 µm was required to ensure CuSCN films formed by AACVD were continuous and pinhole free 42. 
Figure 5a-b show J-V curves and PCE values for each scan direction for the champion spin-coated CuSCN and AACVD CuSCN PSCs. Solar cell parameters for each scan are given in Table 1. Incorporation of AACVD CuSCN in PSCs results in working devices with PCEs of 10.4 % in reverse and 7.9 % in forward bias. In comparison, 20 nm of spin coated CuSCN in the reference cells results in PCEs of 12.6 % in reverse bias, but slightly lower (7.5%) in forward bias. 
[image: ]
[bookmark: _Ref59557253]Figure 5. J-V curves of champion cells prepared by (a) spin coating CuSCN, (b) and AACVD CuSCN. Energy level diagram (c) showing ideal valence band alignment of AACVD CuSCN with MAPbI3 for efficient hole extraction and (d) shows a boxplot of PCE achieved in forward and reverse scan directions for seven cells. 
[bookmark: _Ref59558134]Table 1. Summary of solar cell parameters for champion cells (Figures 5a-b)
	[bookmark: _Hlk49633479]PSC architecture (scan direction)
	Jsc 
(mA cm-2)
	Voc (V)
	FF
	PCE (%)
	HI

	FTO/ TiO2/ MAPbI3/spin coated CuSCN/Au (forward)
	20.3
	0.93
	0.40
	7.5
	0.41

	FTO/ TiO2/ MAPbI3/ spin coated CuSCN/ Au (reverse)
	22.1
	0.94
	0.61
	12.6
	

	FTO/ TiO2/ MAPbI3/ AACVD CuSCN/ Au (forward)
	19.6
	0.97
	0.42
	7.9
	0.24

	FTO/ TiO2/ MAPbI3/ AACVD CuSCN/ Au (reverse)
	20.7
	0.97
	0.52
	10.4
	



The spin coated CuSCN PSC efficiency is comparable to reported values of 12.4 % PCE for solution processed CuSCN with the same n-i-p configuration 40. The absolute drop of only ~2% PCE indicates the greater thickness of the AACVD CuSCN layer does not compromise the efficiency as much as may be expected for such a thick HTL layer. This is consistent with the long-range hole transport measured via ToF and proves AACVD is a promising technique for depositing scalable CuSCN layers. Series and shunt resistance values for champion cells are stated in Table S2. The lower PCE of the AACVD CuSCN device in the reverse scan direction is associated with an increased series resistance of 15.3 Ω cm2, which is higher than the series resistance of the spin coated CuSCN device (9.2 Ω cm2), lowering the fill factor. This indicates that although the mobility of CuSCN is high, the overall conductance of the layer is low due to its thickness. It should be noted, although the AACVD CuSCN layer is 75 times thicker than the spin coated CuSCN layer, the series resistance has only increased by ~66%. The increase in shunt resistance for the AACVD CuSCN cell is consistent with the thickness and uniformity of the layer. Through APS measurements it was found that the Ev of AACVD CuSCN (-5.38 eV) was shallower than spin coated CuSCN (-5.48 eV) and well aligned with the Ev value of MAPbI3 (5.43 eV) which may allow improved charge transfer at the MAPbI3/ AACVD CuSCN interface (Figure 5c, S9) 51. This suggests that the efficiency loss due to the increased series resistance in the AACVD CuSCN may be offset by the improved interfacial energetics. Furthermore, the spin coated CuSCN cell has a larger hysteresis than the AACVD CuSCN cell. Hysteresis index is affected by various parameters but as in this case all scans were measured using the same conditions (i.e. identical scan speeds and voltage range), with no previous light soaking, the hysteresis index (HI) was calculated using equation (3) to quantify this 52:

Table 1 compares the HI values for cells incorporating the spin coated and AACVD CuSCN layers. Overall, the AACVD CuSCN layer shows ~40% lower hysteresis. It is known that redistribution of mobile halide ions originating from MAPbI3 at each of the interfaces screens the built-in field. This impedes charge extraction leading to hysteresis 52. However, this effect is reduced using AACVD CuSCN instead of spin coated CuSCN. Hysteresis has also been linked to interfacial recombination and asymmetry in the charge extraction at the HTL and ETL 53. The improved interfacial energetics of AACVD CuSCN to MAPbI3 leads to efficient hole extraction, reducing interfacial recombination resulting in the decreased hysteresis. 
The distribution of PCEs achieved for spin coated and AACVD CuSCN cells is shown in Figure 5d. The range of PCEs achieved for AACVD CuSCN cells and spin coated CuSCN cells overlap in both scan directions indicating there are only small differences in performance achieved between the two layer types. Incorporation of AACVD CuSCN results in a smaller spread of data in both scan directions, indicating it is more reproducible, and the reduced hysteresis can clearly be seen when comparing the full ranges of PCEs achieved in both scan directions. 
Conclusion
We have measured an out-of-plane ToF hole mobility for CuSCN for the first time, facilitated by the deposition of > 1.5 µm CuSCN films by AACVD, giving values of ~10-3 cm2/Vs at room temperature with a weak electric field dependence of 0.005 (cm/V)1/2. By conducting the ToF measurement using varying film thicknesses of 1.5 and 4 µm CuSCN, we conclude the mobility is independent of the layer thickness.  Although the mobility is lower than CuSCN in-plane FET mobility values stated in the literature, it is equal or higher than other commonly used HTLs such as PTAA and Spiro-OMeTAD measured using ToF. The performance of 1.5 µm CuSCN deposited via AACVD in MAPbI3 PSCs was compared to that of spin coated CuSCN of 20 nm thickness. PCEs of 10.4 % were achieved, which were only slightly below spin coated CuSCN, indicating the greater thickness of AACVD CuSCN did not compromise the efficiency much. Moreover, a ~40 % decrease in hysteresis was found by incorporating AACVD CuSCN compared with devices using spin coated CuSCN. This performance is attributed to the high hole mobility and long-range charge transport, with favourable CuSCN/ MAPbI3 interfacial properties also identified, which allows efficient hole extraction. These results indicate the potential to use thicker layers of CuSCN in PSCs, which would be more compatible with large-scale processing techniques.  
Supporting Information
Additional ToF information such as a schematic of ToF set-up, sample oscilloscope traces, hole transients ranging 2-30 V for the 4 µm CuSCN sample and an alternative method to calculate the hole mobility of CuSCN is outlined.  In addition to this, extra characterisation such as AFM, UV-Vis, XRD, APS data and parasitic solar cell resistance values are supplied as Supporting Information.
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