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The interface between semiconductors and ion-conducting electrolytes is characterized by charge
distributions and potential drops that vary substantially with the evolution of surface states. These surface
states at the very interface to the liquid can form or be passivated, depending on the applied potential
between electrode and electrolyte, and hereby fundamentally impact properties such as charge transfer.
Characterization and understanding of such potential-dependent surface states with high spatial and
temporal resolution is a significant challenge for the understanding and control of semiconductor-
electrolyte interfaces. Here, we show that the optical anisotropy of InP(100) can be used to detect the
potential-dependent formation of highly ordered surface states under operating conditions. Upon formation
of a surface state in the band gap of the semiconductor, the potential drop and hence the electric field is
shifted away from the semiconductor to the Helmholtz layer of the electrolyte. This modifies the
instantaneous response of the optical anisotropy to disturbances of the applied potential. We propose an
electrochemical variant of the linear electro-optical effect and our findings open a novel route for
understanding these interfaces. The results show how surface states from surface reconstructions at this
reactive interface can be switched on or off with the applied potential.
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The contact between a semiconductor and an ion-
conducting electrolyte, the semiconductor-electrolyte inter-
face, plays an important role in fields such as electro-
chemical energy conversion, catalysis or sensing
applications [1–3]. Here, surface states at the solid-liquid
interface not only impact the electronic properties of the
semiconductor, but also the potential distribution in the
electrolyte [4] and can lead to Fermi-level pinning [5].
These surface states are not static and can evolve dynami-
cally over time, with applied potentials, or illumination-
induced interaction with the electrolyte [6,7]. However, the
access to the (electronic) structure of the solid-liquid
interface, the so-called electric double layer (EDL), is
not as straightforward as for surfaces in vacuum due to
the short mean-free path of electrons, the typical probes in
surface science, in an electrolyte. From a materials view,

reactive semiconductor-electrolyte interfaces are more
complex than metal-electrolyte interfaces, where well-
defined single crystal surfaces form the basis for funda-
mental experiments [8]. This lack of insight into and
control of the exact structure of semiconductors with a
liquid also impedes the understanding from a perspective of
theory [9].
A number of methods exist that deliver complementary

information on the quest to understand the electronic and
real-space structure of the solid-liquid interface on an
atomistic level, but all struggle to deliver information at
high temporal and spatial resolution due to the difficulty to
convey information through the liquid electrolyte [6,10].
Methods for the time- and potential-dependent observation
of surface states are scarce and often involve very elaborate
experiments that might lead to deviations from operating—
also called operando—conditions. This is, for instance, the
case for near-ambient pressure x-ray photoelectron spec-
troscopy due to the very thin electrolyte layer thickness that
modifies potential distributions at finite currents. Another
method is electrochemical impedance spectroscopy (EIS),
but here, the necessary inclusion of a wide frequency
range drastically limits the temporal resolution [11].
Nonoperando conditions, where the electrolyte is for
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instance removed in ultrahigh vacuum conditions prior to
analysis, will often not tell the full story, as breaking
potential control typically leads to rapid structural decay of
a given interfacial structure [12]. Here, electrochemical
reflection anisotropy spectroscopy (RAS) is an emerging,
complementary method in this toolkit with extremely high
(sub-nm) interface sensitivity and a temporal resolution of
up to 10 ms for the commercial setup employed here
[13,14]. This already allows us to follow the structural
evolution of electrochemical interfaces during cyclic vol-
tammetry [12,15]. The anisotropy of the dielectric tensor of
a surface can render RAS sensitive to interfacial electric
fields via the linear electro-optic effect [16], but it was so
far unclear, if this can be exploited for the study of solid-
liquid interfaces.
Figure 1 shows the simplified—neglecting dipole

layers—band diagrams of a p-doped semiconductor in
contact with an electrolyte without (a) and with (b) active
surface states. In the case without surface states, the
equilibration of electrochemical potentials, i.e., the redox
level, ER;O, in the electrolyte and the Fermi level, EF, in the
solid together with the fulfilment of the charge-neutrality
condition lead to a depletion layer in the semiconductor.
This means that the potential drop, i.e., the difference in
work function between semiconductor and redox couple,
which is indicated by the band bending, eΔΦ ¼ eVbb,
occurs exclusively in the semiconductor. This situation is
changed by the introduction of surface states, which are
occupied by additional charge Qss, leading to Fermi-level
pinning at the semiconductor. Now part of the potential
drop occurs within the Helmholtz layer and potentials
applied to the electrode will—in a certain potential range—
only change this potential drop. This means that the electric

fields over the solid-liquid interface and their evolution
with applied potentials depend on the density of active
surface states [6,17]. A time- and potential-resolved access
to the electric field distribution as a function of applied
potentials would therefore allow us to understand the
dynamic formation of surface states in electrochemical
environments.
In this Letter, we explore the interface between InP(100)

and an aqueous electrolyte by electrochemical reflection
anisotropy spectroscopy in a potential- and time-resolved
manner. We find that the response of the optical anisotropy
to varied applied potentials directly allows to follow the
formation of surface states at the very interface via the
linear electro-optic effect. Depending on the applied
potential, highly ordered surfaces with active or inactive
electronic states within or outside of the band gap region
can be switched on or off. This lays the ground for a novel
approach to study and, due to the high temporal resolution
of the optical probe, control surface-state evolution at
semiconductor-liquid interfaces.
The starting point of the experiments is indium phos-

phide (InP), covered by an “epiready” oxide. In dilute
(10 mM) hydrochloric acid (HCl), this oxide layer can be
dissolved under cathodic potentials and a well-ordered
interface develops, as evidenced by RAS during the initial
cathodic branch of cyclic voltammetry [12]. As we illu-
minate the sample with the white light from our spectrom-
eter, a splitting of the quasi-Fermi levels of holes and
electrons develops, giving rise to a photovoltage-induced
shift of band positions. Here and in the following, we
assume for the sake of simplicity this photoinduced shift to
be constant. Under this assumption, we use one Fermi level,
EF, for the discussion and interpretation of the results. In
acidic aqueous conditions, the EF of the semiconductor
aligns with the level for proton reduction (hydrogen
evolution). This energetic alignment upon contact of the
two phases is achieved by a charge redistribution in both
the semiconductor and the electrolyte, leading to band
bending and an electric field within the semiconductor. If
an external potential is applied to the semiconductor
electrode, band bending and hereby the interfacial electric
field will change as a function of the applied potential [blue
arrow in Fig. 1(a)]. This situation is drastically changed by
the introduction of surface states with energy levels within
the forbidden gap [Fig. 1(b)], which can arise from initial
corrosion or the formation of adsorbates on the interface.
Similar to semiconductor-metal interfaces [5,18], the Fermi
level is now pinned in a certain potential range, the band
bending remains fixed and the potential drop is shifted
toward the electrolyte side into the Helmholtz double
layer [6,17]. This also means that the electric field in the
semiconductor remains constant upon a change of the
applied potential.
Our spectroelectrochemical setup probes this situation

with optical RAS in a near-normal reflection geometry

FIG. 1. Band diagrams of a p-type semiconductor in contact
with an electrolyte. (a) Semiconductor in contact with an
electrolyte and no surface states. (b) Same situation as (a), but
with a high density of surface states (vertical box, striped for
occupied), shifting the potential drop from the solid to the
Helmholtz layer, eΔΨH . A variation of the applied potential
leads to a system response (blue arrows) in (a) by a change in
band bending and (b) a change in the Helmholtz layer potential
drop.
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through the electrolyte, while the potential of the InP(100)
sample with respect to the electrolyte is controlled in a
three-electrode configuration. As the bulk of InP(100) is
optically isotropic, the signal arises solely from the optical
anisotropy, Δr=r, of the very solid-liquid interface and is
therefore only nonzero if the interface exhibits a minimum
degree of ordering [14]. For InP(100) in contact with
aqueous electrolytes, an electrochemical configuration
space exists in a narrow region with respect to potential
and electrolyte concentration, where such an ordering
occurs, which is in turn associated with a characteristic
RA spectrum [12]. The parallel acquisition of RA spectra
during a linear potential sweep then allows to identify
spectral signatures of potential-dependent surface phases
[Fig. 2(a)]. For improved temporal resolution in transient
RA spectroscopy, a photon energy of interest is fixed and
the anisotropy signal is recorded over time [Figs. 2(b)
and 2(c)]. This mode does, for instance, allow us to probe
surface thermodynamics and the impact of defects thereon
[15,19] or the structural evolution of short-lived interfacial
structures upon the application of potential steps.
We now combine potential steps and sweeps by scanning

a given potential range with a series of potential steps,
allowing us to discriminate between fast and slow proc-
esses at the interface in the RA transient [Figs. 2(b)
and 2(c)]. Processes related to restructuring of the surface,
as evidenced by RAS, often exhibit a Langmuir-like
behavior with time constants from seconds to minutes
[12,15], which is why the potential is kept constant for
several minutes in between steps to alleviate this discrimi-
nation. In the first case, we limit the potential range to

cathodic potentials where no significant formation of
surface states in the band gap is to be expected [20].
The RA transient follows these steps with two different
time constants, fast and slow processes impacting the
optical anisotropy [see inset of Fig. 2(b)]. Especially in
the range −0.5 to −0.7 V (vs Ag=AgCl), there is an instant
increase of the anisotropy, followed by a much slower
decrease. Beyond − 0.7 V, however, the slower process
also contributes to a positive increase of the anisotropy.
Reversing the direction of the potential scan, these effects
still persist, but not as pronounced, anymore. The current
response exhibits a similar behavior, related to double-layer
charging and an increasingly cathodic current with
increased cathodic potentials. The latter is the onset of
hydrogen evolution, which is expected for bare InP at
moderately cathodic potentials in aqueous electrolytes [21].
In Fig. 2(c), we extend the cathodic potential range and

observe that during the forward potential scan beyond
−0.95 V, the RA transient does not show a stepwise
behavior anymore, but continuously increases. During
the backward scan, there remains only a barely resolved
discontinuity of the RA transient at the very potential steps,
i.e., a change in the slope of the RA transient in the
moment, a potential step is applied. Electrochemical
impedance spectroscopy [Fig. 3(a)] shows that these differ-
ent potential regimes are associated with distinctly different
interfacial capacitances and surface states [11,22]. While
the initial surface at −0.75 V shows two very distinct half-
circles, only one half-circle remains at the cathodic
extremum of −1.25 V. The initial shape of the impedance
spectrum is qualitatively restored by going back to

(a) (b) (c)

FIG. 2. Optical response of the system as a function of the applied potential. (a) Reflection anisotropy spectra in the electrolyte during
(red curve) chronoamperometry (CA) for 6 min (spectrum taken at the end) at −0.9 V vs the Ag=AgCl reference electrode (RE), after
CA (dark blue) as well as before (light blue) and after (orange) conditioning by potential cycling (at open-circuit potential, respectively).
The vertical line marks the photon energy selected for the transients. (b) Response of the system in the potential range without surface
states. Upper panel: current density (red) and RA transient (blue) at 2.25 eV photon energy following the applied potential steps (lower
panel) of 50 mV=5 min between OCP and −0.95 V vs RE. (c) Response of the system in the extended potential range of −1.25 V
vs RE.
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−0.75 V, but the second half-circle is subdued, indicating
an only partial reversibility.
This observation shows that a fast response of the optical

anisotropy—i.e., steps in RA transients concurrent with
potential steps—can be observed in a potential range up to
−0.95 V. This fast response does, however, disappear for
cathodic potentials beyond this threshold, when an in-gap
surface state, that also modifies the interfacial capacitance,
develops. The observed potential range aligns with results
from recent computational work assessing the most stable
InP(100)-derived surface structures containing H and Cl by
means of the computational hydrogen electrode [20]: at
moderately cathodic potentials vs Ag=AgCl, the ð2 × 2Þ-
6H structure is expected to be stable, which does not exhibit
electronic states within the band gap. This structure is
terminated by phosphorous with the back bonds to indium
and where two phosphorous atoms in a row are terminated
by a total of three hydrogen atoms [20]. At more cathodic
potentials, however, structures such as the ð2 × 2Þ-mixed-
4H structure start to dominate, where surface states within
the band gap exist. The ð2 × 2Þ-mixed-4H surface is
characterized by two parallel In-P dimers, where the
phosphorous atom is terminated by one hydrogen.
The slower reactions of the optical anisotropy to the

externally applied potentials can be understood in the view
of surface restructuring and ion adsorption or desorption. In
the first regime I, from open-circuit potential (OCP) to
−0.25 V, the anisotropy changes linearly with the applied
potential, which can be either due to very slow surface
restructuring or ion adsorption or desorption. Indeed, in this
region, a surface state that reduces the band gap, but does
not make the surface metallic, is expected [20]. In region II,
the anisotropy stays nearly constant, indicating a stable
surface structure. Beyond −0.55 V, however, the overall
anisotropy shows an increase with a fast and a slow
contribution, which indicates that, in addition to the effect
of the electric field, a slower process such as ion adsorption
takes place, which would be expected for an increasing
potential drop in the Helmholtz layer. In region IV,
however, the slope of the RA signal change with potential
becomes steeper, but no RA steps can be observed any-
more. This is an indicator of a continued surface restructur-
ing and the expected ð2 × 2Þ-mixed-4H surface would
indeed be metallic [20]. When the potential scan is
reversed, both the RA signal and the current are reversing
more sluggishly, which indicates a hysteresis effect of the
surface restructuring, combined with a partial nonreversi-
bility of the surface structure. This lack of full structural
reversibility at high cathodic potentials is both indicated by
the EIS data [black vs blue curve in Fig. 3(a)] and the
reduced optical anisotropy [start vs end of RA transient in
Fig. 3(b)]. This is most probably an indicator for the start of
a corrosion process leaving an increasing fraction of the
surface in an optically isotropic, i.e., amorphous state as
suggested by the reduced RA signal after the experiment.

The relation between fast response of the optical
anisotropy and the absence of in-gap surface states can
be understood with the linear electro-optic effect (LEO)
[16,23]. In general, the linear, field-induced changes on the
components ϵij of the dielectric function of a semiconduc-
tor are given as

Δϵij ¼ ZijkFk; ð1Þ

where F is the electric field and Zijk are the components of
the tensor describing the linear electro-optic effect [16].
The field-induced optical anisotropy, ΔrF=r, for normal
incidence on the InP(100) surface with light polarization
direction θ measured counterclockwise from the [001]
direction then becomes

ΔrF=r¼ sinð2θÞ× ½g0ðEÞjFðVbbÞjþg1ðEÞjFðVapplÞj�; ð2Þ

where gðEÞ is a function of the crystal structure and the
probing photon energy. In the case of the semiconductor-

(a)

(b)

FIG. 3. Evolution of surface states and optical anisotropy in the
different potential regimes. (a) Nyquist plots from the three
electrochemical impedance measurements (EIS) conducted in
one experiment sequence in which the following potential steps
of 18 min each: first −0.75 V, second −1.25 V, and finally back
to −0.75 V. The changed half-cycles show the increased density
of surface states from a semiconducting behavior (1) to metal-like
properties (2), and—in a partially reversible manner—back to
semiconducting characteristics (3). (b) The RA transient at
2.25 eV (blue) is plotted together with the applied potential
(black). The aforementioned potential regimes are highlighted in
orange: (I) the RA is decreasing, (II) it is constant, (III) rising with
fast response, (IV) the RA is increasing without steps due to the
constant band bending, (V) the RAS is decreasing without steps,
(VI) the RA is decreasing with subdued steps, and (VII) finally
without steps.
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electrolyte interface, we have to consider that FðVbb; VapplÞ
is a function of initial band bending Vbb, and the externally
applied potential Vappl, which in turn can also modify the
potential drop in the Helmholtz layer ΔΨH (Fig. 1). We
therefore introduce here the distinction between g0ðEÞ and
g1ðEÞ, as the band-bending-induced field, FðVbbÞ, will
mostly impact the solid, surface and near-surface region of
the semiconductor as described by g0 in the classical linear
electro-optic effect [16]. The field introduced by the
applied potential, FðVapplÞ, on the other hand, will either
modify Vbb, which means that g1 ¼ g0 applies.
Alternatively, if Vbb is fixed by a surface state, the applied
potential will only modify ΔΨH, which means that only the
very solid surface and possibly adsorbates in the Helmholtz
layer are experiencing a change in F as described by
g1 ≠ g0. While g1 might be small in magnitude, the EDL
LEO can be still significant due to the large electric fields in
the order of up to MV=m that arise at the EDL [24].
To summarize, our Letter shows that highly ordered

interfaces between a semiconductor and an electrolyte can
be prepared as a function of the applied potential and the
associated electronic surface states can be hereby switched
on and off. The formation or passivation of active surface
states within the band gap can be probed by the electro-
chemical variant of the linear electro-optic effect on the
optical anisotropy of semiconductor-electrolyte interfaces
that we propose here. This opens a novel approach to
understand surface state formation and electric field effects
at the electric double layer. The highly ordered nature of the
interfaces will also make them accessible to electronic
structure modeling approaches that are based on small
supercells. These findings could also help with under-
standing and controlling other semiconductor-electrolyte
interfaces where, for instance, prior to cocatalyst electro-
deposition, surface states are typically to be avoided in
order to prevent surface charge-carrier recombination.
Unlike other optical methods such as sum frequency
generation that can also be used to study surface states
[24], RAS is a linear optical spectroscopy, requiring only
moderate light intensities and working in a normal inci-
dence reflection geometry, which also allows us to study
systems prone to radiation damage. The approach could
therefore, for instance, also be used to control the solution-
based growth of perovskite-based solar absorbers [25],
already assessing and minimizing the formation of surface
states during growth. As RAS is closely related to spectro-
scopic ellipsometry, the use of advanced light sources could
in principle push the time resolution of RAS into the
regimes achieved there, i.e., femtoseconds [26], which
would also enable access to ultrafast processes at the
interface with submonolayer sensitivity. The next steps
for more in-depth studies on InP would be the modeling of
the computational spectra and probing the exact structures
experimentally for instance with electrochemical scanning
tunnelling microscopy.
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Spectroelectrochemical setup—The experimental setup
consisted of a Princeton Applied Research VersaSTAT
3F potentiostat, a Laytec EpiRAS spectrometer, and a
diffused LED light ring. The latter served as white bias
illumination to avoid effects of inhomogeneous charge-
carrier generation by the light spot of the spectrometer,
which itself induces a photocurrent of up to
0.15 mA=cm2 if the sample is only slightly larger than
the light spot [12]. While the setup employed here is
limited to a usable photon energy range between 1.5 and
5 eV, not making use of the full transparency window of
the electrolyte, the use of complementary light sources
can extend this range [28]. All components were added
and mounted to the Faraday cage. The experiments were
conducted in a photoelectrochemical Schlenk cell [29]
with taper joints as inlets and outlets, and a quartz glass
window for optical access with the spectrometer. By

working under Schlenk conditions, an oxygen-, dust-,
and particle-free environment were assured.
For the transient measurements at fixed photon energy,

2.25 eV was chosen as here, a nonvanishing, but different
optical anisotropy exists for the two surface phases at
different applied potentials [12].
All measurements were conducted in a three-electrode

setup. The working electrodes (WE) were the InP samples,
a Pt-wire the counter electrode (CE), and Ag=AgCl in
3.5 M KCl was used as reference electrode (RE).
Preconditioning of the samples to remove the initial

oxide layer was performed with cyclic voltammetry in a
potential range from −1 to −0.5 V with a slew rate of
20 mV=s for ten cycles. The initial and the end potentials
were set to 0 V vs OCP and the potentials from the potential
range were set vs the reference electrode. For EIS, the
measurements were conducted from 100 kHz to 10 mHz.
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For the electrolyte, a 32% HCl solution (CAS-No. 7647-
01-0) was diluted with Milli-Q grade water. This water was
also used for all cleaning steps and to set up the KCl
solutions from 99.997% KCl (CAS-No. 7447-40-7, pur-
chased from Alfa Aesar). All chemicals were used without
further purification. The samples used in this Letter were
∼1 × 1 cm2 pieces of a p-doped InP(100) wafer with a 2°
offcut from InPACT. The polished topside was covered by a
chemically produced epiready oxide layer.

Sample preparation—Samples, where no EIS
measurements were performed, were prepared as follows:
in a 16 cm glass tube, a wire of 19 cm was led through of
which both ends were stripped of the insulation. The oxide
layer on the backside of the InP wafer pieces (1 cm2

squared) was mechanically removed with a scalpel for
contacting. The wire was connected to the backside with a
drop of silver conductive resin, followed by curing for
15 min. Then, the junction of the wafer and glass rod, the
sample backside, and the sample edges were covered with
an isolating, two-component epoxy resin and cured for
12 h. This procedure was repeated one more time.
For the samples, where EIS was to be performed, a

sleeve of polyvinylidene fluoride (PVDF) was 3D printed
(Apium P-220) and the wafer piece placed inside the sleeve.
By heating the protruding edges, the sample was melted
into the PVDF sleeve. A wire was placed upon the
scratched backside with Kapton tape and a PEEK rod
screwed into the backside of the PVDF sleeve.
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