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ABSTRACT: TiO, has been widely used as an n-type overlayer, simultaneously
serving as a protective layer for photocathodes. However, the photovoltage
generated from a TiO, junction with p-type absorbers, such as p-Si, Sb,Se;, SnS,
and Cu,0, is insufficient. We report a dipole reorientation strategy to overcome
this limitation by inserting a polyethylenimine ethoxylated (PEIE) layer
between a p-type absorber and TiO,. Furthermore, we demonstrate that the
PEIE dipole orientation can be rearranged by increasing the layer thickness,
leading to an upward shift of the TiO, band edge. The magnitude of band shift
induced by the dipole effect depends on the TiO, layer thickness. Using this
approach, the onset potential was significantly improved to 0.5 V versus the
reversible hydrogen electrode (Viyg) in a p-Si/PEIE/TiO,/Pt device. The
versatility of the effective dipole reorientation strategy was demonstrated by
application to a range of TiO,-protected heterojunction photocathodes based
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significant attention because it can directly convert

sustainable solar energy to hydrogen." A high solar-to-
hydrogen (STH) efficiency of a bias-free device should be
achieved to practically use eco-friendly and sustainable
hydrogen energy. Light-absorbing semiconductors must
generate a sufficient photovoltage for unbiased solar water
splitting to exceed the thermodynamic barrier of water splitting
(1.23 V) and overpotential for electrochemical reactions at the
surface while compensating potential losses for charge
recombination.”” Maximizing the quasi-Fermi level difference
at the interface is crucial for implementing highly efficient and
bias-free solar water splitting, because the photovoltage of a
semiconductor is determined by the quasi-Fermi level
difference of electrons and holes at the interface under
illumination.* Generally, most p-type semiconductor-based
photocathodes have a junction with an n-type layer to generate
an additional photovoltage for efficient carrier separation.”
Among many n-type candidates, TiO, is most widely used as a
physical protector due to its superior chemical stability over a
wide range of pH.® However, the photovoltage from the TiO,-
protected heterojunction p-type photocathodes (TPHPs),
including Si, Sb,Se;, SnS, and Cu,O, is still insufficient due

to unfavorable band alignment.7_10

P hotoelectrochemical (PEC) water splitting has attracted
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Various band alignment engineering strategies, such as
specific treatment and insertion of a functional material, have
been attempted to tune the band alignment between the p-type
materials and n-type TiO,-protection layer to obtain a high
photovoltage from the TPHP.>*"" For instance, the surface n*
doping by phosphorus diffusion process creates an additional
buried p—n junction through which the Fermi level of p-Si
shifts upward, leading to an enlarged quasi-Fermi level
difference and an improved photovoltage.lz_14 However, the
n'-doping process requires a highly complicated and toxic
process. = Inserting a Ga,O; buffer layer at the interface of
Cu,O and TiO, can also generate high photovoltage by
minimizing the conduction band offset.” It has also been
reported that CdS can be utilized as a buffer layer for Sb,Se; to
reduce the valence band mismatch, improving the photo-
voltage.”'> However, the buffer layer insertion may not be
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Figure 1. (a) Device structure of photocathodes in a Cu foil/Ga—In metal/p-Si/SiO,/PEIE/TiO,/Pt configuration. (b) High-magnification
TEM image and EDS elemental mapping images of the p-Si/PEIE/TiO, structure.

generically exploitable because this strategy only works under a
specific material combination with proper band energy
positions (e.g., Ga,0; for Cu,0/TiO, TPHP and CdS for
Sb,Se,/TiO, TPHP).

Diverse dipolar molecules have been introduced at the
heterojunction interface as an alternative to a buffer layer to
develop an interfacial dipole moment by either charge
rearrangement or transfer.''” The net interfacial dipole
moment induces an internal electric field altering the band
bending, effectively tuning the band energy alignment at the
equilibrium state.'>'® The direction of the band shift is related
to an orientation of the net dipole moment at the interface in
which the adsorption of negative dipole molecules leads to an
upward shift of the band edge; however, the presence of
positive dipole molecules lowers the band position.'®™*' The
influence of the dipole strategy is generally highly dependent
on the thickness of the dipole layer and neighboring layers
because the net interfacial dipole moment is proportional to
the magnitude of polarization that depends on the thicknesses
of both the dipole molecule and adjacent layers.”**** The
dipole strategies in a photocathode have been suggested to
lower the band edge of the absorber layer by locating the
positive dipole molecules on the p-type semiconductor to
enlarge the band bending with respect to the water redox
potential or TiO, layer.”'”~*' However, the conventional
dipole strategy (i.e., tuning the band edge of p-type
semiconductor) inevitably induces a limited dipole effect
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because the thickness of the absorbing layer is predetermined
for the light-harvesting and carrier diffusion distances.
Therefore, the effect of the dipole strategy cannot be fully
exploited. The dipole strategy has been successfully applied to
p-Si; however, the adsorption of a positive dipole molecule on
other semiconductors, such as Sb,Se; and Cu,O thin films,
shows a less significant effect.” Hence, it is highly demanding
to develop a simple and universally applicable dipole strategy
enabling high-performance TPHP with high photovoltage.
This study proposes a dipole reorientation strategy by
controlling TiO, thickness. Polyethylenimine ethoxylate
(PEIE) was introduced as a negative dipole molecule into a
Si-based TPHP (i, p-Si/PEIE/TiO,/Pt).'***** PEIE has
been widely utilized to lower the work functions of metals and
metal oxides in photovoltaics.”~>* However, the thickness of
adjacent layers has rarely been considered to control the PEIE
dipole orientation. In the Si-based TPHP structure, the amine
groups in PEIE induce strong electrostatic interaction with
TiO, upon an increased TiO, thickness due to its high
polarizability, which in turn results in dipole reorientation and
upward shift of TiO, band edge.”> We suggest the mechanism
for the photovoltage improvement on the basis of a
combination of experimental observations and theoretical
calculations. The photovoltage was significantly enhanced by
controlling the TiO,-thickness-dependent dipole effect, which
improved the onset potential to 0.5 V versus the reversible
hydrogen electrode (Vgy) in the p-Si/PEIE/TiO,/Pt device.
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Figure 2. (a) LSV curves and (b) device performance statistics of the onset potential obtained from 10 cells of p-Si/PEIE(0.025 wt %)/TiO,/
Pt photocathodes with different TiO, thicknesses (i.e., 1, 10, 50, and 70 nm) under 1 sun illumination in a H,SO, electrolyte (pH 1). (c)
Open-circuit voltage (OCV) of PEIE-modified Si photocathodes with different TiO, thicknesses (i.e., 1, 10, 50, and 70 nm) under 1 sun
illumination with argon purging. (d) LSV curves of p-Si/TiO,/Pt photocathodes with different TiO, thicknesses (i.e., 1, 10, 50, and 70 nm)

under 1 sun illumination in a H,SO, electrolyte (pH 1).

Furthermore, we demonstrate that the PEIE dipole reorienta-
tion strategy is readily applicable to other semiconductor-based
TPHPs, such as Sb,Se;, SnS, and Cu,O, leading to an
improved onset potential. Our study provides a simple and
synergistic dipole effect of PEIE and TiO, to improve the
photovoltage of TiO,-protected heterojunction p-type photo-
cathodes for PEC water splitting.

We introduced a PEIE layer at the interface between p-Si/
SiO, and TiO,/Pt to fabricate a PEIE-modified p-Si-based
photocathode, as schematically shown in Figure la. A surface-
cleaned p-type Si wafer was dipped into a PEIE aqueous
solution (typically at a concentration of 0.025 wt %) for 20
min, followed by N, blowing and immediate deposition of
TiO, by ALD. Sputtered Pt was employed as a cocatalyst,
while Ga—In alloy and Cu foil were used as back contacts to
support a full device (see the Experimental Section in the
Supporting Information for further details). X-ray diffraction
(XRD) patterns exhibited identical peaks regardless of PEIE
deposition, suggesting that PEIE does not alter the crystallinity
of Si (Figure S1). Scanning transmission electron microscopy
(STEM) and energy-dispersive X-ray spectroscopy (EDS)
were performed onto the cross-sectioned device by a focused
ion beam (FIB) to obtain direct evidence for the existence of
the PEIE layer (Figure 1b). The C signal in the right upper
corner in Figure 1b did not result from PEIE. It is speculated
that the significant C signal can be attributed to the adsorbed
carbon atoms from the ambient atmosphere. Furthermore, it
can be seen from EDX mapping that there was no inward
diftusion of Ti metal into the p-Si during the ALD process. The
analysis confirmed the existence of carbon elements at the p-
Si/TiO, interface with a thickness of ~0.5 nm, which is thinner
than the native oxide layer (i.e, SiO, ~1.6 nm) inevitably
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formed during the PEIE deposition despite the etching. We
denote p-Si/SiO, as “p-Si,” including the native oxide layer, for
convenience. The thickness of PEIE on p-Si was evaluated
using ellipsometry, from which the PEIE layer obtained from a
0.025 wt % solution had a thickness of ~0.55 + 0.23 nm,
matching well with the value measured by a STEM-EDS
analysis.

Interestingly, the champion PEC performance of PEIE-
modified p-Si photocathodes characterized by linear sweep
voltammetry (LSV) under 1 sun illumination varied depending
on the TiO, overlayer thickness, as verified by ellipsometry
measurements (Figure 2a and Figure S2). Ultrathin TiO, (~1
nm) was deposited on the PEIE to prevent electrolyte
penetration, due to the instability of PEIE in an acidic
environment.””** We observed low performance in the p-Si/
PEIE/TiO,(1 nm)/Pt sample, showing a value of 0.5 mA cm ™
at 0 Vyyp; however, the current density was 17 mA cm™ at 0
Vyue with a TiO, thickness of 10 nm. The performance of the
PEIE-modified device was maximized at a thickness of ~50
nm, whereas the current density in the 0.2—0.4 Vg range was
significantly decreased when TiO, became thicker than 50 nm.
The LSV curves were linearly extrapolated at 1 mA cm™
toward a rapidly increasing region where the photocurrent
mainly contributed to the hydrogen evolution reaction (HER),
excluding the non-Faradaic current, to determine the onset
potential of the photocathodes (Figure S3).> The onset
potential changed with increasing TiO, thickness from a
negative potential of —0.0S Vgyp (at TiO, ~1 nm) to a
positive potential of 0.32 Vyy (at TiO, ~10 nm), reaching a
more positive potential of 0.50 Vyyp (at TiO, ~50 nm) and
maintaining the similar slopes of LSV curves at 1 mA cm ™.
However, the potential slightly decreased to 0.47 Vi for the
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Figure 3. XPS spectra of (a) Si 2p and (b) N 1s and (c) deconvolution of O 1s regions before and after TiO, deposition (3 and 5§ nm). Scatter
points represent the original experimental data, whereas solid lines represent the fitted curves. Normalized UPS spectra of (d) the secondary
electron cutoff region and (e) the valence band edge for p-Si/PEIE/TiO,(10 and SO nm).

70 nm thick TiO, Furthermore, the statistics of the onset
potential obtained from the LSV curve for 10 separately
fabricated samples confirmed the reproducibility of our PEIE-
modification strategy (Figure 2b). The average onset potentials
with a narrow deviation were —0.08, 0.28, 0.48, and 0.46 Vyy
at TiO, thicknesses of 1, 10, 50, and 70 nm, respectively. The
negative onset potential (from —0.05 to —0.08 V) for p-Si/
PEIE/TiO,(1 nm)/Pt indicates that PEIE provides a negative
dipole layer onto p-Si, leading to upward shifting of the band
energy and less band bending with respect to the water redox
potential.'"®'”*’ However, the onset potential gradually shifted
toward a positive potential accompanied by a performance
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enhancement with an increasing thickness of TiO,. This is an
unusual observation with respect to previous relevant reports.

We determined the open-circuit photovoltage (OCP) to
gain an in-depth understanding of the variation in the onset
potential depending on TiO, thickness; it is frequently used to
reveal the photovoltage enhancement proportionally. The
OCP, defined as the difference between open-circuit voltage
(OCV) under illumination and in the dark (i.e, OCP =
OCVjgpe — OCVq,ys also known as the resting potential),
represents the degree of the band bending at the time of
illumination with respect to the dark condition flattening the
band bending in the depletion region.’® Figure 2¢ shows that

https://doi.org/10.1021/acsenergylett.2c00392
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the OCP is 0.01, 0.19, 0.4, and 0.36 V at TiO, thicknesses of 1,
10, 50, and 70 nm in p-Si/PEIE/TiO,/Pt, respectively. The
higher OCP value indicates a more favorable driving force for
water reduction, as determined by the larger difference
between the electron quasi-Fermi levels of p-Si and TiO,.*'
In the dark, there were approximately 600—700 mV deviations
of the OCV value (i.e., OCV,,,) from 0 V vs RHE, which was
commonly observed in all PEIE-modified Si photocathodes
regardless of the TiO, thickness under diverse atmospheres
(H,, argon, and O,) (Figure S4). We presume that the surface
states of the amorphous TiO, layer cause a Fermi level pinning
at the TiO,/electrolyte in the dark.’’** The OCP measure-
ment clearly confirmed that the photovoltage developed by p-
Si/PEIE/TiO,/Pt is dependent on the TiO, thickness. To
further confirm the onset potential variation as a function of
TiO, thickness in the absence of PEIE, we observed the
performance of p-Si photocathodes with different TiO,
thicknesses under 1 sun illumination (Figure 2d). The onset
potentials were nearly identical regardless of TiO, thickness
without the PEIE dipole layer, and the TiO, thickness less
significantly affected the photocurrent density of the Si
photocathode in comparison with the PEIE-modified Si
photocathode. The morphologies of TiO, and PEIE/TiO,
were observed by scanning electron microscopy (SEM) and
atomic force microscopy (AFM) (Figure S5). It was confirmed
that both layers revealed nearly identical morphologies and
surface roughnesses. The presence of a PEIE dipole layer was
unable to alter the morphology of overlying TiO,. Therefore, it
can be inferred that the PEIE dipole layer may interact
electrostatically with TiO,.
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X-ray photoelectron spectroscopy (XPS) was used to
understand the electronic states at the interface between p-Si
and TiO, with the PEIE dipole layer. We analyzed three
samples with varying TiO, thicknesses considering the average
penetration depth of XPS analysis, p-Si/PEIE without TiO,, p-
Si/PEIE/TiO, (3 nm), and p-Si/PEIE/TiO, (S nm), to
elucidate the electrostatic interaction with PEIE. Figure 3a
shows the Si 2p XPS spectra based on the TiO, thickness. The
Si peak was located at 98.4 eV in the p-Si/PEIE without TiO,
sample; the negative shift by 0.7 eV is attributed to negative
dipoles developed by PEIE rather than the peak of bare Si (i.e.,
99.1 eV) (Figure S6a).”” However, the Si peak shifted to
higher binding energy after TiO, deposition, suggesting that
the previously formed electrostatic interaction of p-Si with
PEIE weakens in the presence of TiO,. Figure 3b shows the N
1s XPS spectra. It reveals the interaction variation of amine
groups in PEIE on the basis of the TiO, thickness, in which the
N Is peak is shifted toward higher binding energy; however, Ti
peaks for both p-Si/PEIE/TiO,(3 nm) and p-Si/PEIE/TiO,(S
nm) changed to lower binding energy in comparison to bare
TiO, in Ti 2p XPS spectra (Figure S6b).> It can be inferred
that more electrons from the amine are transferred to the TiO,
side instead of to p-Si, as indicated by an intensified N—O
interaction, leading to strong electrostatic interactions with
TiO, after an increase in thickness.**** O 1s XPS spectra
(Figure 3c) showed a new peak related to TiO, at
approximately 530 eV; the previous peak of p-Si/PEIE without
TiO, appeared as a shoulder in p-Si/PEIE/TiO,(3 and S nm).
The broad peaks at 532.5 and 531.7 eV are assigned to Si—O
and Si—O—N interactions in the p-Si/PEIE without TiO,
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sample. However, the newly emerged peaks at 530.2 and 529.6
eV are ascribed to Ti—O and Ti—O-—N in the p-Si/PEIE/
TiO,(3 and 5 nm) samples.””~** The relative fraction of peak
area of Si—O—N in the p-Si/PEIE without TiO, sample was 2-
fold larger than that of Si—O (Table S1). The p-Si/PEIE/
TiO,(3 nm) sample showed that the peak area fraction of Ti—
O—N (0.4) was 2 times larger than that of Si—O—N (0.19),
implying that PEIE forms more electrostatic interactions with
TiO, than with p-Si. The peak area fraction of Si—O—N
decreased significantly to 0.07 with an increasing thickness of
TiO,; however, the peak area fraction of Ti—O—N was found
to be 4-fold larger than that of Si—O—N. The increased peak
portion of Ti—O—N with respect to Si—O—N also suggests
that PEIE preferably forms more electrostatic interactions with
an increasing thickness of TiO, than it does with p-Si.
Therefore, we conclude that the the electrostatic interaction
between p-Si and amine weakens with an increasing TiO,
thickness, whereas more amine groups of PEIE are attracted
toward the neighboring TiO, to form strong electrostatic
interactions.

We performed ultraviolet photoelectron spectroscopy
(UPS) measurements to clarify the dipole direction variation
at the p-Si/PEIE interface in the presence of TiO,.'° The
thickness of TiO, on p-Si/PEIE was controlled to ~10 nm to
gain access to the buried interface of PEIE/TiO, while
avoiding the detection of the p-Si work function of the
substrate, due to an approximate information depth of around
10 nm from UPS. The p-Si/PEIE/TiO, (50 nm) sample was
employed as a reference, as it had a relatively thick TiO,
overlayer. The work function of p-Si/PEIE/TiO,(10 nm)
determined by a linear extrapolation of the kinetic energy at
the cutoff region was decreased to 4.02 eV in comparison with
p-Si/PEIE/TiO, (50 nm) (4.26 V) (Figure 3d). This result
indicates that the vacuum level for the PEIE/TiO, interface
shifts downward.””*° Figure 3e shows the valence band region
of each sample, revealing a feature similar to that of pristine
TiO, (Figure S7); it shows that the feature related to the p-Si
substrate is not as observable as would be expected.
Additionally, the UPS result of the p-Si/PEIE interface
revealed a decrease in work function by 0.56 eV without the
TiO, layer, suggesting that PEIE develops a negative dipole on
the p-Si (Figure $8)."®** Consequently, we conclude that
PEIE induces a negative dipole to p-Si prior to TiO,
deposition; however, a net dipole moment of PEIE is
reoriented by inducing the negative charges to the adjacent
TiO, after TiO, deposition (Figure §9).39~#

Density functional theory (DFT) simulations were per-
formed to further understand the influence of the electrostatic
interaction formed by the amine and TiO, on the band energy
variation of TiO,. We constructed model systems in which
ethylamine molecules were adsorbed on the (110) surface of
rutile TiO, because modeling an actual polymer/semi-
conductor interface within the limited unit cell size in DFT
simulations is not feasible. On this basis, we can deduce the
interaction of amine groups in the PEIE molecule with TiO,.
The atomic geometries of the optimized slab models with
ethylamine molecules are shown in Figure 4a and Figure S10.
The oxygen atoms attracted electrons and formed a partial
negative charge (§—) after amine groups in ethylamine
molecules were bonded to oxygen atoms on TiO,(110);
however, a partial positive charge (5+) formed at the amine
groups. This electron transfer from nitrogen to oxygen well
explains the origin of the shift in the N and O 1s peaks, as
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shown in the XPS data (Figure 3b,c). As a result, a surface
dipole was created, and the absolute electronic band energy
ionization potential (IP) and electron affinity (EA) were
shifted. Figure 4b shows a plot of the calculated IP and EA of
bare TiO,(110) and TiO,(110) with ethylamine adsorbates.
The calculated IP and EA match well with previously reported
values.*” An upward shift of band energies of 0.42 eV was
calculated after all oxygen atoms on TiO,(110) were covered
by ethylamine molecules in a 1:1 ratio. The degree of band
level shift was mitigated in the case of a 2:1 ratio, where the
interaction of half of the oxygen atoms with ethylamine
molecules occurs on the TiO,(110) surface. The magnitude of
the calculated band shift is not directly comparable to the UPS
result due to the complexity of the real system, where amine
groups in the PEIE film also interact with p-Si. However, the
upward shift of the band edge coincides with the UPS result of
p-Si/PEIE/TiO, (10 nm) (Figure 3d). Nonetheless, our DFT
calculation results confirm that amine groups establish an
electrostatic interaction with TiO,, inducing an upward shift of
TiO, band energy level due to the enhanced magnitude of
electrostatic interaction.

The magnitude of band bending of PEIE-modified p-Si
photocathode was determined via a Mott—Schottky analysis
based on an electrochemical impedance spectroscopy (EIS)
measurement.”> The data were fitted according to a Voight
equivalent circuit model that has been widely adopted in
multilayered photoelectrodes (Figure S11a).**7* The p-type
doping property of p-Si was observed from the linear line with
a negative slope at various applied potentials (Figure 4c). The
calculated doping density of the p-Si reaches close to the values
suggested by the manufacturer (~1.32 X 10"°—1.47 X 10')
and previous reports (Table $2).”>*® The Mott—Schottky plot
for TiO, yields an n-type doping property that could form a
p—n junction with p-Si (Figure S11b). The Egg value of the
PEIE-modified p-Si photocathode was increased from 0.33 to
0.56 Viyg up to a TiO, thickness of S0 nm. However, p-Si/
PEIE/TiO,(70 nm) showed an Egy value nearly identical with
that of p-Si/PEIE/TiO, (50 nm), which indicates that the
band bending of PEIE-modified p-Si photocathode is
enhanced with an increasing TiO, thickness and reaches a
maximum at a thickness of 50 nm. This correlates well with the
increased onset potential when the TiO, thickness is increased
to 50 nm in LSV curves (Figure 2a). Although theoretically the
flat band potential estimated using a Mott—Schottky analysis
and the photocurrent onset potential as well as the OCP
should be similar, due to the presence of interface defects
resulting in Fermi level pinning, a slight deviation could appear
between the OCP and the flat band potential or the OCP and
the onset potential. We may assume PEIE dipole reorientation
to be saturated and the band bending to reach its maximum. A
TiO, layer thicker than 50 nm would act as the series
resistance of the device, leading to a decrease in the
performance. Our observation in this regard clearly suggests
that 50 nm of a TiO, overlayer would be a proper thickness
when the p-Si photocathode is modified with PEIE. Band
diagrams of p-Si/PEIE/TiO,(~10 nm) as well as p-Si/PEIE/
TiO, (~50 nm) were prepared on the basis of a combination
of theoretical calculations and experimental observations
(Figure S12). The magnitude of the electrostatic interaction
depending on the TiO, thickness is described as the band
shifting of the TiO, layer, resulting in an increased difference
in Fermi level between p-Si and TiO,. This increasing
difference causes a large built-in potential to be developed
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Figure S. Schematic illustration showing the proposed dipole reorientation mechanism and energy level diagram of PEIE on p-Si (a) before

and (b) after thick TiO, deposition.

between p-Si and TiO,, leading to an enhanced band bending
and photovoltage.

We measured the performance by varying the PEIE solution
concentrations (i.e, 0.01, 0.025, 0.05, 0.1, and 1 wt %) to
further confirm the dipole effect based on PEIE thickness
(Figure S13a). According to the Mott—Schottky result in
Figure 4c, an optimal 50 nm thick TiO, was deposited on top
of the PEIE-modified p-Si photocathode. The onset potential
increased from 0.38 Vyyp (0.01 wt % PEIE) to 0.50 Vpyg
(0.025 wt % PEIE). However, the onset potential decreased to
0.22 Vypye with a further increment of 0.05 wt % in the
concentration of PEIE. The current density for the p-Si/
PEIE(0.01 wt %)/TiO,/Pt was 26 mA cm ™2 at 0 Vyyyg. The p-
Si/PEIE(0.025 wt %)/TiO,/Pt showed a slightly increased
current density (28 mA cm™> at 0 Vyyg), whereas p-Si/
PEIE(0.05 wt %)/TiO,/Pt revealed an abrupt decrease in the
current density to S mA cm™%. No further current was
monitored under the condition of 1 wt % PEIE. Furthermore,
the statistics of the onset potential obtained from an individual
LSV curve for separately fabricating 10 samples at concen-
trations of 0.01, 0.025, and 0.05 wt % PEIE were obtained to
prove the reliability of LSV results depending on PEIE
concentration (Figure S13b). Linear extrapolation at 1 mA
cm™ could not be performed to define the onset potential,
because both 0.1 and 1 wt % PEIE concentrations revealed an
inferior current density of less than 1 mA cm™. Average onset
potentials of 0.34 and 0.48 Vg were obtained from 0.01 and
0.025 wt % PEIE concentrations, respectively; however, 0.16
Vrus was observed for a p-Si photocathode based on 0.05 wt %
PEIE deposition. These results imply that PEIE solution
deposition enables a highly reproducible and reliable interface
modification regardless of its concentration. The PEIE layer
thickness as a function of the polymer solution concentration
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was estimated using ellipsometry (Figure S14). It was observed
that the thicker PEIE layer behaves as the series resistance of
the photocathode, resulting in suppressing charge transport for
a PEIE concentration of greater than 0.05 wt % (~1.4 nm).
The photoelectrons are unlikely to tunnel through the thick
PEIE layer due to the large band gap energy (6.2 eV) of PEIE,
leading it to have an insulating property.”™ At the 0.01 wt %
PEIE concentration, the average onset potential had a lower
value of 0.34 Vpyyg in comparison to that for the 0.025 wt %
PEIE concentration. It can be inferred that the surface
coverage of PEIE deposited at the concentration of 0.01 wt
% may be incomplete; hence, the developed dipole magnitude
is smaller than that of p-Si/PEIE(0.025 wt %)/TiO,/Pt. In this
regard, the PEIE deposition at a concentration of 0.025 wt %
allows an optimal ultrathin layer (~0.5 nm) on top of the p-Si
PEC device. Furthermore, we evaluated the morphology of the
dipole layer on the Si wafer as a function of the PEIE
concentration by AFM (Figure S15). Below the optimum
concentration of PEIE (0.025 wt %), there were insignificant
changes in the topography and surface roughness in
comparison to a bare silicon wafer. However, at a PEIE
concentration of 0.05 wt %, we found occasional clusters on
the surface. As the concentration increased, these clusters
appeared to be agglomerated while the roughness (R.)
sharply increased. On the basis of the AFM results, the PEIE
dipole layer seems to be deposited in the form of clusters.
However, at a low concentration (under 0.025 wt %), the
clusters were hardly observed and PEIE appeared to be
deposited conformally. Additionally, we verified the stability of
a PEIE-modified planar p-Si photocathode at 0.2 Vyyg in an
acidic electrolyte of pH 1 under continuous illumination
(Figure S16). In the low applied potential region (0.2 Vgyy),
the PEIE-modified device exhibited a higher current density in
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Figure 6. (a) LSV curves and (b) ABPE values of Sb,Se;/TiO,/Pt (red) and Sb,Se;/PEIE/TiO,/Pt (blue) under 1 sun illumination in an
H,S0, electrolyte (pH 1). (c) LSV curves of Cu,0/TiO,/Pt (red) and Cu,O/PEIE/TiO,/Pt (blue) under 1 sun illumination in 1 M KPi

(pH 7).

comparison to the p-Si/TiO,/Pt sample (Figure 2d). Detach-
ment of the Pt cocatalyst from the TiO, protective layer has
frequently been observed in previous studies.””** To prevent
Pt detachment, we deposited a thin TiO, (2 nm) layer over the
Pt cocatalyst. The PEIE-modified device retained ~80% of its
initial current density after 12 h of operation. Under the stable
operation of a PEIE-modified device, gas chromatography was
used to confirm the amount of photoelectrochemically
produced H, gas without any side reaction. The quantity of
H, gas matched well with theoretically calculated H, amount,
revealing a Faradaic efficiency within a range of 90—100%
(Figure S17).

The low onset potential poses an obstacle for operating
tandem devices with a p-Si photocathode because of the low
band gap of Si, inevitably leading to generation of a small
photovoltage. Effective n" doping and advanced surface
nanostructuring have typically been performed to overcome
this limitation by improving the onset potential over 0.5
Vs> However, both approaches involve complicated and
expensive processes.'” Figure S18 shows the previously
reported onset potential versus the maximum value of the
applied bias photon to current efficiency (ABPE) calculated by
excluding a homojunction (surface n* doping) or advanced
nanostructured p-Si photocathodes or both. Figure S18 shows
that there have been several studies of planar p-Si photo-
cathodes, revealing a greatly enhanced onset potential of close
to 0.5 Vyyp. Among the various strategies, TiO, reduction
engineering achieved the highest ABPE value (5.9%) with an
onset potential of 0.48 Vyyp.”' However, the reduction process
involves annealing under an H, atmosphere and photo-
electrochemical reduction. In contrast, our dipole reorientation
strategy can present a facile solution process to enhance the
onset potential up to 0.5 Vyyp as well as the ABPE value
(5.1%). A uniform dipole layer can be achieved through a facile
solution deposition, resulting in highly steady and reproducible
results. There have been only a few reports on the dramatic
improvement of onset potential with high reproducibility via a
simple solution process.

The PEIE dipole reorientation before and after thick TiO,
deposition is schematically depicted in Figure 5. PEIE is an
amine-rich polymer capable of donating an electron to the
neighboring surface and developing partially positive charges
on the polymer, creating a net interfacial dipole between the
adsorbent (i.e, p-Si) and adsorbate.””*> ALD-derived TiO,
has a dielectric constant of approximately 47, which is larger
than those of Si (11.7) and SiO, (3.9).>” Additionally, it has
been reported that the dielectric constant and polarization
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property of TiO, increases as a function of its thickness for all
of the values under 70 nm.”**° Since the polarizability is
responsible for the dielectric constant of the material, when a
TiO, overlayer having high polarizability is brought into
contact with PEIE, the amine-rich polymer preferentially
interacts with adjacent TiO, by attracting amine groups,
resulting in a net dipole reorientation. On consideration of the
amine-rich molecular structure of PEIE, hydrogen bonding is
highly expected to form between PEIE and SiO, or PEIE and
TiO,. Since the dielectric constant of TiO, is much higher than
that of SiO,,”” it can be assumed that stronger hydrogen bonds
(dipole interactions) would form between PEIE and TiO, in
comparison to those between PEIE and SiO, due to the higher
polarizability of TiO, in comparison to SiO,. Therefore, PEIE
can interact more strongly with TiO, than with p-Si,
developing a large net dipole moment with an increase in
TiO, thickness. Therefore, a negative charge was strongly
induced on the TiO, surface, shifting the TiO, band edge
upward with the increasing TiO, thickness; it leads to large
band bending with respect to p-Si (Figure S). The conven-
tional dipole strategies merely control the surface coverage of
the dipole layer by varying its concentration; however, our
approach can modulate the dipole orientation by the thickness
of the TiO, overlayer.

Three representative thin-film semiconductors, such Sb,Ses,
Cu,0, and SnS, were selected as promising photocathode
materials to demonstrate the application versatility of the PEIE
diploe reorientation strategy. While the solution-processed
Sb,Se; has been proven to serve as an attractive absorber for
PEC water splitting, it suffers from a low onset potential even
when it has a heterojunction with TiO,. The decoration of
Sb,Se; with PEIE followed by deposition of 30 nm thick ALD
TiO, and Pt raised the onset potential of Sb,Se; by 0.15 V in
comparison to that of the Sb,Se;/TiO,/Pt sample accom-
panies by a photocurrent density enhancement from 16 to 28
mA cm™2°° This observation demonstrates the best perform-
ance reported so far in the literature without involvement of a
vacuum process (Figure 6a), in which a high ABPE value of
3.3% was observed (Figure 6b).73%7

We also deposited PEIE on the electrodeposited Cu,O by
spin coating prior to depositing 50 nm thick ALD TiO, and Pt.
Similarly, the Cu,O sample modified with PEIE showed an
increase of 0.3 V in onset potential in comparison to the
Cu,0/TiO,/Pt sample without a PEIE modification (Figure
6¢c). The best onset potential of the Cu,O/TiO,/Pt was
reported to be approximately 0.4 Vypyy at pH 7, while PEIE-
modified Cu,0/TiO,/Pt showed a record-high onset potential
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(ie, 0.65 Vgyr at pH 7) without an additional buffer layer.
Furthermore, we additionally demonstrated our concept on the
state of the art samples (i.e., pn-Si/TiO,/Pt, Cu,0/Ga,0;/
TiO,/Pt, SnS/CdS/TiO,/Pt, and Sb,Se;/CdS/TiO,/Pt pho-
tocathodes) (Figure S19). It can be observed that the PEIE
dipole effect is limited between an n-type buffer layer and an n-
type TiO, interlayer. Although the fill factor and performance
were slightly enhanced, the onset potential improvement was
negligible for other state of the art photocathodes involving
already formed p—n junction. As a result, we can conclude that
the PEIE dipole effect can significantly develop between a p-
type absorber and a highly polarizable n-type semiconductor
such as TiO,.

These observations clearly suggest that our PEIE dipole
reorientation strategy has been successfully applied to three
representative solution-processed thin-film absorbers that have
a heterojunction with TiO,. Generally, the magnitude of the
band shift depends on the amounts of charges that are
developed at the interface by the dipole molecules.'®'® The
induced charge density on the surface is related to the
polarizability, which can be determined by the dielectric
constant.”® The conventional dipole strategies only focus on
modulating the band energy of the p-type absorber layer by
positive dipole molecules. However, the magnitude of a band
shift by a dipole layer is less effective than modulating the band
energy of TiO, using a negative dipole because the dielectric
constants of absorber layers, such as p-Si, Cu,O, and Sb,Se;,
are much smaller than that of ALD TiO,. Except for p-Si, other
polycrystalline semiconductors, such as Cu,O, SnS, and
Sb,Se;, suffer from severe surface states and roughness;
therefore, they only showed a slight onset potential improve-
ment via the conventional dipole strategy.” It has been
reported that the roughness and surface state reduce the
polarizability or shorten the length of the charge rearrange-
ment induced on the surface.’®” Hence, a weak dipole is
formed in polycrystalline semiconductors, such as Cu,O, SnS,
and Sb,Se;. Therefore, their dipole effect is possibly negligible.
In the dipole reorientation strategy of modulating the band
edge of TiO,, in contrast, the negative dipole is well induced
on the surface of TiO, due to its high polarizability, and the
polarizability of TiO, increases until its thickness reaches ~50
nm, resulting in more negative dipoles. Therefore, we conclude
that the PEIE dipole reorientation strategy induces larger band
bending between the absorber layer and TiO, in comparison to
the conventional dipole strategy while it is accompanied by a
consistent onset potential improvement regardless of the
absorber type. However, different degrees of onset potential
improvement were observed depending on the absorber types.
It is believed that the greater polarizability (i.e., dielectric
constant) difference with TiO, has a greater PEIE dipole effect.
The PEIE dipole reorientation strategy clearly demonstrated
an onset potential improvement for TiO,-protected hetero-
junction p-type photocathodes with absorber-independent
versatility in comparison to previously reported interface
engineering.

In summary, we have applied a dipole reorientation strategy,
which significantly improves the onset potential of TiO,-
protected p-Si photocathodes, by inserting a PEIE dipole layer
into the interface between Si and TiO,. When a TiO, overlayer
with high polarizability is brought into contact with PEIE, the
amine-rich polymer preferentially interacts with adjacent TiO,
by attracting amine groups, resulting in a net dipole
reorientation. This dipole reorientation becomes saturated
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when the TiO, thickness reaches ~50 nm. As a result, a
negative dipole was strongly induced on the TiO, surface,
leading to an upward shift in the band edge of the TiO,-
protection layer and enlarged band bending with respect to p-
Si. The photovoltage was highly enhanced, and the onset
potential was increased to 0.5 Vi in the p-Si/PEIE/TiO,/Pt
device by controlling the TiO,-thickness-dependent dipole
effect. Our results represent the best onset potential develop-
ment in comparison to other planar p-Si photocathodes.
Furthermore, we successfully transferred the strategy to other
p-type absorbers, such as Sb,Se;, SnS, and Cu,O, resulting in
an onset potential improvement of at least 0.15 V. This PEIE
dipole interlayer method is easily processable, highly
reproducible, and universally applicable to diverse TiO,-
protected heterojunction photocathodes, which should be
recognized as a noticeable achievement. We believe that our
PEIE dipole reorientation strategy can provide a new
benchmark to improve the photovoltage of TiO,-protected
heterojunction p-type photocathodes for PEC water splitting.
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photocathodes (pn-Si, Cu,0/Ga,05, Sb,Se;/CdS and
S$nS/CdS). (PDF)
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