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ABSTRACT

A metal-insulator-semiconductor (MIS) structure based on an inhomogeneous junction has been
recently proven to be highly efficient at photoelectrochemical (PEC) water oxidation. Engineering
the surrounding layer of the MIS nanojunction is crucial to maximize the photovoltage.
Specifically, for an n-type photoanode, a high work-function material is desired to create a large
Schottky barrier that assists the hole transfer to oxidize water while blocking the electron transfer.
We demonstrate the use of copper(l) thiocyanate (CuSCN), a transparent p-type coordination
polymer semiconductor with a high work function, to surround the n-Si/SiO,/Cu nanojunctions,
resulting in an increased effective barrier height from 0.71 to 1.03 eV. This phenomenon, known
as the pinch-off effect, is also applied to improve the performance of the planar n-Si/SiO,/Cu
electrode via a PEC dissolution method that creates an inhomogeneous surface covered with
CuOx. The Cu/CuSCN nanojunction still shows superior performance due to the favorable

energetics of CuSCN.
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Harvesting sunlight by photoelectrochemical (PEC) reactions allows the long-term storage of solar
energy in the form of stable chemical products, such as H; and O, through PEC water splitting

reactions in the simplest case.!? To drive the oxygen evolution reaction (OER), an excellent
photoanode is required to overcome the high thermodynamic potential [Egz/HZO =123 V vs

reversible hydrogen electrode (RHE)].3># Si, with a narrow band gap of 1.1 eV, has been
demonstrated as a prominent candidate for driving uphill electrochemical reactions, e.g., water
reduction,® CO, reduction,®” and N, reduction.® The merits of Si also include the well-established
infrastructure based on microelectronic/photovoltaic industries that could allow rapid scaling-up
and deployment.® However, Si suffers from its poor OER activity and notorious instability in
aqueous media.’® One of the solutions is to construct a metal-insulator-semiconductor (MIS)
structure;'! the passivation of Si with its native silicon oxide (SiOx) can protect to some extent the
photoanode from the corrosive environment whereas a coating of an OER-active metal can
enhance the catalytic activity.’> Another crucial benefit of this structure is the creation of a
Schottky barrier; the resulting band-bending increases the built-in voltage and subsequently the
photovoltage upon illumination which can reduce the external bias needed to drive the reactions.’®
For n-type Si photoanodes, a high-work function metal is required to induce a large Schottky
barrier; however, OER-active metals possess moderate work function (¢) for the purpose [e.g.,
#(Fe) =4.8 eV; ¢(Co) = 5.0 eV; and ¢(Ni) = 5.2 eV]."415

Beyond the standard MIS interface, increased inhomogeneity of the metal layer, e.g.,
through the top-down PEC dissolution, can further enhance the PEC performance.'®'” This
modification introduces a new junction between n-Si and an oxidized phase of the base metal
which has a larger work function and thus a larger Schottky barrier. Surrounding a MIS junction
by another one with a larger barrier develops a pinch-off region, further increasing the
photovoltage.’® Another route to directly construct inhomogeneous n-Si/SiOx/M (M = Co, Ni, or

Fe)'®-2" MIS structures is the bottom-up electrodeposition method which is simple and cost-



effective. The cathodic deposition allows the simultaneous coating of metal nanoparticles (NPs)
and an amorphous SiOy tunnel layer with a thickness of a few nanometers.'%222 Similar to the
top-down approach, the surrounding layer of the base metal is generally its oxidized phase, such
as oxide,?® hydroxide,?* or oxyhydroxide.'%?2 However, if the surrounding layer can be modified to
other compounds with a higher work function, the pinch-off effect and the resulting photovoltage
will be larger, improving the PEC performance further. To this end, coordination polymers (CPs),
such as metal-organic frameworks (MOFs) and Prussian blue analogs, are emerging as a new
class of semiconductors that can be applied as the surrounding layer.2522 CPs are recently
gaining a great deal of attention due to their facile synthesis, versatile structural designs, and
highly tunable properties.?®3° Herein, we employ copper(l) thiocyanate (CuSCN), a transparent p-
type CP semiconductor, to construct a Si/SiOx/Cu/CuSCN MIS structure via simple solution-based
methods to obtain a new photoanode structure with a large photovoltage.

Earth-abundant Cu, recognized as an OER-active material,®-3% can be used as a
substrate for a simple chemical deposition CuSCN.3* The latter is a 3D coordination polymer
consisting of Cu(l) centers bridged by SCN- ligands.3® In the past decade, CuSCN has emerged
as a technologically important p-type semiconductor with extensive applications as a transparent
p-type channel or hole-transport layer (HTL) in various devices, such as thin film transistors,36-3"
organic photovoltaics,¥3° organic light-emitting diodes,*® perovskite solar cells,*'#? and oxide-
based photoelectrodes.*® The basis for the success of CuSCN is attributed to its excellent optical
transparency in the visible region and good hole mobility (>0.01 cm? V-' s-').35 Because Cu and
CuSCN have work functions of 4.5-4.9 eV* and 5.4 eV,3"5 respectively, the coexistence of Cu
and CuSCN on the n-Si surface is expected to develop a strong pinch-off effect and increase the
PEC performance. The large band gap of CuSCN (>3.5 eV)® also means that the coating will not
lead to parasitic absorption that would otherwise decrease the visible light reaching the Si
absorber. In this work, electrodeposition and chemical deposition methods were employed to coat

Cu and CuSCN, respectively, on the n-Si surface. The resulting n-Si/SiO,/Cu/CuSCN photoanode



yields a large photovoltage of 460 mV and a large effective barrier height of 1.03 eV. Additionally,
we compare the results with n-Si/SiO,/Cu structured by the top-down PEC dissolution approach.
The latter method can also significantly improve the PEC performance by increasing the
inhomogeneity of the planar Cu layer and partially forming CuOx. Even then, the n-
Si/SiO/Cu/CuSCN from the bottom-up approach still shows superior performance with the lowest

onset potential of 1.27 V vs RHE amongst the photoanodes studied in this work.
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Figure 1. (a) Schematic of the preparation process for n-Si/SiOx/Cu/CuSCN MIS photoanode
prepared successively by electrodeposition and chemical bath deposition methods. SEM images

of (b) n-Si/Si0./Cu-200s and (c) n-Si/SiOx/Cu/CuSCN-5s.

To prepare the n-Si/SiOx/Cu MIS electrode, Cu was first electrodeposited (Figure 1a) on
freshly etched n-Si (100) from an aqueous solution containing 2 mM copper(ll) sulfate and 10 mM
sodium citrate (pH adjusted to 3 with H2SO4). The full experimental procedures are included in

Note S1 (Supporting Information, Sl). We applied two-step cathodic potentials of -1.0 V vs



Ag/AgCl for 0.5 s and successively -0.5 V vs Ag/AgCI for varying amount of time to seed and grow
Cu NPs, respectively (chronoamperometric plot shown in Figure S1). The second potential step
also allows the growth of an amorphous SiOy interlayer,*® creating the MIS structure. The
electrodeposition time of the latter was varied from 50 to 300 s, and the samples are labeled as
“n-Si/SiO/Cu-te”, with te corresponding to the electrodeposition time in seconds. As discussed
next, the n-Si/SiO,/Cu-200s photoanode yielded the best PEC performance and was employed
in the subsequent step of coating CuSCN.

The n-Si/SiOx/Cu-200s sample was then dipped in an aqueous bath containing 10 mM
ammonium thiocyanate and 10 mM ethylenediaminetetraacetic disodium salt (EDTA, measured
pH = 4.7) without stirring. The chemical deposition time was varied between 0 and 60 s. The
samples after this step are designated as “n-Si/SiO,/Cu/CuSCN-{e", with fc, corresponding to the
chemical deposition time in seconds. Also based on the PEC performance as shown next, the
optimal t.» was 5 s. The successful formation of Cu and Cu/CuSCN layers was corroborated by
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and optical reflectance
spectroscopy as discussed in detail in Note S2 with the data presented in Figure S2 and S3. The
resulting film morphology was observed with scanning electron microscopy (SEM), and Figure 1b
shows the image of n-Si/SiO,/Cu-200s. The mean diameter of Cu NPs for this condition was
301+5 nm with a 72% surface coverage. With the increasing to from 50 to 300 s, the average
diameter and surface coverage increased (Figure S4). After the chemical deposition of CuSCN,
randomly-dispersed and nonuniform particles appeared as shown in Figure 1c for
n-Si/SiOx/Cu/CuSCN-5s. Prolonging the chemical deposition further, CuSCN predominantly
covered the substrate while the number density and size of Cu NPs significantly decreased
(Figure S5).

The PEC performance of all electrodes was tested in a moderate alkaline condition of Li-
borate/K-borate buffer, measured pH = 9.6. The borate buffer was chosen because it can extend

the photoanode lifetime during OER.'>2'3" Figure 2a and b show the results from cyclic



voltammetry (CV) obtained for the n-Si/SiOx/Cu-te and n-Si/SiOx/Cu/CuSCN-itc, photoanodes,
respectively, in the dark and under illumination by simulated AM1.5G sunlight at 1 sun intensity.

For all n-Si/SiO/Cu electrodes under illumination, the onset potentials (to produce a photocurrent
density of 1 mA cm?) were >140 mV relative to Egz/Hzo. The best photoanode was

n-Si/SiO,/Cu-200s which exhibited the lowest onset potential. This condition was therefore used
in the subsequent step of CuSCN deposition as mentioned earlier.

After n-Si/SiO,/Cu-200s was coated with CuSCN, the onset potential was negatively
shifted to ~40 and ~50 mV relative to Egz/HzO for tcn = 5 and 30 s, respectively (Figure 2b). A

longer deposition time resulted in reduced performance as observed for n-Si/SiO./Cu/
CuSCN-60s. We also performed the dark/light open-circuit potential (OCP) measurements in a
solution containing of 5/5 mM ferri/ferrocyanide and 1 M KCI (Figure S6). The photovoltage can
be calculated from the difference in the OCP values before and during illumination. In Figure 2c,
the photovoltage of n-Si/SiO/Cu/CuSCN-{:, shows a similar trend with their PEC performance.
Comparing the n-Si/SiO/Cu/CuSCN-0s photoanode (i.e., without the CuSCN layer) and
n-Si/SiOx/Cu/CuSCN-5s, the photovoltage increased substantially from 270 to 460 mV. The larger
photovoltage measured from OCP may suggest that the coating evolves during the anodic

reaction. As discussed later, this is likely due to the instability of Cu and Cu(l) species.
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Figure 2. Cyclic voltammograms recorded under simulated sunlight of (a) n-Si/SiOx/Cu with
varying electrodeposition time and (b) n-Si/SiO/Cu/CuSCN with varying chemical deposition
time. All measurements were conducted in Li-borate/K-borate buffer at a scan rate of
100 mV s'. (c) Photovoltage of n-Si/SiO/Cu/CuSCN as a function of the chemical deposition
time. (d) Photovoltage of n-Si/SiO/Cu/CuSCN and n-Si/SiO,/Cu before and after immersing in
diethyl sulfide (DES). All photovoltage values were determined by dark/light OCP measurements

in a solution containing 5/5 mM ferri/ferrocyanide and 1 M KCI.

To verify the significance of CuSCN on the photovoltage enhancement, selective removal
of CuSCN was carried out using diethyl sulfide (DES) as the solvent.®” A decrease in the
photovoltage was expected upon the removal of the surrounding high work function layer.'® After

soaking in DES, the SEM image (Figure S7) shows that the original CuSCN particles vanished.



Some fibrous residue, which was probably formed by other Cu complexes, such as
[Cu(SCN)(DES)]n,%"" remained on the substrate. The OCP measurements were then carried out
again for n-Si/SiO,/Cu/CuSCN-5s and n-Si/SiO,/Cu/CuSCN-0s (i.e., Cu only, as a control) after
soaking in DES for 5 min (Figure S8). As summarized in Figure 2d, the photovoltage of
n-Si/SiOx/Cu/CuSCN clearly dropped back to a value similar to that of fresh n-Si/SiO«/Cu following
the DES immersion. Conversely, the change in the photovoltage of the control sample was
negligible. This result hence corroborates that the photovoltage enhancement arises from the
presence of CuSCN. In addition, by comparing the OER activity between non-photoactive FTO/Cu
and FTO/CuSCN (Figure S9), we can identify that Cu serves as an OER electrocatalyst whereas
CuSCN indeed only affects the interfacial energetics.

Further investigations of the two optimal conditions (fs = 200 s for Cu-only and f:» = 5 s for
Cu/CuSCN) are discussed hereafter. Solid-state measurements were performed to examine the
interfacial energetics of the MIS nanojunction (see Sl for more details). In Figure 3a, the current-
voltage curves of the optimal n-Si/SiO,/Cu and n-Si/SiOx/Cu/CuSCN solid-state cells clearly
exhibit the rectifying behavior of a Schottky junction. When a positive voltage (V > 0) is applied
from the n-Si side, i.e., a reverse bias condition, the bands bend downward, thus increasing the
potential barrier and suppressing the flow of electrons to the Cu or Cu/CuSCN contact.*® Under
this operating condition, wherein n-Si near the junction is in the depletion regime,
n-Si/SiO«/Cu/CuSCN showed an extremely low current density on the order of yA cm2, compared
to ~mA cm? of n-Si/SiO«/Cu. The superior electron-blocking behavior of the optimized electrode
can be attributed to the high conduction band level of CUSCN formed by the T* state of the

ligand.*® In addition, the CuSCN junction also creates a larger barrier as discussed next.
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Figure 3. (a) Current density-voltage characteristics and (b) Mott-Schottky plots from solid-state
measurements. (c) Surface work function (¢s) from Kelvin Probe measurements. (d) Schematic
energy band diagrams of n-Si/SiO,/Cu (red) and n-Si/SiO,/Cu/CuSCN (blue) showing the effective

barrier heights (¢,) of 0.71 and 1.03 eV, respectively.

The Mott-Schottky analysis of the solid-state devices was conducted to determine the
effective barrier height.'® Capacitance-voltage measurements were recorded in the depletion
regime (reverse bias) with an AC frequency of 100 kHz. As shown in Figure 3b, the flat-band
potentials (Eg) can be obtained from the extrapolated x-axis intercepts as: -0.44 and -0.76 V for
n-Si/SiOx/Cu and n-Si/SiO,/Cu/CuSCN, respectively. The slopes of the fitting lines yield a doping
concentration of ~7-8x10' cm for both electrodes, corresponding to a resistivity of ~5 Q-cm,
agreeing with the range specified by the Si wafer manufacturer. The effective barrier heights (¢)

of n-Si/SiO«/Cu and n-Si/SiO/Cu/CuSCN were 0.71 and 1.03 eV, respectively (see calculation
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details in SI). We remark that ¢, of the optimized electrode with CuSCN is larger than ¢, of other
inhomogeneous MIS junctions reported in the literature with values in the range of 0.75-0.91
eV_16,17,19

The surface work functions (¢s) of n-Si/SiO,/Cu and n-Si/SiO./Cu/CuSCN can be obtained
from Kelvin probe measurements. We found that the contact potential difference (CPD) of n-
Si/SiOx/Cu/CuSCN was ~270 mV higher than that of n-Si/SiO,/Cu (Figure S10a). ¢s was
calculated with respect to the work function of an Au reference measured by photoelectron yield
spectroscopy (PYS, Figure S10b). As summarized in Figure 3c, ¢s of n-Si/SiO/Cu/CuSCN was
5.23 eV, which is higher than 4.96 eV found for n-Si/SiO,/Cu. An increase in the surface work
function for n-Si/SiO«/Cu/CuSCN relative to n-Si/SiO,/Cu is in accordance with the larger effective
barrier height, indicating a significant improvement of the band bending characteristics at the MIS
interface. By combining ¢, and ¢s , we can construct the energy band diagrams for n-Si/SiO,/Cu
and n-Si/SiO,/Cu/CuSCN as shown in Figure 3d.'8%051 As discussed in S| (Note S3 and Figure
S11-S13), we also studied the stability of our photoanodes and found that they suffered some
instability mostly due to Cu corrosion. Cu(l) centers in CuSCN may also undergo undesirable
redox reactions during OER as evident from the difference in the photovoltage observed in CV
and OCP measurements. Further work is required to resolve the stability issue, for example by

alloying Cu with other transition metals®? or modifying the electrolyte.5354
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Figure 4. (a) Schematic diagrams of different Cu-modified n-Si photoanodes investigated in this

work and their corresponding OER cyclic voltammograms (sample conditions are designated by

number and color). All electrodes were measured under simulated sunlight in Li-borate/K-borate

buffer solution (pH 9.6). (b) Schematic diagrams illustrating the depletion regions produced by

(left) a planar Schottky contact and (center and right) contacts with the pinch-off effect. A small

depletion region introduced by the Cu base metal creates a small Schottky barrier, leading to low

electron/hole selectivity. The appearances of CuOx and CuSCN surrounding the base metal

create medium and large depletion regions, respectively, resulting in the pinch-off effect and an

increase in the electron/hole selectivity.
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In addition, we also compared the n-Si/SiO,/Cu/CuSCN electrode with an
inhomogeneous MIS junction based on Cu, i.e., n-Si/SiO/Cu electrode prepared by the top-down
PEC dissolution approach. So far, this method has been demonstrated only for the Ni-based MIS
structure and found to enhance the PEC performance due to the pinch-off effect.'®.17:55 Herein,
we sputtered a 25-nm Cu layer on a chemically oxidized n-Si/SiOy surface to obtain an initially
homogeneous MIS junction. Following that, the as-sputtered electrode was activated by running
multiple CV cycles between 0.9 and 1.8 V vs RHE in the Li-borate/K-borate buffer under simulated
sunlight. As shown in Figure S14, the current density increased with the number of cycles and
reached the highest value after 35 cycles, after which the current dramatically dropped. SEM
images (Figure S15) show that the sputtered Cu layer contained a large density of cracks upon
the PEC dissolution. The XPS analysis (Note S4 and Figure S16) confirmed the presence of CuOy
after the modification. Thus, the performance improvement can be attributed to the formation of
the inhomogeneous MIS junction as well as the formation of the CuOy surrounding layer, similar
to the case of Ni-based MIS electrodes (in which the surrounding layer is NiOOH).16:17.18

Figure 4a summarizes the PEC performance of all Cu-based MIS photoanodes as
reported in this work with the schematics of the pinch-off effect illustrated in Figure 4b. Compared
to the flat and homogeneous n-Si/SiO«/Cu (from sputtering), the PEC dissolution method can
dramatically improve the performance, shifting the onset potential from 1.55 to 1.28 V vs RHE.
Depositing Cu nanoparticles using the bottom-up electrodeposition also lowers the onset potential
to 1.36 V vs RHE, and this can be further improved by chemically converting Cu to CuSCN. The
photoanode with the highest performance in this work is n-Si/SiO«/Cu/CuSCN with the onset
potential of 1.27 V vs RHE. For the homogeneous MIS interface, only a small depletion region is
formed by the presence of Cu. When the metal is downsized to nanoscale and surrounded by its
oxidized phase CuOy or the high-work function CuSCN, medium and large depletion regions are

formed, respectively. The depletion region of the surrounding layer overlaps with that of the base
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metal, creating the pinch-off region. The latter leads to higher electron/hole selectivity, which
suppresses the charge recombination and thus enhances the photovoltage.'®

In conclusion, we demonstrate a simple and cost-effective bottom-up chemical deposition
method for the preparation of an efficient MIS nanojunction. Surrounding the n-Si/SiOx/Cu contact
with the high-work function CuSCN results in favorable interfacial energetics with a large barrier
height, significantly improving the photovoltage and the PEC performance. Besides, the top-down
PEC dissolution method is also demonstrated to be effective at enhancing the PEC performance
of a planar structure by increasing the inhomogeneity and partially forming CuOx. The
improvement mechanism of both methods can be explained based on the pinch-off effect. CUSCN
is highly promising due to its large work function and excellent electron-blocking property. Its large
band gap also leads to excellent optical transparency whereas other surrounding layers (CoOOH,
NiOOH, or CuOQy) are strongly colored. The transparent CuSCN coating allows the modification
of the interfacial energetics without reducing the amount of light reaching the Si photoelectrode.
Our findings open new avenues for developing MIS photoelectrodes through the facile use of

structurally diverse coordination polymers.
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