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ABSTRACT: The wide bandgap p-type metal pseudohalide semiconductor
copper(I) thiocyanate (CuSCN) can serve as a transparent hole transport layer in
various opto-electronic applications such as perovsksite and organic solar cells
and light-emitting diodes. The material deposits as one-dimensional CuSCN
nanorod arrays, which are advantageous due to their high surface area and good
charge transport properties. However, the growth of high-quality epitaxial
CuSCN nanorods has remained a challenge. Here, we introduce a low cost and
highly scalable room temperature procedure for producing epitaxial CuSCN
nanorods on Au(111) by an electrochemical method. Epitaxial CuSCN grows on
Au(111) with a high degree of in-plane as well as out-of-plane order with +0.22%
coincidence site lattice mismatch. The phase of CuSCN that deposits is a
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function of the Cu®>*/SCN™ ratio in the deposition bath. A pure rhombohedral material deposits at higher SCN™ concentrations,
whereas a mixture of rhombohedral and hexagonal phases deposits at lower SCN™ concentrations. A Au/epitaxial CuSCN/Ag diode
has a diode quality factor of 1.4, whereas a diode produced with polycrystalline CuSCN has a diode quality factor of 2.1. A highly
ordered foil of CuSCN was produced by epitaxial lift-off following a triiodide etch of the thin Au substrate. The 400 nm-thick
CuSCN foil had an average 94% transmittance in the visible range and a 3.85 eV direct bandgap.

H INTRODUCTION

Hole transport materials (HTMs) are essential for opto-
electronic devices, such as perovskite solar cells and light-
emitting diodes.'™ CuSCN is a nontoxic, earth-abundant,
wide bandgap (3.7-3.9 eV) p-type metal pseudohalide
semiconductor. CuSCN has been steadily gaining attention
as a versatile inorganic HTM in stabilized highly eficient
perovskite solar cells,* standalone solar water splitting devices,”
light-emitting diodes,®™® and transistors.” ! The basis for the
success of CuSCN as an excellent HTM could be attributed to
its exceptional optical transparency, chemical stability,
processing versatility, and good hole transport properties.'”
One-dimensional CuSCN nanorod arrays have further
attracted attention due to their high surface area and good
charge transport properties.”~'> However, the epitaxial
growth of CuSCN nanorods with high out-of-plane as well
as in-plane order has remained a challenge. Although CuSCN
films have been prepared by various solution processes such as
spin coating,16 electrodeposition,17_19 and SILAR methods,*’
the deposited CuSCN is a polycrystalline film*'~** or a film
with a fiber texture with no in-plane order,”>”° limiting its hole
transport property. Charge carrier transport across the CuSCN
layer is affected by grain boundaries and the crystalline
orientation, which would especially impact in-plane transport.
The hole mobility (0.01—0.1 cm® V™' s7') of solution-
processed CuSCN is still quite limited compared with those of
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other inorganic HTMs.”’~*’ A highly ordered hole transport
layer provides a low density of defect sites and grain
boundaries suppressing charge recombination probabilities
and facilitating efficient charge transport.” For example, single-
crystal spiro-OMeTAD exhibits remarkable mobility, exceed-
ing its thin-film counterparts by three orders of magnitude via
mesoscale ordering.30 In addition, epitaxial hole conducting
CuSCN films could serve as substrates for growth of single-
crystalline perovskite materials or n-type ZnO layers for high-
quality opto-electronic devices.”' Epitaxial CuSCN also allows
for the measurement of electronic properties along specific
crystallographic directions. This is especially important for
noncubic materials such as CuSCN. Therefore, there is a
pressing need to find a method to produce epitaxial CuSCN.

Electrodeposition is a low cost and highly scalable
deposition process 4producing epitaxial metal and semi-
conductor films.**"** Here, we detail an electrochemical
method to produce epitaxial CuSCN nanorods on a
Au(111)/Si(111) substrate at room temperature from an
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aqueous CuSO,-EDTA-KSCN bath. The material is deposited
on a 28 nm-thick layer of Au(111) on a Si(111) wafer that was
electrodeposited by a method that we reported earlier.”
Cu(1I) is simply reduced electrochemically in the presence of
SCNT ions. Highly out-of-plane and in-plane ordered nanorods
grow from the Au(111) surface with a low CSL mismatch of
+0.22%. Two kinds of CuSCN nanorods with a pure
rhombohedral phase and mixed rhombohedral/hexagonal
phases were produced by adjusting the Cu**/SCN™ ratio in
the deposition bath. Epitaxial CuSCN/Au is an ideal HTM/
metal system due to well-aligned work function for ohmic
contact and efficient charge transport. However, it faces
challenges such as degradation of the CuSCN/Au interface®
and the limitation of flexibility due to the rigid substrate.
Therefore, epitaxial lift-off technology was applied to a flat
epitaxial CuSCN film through a simple chemical Au etching
with a triiodide ion and a lift-off procedure, which extends the
application of highly ordered CuSCN foils to various substrates
via a dry-transfer method. This could form the basis of
transparent hole transport layers for flexible opto-electronics.®

B RESULTS AND DISCUSSION

The electrolyte used for the deposition of CuSCN was
typically 20 mM CuSO,, 20 mM EDTA, and 80 mM KSCN
based on the work by other workers who showed that
complexing agents such as EDTA are needed to prevent the
precipitation of black Cu(SCN),, which further decomposes to
white CuSCN and thiocyanogen.'® According to the speciation
study of this earlier study, the primary species present in this
solution is Cu(II)EDTA with a lower concentration of
CuSCN*."® Hence, EDTA serves as a reservoir of Cu(Il)
ions, which keeps the concentration of CuSCN* low in order
to prevent the precipitation/decomposition.

We explored the electrochemistry of deposition using a
rotating disk electrode (RDE), which provides well-controlled
convection to the electrode surface. Using the RDE, a solution
reduction reaction should manifest itself as a mass-tranport-
limited plateau with a limiting current that is controlled by the
rotation rate, concentration, and diffusion coefficient. Figure 1
shows the linear sweep voltammetry (LSV) analysis results of
various electrolytes with a Au RDE at 1000 rpm rotation rate.
Figure 1A shows the LSV with a Au RDE in the CuSO,-
EDTA-KSCN bath. We observed three cathodic regimes, CI,
C2, and C3. The reduction C1 begins at +0.35 V and reaches a
plateau with a current density of 1.3 mA/cm? indicating a
solution species reduction, whereas the reaction at C2 presents
itself as a peak, which indicates a surface species reduction that
is not mass-transport-limited. We attribute C1 to the reduction
of solution CuSCN* to solid CuSCN, as shown in eq 1.

As shown in Figure 1A, although the range of CuSCN
deposition is quite wide, from +0.3 to —0.5 V, epitaxial
CuSCN is only achieved using a prepolarized bias of —0.3 to
—0.5 V. That is, epitaxial CuSCN is only deposited at
potentials negative of the peak at C2. In order to further study
the nature of reduction process C2, we predeposited CuSCN
to a thickness of approximately 250 nm on the Au RDE at
—0.4 V for 60 s and then performed LSV in the CuSO,-EDTA-
KSCN bath, as shown in Figure 1B. In this case, C2 is absent,
suggesting that C2 is due to the reduction of a surface-
adsorbed species on the Au surface. Because the current
density at C2 in Figure 1A is higher than that of a self-
assembled monolayer, combined with the fact that SCN™ is
known to be strongly adsorbed on the Au(111) surface,”” we
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Figure 1. Linear sweep voltammograms (LSVs) of electrolytes with
various compositions. (A) Au rotating disk electrode (RDE) in 20
mM CuSO,, 20 mM EDTA, and 80 mM KSCN solution. (B) CuSCN
(250 nm)/Au RDE in 20 mM CuSO,, 20 mM EDTA, and 80 mM
KSCN solution. 250 nm CuSCN was predeposited at —0.4 V vs Ag/
AgCl for 60 s. (C) Au RDE in 20 mM CuSO, and 80 mM KSCN
solution. (D) Au RDE in 20 mM CuSO, and 20 mM EDTA solution.
RDEs were rotated at 1000 rpm. Scan rates of all LSVs were 10 mV-

-1
s .

speculate that C2 is the reduction of an adsorbed Cu-
(I1),EDTA,(SCN), cluster'®*“*® on the Au surface that is
attached by Au-SCN interaction, as given in eq 2. To
understand the effect of EDTA on electrochemistry, we
performed LSV using the Au RDE in a CuSO,-KSCN bath
without EDTA, as shown in Figure 1C, in which C1 appears as
a cathodic plateau with 9 mA/cm? that is seven times higher
than the CuSCN" reduction plateau in the CuSO,-EDTA-
KSCN bath in Figure 1B. The higher current density for C1 in
this bath indicates that EDTA does serve to lower the
concentration of CuSCN" in solution. The voltammogram in
this solution lacks reduction process C3, suggesting that C3 in
Figure 1A,B is due to the reduction of Cu(I[)EDTA to Cu (in
eq 3). The deposition solution that does not contain EDTA is
not stable for more than a few minutes because of the
spontaneous precipitation of CuSCN and Cu(SCN), powder,
as shown in the typical XRD pattern in Figure S1. Figure 1D
shows the LSV of a Au RDE in a solution of 20 mM CuSO,
and 20 mM EDTA (i.e, no SCN™ present). In this case, C1
and C2 are not observed. The only reduction process (C3) is
the reduction of Cu(I[)EDTA to metallic Cu, as shown in eq 3.

Cu(I)SCN™ + e~ = Cu(I)SCN (1)
Cu(II),EDTA (SCN), (adsorbed cluster) + xe™

= xCuSCN + (z — x)SCN™ + yEDTA (2)
Cu(I)EDTA + 2¢” = Cu(0) + EDTA 3)

Epitaxial CuSCN is only achieved using a prepolarized
potential of —0.3 to —0.5 V, as shown in Figure 1A. CuSCN
deposited at +0.2 V was analyzed by XRD and SEM, as shown
in Figure S3. It is polycrystalline with a slight [001] preferred
orientation in the XRD pattern (Figure S3A) and a disordered
microstructure (Figure S3B,C). The RDE studies in Figure 1
may provide some insights into why the epitaxial CuSCN can
only be produced at potentials negative of C2 in Figure 1A.

https://doi.org/10.1021/acs.chemmater.1c02694
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Figure 2. X-ray diffraction pattern and pole figures of the epitaxial 3R CuSCN film. (A) Optical image of the CuSCN film on 2 inch-diameter
Au(111)/Si(111) wafer. (B) XRD pattern of 3R CuSCN(003) on Au(111)/Si(111). (C) (200) pole figure of Au(111). (D) (104) pole figure of
3R CuSCN(003). 3R CuSCN was deposited at —0.4 V for 10 min in 20 mM CuSO, 20 mM EDTA, and 80 mM KSCN at room temperature.
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Figure 3. Epitaxial perfection and interface models of 3R CuSCN(003) on a Au(111) substrate. (A) Azimuthal scans of 3R CuSCN(003) at y =
50.93° and Au(111) at y = 54.74°. (B) X-ray rocking curves for 3R CuSCN(003) and Au(111). (C) In-plane interface model of S (blue) atoms of
3R CuSCN(003) with Au(111) (orange). 4 S atoms with S Au atoms form the coincidence site lattice, which results in a mismatch of +0.22%. (D)
Out-of-plane interface model of [001] epitaxial growth of 3R CuSCN(003) on Au(111).

The material deposited positive of C2 grows on top of the
adsorbed Cu(II),EDTA,(SCN), clusters, which inhibit the
epitaxial nucleation on the Au(111) surface. Consistent with
this argument, a short nucleation pulse of a Au(111) electrode
at —0.4 V for 10 s followed by growth at —0.1 V for 10 min
results in epitaxial CuSCN (Figure S4A), whereas a constant
potential deposition at —0.1 V for the same time leads to

972

disordered CuSCN (Figure S4B) without clear spots in the
(104) pole figure. Therefore, in this work, epitaxial deposition
utilizes a constant potential at —0.4 V, and Figure SS shows a
typical current density—time plot.

An optical image of epitaxial CuSCN on a 2 inch-diameter
Au(111)/Si(111) wafer is shown in Figure 2A. CuSCN was
deposited on a Au(111)/Si(111) wafer with a 28 nm-thick

https://doi.org/10.1021/acs.chemmater.1c02694
Chem. Mater. 2022, 34, 970—978
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Au(111) layer that was electrodeposited as reported earlier.”
Although CuSCN is highly optically transparent, the deposited
epitaxial CuSCN film shows a colored appearance due to the
Au layer and light wave interference. The orientation of the
deposited epitaxial CuSCN on Au(111)/Si(111) was deter-
mined by XRD and pole figure measurement. An XRD pattern
of CuSCN/Au(111)/Si(111) is shown in Figure 2B. It exhibits
the [001] out-of-plane order and is indexed to f-CuSCN. Note
that only the {001} reflections are observed for CuSCN. The
sharp peaks for CuSCN are consistent with high crystallinity. It
is well known that S-CuSCN exhibits polytypism resulting
from different stacking sequences in the [001] direction. AB-
type layer stacking corresponds to the hexagonal 2H
structure™ (JCPDS no. 75-2315), whereas the rhombohedral
3R structure™ (JCPDS no. 29-0581) with the ABC stacking
also exists. 3R CuSCN has lattice parameters a = b = 0.3857
nm and ¢ = 1.6449 nm and R3m (160) space group, whereas
2H CuSCN has lattice parameters a = b = 0.3850 nm and ¢ =
1.0937 nm and P6;mc (186) space group. In order to
determine the polytype of CuSCN, powder XRD analysis was
done, as shown in Figure S6. Powders are scraped from the
substrate and ground into micron-size particles. The powder
XRD of the CuSCN shows that the material is a pure 3R phase.

The in-plane order of 3R CuSCN(003)/Au(111)/Si(111)
was determined using pole figures of crystal planes that are not
parallel with the surface. The Au(200) pole (Figure 2C) and
Si(220) pole (Figure S7) exhibit six spots (tilt angle: 54.74°)
and three spots (tilt angle: 35.5°), respectively, as expected and
reported earlier.”” In the case of CuSCN, the (104) pole figure
(Figure 2D) of 3R CuSCN(003) shows six intense spots (tilt
angle: 50.93°), which are separated azimuthally by 60°. This
tilt angle indicates that the angle between the (003) and (104)
planes is 50.93° consistent with the simulated stereographic
projection for 3R CuSCN(003) (Figure S8A). Six spots of 3R
CuSCN indicate the existence of parallel and antiparallel
orientations. Unlike the simulated stereographic projection in
Figure S8B, 3R CuSCN does not have spots at y of 58.73° in
the H(102) pole (Figure S9). This indicates that there is no
epitaxial 2H phase, consistent with the powder XRD analysis.
To further confirm that the orientation of CuSCN is directly
controlled by the Au substrate, we electrodeposited CuSCN on
a sputtered Au(111)/glass without in-plane order (Figure
$10). The ring pattern in the (104) pole of 3R CuSCN (Figure
S10A) grown on Au(111) on glass (Figure S10B) confirms the
lack of in-plane order of CuSCN. Hence, the Au(111)/Si(111)
substrate directly controls the in-plane orientation of the
deposited CuSCN. Therefore, the 3R CuSCN(003) film grows
epitaxially on Au(111)/Si(111), and the epitaxial relationship
is 3R CuSCN(003)[100]//Au(111)[101]//Si(111)[101].

The epitaxial perfection of the 3R CuSCN(003) film was
further measured. Azimuthal scans were performed for the
(104) pole of 3R CuSCN(003) (tilt angle: 50.93°) and the
(200) pole of the Au(111) substrate (tilt angle: 54.74°)
(Figure 3A). We observe six peaks for both CuSCN and Au, in
agreement with pole figure results, corresponding to in-plane
parallel and antiparallel domains. The obtained peak/back-
ground ratio is 250:1, which confirms a high degree of in-plane
order. Rocking curves on 3R CuSCN(003) and Au(111) were
done to measure the mosaic spread of CuSCN (Figure 3B).
The FWHM (full width at half maximum) were 0.59° for 3R
CuSCN(003) and 0.88° for Au(111). The FWHM of 3R
CuSCN indicates that the mosaic spread in 3R CuSCN is less
than that of the Au(111) substrate.
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Interface models of the 3R CuSCN(003) film on the
Au(111) substrate are exhibited in Figure 3C,D. In the in-
plane interface model (Figure 3C) of S atoms with Au(111),
Au and S atoms are colored orange and blue, respectively. By
the formation of the CSL, in which 4 S atoms align with 5 Au
atoms, a mismatch of +0.22% is produced. Antiparallel and
parallel domains could both be observed due to rotational
twinning. In the out-of-plane interface model (Figure 3D)
showing the cross-sectional structure of CuSCN on Au(111),
we could observe that the head-tail direction of linear SCN™
ions is parallel with the [001] growth direction.

The morphological features of the 3R CuSCN(003) were
determined by SEM and TEM. Plan-view SEM images of
electrodeposited 3R CuSCN(003) on Au(111)/Si(111) are
shown in Figure 4A,B. In Figure 4A, after deposition for 60 s,

Figure 4. SEM and TEM images of epitaxial 3R CuSCN(003) on
Au(111)/Si(111). (A) SEM image (plan-view) of the initial 3R
CuSCN(003) after 1 min deposition with 250 nm thickness. (B) SEM
image (plan-view) of 3R CuSCN(003) nanorods after 10 min
deposition. (C) SEM image (cross-sectional view) of 3R
CuSCN(003) nanorods after 10 min deposition. (D) TEM image
of a single 3R CuSCN(003) nanorod and HRTEM image showing
0.28 nm interplanar distance. 3R CuSCN was deposited at —0.4 V in
20 mM CuSO4; 20 mM EDTA, and 80 mM KSCN at room
temperature.

the initial triangular crystals with an average size 300—500 nm
were formed as a homogeneous seed layer with a 250 nm
thickness. The high in-plane order in the image is consistent
with the epitaxy of 3R CuSCN(003) on the Au(111)/Si(111).
Parallel and antiparallel crystals indicate parallel and
antiparallel in-plane orientations, consistent with the pole
figure results. CuSCN nanorods with 500—800 nm diameters
further grow after deposition for 10 min, as shown in Figure
4B. The SEM cross section (Figure 4C) of 3R CuSCN(003)
shows that the nanorods are dense and vertical to the
Au(111)/Si(111) substrate, indicating the preferred [001]
orientation. The nanorod formation mechanism was studied.
As shown in Figure S11, when the growth potential of CuSCN
is changed from +0.3 to +0.2 V, which corresponds,
respectively, to activation control and mass-transport-limited
control in the LSV in Figure 1A, the morphology changes from
the flat film with uniform triangular crystals (Figure S11A) to
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R(018)

Figure 5. Epitaxial CuSCN with mixed hexagonal and rhombohedral phases. (A) H(102) pole figure for 2H&3R CuSCN. (B) SEM image (plan-
view) of 2H&3R CuSCN after 2 min deposition. (C) SEM image (cross-sectional view) of 2H&3R CuSCN after 2 min deposition with S00 nm
thickness. (D) R(104) pole figure for 2H&3R CuSCN. (E) SEM image (plan-view) of 2H&3R CuSCN after 15 min deposition. (F) SEM image
(cross-sectional view) of 2H&3R CuSCN after 15 min deposition. 2H&3R CuSCN was deposited at —0.4 V in 20 mM CuSO,, 20 mM EDTA, and
40 mM KSCN at room temperature.
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Figure 6. Electronic properties of epitaxial 2H&3R CuSCN. (A) Current density—potential (J—V) plot of Au/CuSCN/Ag diodes. (B) log(J)—V
plot to measure the diode quality factor () and dark saturation current density (J,). Epitaxial and polycrystalline CuSCN flat films were deposited
at —0.4 and +0.2 V in 20 mM CuSO,, 20 mM EDTA, and 40 mM KSCN at room temperature. The two CuSCN deposits have a constant charge
density (0.2 C/cm?) to maintain similar thicknesses (1.2 ym).

the initial nanorods (Figure S11B) and then to disordered long diffraction pattern gave 53% hexagonal phase and 47%
nanorods (Figure S11C). This shows that the nanorod rhombohedral phase (Rwp 7.0%). As for the in-plane
morphology is due to the limitation of mass transport, in orientation, 2H&3R CuSCN has six intense spots in both
agreement with a previous report.”” To further gain insights H(102) at y = 58.73° (Figure SA) and R(104) at y = 50.93°
into the atomic arrangement of 3R CuSCN(003), we (Figure SD) at the same azimuthal angle, indicating that both
performed TEM analysis of a single nanorod in Figure 4D. 2H and 3R phases are epitaxial. The out-of-plane interface
The high-resolution TEM image indicated that the nanorod model of the 2H phase/Au(111) and the 3R phase/Au(111) is
grows along the [001] direction, and lattice fringes with 0.28 shown in Figure S14. SEM was used to characterize the
nm interplanar distance match the (006) planes of 3R morphology of 2H&3R CuSCN. After deposition for 2 min,
CuSCN.*' the initial 100—200 nm hexagonal crystals (Figure SB) form a

Although the 3R CuSCN rods are epitaxial, they lack a compact dense film with a thickness of S00 nm (Figure SC).
continuous film underneath the rods, which may cause leakage The further growth of CuSCN for 15 min exhibits a unique
or short circuits in electronic devices. Therefore, we developed morphology with a dense film (S ym thickness) near the Au
another continuous epitaxial CuSCN with mixed hexagonal surface and ordered hexagonal microrods (1-2 pm diameter,
and rhombohedral phases (2H&3R CuSCN) when deposited 20—40 pm length) vertical to the substrate (Figure SE,F) with
from a bath with Cu**/SCN™ = 1/2. The orientations of the a snowflake-like surface, which is possibly due to the

2H&3R CuSCN film are measured by XRD patterns and pole competition of 2H and 3R phase growth. The microrod
figure analysis. As shown in Figure S12, 2H&3R CuSCN has a morphology with a large surface area could be favorable for
[001] orientation that is highly overlapped with 2H and 3R efficient charge transport in various devices. The reason for the
CuSCN. In order to distinguish and quantify compositions of effect of the Cu®>*/SCN™ ion ratio on the crystal structure of
the 2H phase and 3R phases, we did powder XRD analysis of CuSCN is still unclear. A possible hypothesis could be that
2H&3R CuSCN. Figure S13 shows mixed peaks for 2H and excess SCN™ ions in solution partially substitute the
3R CuSCN, which confirms the existence of two crystal coordination of Cu(II) with EDTA and further form the
structures of CuSCN in this work. Rietveld refinement of the Cu(II)EDTA(SCN), complex. The complex could be
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Figure 7. Epitaxial lift-off of highly ordered 2H&3R CuSCN transparent foils. (A) Schematic for epitaxial lift-off 2H&3R CuSCN foil: growth of
CuSCN on Au/Si and the following Au etching by KI/I, solution produce flexible CuSCN foil, which could be detached by commercial tape. (B)
Photograph of transparent, highly ordered 2H&3R CuSCN (2 inch diameter) foil with 400 nm thickness. (C) X-ray diffraction pattern of 2H&3R
CuSCN foil. (D) R(104) pole figure of 2H&3R CuSCN foil. (E) UV—vis transmittance spectra of 400 nm 2H&3R CuSCN foil showing average
94% transmittance in the 400—800 nm visible range and Tauc plot showing a 3.85 eV direct bandgap.

absorbed on the surface of CuSCN in a specific posture with
the low steric hindrance. Then, the complex is reduced to
CuSCN by releasing EDTA and SCN™. The specific posture
causes the Cu—S bond to rotate 120° each time and form 3R
packing sequences.

The electronic properties of the epitaxial CuSCN were
explored by preparing an inorganic heterojunction (Au/
CuSCN/Ag). A 2H&3R CuSCN thin flat film with dense
and uniform morphology was chosen for fabrication of the
diode. The diode was prepared by coating Ag paste on CuSCN
to make a rectifying contact (Figure S15A), while Au(111)
forms an ohmic contact (Figure S15B).** Epitaxial and
polycrystalline CuSCN flat films were electrodeposited with
the same charge density (0.2 C/cm?) to maintain similar
thicknesses (1.2 ym), as shown in Figure S16A,B, respectively.
The cross-sectional SEM images of the Au/epitaxial CuSCN/
Ag diode and Au/polycrystalline CuSCN/Ag diode are shown
in Figure S16C,D. The J—V response of Au/epitaxial CuSCN/
Ag exhibits a more significant rectifying behavior (Figure 6A).
The diode quality factor, n, was used to determine the quality
of the rectifying behavior. An ideal diode has n = 1.0. In Figure
6B, the epitaxial CuSCN has a diode quality factor of 1.4,
whereas a diode produced with polycrystalline CuSCN has a
diode quality factor of 2.1. A smaller diode quality factor for
epitaxial CuSCN indicates that epitaxy of CuSCN is beneficial
to suppressing carrier recombination. The high order and lack
of grain boundaries of epitaxial CuSCN could also improve
carrier mobility, which is favorable to various electronic devices
such as perovskite solar cells.

The schematic for epitaxial lift-off of 2H&3R CuSCN foil is
shown in Figure 7A. A flat epitaxial 2H&3R CuSCN film
(Figure SC) grows initially on the Au buffer layer on the Si
wafer. Au can then be etched in KI/I, for effortless lift-off by
commercial adhesive tape. Si could be reusable after each

fabrication cycle. It is unexpected that CuSCN could resist the
oxidization of KI/I, because KI/I, is a strong oxidant that
could oxidize Cu® to Cu(Il). The result confirms the
exceptional chemical stability of CuSCN. Figure 7B shows
the photograph of a continuous transparent 2H&3R CuSCN
foil with a thickness of 400 nm. The out-of-plane order of the
2H&3R CuSCN foil was confirmed by the XRD pattern in
Figure 7C, which only exhibits the {001} family of peaks. The
in-plane order was demonstrated by an R(104) pole figure,
which has six spots (tilt angle: 50.93°) separated azimuthally
by 60° (Figure 7D). Hence, the 2H&3R CuSCN foil remains
highly ordered after Au etching. Figure 7E shows the optical
transparency of the 400 nm-thick 2H&3R CuSCN foil. The
transmittance spectrum shows 94% average transmittance in
the visible range (400—800 nm). The Tauc plot in Figure 7E
shows a 3.85 eV direct band gap, which is exceptionally large
compared with other Cu(I)-based p-type semiconductors. The
surface of 2H&3R CuSCN foil remained continuous and
featureless without cracks after 1000 bending cycles (Figure
S17). The highly ordered 2H&3R CuSCN foil could form the
basis of future transparent and flexible electronics.

B CONCLUSIONS

We demonstrate an electrochemical method for depositing
epitaxial hole transport CuSCN nanorods with a [001]
orientation on the Au(111) surface. CuSCN with the pure
3R structure and 2H & 3R mixture were produced by adjusting
the Cu**/SCN™ ratio in the deposition solution. Epitaxial
CuSCN/Au forms an ideal HTM/metal system for various
opto-electronic devices. Here, a diode is produced by forming
the Au/epitaxial CuSCN/Ag heterojunction. This work also
opens interesting avenues for other epitaxial hole transport
layers such as NiO and CuAlO,. Good chemical stability of
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CuSCN allows Au etching and epitaxial lift-off to produce a
CuSCN foil with high optical transparency and large bandgap.
The highly ordered 2H&3R CuSCN foil has possible
applications such as an efficient HTM in perovskite solar
cells via a dry-transfer method and flexible transparent
electrodes. It could also serve as a basis for future flexible
and transparent electronic devices. This Au etching method
shown here could be a general way to produce various flexible
ceramic foils grown on a Au substrate, such as Bi,O; and PbO,.

B MATERIALS AND METHODS

Si Wafer Processing for Au Deposition. Si(111) wafers
(phosphorus-doped, N-type, 0.1-2.0 Q-cm, Virginia Semiconductor
Inc.) were used in this work. RCA procedures were applied to
completely remove organic/inorganic impurities on the Si surface. In/
Ga alloy was coated on the back of the wafers, and then a silver wire
was attached by silver paste to achieve good electrical contact. In
order to prevent electrodeposition on the back, an insulating layer of
Apiezon Type W wax was coated and fully dried. Before use, a
hydrogen-terminated Si surface was produced by washing wafers with
dilute (5%) hydrofluoric acid solution for 30—45 s at room
temperature. The Au(111) deposition process (using an Autolab 30
potentiostat) followed our previous report in a three-electrode system
using Si as a working electrode.>® The epitaxial Au(111) films were
grown to a thickness of 28 nm.

Electrodeposition of CuSCN and Foil Fabrication. Electro-
deposition of rod-like CuSCN was performed in an aqueous CuSO,-
EDTA-KSCN system as previously reported.'”'®** The solution was
prepared by dissolving 20 mM Cu(SO,)-SH,0, 20 mM ethyl-
enediaminetetraacetic acid (EDTA), and various concentrations of
KSCN. The concentrations of KSCN for 3R CuSCN and 2H&3R
CuSCN were 80 and 40 mM, respectively. CuSCN films were
electrodeposited at a constant potential at —0.4 V on the Au(111)/
Si(111) substrate with 300 rpm stirring. A CuSCN foil was produced
by immersion in aqueous 0.3 M I, and 0.6 M KI solution for 60 s to
completely etch the Au layer. The CuSCN foil was detached from the
Si substrate by commercial (3 M) adhesive tape.

Electrochemical Analysis. LSVs were acquired on an Autolab 30
potentiostat using a Au RDE (3 mm diameter) at 1000 rpm rotation
rate. The potential scan rate was 10 mV/s, and the step size was 1 mV.

Diode Fabrication. Au/CuSCN/Ag was fabricated by coating
silver print II (GC electronics) on CuSCN/Au/Si. Silver wires were
then connected to the silver print and the Au surface, respectively.
The values of the Au/CuSCN/Ag diode factor were determined by
devices with the same area of 0.25 cm?.

X-ray Diffraction, SEM, and TEM Measurements. X-ray
diffraction patterns, pole figures, and azimuthal scans were run on a
high-resolution Philips X’Pert Materials Research diffractometer using
the accessories and procedures outlined in our previous report.** SEM
was done on a FEI Helios Nanolab microscope, and TEM was done
on a FEI Tecnai F20 microscope.
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