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4 ABSTRACT: At semiconductor/liquid interfaces, the surface potential and photovoltages are produced by a combination of band
s bending and quasi-Fermi-level splitting at the semiconductor surface, which are usually treated in a qualitative fashion. As such, it is
6 important to develop quantitative metrics for the band energies and photovoltaics at these interfaces. Here, we present a
7 spectroscopic method for monitoring the photovoltages produced at semiconductor/liquid junctions. The surface reporter molecule
8 mercaptobenzonitrile (MBN) is functionalized on the photoelectrode surface (p-type silicon) and is measured using in situ surface-
9 enhanced Raman scattering (SERS) spectroscopy with a water immersion lens under electrochemical working conditions. In
particular, the vibrational frequency of the C=N stretch mode (wcy) around 2225 cm™ is sensitive to the local electric field in
11 solution at the electrode/electrolyte interface via the vibrational Stark effect. Over the applied potential range from —0.8 to 0.6 V vs
12 Ag/AgCl, we observe wcy to increase from 2220 to 2229 cm™' (at low laser power). As the incident laser power is increased from
13 83.5 W to 13.3 mW, we observe additional shifts of Awcy = +1 ecm™, corresponding to photovoltages produced at the
14 semiconductor/liquid interface AV = +0.2 V. Based on Mott—Schottky measurements, the flat band potential (FBP) occurs at
15 —0.39 V vs Ag/AgCl. For applied potentials above the FBP, we observe Awcy > 0 (i.e., blue-shifts ~1 cm™) corresponding to
16 positive photovoltages, whereas for applied potentials below the flat band potential, we observe Awcy < 0 (i.e., red-shifts ~1 cm™")
17 corresponding to negative photovoltages. These spectroscopic observations reveal voltage-induced changes in the band bending at
18 the semiconductor/liquid junction that, thus far, have been difficult to measure.

19 KEYWORDS: SERS, 4-MBN, band bending, photochemical, semiconductor—liquid surface
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1. INTRODUCTION In the study of photovoltages at semiconductor—electrolyte 34
20 Spectroscopic methods for determining the local electric field, junctions, researchers have used a variety of methods to study 35
21 local pH, charge transfer, and surface potential at electrode and improve photoelectrochemical (PEC) devices.”* Tuning 36
22 surfaces are becoming increasingly important tools for band energetics via surface dipoles holds promise for 37
23 understanding photoelectrochemistry.1_3 Developing a clear optimizing photovoltage, although achieving the desired 33

24 picture of energy loss mechanisms in photocatalysis at
25 semiconductor/liquid interfaces is particularly challenging
26 because of band bending, built-in electric fields, surface and
27 bulk recombination of photoexcited carriers, and ultimately
28 charge transfer to the ions in solution, during which the
29 electrostatic fields play an important role. Spectroscopic tools
30 can provide quantitative measurements of key unknowns in
31 photoelectrochemical processes at semiconductor/liquid inter-
32 faces. For example, the potential at a semiconductor surface is
33 often not known under photoelectrochemical conditions.

outcomes often poses major challenges, including surface 39

[

stability.””® Evaluating materials based on their external 4o
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radiative efficiency can be an important criterion for identifying
good PEC electrodes; however, its effectiveness may be limited
by other factors influencing the overall performance of PEC
cells."”"" Several research groups have reported rough
photovoltage measurements by “eyeballing” the shift in the
onset potential of semiconductor photoelectrodes under
illumination with that of metal electrodes or heavily doped
semiconductor electrodes of the opposite carrier type in the
dark.'*~"* Using this approach, the photovoltage produced at
the semiconductor/liquid interface is not well-defined because
the shift depends on the current at which the onset potential is
defined (e.g, the photovoltage at 1 mA/cm* can be very
different from the photovoltage at 10 mA/cm?). Other groups
have reported open circuit potential (OCP) measurements.'
However, the open circuit potentials can be offset by large
voltages due to electrochemical current from spurious
reactions. Here, a slight offset in current can cause a large
change in the OCP because the I-V curve is flat in this
potential range. Measurements of quasi-Fermi-level splitting in
semiconductor photoelectrodes have also been reported using
similar techniques for tracking the potential of the minority
carrier Fermi level as a function of changing electrode
potential.'®™'” However, these measurements suffer from the
same inaccuracies, and in general, improved techniques are
needed.

Surface-enhanced Raman spectroscopy (SERS) has emerged
as a promising technique for in situ investigation of a diverse
range of physical and chemical properties. In recent research,
SERS was utilized to detect charge transfer occurring in
ferrocene/ferrocenium (Fc/Fc*) moieties anchored to an
active electrode operating under electrochemical working
conditions. This approach provided insights into the
fundamental mechanism of electron transfer transpiring at
the electrode interface, which for Fc/Fc* occurs at a well-
defined redox potential (i.e., +0.4 V vs Ag/AgCl). SERS has
also been used to measure quasi-Fermi-level alignment of
metal catalyst sites within heterogeneous metal—insulator—
semiconductor (MIS) photoelectrodes.” This allowed for an
estimation of the photovoltage at these sites; however, they did
not consider the static charge trapped in the oxide/semi-
conductor surface and did not establish any correlation
between photovoltages and laser power. In addition, they
solely focused on Fermi-level alignment but did not discuss
band bending. Earlier techniques on metal electrodes have
involved the utilization of surface-bound thiolated molecules
like 4-mercaptobenzonitrile (4-MBN), which play a pivotal
role in this spectroscopic method.””' 4-MBN is also a
commonly employed spectral reporter for assessing electric
fields in proteins.”"*

In our study, we observe variations in the MBN vibrational
frequency induced under different laser powers to indicate
changes in the semiconductor band bending under various
applied electrochemical voltages. These findings were then
integrated to yield a photovoltage of approximately 400 mV.
The in situ Raman measurements presented here provide
insight into the band bending and electrostatic charge
distributions at the semiconductor/metal oxide/liquid inter-
face, which is quite sensitive to the applied electrochemical
potential.

2. MATERIALS AND METHODS

The schematic diagram illustrated in Figure la depicts in situ Raman
spectroscopy of the electrode surfaces under working electrochemical
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Figure 1. (a) Schematic diagram of the in situ Raman measurements
using a water immersion lens and a three-terminal potentiostat. (b)
Cross-sectional diagram of 4-mercaptobenzonitrile (4-MBN) bonded
to Au nanoislands deposited on p-type silicon with an alumina
protective layer. (c) SEM image of the Au nanoisland.

conditions. A water immersion lens (Leica model HC APO L
#506155 40%, N.A. = 0.8) is used for the measurements. The working
electrode, illustrated in Figure 1b, is a SERS-active electrode used in
conjunction with a Pt counter electrode (26 gauge, 99.9%) and a Ag/
AgCl reference electrode (BASI, MF-2052). Various electrode
potentials are applied using a Gamry potentiostat (Reference 600+),
which is also used to obtain Mott—Schottky plots (i, 1/C* vs
potential) at 15 kHz with a SO mV rms AC voltage. Raman spectra are
collected using a Renishaw inVia micro-Raman spectrometer with a
633 nm wavelength laser (Cobolt, 08-NLD). The integration time for
Raman spectra collection is 1 min, and the incident laser power is
maintained at 0.93 mW. To prepare the sample shown in Figure 1b,
p-type silicon with a resistivity in the range 1—100 Q-cm (University
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115 Wafer) is soaked in buffered oxide etchant (BOE) 10:1 (Sigma-
116 Aldrich, #901621) for 45 s to remove the native silicon dioxide from
117 both sides. Subsequently, a S0 nm gold layer (with a S nm titanium
118 adhesion layer) is deposited as a back contact using electron-beam
119 evaporation. On the top side of the wafer, a 5 nm Al,O; layer is grown
120 at 200 °C using atomic-layer deposition (ALD). Trimethylaluminum
121 (TMA, Al(CH,);) is used as the metal precursor and H,O as a
122 coreactant, which yields 1 per cycle. Additionally, a 7 nm gold layer is
123 deposited on the same side using electron beam evaporation, which
124 produces a nanoisland structure (shown in Figure 1c) that gives rise
125 to strong plasmonic hot spots and large SERS enhancement factors, as
126 described in detail in our previous works (see Figure $1).>%**7*° To
127 conduct the SERS measurements, 4-MBN (4-mercaptobenzonitrile
128 available from Sigma-Aldrich, #A514431) is chemisorbed onto the Au
129 nanoislands. This is achieved by immersing the substrate in a 30 mM
130 mixture of 4-MBN in ethanol for 24 h. The samples are then rinsed in
131 ethanol and immersed in an aqueous solution of 0.1 M KCI for the
132 measurements shown in Figure 2.

—_
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3. RESULTS AND DISCUSSION

133 Figure 2a shows the raw Raman spectra of the C=N stretch
134 mode of surface-bound MBN taken under various applied
135 electrochemical potentials. Here, we see two trends in the data.
136 First, there is a red-shift of the wcy peak at lower (more
137 reducing) potentials. This trend is plotted in Figure 2b and
138 corresponds to a Stark-tuning rate of dw/dV = 5.74 cm™/V.
139 In air, we measured the nitrile stretch mode frequency to be
140 2225.3 cm™, as shown in Figure S2, which is consistent with
141 Schkolnik et al’s previous work.”’ The in-air vibrational
142 frequency corresponds to the zero electric field conditions
143 because there are no ions present to create an electric field. It is
144 interesting that the point of zero field is not coincident with
145 the inversion point of the photovoltages (from negative to
146 positive). This may indicate that the electrostatics and energy
147 equilibration at the semiconductor—liquid interface are further
148 complicated by the presence of the metal oxide layer. Second,
149 there is a clear increase in the Raman intensity of the C=N
150 peak. This trend is plotted in Figure 2c¢, reaching a 2-fold
151 increase in intensity at V = —0.8 V vs Ag/AgCl, and arises due
152 to the change in the tilt angle @ of the nitrile bond of the 4-
153 MBN molecules closer to the surface normal, as discussed by
154 Schkolnik et al.”" Additional measurements were performed in
155 a 1 M HCI solution, which resulted in similar trends, as shown
156 in Figures S3 and S4 of the Supporting Information.

157 Figure 3a shows the laser power dependence of the C=N
158 stretch vibrational frequency (i.e, ®cy) measured under
159 various applied electrochemical potentials in the range from
160 0 to —0.7 V vs Ag/AgCl. These vibrational Stark shifts describe
161 the change in vibrational frequency of a molecule in response
162 to an external electric field.”® These Raman frequency shifts
163 Awcy can be converted to electric field using the relation E =
164 Awdy/0.36 [(MV/cm)/cm™],%” which is plotted on the right
165 y-axis in Figure 3a.””*® Here, we see two trends in the data.
166 Above —0.39 V, @y increases (i.e., blue-shifts) with increasing
167 laser power, indicating a shift in the surface potential to higher
168 (more oxidizing) potentials, as established in Figure 2b. Below
169 —0.39 V, wcy decreases (i.e., red-shifts) with increasing laser
170 power, indicating a shift in the surface potential to lower (more
171 reducing) potentials. The maximum photoinduced change in
172 the Raman shift (ie, Awcy) is plotted in Figure 3b as a
173 function of the applied electrochemical potential. The
174 corresponding photovoltage, derived from the relation
175 AV = Awcy/(dw/dV) with a slope of dw/dV= 5.76, was
176 obtained from Figure 2b and is plotted on the right-hand y-axis
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Figure 2. (a) Raw Raman spectra taken in 0.1 M KClI solution under
various applied potentials. (b) Raman shift and (c) Raman intensity of
the C=N stretch mode plotted as a function of the applied
electrochemical potential.

of this graph, spanning the range from —0.18 to +0.20 V. Both 177
the photovoltage (AV) and photoinduced change in the 17s
Raman frequency (Amcy) invert from negative to positive 179
values above —0.39 V vs Ag/AgCl, which corresponds to the 180
flat band potential. Figure 3c shows a Mott—Schottky plot of 1s1
1/C?* vs potential exhibiting an x-intercept of —0.39 V vs Ag/ 152
AgCl. This indicates the position of the flat band potential and 183
is consistent with the inversion points measured in Figures 3a 184
and 3b. In addition, we verified the reversibility of these signals 1ss
by repeating the laser power-dependent measurement several 186
times. This data is plotted in Figure S5 of the Supporting 187
Information. 188
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Figure 3. (a) Raman shifts of the C=N stretch mode taken under
various applied potentials plotted as a function of laser power. (b)
Maximum photoinduced change in Raman shift (Awcy) and
corresponding photovoltage plotted as a function of applied potential.
(c) Mott—Schottky plot and linear fit, indicating the flat band
potential.

The surface of most semiconductors is depleted of free
carriers because of dangling bonds and surface states. The size
of the depletion region depends on three factors: (1) surface
states and dangling bonds, (2) the redox level of the solution,
and (3) the local ion density. While most of these parameters
are unknown, the critical factor is the flat band potential. Using
this value, we can estimate the depletion width as a function of
potential based on the capacitance of the junction, as plotted in
Figure S11b. There is an associated built-in electric field
associated with this surface depletion, as illustrated in Figure
S7a. If we then deposit a thin layer of Al,O;, which is n-type,
the depletion region and built-in field increase, as illustrated in
Figure S7, but we do not know by how much. The situation
becomes more complicated when we then immerse the Al,O5-
passivated semiconductor in an electrolyte solution, and the

ions in solution further increase the depletion region and built-
in field. However, this is highly dependent on the applied
electrochemical potential and can span a range from depletion
to flat band and ultimately to accumulation conditions.

The in situ Raman measurements presented above provide
insight into the band bending and electrostatic charge
distributions at the semiconductor/metal oxide/liquid inter-
face. Figures 4a—c show energy band diagrams of the
semiconductor/metal oxide/liquid interface under depletion,
flat band, and accumulation conditions. Under low negative
applied potentials (i.e., V < —0.4 V vs Ag/AgCl), the H" ions
in solution produce a large amount of band bending and an
associated depletion region that sweeps photogenerated
minority carriers out to the ions in solution, as illustrated in
Figure 4a. However, this band bending phenomenon is a
strong function of the applied electrochemical potential. The
applied potential of V= —0.4 V vs Ag/AgCl corresponds to the
flat band potential and is illustrated in Figure 4b. For potentials
above this, ie., V > —0.4 V vs Ag/AgCl, the semiconductor
moves into the accumulation regime, in which majority carrier
holes form an accumulation region at the surface of the
semiconductor, as illustrated in Figure 4c. While the
electrostatics of the Al,O; layer further complicate the
behavior of this interface, these in situ photovoltage measure-
ments enable us to explore the band inversion that takes place
in the underlying silicon semiconductor.

Some recent theoretical studies report a direct link between
the SERS signal and charge transfer; however, this is likely to
be negligible compared to the charge transfer produced by the
underlying semiconductor.””’' We utilized the plasmon
resonance of the gold nanoparticles to provide SERS
enhancement. However, any electrochemical effects associated
with these plasmons will likely be negligible compared to those
of the photovoltages produced by the underlying semi-
conductor. That is the plasmon resonance associated with
these gold nanoparticles provides strong electric field enhance-
ment (i, E* ~ 10°) at optical frequencies, but photovoltages
associated with these plasmons will be much smaller than those
produced by the semiconductor.”*** The linear trend observed
in the photovoltage as a function of the applied potential
(Figure 3b) is expected for potentials below the flat band
potential, and the photovoltage of zero corresponding to the
flat band potential also makes sense. However, the linear trend
in photovoltage for potentials above the flat band potential is
not fully understood. There are numerous factors that can
change both above and below the flat band potential, including
the following: (1) The fraction of applied potential that is
distributed across the semiconductor, as opposed to across the
Helmholtz layer, will vary with applied potential and have
different values depending on whether there is “depletion” or
“accumulation” at the semiconductor surface. (2) The net
charge on the metal oxide layer can change from positive to
negative above and below the FBP. (3) The dominant half-
reaction responsible for Fermi-level pinning can change above

209

211 f4

and below the FBP. Furthermore, the simple interpretation of 258

the flat band potential, as extracted from the Mott—Schottky
measurements, is based on a single capacitor model. It is likely
that the metal oxide layer introduces a second capacitor in
series with the one associated with the depletion region in the
silicon semiconductor, further complicating our interpretation.
It is important to note that the photovoltage, here, is not
measured with respect to “dark” conditions but with respect to
low light levels. Therefore, essentially what we are measuring
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Figure 4. Energy band diagrams of the p-Si/Al,O5/electrolyte solution under applied potentials (a) less than —0.4 V vs Ag/AgCl, (b) at —0.4 V vs

Ag/AgCl (i.e, flat band potential), and (c) above —0.4 V vs Ag/AgClL

267 (in Figures 3a and 3b) is the difference in photovoltage
268 between high light levels and low light levels. As such, the
269 effects of band flattening could play a role in the observed
270 photovoltage response of the system. The data presented in
271 Figure 3b have been repeated several times and indicate that
272 our understanding of metal oxide-protected semiconductors
273 must be revisited, and further measurements via in situ
274 spectroscopy techniques (e.g., transient reflectance spectros-
275 copy) will be needed in order to obtain a complete
276 understanding of this interesting photoelectrode system.

277 There are two perspectives from which to view the
278 semiconductor/liquid junction. One is based on energy
279 equilibration (ie., the Fermi level in the semiconductor aligns
280 with the dominant half-reaction in the electrochemical
281 system), and the other is based on electrostatics (i.e., the
282 capacitance associated with the depletion region in the
283 semiconductor and charge/ion accumulation in the solution).
284 Figure S8 illustrates these two perspectives. In essence, the
285 solution has an effect on the photovoltage of the Si/Al,O,
286 system because the accumulation of anions increases the band
287 bending, which, in turn, increases the photovoltage. While
288 there are many functional groups on the photoelectrode
289 surface such as OH, OOH, Cl, and H, for large negative
200 potentials, we expect the dominant reduction half-reaction to
291 be HER. For high positive potentials, we expect the dominant
292 half-reaction to be OER. In the intermediate range, it is unclear
293 which redox couple is pinning the Fermi level.

4. CONCLUSION

204 In conclusion, we utilized a spectroscopic technique for
205 tracking the photovoltages generated at junctions between
296 semiconductors and liquid electrolytes. In this method, the
297 reporter molecule mercaptobenzonitrile (MBN) is function-
298 alized on the surface of the photoelectrode. The measurements
299 are performed using in situ SERS spectroscopy through a water
300 immersion lens while the photoelectrochemical processes are
301 initiated. Specifically, the vibrational frequency of the C=N
302 stretch mode (wcy) is responsive to the local electric field in
303 the solution at the interface between the electrode and the
304 electrolyte due to the vibrational Stark effect. Within the range
305 of applied potentials spanning from —0.8 to 0.6 V vs Ag/AgCl,
306 the wcy value shifts from 2220 to 2229 cm™' (at low laser
307 power). As the incident laser power is increased from 83.5 yW
308 to 13.3 mW, additional shifts of approximately +1 cm™" are
309 observed. These shifts correspond to the photovoltages

produced at the interface between the semiconductor and 310
the liquid, resulting in voltage changes of approximately +0.2 311
V. Based on Mott—Schottky measurements, the flat band 312
potential (FBP) emerges at —0.39 V compared to the Ag/AgCl 313
reference electrode. When the applied potentials surpass the 314
FBP, the wcy values exhibit positive shifts (blue-shifts) of 315
around 1 cm™, indicating positive photovoltages. Conversely, 316
when the applied potentials fall below the flat band potential, 317
the wcy values display negative shifts (red-shifts) of ais
approximately 1 cm™', corresponding to negative photo- 319
voltages. These spectroscopic findings suggest a voltage-driven 320
reversal in the band bending at the junction between the 321
semiconductor and the liquid, a phenomenon that has 322
previously proven to be elusive and challenging to measure. 323
At semiconductor/liquid interfaces, both the surface potential 324
and photovoltage are influenced by a combination of band 325
bending and quasi-Fermi-level splitting at the semiconductor 326
surface. These factors are often addressed in a qualitative 327
manner, highlighting the importance of devising quantitative 328
metrics for assessing the band energies and photovoltages at 329

these interfaces. 330
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