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The utilization of solar energy to drive (photo)electrochemical 
reactions has been widely studied for sustainable fuel produc-
tion and versatile energy storage over different timescales. 

However, the majority of solar photoelectrochemical (PEC) cells 
cannot drive the overall photosynthesis reactions without the assis-
tance of an external power source. To provide added power, PEC 
cells are often connected to photovoltaic (PV) devices in a tandem 
arrangement. For example, although the thermodynamic potential 
for water splitting is 1.23 V, the total photovoltage driving the reac-
tion should be at least 1.5 V because of overpotentials associated 
with the chemical reactions and polarization losses within devices1,2. 
Thus, the PV and PEC components of the tandem cell are typically 
stacked electronically and optically in series, thereby yielding the 
sum of photovoltage contributions from each subcell with maxi-
mum light energy utilization. The optimal set of materials required 
to produce this voltage varies according to many parameters. 
However, in most cases, a combination of a silicon bottom junction 
with a wider-bandgap material yields the highest solar to hydrogen 
conversion efficiency3 and is also the simplest from a technological 
standpoint. For this reason, significant efforts have been undertaken 
to realize water-splitting devices in which a wide-bandgap material, 
typically a metal oxide, serves as a top junction that is connected 
to bottom silicon junctions4–10. In such configurations the current 
through the system is determined by the layer exhibiting the lowest 
performance. This poor performance may be a result of low optical 
generation in a wide-bandgap material, lossy charge transport in a 
metal oxide, slow kinetics of the chemical reaction, or a combina-
tion of these factors. As a result, nearly all reported devices operate 
at current densities that are far below the thermodynamic efficiency 

limit considering the solar energy input and the properties of the 
individual components in the system4–8.

Here, we propose a new class of devices, which can be classified as 
hybrid photoelectrochemical and -voltaic (HPEV) cells. The HPEV 
cells overcome the problem of mismatched tandem component per-
formance by adding a third electrical terminal to the bottom junc-
tion. This third contact allows photogenerated charge carriers that 
are not consumed by the chemical reaction to be collected as electri-
cal current, thereby producing electrical power at the same time that 
chemicals are produced. In this work, the functional performance 
of HPEV devices is validated through finite-element simulations 
and proof-of-concept HPEV devices are fabricated and tested. To 
evaluate the broader implications and potential impacts of HPEV 
devices, overall energy conversion efficiencies are evaluated for a 
wide range of PEC electrodes operated at different currents and an 
energy return on energy investment (EROEI) analysis is carried out. 
We show that, by collecting minority carriers that are not consumed 
by the chemical reaction as electrical current, electrical power can 
be harvested at the maximum power point with little effect on the 
chemical output. As a result, the overall system efficiency increases 
dramatically: a threefold increase in the overall performance can be 
achieved using state-of-the-art photoanodes and back-contact solar 
cells, thereby increasing the EROEI of a prospective 1 GW solar 
hydrogen plant from 2.3 to above 11.

Coupling losses in PEC energy converters
The Gibbs free energy and overpotentials associated with chemical 
reactions define a minimum photovoltage that material stacks must 
generate to drive PEC reactions. Figure 1a illustrates the performance  
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of a water-splitting device comprising an ideal photovoltaic bot-
tom junction with a bandgap of 1.1 eV located behind a hypotheti-
cal PEC top junction. The bandgap of the bottom junction matches 
that of silicon, and the bandgap of the top PEC junction is 2.1 eV, 
which is close to the bandgap of widely studied photoanode materi-
als such as haematite11–14 or Ta3N5 (refs. 15–18). The PEC current–volt-
age curve illustrates a two-electrode measurement of a photoanode 
and includes all overpotentials associated with the PEC reaction and 
the potential drops over the electrolyte. Thus, the operating point 
of the integrated device is defined by the intersection of the two 
curves at a current density and voltage of Jop and Vop, respectively. 
This point, which is marked by a circle in Fig. 1a, corresponds to 
a current density of 12.45 mA cm−2, which yields a solar to hydro-
gen conversion efficiency of 15.3%. However, this operating point 
is very far from the maximum power point of the bottom junction 
(square in Fig. 1a), demonstrating severe current mismatches (or 
coupling losses19) and translating to an absolute efficiency loss of 
13%. As shown in Fig. 1b, coupling losses rise with increasing top-
cell bandgap. This power would be available for extraction but is not 
collected because of poor integration between the two junctions. 
Nevertheless, the performance of the top junctions presented in 
these examples is far above all performance records demonstrated 
for thin-film photoanodes12,14,15,20. This implies that any PEC solar 
water-splitting system integrated with currently available materials 
will suffer from dramatically higher current mismatch losses than 
those of the idealized system represented in Fig. 1a,b. However, 
this example represents an idealized behaviour, and few materials 
approach theoretical efficiency limits. To present the performance 
expectations of modern experimentally demonstrated systems, the 
dashed curves in Fig. 1a show the current–voltage characteristics 
of a typical silicon solar cell behind a PEC layer with a bandgap of 
2.1 eV (dashed purple curve) and a highly performing TaN photo-
anode15 (dashed red curve). The silicon solar cell I–V characteris-
tics were calculated using a single diode equivalent circuit model 
as described in Supplementary Section 10. The lower photovoltage 
produced in these two devices brings the current at the operating 
point to nearly zero. The stark contrast between the relatively high 
energy conversion efficiencies that can be obtained by the bottom 
junction and the very low energy conversion efficiencies obtained 
from corresponding experimental tandem structures highlights 
the need for addressing practical current mismatch losses. While 
traditional structures, operated optically and electrically in series, 
suffer from such limitations, new device concepts offer opportuni-
ties for dramatically increasing solar energy conversion efficien-
cies. Furthermore, novel device architectures may open the door to  

controllable electricity and fuel production in ways that are inacces-
sible with conventional structures.

Figure 1c presents an illustration of our proposed HPEV cell. In 
this example, the bottom junction is made of a three-terminal silicon 
photovoltaic cell, on top of which the PEC electrode is deposited. 
The Si cell is bulk-doped n-type and the photoelectrode operates 
as a photoanode. The electrical coupling layer between the bottom 
junction and the PEC electrode, as well as underlayers and overlay-
ers, are omitted from Fig. 1c for simplicity. A photocathode-based 
cell can be made with the opposite doping profiles. The concept 
underlying the function of the HPEV cell is described in the follow-
ing. (1) When photons are absorbed in the silicon, electron–hole 
pairs are generated. (2) As in PV cells, the photogenerated electrons 
flow to the n+ back contact. Holes have two possible routes: (3) they 
can flow towards the PEC front contact, from which they will be 
injected into the PEC layer and participate in the chemical reaction, 
or (4) they can flow to the second, hole-selective, back contact and 
contribute to the electrical power output. Hence, the back p+ contact 
serves as an outlet for holes that are not injected into the top junc-
tion and allows for the simultaneous generation of electrical power.

Simulated HPEV device characteristics
In the following, we analyse the functional properties of such an 
HPEV cell via device simulation, after which we characterize the 
operational characteristics of an experimentally realized system. 
The bulk of the three-terminal PV cell of the HPEV device can be 
viewed as a reservoir of photogenerated charge carriers. Within this 
reservoir, every charge carrier tends to flow towards the appropriate 
selective contact and follows the path of least electrical resistance, 
which is defined by the location at which it was generated and the 
potential at the contact. Integration of the PV cell with a photo-
electrode on its surface couples electrical transport by defining the 
potential on the top PV junction and imposing the condition for 
current matching.

To provide insights into how the two photovoltaic junctions are 
coupled, the current–voltage (J–V) characteristics of the three-ter-
minal Si device are first analysed using finite-element device simu-
lations (see Supplementary Information for simulation details). In 
particular, the current densities through the front surface (Jfront) 
and back surface (Jback) p+n junctions are calculated as a function of 
the voltages Vfront and Vback. Both voltages are defined relative to the 
common n+ ohmic contact, as indicated in Fig. 2a. The results of 
the simulations are presented in Fig. 2b, which shows Jfront and Jback 
as a function of Vfront for several discrete values of Vback. Here, posi-
tive current densities indicate that power is passed from the device 
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Fig. 1 | Current mismatch losses and the HPEV cell. a, Current–voltage curves of an ideal 2.1 eV bandgap PEC top junction and an ideal 1.1 eV bandgap 
bottom junction placed behind it (solid lines), as well as a typically performing silicon photovoltaic cell and a TaN (ref. 15) PEC photoanode (dashed lines) 
in the same configuration. The silicon solar cell current–voltage characteristics were calculated using a single diode equivalent circuit model as described 
in Supplementary Section 10. The operating points of the integrated devices are at the intersections of the curves (circles). The maximum power points 
of the silicon bottom junctions are marked with squares. b, Coupling losses in an ideal silicon bottom junction as a function of the bandgap of the top 
photoelectrode. c, Schematic illustration of an HPEV cell.
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to the external circuit, and negative current densities indicate that 
power is passed from the external circuit into the device. From this 
analysis it is evident that the front and back junctions are electroni-
cally coupled, because Jfront and Jback each depend on both Vfront and 
Vback. Conceptually, this coupling can be understood by recognizing 
that the photocarriers can be extracted through either of the two 
p+n junctions, and the operating points of both junctions define 
how the photocurrent is partitioned.

To illustrate the coupling between the front and back photovol-
taic junctions, we first consider the condition when Vback =​ 0 V. As 
shown in Fig. 2b, the front junction is characterized by a standard 
J–V curve for an illuminated photovoltaic junction. When Vfront is suf-
ficiently small, Jfront is within the saturation regime, and most current 
is extracted across the front junction because of the photogeneration 
rate and is greater near the front surface. However, as Vfront approaches 
the open-circuit voltage, Jfront decreases and charge collection at the 
back junction becomes favoured, which results in a corresponding 
increase in Jback. Importantly, this condition is fundamentally different 
from in a traditional single junction device; instead of all photocar-
riers recombining when Vfront is held at open circuit, the carriers in 
this three-terminal configuration may still be extracted via the back 
junction. At even larger voltages, when Vfront exceeds the open-circuit 
voltage, Jfront becomes negative and holes are injected from the front 
contact into the device. In the same way, as Vback is varied within the 
saturation range of Jback, there is little influence on the front junction 
Jfront–Vfront characteristics. However, as Vback approaches the open-cir-
cuit voltage of that junction, Jback decreases and Jfront correspondingly 
increases. At values of Vback larger than the open-circuit voltage, holes 
are injected from the external circuit into the device.

So far, we have only considered the characteristics of a three-ter-
minal PV cell. However, in the full HPEV device, the front junction  

of the Si cell is coupled in series to a front surface PEC junction, 
and current matching between the two defines the common flow of 
charge across both the top photovoltaic junction and the semicon-
ductor/electrolyte interface. To simulate the performance of a com-
plete spontaneous water-splitting HPEV device, the current density 
versus electrochemical potential (J–E) curve of a prototypical TiO2 
photoanode, as reported in ref. 10, was used as the electrochemical 
load. Here, we assume a negligible overpotential for the hydrogen 
evolution reaction at the counterelectrode (Fig. 1c), such that the 
electrochemical potential E =​ 0 V versus RHE is equivalent to volt-
age V = 0 V. Figure 2c shows the PEC load curve defined by the illu-
minated TiO2 PEC photoanode along with the previously discussed 
Jfront–Vfront curves for several values of Vback.

Figure 2d (solid curves) shows the electrical and chemical outputs 
as a function of back junction voltage, Vback. The electrical output is 
given by Jback and the chemical output is the current density across 
the semiconductor/electrolyte interface, which defines the reaction 
rate and is given by the point where the electrochemical load curve 
meets the top contact current voltage curve, as shown in Fig. 2c. The 
electrical current extracted from the back junction has little effect 
on the chemical output. For example, when the back junction volt-
age corresponds to short circuit, open circuit and at the maximum 
power point, the chemical output current densities are 0.41, 0.49 and 
0.42 mA/cm−2, respectively. Importantly, this means that the chemical 
output is only weakly dependent on the operating point of the back 
junction. Such insensitivity can be generalized to any photoanode 
with a saturation current that is lower than the short-circuit current of 
the top junction at Vback =​ 0 as long as the operating point is not near 
the current onset. In the present case, this means that the back junc-
tion can be operated at its maximum power point while only reducing 
the chemical output by 0.07 mA cm−2 relative to its saturation value.
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We note that the HPEV cell design presented in Fig. 1c is a con-
ceptual construction that is not yet optimized to achieve the maxi-
mum overall combined solar-to-power and solar-to-fuel conversion 
efficiency. For example, similar to the use of point contacts in high-
efficiency silicon solar cells21,22, localized highly doped regions at 
the front surface and passivation of the free surfaces can reduce 
surface recombination losses dramatically. The dashed curves in  
Fig. 2d describe the performance of an HPEV cell in which the 
highly doped p+ region covers narrow 5-µ​m-wide strips at the front 
surface instead of being a continuous layer. The removal of lossy, 
highly doped regions at the front surface increases the back junction 
electrical output dramatically, yielding a short-circuit current above 
22.7 mA cm−2, which accounts for nearly 90% of the photogenerated 
charge carriers and a maximum extractable power of 11.2 mW cm−2. 
The reduced recombination also increases the voltage output of the 
front contacts, which increases the chemical output to 0.44 mA cm−2 
at the maximum power point. A significant increase in the device 
performance is also expected by improving the device optics, for 
example by incorporating back reflectors and a textured front sur-
face, as well as by tuning the photoanode thickness to optimize 
both anti-reflection and light-harvesting properties. While these 
opportunities for further optimization of the device geometry and 
doping profiles are worth highlighting and will be the subject of 
future work, we focus here on an experimental demonstration of the 
proof-of-concept HPEV device configuration presented in Fig. 1c.

Experimental validation of the HPEV concept
To validate the HPEV concept and compare its operational charac-
teristics to simulation predictions, physical devices were fabricated 
and tested. In particular, the experimental realization of HPEV 
cells was accomplished by deposition of a fluorine-doped tin oxide 
(FTO) contact layer followed by an n-type TiO2 photoanode layer 
on top of a three-terminal Si solar cell, as illustrated in Fig. 1c and 
described in the Methods. The thickness of the silicon wafer was 
0.25 mm, the width of the p+ and n+ fingers at its backside was  
60 µ​m, and the spacing between the fingers was 40 µ​m. The hole dif-
fusion length was estimated to be about 0.14 mm (see Supplementary 
Section 7 for additional details). The complete HPEV device was 
then assembled into a custom PEC cell equipped with a quartz glass 
front window and electrical leads for solid-state photovoltaic mea-
surements, as well as ports for PEC measurements in both two- and 
three-electrode configurations.

To analyse the characteristics of key junctions within the inte-
grated device, the electrical and chemical outputs were first tested 
separately. The performance of the HPEV cell for electrical power 
generation was determined by measuring the J–V characteristics 
across the back terminals with the counterelectrode of the PEC cell 
disconnected. The sample was illuminated with an AM1.5G solar 
simulator under 1 sun illumination conditions. As described in the 
Supplementary Information, quantitative analysis of the spectral 
profile of the solar simulator revealed a reduced ultraviolet intensity 
relative to the AM1.5G spectrum. A light-emitting diode (LED) was 
therefore used to compensate for the ultraviolet radiation content. 
Figure 3a shows the electrical output in the dark, as well as under 
simulated solar radiation, which is characterized by a short-circuit 
current density of 3.8 mA cm−2, open-circuit voltage of 0.44 V, and 
maximum power point voltage of 0.32 V. These results reveal that 
the back junction qualitatively functions as intended, although 
there remains significant opportunity for optimization via materials 
and interface engineering. The rather low power output from the 
back junction of fabricated devices is primarily a consequence of 
short minority carrier lifetimes within the n-type Si. Device simu-
lations using a bulk lifetime of 15 µ​s and a surface recombination 
velocity of 1,000 cm s−1 show an excellent fit to the measured data 
(Supplementary Fig. 7). A similar Shockley–Read–Hall lifetime for 
the Czochralski-grown wafers from the same batch was measured 

via microwave photoconductance decay and was also obtained 
with spatial collection efficiency extraction23. We note that the use 
of high-quality float-zone (FZ) silicon substrates with millisecond 
lifetimes, thickness optimization and passivation of free surfaces 
of the device provides straightforward routes for future efficiency 
enhancements. Other losses that can be reduced through device 
optimization include series resistance losses at the metal finger 
contacts and reduced open-circuit voltage at non-active areas at the 
device edges. As these issues have already been addressed in com-
mercial back-contact Si solar cells, adoption of such strategies will 
enable significantly improved HPEV efficiencies in the future.

The PEC characteristics of the HPEV device were tested with the 
p+ back contact of the PV junction disconnected (that is, with no 
electrical power generation). Figure 3b,c show the PEC J–E curves 
measured in three- and two-electrode configurations, respectively, 
in the dark and under simulated 1 sun illumination. In both cases the 
working electrode was connected to the ohmic n+ back contact of 
the HPEV cell. Hence, these curves include the photovoltage gener-
ated by the top Si junction, as well under the TiO2/electrolyte inter-
face. Operation in a three-electrode configuration at 1.23 V versus 
RHE with simulated 1 sun illumination yielded a current density of 
104 µ​A cm−2 (Fig. 3b). More importantly, spontaneous overall water 
splitting with a current density of 85 µ​A cm−2 was achieved with no 
external bias in the two-electrode configuration (Fig. 3c). These 
results provide a basis for analysing the operational characteristics 
of the complete HPEV device and the effect of operational param-
eters and junction coupling on both chemical and electrical outputs.

The overall performance of the integrated HPEV device was 
determined by simultaneously measuring the electrical output and 
the chemical output arising from spontaneous water splitting as 
a function of the back junction voltage, Vback, as described in the 
Methods. Figure 3d shows the measured PV and PEC currents den-
sities as a function of Vback under 1 sun illumination (bold solid and 
dashed lines, respectively). As predicted by the simulations, the PEC 
current is nearly independent of the electrical operating point of the 
back junction, thus allowing extraction of electrical power at the 
maximum power point without adversely affecting the PEC output.

To further understand the weak coupling between the front and 
back junctions, the device characteristics were analysed under sev-
eral ultraviolet LED intensities, spanning from 40 to 530% of the 
effective ultraviolet intensity of the AM1.5G spectrum, as shown in 
the thin solid and dashed lines in Fig. 3d. Because the TiO2 pho-
toanode is responsible for the current limitation through the front 
junction, variation of the ultraviolet intensity allows for character-
ization of how current extraction through the back junction is influ-
enced by charge extraction from the front surface. As expected, the 
PEC current density increases with ultraviolet light intensity as a 
result of larger optical generation in the current-limiting TiO2 pho-
toanode. However, the increase in PEC current has a minimal effect 
on the current extracted from the back junction. This behaviour can 
be understood by recognizing that the trajectories of charge carri-
ers are statistically defined by the path of least electrical resistance. 
As such, the PEC current is primarily driven by photocarriers that 
are generated near the top surface of the silicon. However, due to 
rather fast recombination of carriers in the Si device (see discussion 
above), the minority carrier diffusion length is short relative to the 
wafer thickness. Thus, only carriers that are generated near the back 
surface are collected by the back contact. As a result, there is little 
competition for charge carriers between the front and back junc-
tions. For optimized devices with carrier diffusion lengths matched 
to the device geometry, stronger coupling between front and back 
junctions is expected, as described by the simulations presented in 
the previous section. Even in that scenario, the back junction can 
be operated near the maximum power point without significantly 
reducing the chemical output due to the significant current mis-
matches between the wide-bandgap photoanode and the much 
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narrower bandgap of Si. For more ideally current-matched HPEV 
constructions, stronger coupling would emerge and permit the elec-
trical power and chemical outputs to be partitioned on-demand, as 
described in the next section.

General features of HPEV devices
For the first experimental demonstration of an HPEV cell, we 
selected TiO2 as the photoanode because it offers high chemical sta-
bility, controllable synthesis, and well-known properties that could 
be reliably used for simulations. However, the wide bandgap of TiO2 
severely limits its sunlight harvesting capacity, and integration of 
visible-light-absorbing photoelectrodes into HPEV cells is the ulti-
mate aim. Therefore, we developed and applied an equivalent circuit 
model to evaluate the optimum bandgap combinations and deter-
mine the resulting chemical and electrical outputs. As described in 
the Supplementary Information, this model assumes strong cou-
pling between the front and back Si junctions arising from minority 
carrier diffusion lengths that are well matched to the device dimen-
sions. In such a case, charge carriers are partitioned between the 
front and back junctions such that an equivalent circuit of a simple 
solar cell can describe the HPEV back-junction output. The short-
circuit current of the back junction, reduced by the PEC current, 
is the overall current that is available for collection and electrical 
power generation.

To evaluate the key performance metrics for Si-based HPEV 
cells, the back-junction J–V curves and corresponding power out-
put were calculated as a function of the bandgap of the semiconduc-
tor photoelectrode integrated on the front surface, which defines 
the spectral excitation of the underlying Si, and the extracted PEC 
current density, which defines the current available for electrical 
power generation. The Si PV cell parameters were based on the 
J–V characteristics and external quantum efficiency (EQE) data 
reported in ref. 22, which represents the performance of modern 
back-contact Si solar cells. Figure 4a,b show the calculated electri-
cal power output from the back junction of the HPEV cell and the 

total system efficiency24 as a function of the top junction current 
density and bandgap, respectively. The white regions in the upper 
right sides of the plots represent PEC current densities that cannot 
be reached considering the bandgaps of the photoelectrodes and the 
solar spectrum. The white regions in the upper left regions of the 
plots are defined by PEC currents that are limited by low photogen-
eration in the Si, which is illuminated through the photoelectrode. 
As expected, the electrical power output from the back junction is 
reduced as the PEC current is increased and the PEC bandgap is 
reduced.

The apex of Fig. 4 represents the ideal photoelectrode bandgap 
(1.8 eV) for integration on top of a back-junction Si solar cell. Such 
a device would maximize the chemical output and compares well 
with multiple publications that have addressed ideal two-terminal 
tandem structures for PEC water splitting under different assump-
tions3,25,26. However, it is essential to recognize that only a limited 
set of semiconductor photoelectrodes are actually available. Thus, 
while optimum bandgap combinations can be predicted, they can-
not be practically realized unless new materials are discovered. The 
HPEV device overcomes this limitation by allowing extraction of 
excess photogenerated charge carriers as electrical power. This 
feature is illustrated by the star in Fig. 4, which corresponds to the 
high-performance BiVO4 layer previously published in ref. 20. This 
photoelectrode was reported to have a bandgap of 2.4 eV and is 
capable of generating a current density of 5.57 mA cm−2 at the inter-
section between the PEC and Si solar cell J–V curves. This chemical 
output yields a solar-to-hydrogen conversion efficiency of 6.85%, 
which is the total efficiency for the traditional tandem architecture. 
However, in an HPEV cell, the simultaneous back-contact power 
output could reach 13.3 mW cm−2. The result is a total solar energy 
conversion efficiency of 20.2%.

An EROEI analysis can be used to estimate the overall envi-
ronmental impact of a renewable energy technology. A 10% 
solar-to-hydrogen efficient BiVO4 top photoelectrode coupled to 
a standard silicon absorber is estimated to have an EROEI of 2.34 
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(Supplementary Section 12). Thus, throughout its lifespan, such a 
solar hydrogen plant will produce 2.34 times the energy required to 
produce and operate it. The advantage of electricity production in 
HPEV-based systems is twofold. On top of the electricity exported 
from the plant, some of the electricity produced can be used to run 
peripheral systems such as compressors and sensors required for 
its daily operation, reducing its overall energy inputs. As a result, 
the EROEI can increase to between 11.66 and 16.16 depending 
on how the contributions of electricity and hydrogen are added 
(Supplementary Section 13).

The interdependence of the chemical and electrical outputs in 
optimally designed HPEV cells may provide means for flexible, 
real-time outputs partitioned according to demand. For example, 
in the case of a high demand for electricity, the chemical output 
can be easily reduced, thereby increasing the current that can be 
harvested as electrical power. As shown in Fig. 2b,c, power can 
also be injected from the back contacts into the device, raising the 
current and voltage at the front surface. To achieve a high flexibil-
ity in the chemical output, the electrochemical load curve should 
have a high slope at its intersection with the silicon front-contact 
current–voltage curve. While the electrochemical load curves pre-
sented in this work are fairly flat at this potential range, applica-
tions with other PEC reactions may benefit significantly from this 
degree of freedom.

The HPEV cell described in this work represents one possible 
approach for integrating photovoltaic and PEC systems with the 
goal to reduce current mismatch losses. Several other approaches 
can be imagined, each with its own specific advantages and limi-
tations. For example, the bottom junction of dual-bandgap sys-
tems can be mechanically divided such that one part produces the 
current required to support the photoelectrochemistry while the 
other is used to generate electrical power. This type of arrange-
ment can be fabricated by mechanically separating the bottom 
junction or by having two separated contact grids. While such 
a configuration might be simpler to fabricate, this comes at the 
cost of reduced flexibility in operation. In another approach, if 
the device produces sufficient photovoltage, an electrical load can 
be connected between the cathode and anode to harvest the extra 
photovoltage as electricity. While nearly all modern PEC systems 
generate less photovoltage than desired and none provide excess 
photovoltage, such a configuration could be applicable to multi-
junction solar cells, which produce voltages higher than required 
by the chemical reaction. An elaborated analysis of both conven-
tional and newly imagined architectures is of great interest and is 
left for future investigation.

Conclusion
A new class of devices, HPEV cells, has been proposed. These 
devices are three-terminal cells in which a second junction is added 
to extract charge carriers that cannot be injected into the top junc-
tion due to current mismatches. The functional performance of the 
cells was studied with finite-element modelling and verified in pro-
totypes fabricated from a silicon bottom junction and a TiO2 top 
junction. It is shown that charge carriers that do not contribute to 
the chemical reaction can be harvested as electrical power at the 
maximum power point with a negligible effect on the chemical 
output. Equivalent-circuit-based modelling shows that HPEV cells 
made from off-the-shelf back-contact solar cells can at least double 
the overall output of the system for top junctions with bandgaps 
above 2.3 eV. As such, the HPEV device concept could dramatically 
enhance the energy return on energy invested for PEC systems. The 
ability to overcome efficiency losses associated with current mis-
matches provides a route to creating efficient and functional sys-
tems from the existing set of materials.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41563-018-0198-y.
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Methods
Device fabrication. The devices used in this study were fabricated using 
(100)-oriented Czochralski-grown two-side-polished P-doped (2 Ω​ cm resistivity) 
Si wafers (0.25 mm thick). The light-incident side of these wafers was ion-
implanted with 11B to 3 ×​ 1014 cm−2 at 33 keV followed by 5 ×​ 1014 cm−2 at 50 keV. 
This treatment produced a reasonably uniform, metallically doped (5 ×​ 1018 cm−3 
to 5 ×​ 1019 cm−3) contact region extending 250 nm from the surface into the bulk. 
The backside of the samples received both n+ and p+ implanted contacts in an 
interleaved comb pattern, as shown in Supplementary Fig. 5. The width of the 
p+ and n+ fingers was 60 µ​m and the spacing between the fingers was 40 µ​m. 
For n+ ohmic contacts, 31P was implanted to 2 ×​ 1014 cm−2 at 33 keV followed by 
5 ×​ 1014 cm−2 at 75 keV. For backside junction formation, 11B was implanted with 
the same parameters as for the front surface. After photoresist stripping and oxide 
removal using an HF vapour etch, the implanted atoms were activated using a 
900 °C, 10 s rapid thermal anneal.

Following dopant activation, the Si surface was etched for 1 min in 5% HF 
and a fluorine-doped tin oxide (FTO) layer was deposited on the top surface 
using ultrasonic spray pyrolysis (Sono-Tek ExactaCoat) at 500 °C. The precursor 
used for the depositions was made by mixing 90.2 ml ethanol and 7.23 ml butyltin 
trichloride with a solution containing 0.122 g ammonium fluoride in 2.46 ml water. 
The precursor flow rate was 1 ml min−1 and the spraying speed was 100 mm s−1.  
A total of 20 spray repetitions resulted in an FTO layer thickness of about 200 nm 
(Supplementary Fig. 10).

The TiO2 PEC layer was deposited on top of the FTO using electron-beam 
evaporation (Angstrom Engineering, NEXDEP). The deposition was conducted 
at a substrate temperature of 350 °C and a vacuum pressure of ~10−6 torr. The 
acceleration voltage was set to 7 kV and the deposition rate to 0.5 Å s−1. Post-
deposition air annealing was performed at 500 °C for 3.5 h. Supplementary  
Fig. 13a,b shows plan-view and cross-sectional scanning electron microscopy 
(SEM) images of the fabricated photoelectrodes. A final photolithographic step 
and electron-beam evaporation were then used to overlay the backside, comb-
patterned ion implants with metal contacts comprising 20 nm of Ti and 300 nm of 
Au. Following metallization, the wafers were diced into 10 mm ×​ 10 mm chips, each 
with a single HPEV device as illustrated in Supplementary Fig. 6.

PEC characterization. PEC characterization was conducted using an AAA 
solar simulator (Oriel Sol3A 94023A) and a 340 nm collimated LED (Thorlabs 

M340L4 with Thorlabs COP1A collimating optics). The chemical output was 
measured in 1 M NaOH electrolyte with a Bio-Logic VSP potentiostat in a 
two-electrode configuration using a platinum wire as counterelectrode or in a 
three-electrode configuration with a platinum wire counterelectrode and a leak-
free Ag/AgCl reference electrode. The electrical output was measured using the 
second channel of the potentiostat. Simultaneous water-splitting and electric 
power generation measurements were conducted by connecting each output to a 
different potentiostat channel and synchronizing the two channels. Linear sweep 
voltammetry was carried out to measure the electrical output while a two-electrode 
chronoamperometry measurement at a potential of 0 V versus the reference was 
used to monitor the chemical output.

EQE measurements. EQE measurements were carried out using a Newport 
300 W ozone-free Xe lamp, whose optical output was passed through an Oriel 
Cornerstone 130 1/8 m monochromator. The sample current was measured with a 
Gamry Reference 600 potentiostat. The monochromatic light was stepped in 5 nm 
intervals and chopped at a period between 0.5 and 5 s depending on the settling 
time of the current signal. A Mightex GCS-6500-15-A0510 LED and a Mightex 
LGC-019-022-05-V collimator were used to produce the background light bias. 
Back-junction EQE measurements were conducted with several background light 
intensities with LED currents of 25, 50, 100, 200 and 400 mA, which correspond 
to background current densities of 81, 212, 518, 1,150 and 2,350 µ​A cm−2, 
respectively. Measurements were also performed without the light bias. The PEC 
counterelectrode was disconnected during all of these measurements. Front PEC 
junction EQE measurements were conducted in the two-electrode configuration 
and in short circuit while the back p+ was disconnected. The background light bias 
was applied with an LED current of 500 mA. The photocurrent was calculated by 
subtracting the current generated under background light illumination from the 
current generated in the presence of both monochromatic and background light 
illumination. The incident optical output at each wavelength was measured with a 
Thorlabs SM05PD2A photodiode. The photodiode was calibrated using a Newport 
818-UV/DB calibrated detector.

Data availability
The data that support the findings within this paper are available from the 
corresponding author upon request.
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