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Characterizing and Understanding the Photovoltage in n-Si/Au 
Light-Addressable Electrochemical Sensors†
Armeen Hussain,a,‡ Kayla Mancini,a,‡ Yousef Khatib,a and Glen D. O’Neil*a,b

Here, we characterize the photovoltage of n-Si/Au light-
addressable electrodes (LAEs) over a range of solution potentials 
from ca. –1 to +1 V. We find that the n-Si/Au photoelectrodes show 
photovoltages consistent with a semiconductor/liquid junction in 
contrast to a buried junction, which opposes our previous 
understanding of how photovoltage originates in these sensors.

Light-addressable electrochemical (LAE) sensors are gaining 
significant attention because they enable a myriad of diverse 
applications in measurement science.1,2 In an ideal scenario, the 
sensors are electrochemically inactive for a half-reaction (either 
oxidation or reduction) in the absence of illumination but 
become active when and where they are illuminated. While 
other methods exist for fabricating LAE sensors, we are 
particularly interested in LAE sensors based on 
semiconductor/metal (SM) or semiconductor/insulator/metal 
(MIS) junctions.3–10 SM- and MIS-LAE sensors use a 
semiconductor to absorb light, separate electron/hole pairs (e–

/h+), and transport e–/h+ to the appropriate interfaces, while the 
metal serves as the interface for the electrochemical reaction 
and depletes the semiconductor of minority carriers. SM and 
MIS junctions are also widely used for energy storage 
applications because sunlight can be used to drive the oxidation 
and reduction of water to O2 and H2, respectively.11–14 

Photovoltage (Voc) is the contra-thermodynamic shift in 
observed redox potential that occurs in depleted 
photoelectrodes and is an important parameter in 
photoelectrochemical (PEC) devices. In the context of PEC 
energy storage applications, Voc, in conjunction with the short-
circuit current density, determines the maximum output power, 
and therefore efficiency, of a device.15 As a result, considerable 
research effort is dedicated to maximizing Voc.11–13,16 

In ideal SM junctions used for PEC where the metal layer is 
continuous and non-porous, Voc is determined by the barrier 
height, i.e. the difference in Fermi level (Ef) of the 
semiconductor and metal.17,18 However, these circumstances 
are rarely observed. For instance, Fermi-level pinning,19 
adaptive junctions,18 and the pinch-off effect20 can all lead to 
deviations from the ideal SM system. Another complication is 
that if the metal layer is very thin, then Voc can be defined by 
the energy difference between the semiconductor and the 
redox species (i.e., a semiconductor/liquid junction)21 due to 
inefficient screening by the metal. Therefore, SM interfaces for 
PEC are often complex and challenging to interpret, especially 
when they are heterogeneous (as is the case for the work 
presented here), leading to gaps in understanding, 
misinterpretations of experimental data, and hindering future 
development of measurement science techniques based on SM 
junctions.

In the context of LAE sensors, the impact of Voc on sensor 
performance is less well-studied. For electroanalytical 
measurements, the position of the voltammetric peak is used to 
identify an analyte of interest. In electroanalytical 
measurements with metallic electrodes, the peak location is 
related to the standard reduction potential (E0). However, for 
LAE, the peak position will be shifted from E0 by the 
photovoltage. Voc is cathodic for n-type semiconductors and 
anodic for p-type semiconductors. In the majority of early LAE 
sensor systems, a redox species was covalently bound to a 
semiconductor surface.22,23 In these studies, Voc arises from the 
difference between the semiconductor Fermi level and that of 
the redox species, similar to semiconductor/liquid junctions.24 
Under these circumstances, Voc can only be changed by 
changing the redox species or semiconductor doping, or by 
creating a buried junction.25 In contrast, Loget, Sojic and co-
workers showed that the Voc of MIS devices assembled using n-
Si/SiOx/m junctions (where m=Pt, Ru, Ni, Co) for photo 
electrochemiluminescence (PECL) changed depending on the 
identity of the metal, suggesting a buried junction.7–9 While 
these studies demonstrate that Voc can be tuned for LAE 
sensors, they did not explore how changes in solution potential 
impact Voc. 
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Here, we quantify Voc on SM-LAE sensors using two distinct 
methods over a broad range of solution potentials 
(approximately –1 to + 1 V vs. SCE) at 85 mW cm–2 light intensity 
and explore the implications for LAE sensors. The intensity we 
used is sufficiently large for the response of the electrodes to 
be dictated by the electrochemistry, rather than the generation, 
transport, and collection of carriers.26 First, we show that Voc is 
dependent on the Esol when the redox potential falls between 
the valence and conduction bands. However, when the redox 
potential is more positive than the valence band edge, Voc is 
constant. Understanding the nature of Voc on LAE sensors is 
important because the “effective” potential where analytes are 
expected for LAE sensors is a function of the formal potential 
(E0’) and Voc. A constant Voc therefore should enable facile 
determination of an unknown molecule (or for a mixture of 
molecules). 

We fabricated n-Si/Au and n-Si/Pt LAE sensors using 
electrodeposition as described in detail in the ESI Section 1. We 
characterized the sensors using a combination of x-ray 
photoelectron spectroscopy (XPS; Figure S2), atomic force 
microscopy (AFM; Figure S3), and electrochemical impedance 
spectroscopy (EIS; Figure S4) and cyclic voltammetry (CV; Figure 
S5) in aqueous ferrocene methanol  (FcMeOH) solutions (ESI, 
Section S2). Elemental analysis with XPS shows that after 
electrodeposition, the n-Si is coated with a discontinuous layer 
of Au. AFM showed that the surfaces were covered with a 
discontinuous metal film composed of small (~50 nm) 
nanoparticles. EIS was used to determine the flat band potential 
(Efb) to be approximately –0.68(±0.02) V vs. SCE by determining 
the inverse square capacitance as a function of applied 
potential (i.e., the Mott-Schottky method).27 Note that pH was 
not rigorously controlled in these measurements (see ESI, 
Section S2). From the plots of C-2 vs. E we were also able to 
estimate the positions of the valence band (Ev) and conduction 
band edges (Ec) to be 0.17(±0.02) and –0.93(±0.02) V vs. SCE, 
respectively. CV in FcMeOH showed that the samples had near-
reversible electrochemistry under illumination, consistent with 
fast charge transfer (both within the Si and across the 
interfaces), and near-zero anodic dark currents. These data are 
consistent with our previous results.3,4 

Figure 1 shows schematic energy band diagrams of the 
semiconductor (sc), metal (m), and redox species (O/R). The 
semiconductor is characterized by Ev, Ec, and electron Fermi 
level (Ef,n). The metal is characterized by its Fermi level (Ef,m). 
The redox species is characterized by its standard reduction 
potential (E0). The Ef of the two solid phases and the E0 of the 
redox species are all related to the electrochemical potential of 
electrons in their respective phases.28 At equilibrium in the 
dark, the electrochemical potentials of all three phases 
equilibrate (Figure 1b). Therefore a measurement of the cell 
potential in the dark should inform how the energy bands align 
at equilibrium. When the semiconductor is illuminated with 
light having more energy than the band gap energy (Eg), e–/h+ 
are generated in the valence band, e– are excited to the 
conduction band, and the holes are transferred to the sc/m 
interface. The generation of e–/h+ changes the population of 
electrons in the valence and conduction bands, which in turn 

shifts the fermi level towards more anodic potentials (Ef,p). This 
shift in fermi level is the origin of photovoltage (Figure 1c).

We performed square wave voltammetry (SWV) to illustrate 
the effect of Voc on voltammetric measurements over a broad 
potential range. Figure 2 shows a series of representative SWVs 

for the oxidation of (a) tris(bipyridine)ruthenium(II) 
(Ru(bpy)3

3+), (b) hexachloroiridate(IV) (IrCl62–), (c) ferrocene 
methanol (FcMeOH), and the reduction of (d) 
hexaammineruthenium(III) (Ru(NH3)6

3+) and (e) methyl viologen 
(MV2+) on n-Si/Au LAE in the light (red traces) and dark (black 
traces). Also displayed in Figure 2 are control measurements 
prepared with highly doped p+-Si/Au electrodes (blue traces). 
These redox species were chosen because they: (i) have a broad 
range of redox potentials (–1.01 ≤ E0’ ≤ 1.05 V vs. SCE), (ii) have 
fast heterogeneous electron transfer kinetics on the n-Si/Au 
and p+-Si/Au electrodes. We used SWV to probe the 
photoelectrochemistry because both oxidation and reduction 
reactions are light-addressable when using SWV.4 

The SWVs in Figure 2a-e show that the voltammetry is well-
behaved over a very broad potential range (ca. ±1 V vs. SCE) for 
samples prepared with both n-Si and p+Si. For Ru(bpy)3

3+, IrCl62–, 
FcMeOH, and Ru(NH)6

3+ a single redox wave is observed under 
illumination (note that the SWV presents a differential current 
measurement and all currents are presented as positive). 
However, for MV2+ there are two reductions observed within 
the scan window. The first reduction (E1/2 ≈ –0.66 V) shows a 
single peak while the second reduction (E1/2 ≈ –1 V) shows split 
peaks, consistent with slow electron transfer kinetics. We 
estimated Voc for each redox species by measuring the 
difference in peak potential (Ep) for a given redox species using 
the n-Si/Au and p+-Si/Au samples (i.e., the blue and red traces 
in Figure 2). Figure 2f shows Voc as a function of the E1/2 value of 
the redox species, as determined using the peak location of the 
p+Si/Au sensors. Over the range from ≈–1 to ≈0.2 V the change 
in Voc is linear (R2 = 0.999), while Voc is constant when E1/2 > 0 V 
vs. SCE.

Figure 1. Schematic band diagrams showing the relative alignment of energy for 
semiconductor, metal, and redox species: (a) under pre-equilibrium conditions, (b) at 
equilibrium in the dark, and (c) under illumination. Note that these diagrams are not 
to scale.
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We performed chopped light open circuit potential (OCP; 
i.e., Ecell) measurements to understand how the band energetics 
change in the dark and under illumination. Figure 3a shows a 
chopped light OCP trace for a solution of 5 mM Fe(CN)6

4– and 5 
mM Fe(CN)6

3–. The green bars in Figure 3a indicate when the 
photoelectrode was illuminated with 85 mW cm–2 white light. 
When the illumination condition changes from light to dark, the 
potential rapidly stabilizes, due in part to the fast charge 
transfer at the interfaces and the fast electron transfer with the 
redox mediator. Under illumination, Ecell is considerably more 
negative than in the dark because of Voc. To determine if the Ecell 
changed with Esol, we prepared a variety of solutions with Esol 
ranging from 0.04 to 0.78 V vs. Ag/AgCl. We prepared these 
solutions using two redox species with fast electron transfer 
kinetics: Fe(CN)6

4–/3– (circles) and IrCl63–/2– (squares). The 
solution potential was varied by changing the concentration 
ratio of oxidized and reduced species according to the Nernst 
Equation: 

𝐸𝑠𝑜𝑙 = 𝐸0 + 𝑅𝑇
𝑛𝐹ln (𝐴𝑜𝑥 𝐴𝑟𝑒𝑑) (1) 

where Esol is the solution potential, E0 is the formal potential of 
the redox couple, R is the ideal gas constant, T is the absolute 
temperature, n is the number of electrons transferred in the 
redox reaction, F is Faraday’s constant, and A is the activity of 
the redox species. Esol was measured for each solution using a 
polished 2 mm gold disk electrode. These data were acquired 
using 6 independently prepared samples.

The black trace in Fig 3b shows that the cell potential varies 
linearly (m≈1; R2=0.94) with the solution potential in the dark, 
demonstrating that the semiconductor and metal are 
equilibrated with Esol in the dark. When the semiconductor is 
illuminated, electron-hole pairs (e–/h+) form, are separated by 
the electric field within the semiconductor, and are transported 
to the appropriate interfaces (holes to the sensing interface and 
electrons to the Ohmic back contact). The increase in holes near 
the interface causes the Fermi level of the semiconductor to 
split (Figure 1c), leading to Voc. The red trace in Figure 3b shows 
Ecell as a function of Esol from  0.04 to 0.78 V vs. Ag/AgCl under 
illumination. Similar to the black trace in Figure 3b, the two 
potentials are strongly correlated (m≈1; R2=0.98).

Voc is calculated from the difference in Ecell in the dark and 
under illumination (Voc = Ecell,light – Ecell,dark). The black circles in 
Figure 3c show Voc as a function of Esol for an n-Si/Au LAE sensor. 
The data show a consistent Voc over the measured potential 
range. The solid black line in Figure 3c represents the mean Voc 
of the pooled data (= –0.41 V) and the dotted lines represent 
the 95% confidence intervals (= 0.02 V) for the pooled data. 
These data agree very well with the Voc data measured 
independently using SWV (Figure 2).

As a control experiment, we measured the OCP using freshly 
etched n-Si electrodes in direct contact with the IrCl63–/2– redox 
couple in the dark and under illumination. The samples were 
freshly etched before each 60 s OCP measurement to minimize 
the impact of the passivating SiOx species. The Voc for these 
samples (red dots in Figure 3c) changes with the solution 
potential, becoming smaller with decreasing Esol. This behavior 
is consistent with unpinned semiconductor/liquid contacts.21,29

We prepared n-Si/Pt LAE sensors similar to our previous 
report5 and measured the Voc for these samples using the OCP 
method in Fe(CN)6

4–/3– solutions (blue circles in Figure 3c). We 
hypothesized that if the SM junction was responsible for Voc 

Figure 3. (a) Chopped-light OCP measurements acquired using an n-Si/Au LAE sensor 
in an electrolyte containing 5 mM Fe(CN)6

4–, 5 mM Fe(CN)6
3–, and 0.1 M KNO3. Light 

was 85 mW cm–2 white light. (b) Measured OCP as a function of Esol for n-Si/Au sensors 
in the dark (black data) and under illumination (red data). Solution potential was 
varied by changing the concentrations of two redox couples: Fe(CN)6

4–/3– (circles) and 
IrCl63–/2– (squares). (c) Voc versus Esol for n-Si/Au, n-Si/Pt, and freshly etched n-Si. 
Symbols in parts (b) and (c) are the mean of 3 separately prepared samples. Error bars 
in (b) represent the standard deviation of three separate trials. Error bars in (c) are 
propagated from the standard deviations in part (b).

Figure 2. SW voltammograms that were collected using n-Si/Au (red and black traces) 
and p+Si/Au (blue traces) in aqueous electrolytes containing 0.1 M KNO3 and 1 mM 
(a) Ru(bpy)3

3+, (b) IrCl62–, (c) FcMeOH, (d) Ru(NH3)6
3+, and (e) MV2+. SWV parameters 

were Estep = 4 mV, Eamp = 25 mV, f = 25 Hz. (f) Plot of Voc versus E1/2 for the redox 
species tested in parts (a)-(e). Symbols represent the mean of 3 separately prepared 
samples and error bars represent one standard deviation.
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generation (and the junction was not Fermi-level pinned), a 
significant difference in Voc would be observed due to 
differences in the work functions of Au and Pt (≈5.3 and 5.6 eV, 
respectively) leading to different barrier heights and 
photovoltages. Over the range of Esol studied n-Si/Pt LAE 
sensors had nearly identical Voc values compared with n-Si/Au 
sensors. These data suggest that the semiconductor/metal 
interface is not the photovoltage-generating interface. An 
alternative interpretation is that these sensors are experiencing 
Fermi-level pinning;20,30 however, this interpretation is not 
consistent with the data in Figure 2, which shows that Voc 
changes linearly with E0 when E0 is between the valence and 
conduction bands.

The results in Figures 2 and 3 suggest the following 
mechanism for Voc generation for electrodeposited 
semiconductor/metal LAE sensors. When Esol is between the 
valence and conduction band edges, Voc changes linearly with 
Esol. We observe that when Esol is close in energy to Ecb then Voc 
is close to 0 mV, but as Esol approaches the Evb then Voc 
approaches 0.4 V (Figure 2f). When Esol is more positive than Evb, 
Voc is mostly stable at ≈0.4 V (Figure 3c). Importantly, the values 
of Voc were determined by two separate methods and are 
consistent with one another (Figure S6). These data strongly 
suggest that Voc is determined by the difference in 
electrochemical potential between the redox species and the 
semiconductor. We suggest that the Fermi level of the Au 
equilibrates with the redox species in solution, thereby tuning 
the Au Fermi level with changes in E0. This may be caused by the 
thin Au layer prepared via electrodeposition and has been 
proposed for thin Ni layers on n-Si.31

These data are significant because when using 
electrochemical sensors, the redox potential is often used to 
determine the identity of a reacting species. When using LAE 
sensors, the observed effective potential differs from the 
thermodynamic value by Voc, and so understanding the origin of 
that shift is critical for the future development of new LAE 
sensors. The results presented show that Voc is effectively 
constant over a ≈1 V range when Esol > 0 V vs. SCE. Interestingly, 
constant Voc levels are not desirable for PEC water-splitting 
applications but are very adventitious for LAE sensors. More 
generally, it also demonstrates the importance of characterizing 
the photovoltage over a broad range of potentials and the 
necessity to determine the band energetics for n-Si/m LAE 
sensors.
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