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Abstract
Photoelectrochemical (PEC) solar water splitting is promising for the production of clean
chemical fuels but the efficiency has remained low. Herein, we demonstrate the unprecedented
improvement in light harvesting, charge carrier separation/transfer, and catalyst management
with bifacial design for the photocathodes to achieve best-in-class efficiency with excellent
electrochemical stability. Decoupling the light harvesting side from the electrocatalytic surface
nullifies parasitic light absorption and enables n+np+-Si photocathodes that exhibit a photocurrent
density of 39.0 mA/cm2 with a solar-to-hydrogen conversion efficiency (SHCE) of 13.2% and
that are stable for >370 h in 1 M H2SO4 (aq) electrolyte. Furthermore, the bifacial Si
photocathodes developed herein are capable of collecting sunlight not only on the light
harvesting side of the device but also on the back, resulting in a photocurrent density of 61.2
mA/cm2 under bifacial one-sun illumination, which yields a 61% improvement of H2 generation
(according to bifacial factor of SHCE) when compared to the monofacial PEC system.
Combining the bifacial design with surface texturing and antireflection coating enables excellent
omnidirectional light harvesting capability and record SHCE efficiency, which provides a
promising way to realize practical PEC water splitting applications..
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Photoelectrochemical (PEC) cells using light-absorbing materials as photoelectrodes
mimicking natural photosynthesis to convert solar energy to a storable form of fuel have received
significant attention1-4. Based on the taxonomies suggested by Lewis et al.,4 the PEC cell
employed herein can be classified under the category of a PV-biased electrosynthetic cell. The
overall PEC process consists of three parts: (i) light absorption and charge carrier generation; (ii)
extraction of the excited carriers to the photoelectrode/electrolyte interface; and (iii) the
hydrogen evolution reaction (HER) and oxygen evolution reactions (OER) over electrocatalysts36

. In order to effectively drive PEC water splitting, it is essential to harvest the majority of

photons in the solar spectrum while also ensuring efficient charge separation/transfer and
electrocatalysis7. Another key challenge in developing highly efficient photoelectrodes is the
effective integration of electrocatalysts on the surface of the light absorbing material to lower the
overpotential required to drive the water-splitting reaction3,6,8. In most cases, despite the
excellent electrocatalytic activity, these catalysts absorb/reflect light resulting in a shadowing
effect and reducing the light harvesting capability of the photoelectrode9-13. To break the trade-off
between electrocatalytic activity and light absorption, Vijselaar et al. recently varied the fraction
of catalyst coverage over the silicon microwires and the pitch between the microwires to
deconvolute the contributions of catalytic activity and light absorption to the overall device
performance. Moreover, PEC photoelectrodes made of high performance solar absorbers, such as
silicon and GaAs, are prone to corrosion in the electrolyte14-17, thus a corrosion-resistant
protective layer on the surface of the photoelectrode is typically necessary. But this layer induces
high surface resistivity and shadowing effects to inhibit charge carriers from the bulk of the
semiconductor to the electrolyte17-19.
Extensive research efforts on surface protection and passivation of Si-based photoelectrodes
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have been conducted, focusing on transparent and conducting materials, such as metals, metal
oxides, and metal silicides deposited on the electrode surface16,17,20,21. Overall, these studies have
enhanced the stability and lifetime of Si photoelectrodes to some extent, but not sufficiently for a
functional prototype reactor22-25. Despite these efforts and promising results, PEC devices
exhibiting bothhigh bifacial factor of solar-to-hydrogen conversion efficiency (φSHCE ) and longterm stability with efficient light-harvesting capabilities have not yet been demonstrated.
In current scenario, nearly all PEC photoelectrodes developed are monofacial, meaning that
all the functionalities of the device, including light harvesting, electrocatalysis, and surface
protection, are integrated on a single side of the PEC cell, resulting in the light harvesting side
being overused while the back side of the device is underutilized (i.e., only for electrical
connections)4,26. Engineering a photoelectrode to harvest solar energy on both the front and back
surfaces by absorbing both direct and atmospheric reflected light could be an attractive strategy
for enhancing the density of photo-generated carriers and the efficiency of PEC cells. Even
though commercial bifacial photovoltaic (PV) solar cells are becoming available27, a bifacial
photoelectrode can harvest the solar irradiation from both the front and back surfaces, has not
been explored for PEC solar energy conversion. Furthermore, the daily orbit of the sun changes
the intensity and angle at which the direct component of the light impinges on the PEC cell.
Therefore, omnidirectional light harvesting is a significant criterion for PV28-30, and PEC devices
to capture sunlight more efficiently throughout the day.
Here, we employed a new light decoupling scheme in which the top side of the photocathode
is dedicated to the light harvesting, while the opposite side of the semi-transparent photocathode
is used for the electrochemical reaction, abolishing the parasitic light absorption induced by the
surface protection layer and electrocatalysts. By employing this scheme in n+np+-Si
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photocathode, we achieved a photocurrent current density (JH) of 39.0 mA/cm2 with a stability of
370 h under 1M H2SO4(aq) electrolyte — the highest combined PEC efficiency and stability
reported for a single junction Si-based photocathode. More importantly, for the first time we
developed a silicon bifacial (SiBF) PEC photocathode to absorb light on both sides of the
devices that achieves, a record current density of 60.2 mA/cm2 and yields bifacial illumination
(one sun illumination on both the light-harvesting (LH) and electrolyte (Pt-coated) side of the
device) can produce as high as 61% (bifacial factor) more H2 when compared to the monofacial
PEC system., which also shows excellent omnidirectional light harvesting characteristics. These
results not only set a record for PEC water splitting based on Si photoelectrodes but also
demonstrate the synergistic design of optical and catalytic components universally applied to all
kinds of the photoelectrodes, which is crucial for advancing PEC hydrogen generation
technology.
Results and Discussion
Bifacial photoelectrode design decoupling the light harvesting from electrocatalysis
Typically, surface protection layers and electrocatalysts deposited on top of the LH side of a
PEC electrode lead to parasitic light absorption, which directly affects the light harvesting
capability and efficiency of the device9-12. Even though spatial decoupling of light absorption and
electrocatalysis has been demonstrated in nanostructures with high aspect ratios7, such designs
are complicated to implement with selective integration of electrocatalysts on the surface of the
nanostructures, which cannot be adopted to conventional high efficient PEC cells. For nonnanostructured

phototelectrodes,

decoupling the light

harvesting

function

from

the

electrocatalysis surface is a novel approach, so that no single solar photon is wasted due to
absorption or the shadowing effect. In our design (Figure 1a), the LH side (on np+-Si side) of the
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silicon photoelectrode was exclusively used to collect photons, whereas the semi-transparent Ptcoated side (on nn+-Si side) of the device was in contact with the electrolyte for the
electrocatalytic reaction. This provides much more freedom to utilize a thick and opaque
protection layer and electrocatalysts without affecting the direct component light harvesting
capability of the cell.
More importantly, here we demonstrate a SiBF photoelectrode design, a unique technology in
which the photon can be harvested at both the LH and Pt-coated surface of the electrode (Figure
1a). This novel bifacial design enables the PEC device to absorb diffusive/reflected light being
bounced off the back-mirror reflector for enhancing current density and hence improving
hydrogen production. Finally, surface roughening using textured micropyramids and
microgrooves on the LH and the Pt-coated sides of the Si photoelectrode, respectively, are
employed to enhance photon capture30. The scanning electron microscope (SEM) images (Figure
1b and 1c, as well as the corresponding high magnification SEM images in Figure 1d and 1e)
show the texturing on the LH and Pt-coated sides, respectively. In addition, a 50-nm-thick Si3N4
is deposited conformally on the pyramids of the LH side after passivation as a pinhole-free antireflection (AR) coating, in order to harvest more photons. Instead of covering the entire LH side
with a reflective Ag contact, an interdigitated Ag electrode grid is used to allow sunlight through
the PEC cell and to collect the holes from the device, as shown in the photographic and SEM
images in Figure S1a and Figure S1b, respectively (see Materials and Methods for more details
on the device fabrication). As far the electrical design is concerned, a cascading-type band
structure is established by adopting n+np+-Si as the photocathode via appropriate doping and a
surface passivation layer, as shown in Figure 1a (bottom panel), is crucial to promote carrier
separation and transfer, leading to enhanced carrier availability for the catalytic reaction. More
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details on the electrical design are discussed in the Supplementary Information.
Developing an efficient electrocatalyst coating with optimum thickness is critical for
collecting the maximum number of photons with minimal catalyst shadowing effect11. Despite
the significant recent efforts to find cheaper, earth-abundant catalysts to replace noble metal
catalysts for HER6,8,11, none has surpassed the catalytic activity and stability of Pt catalyst.
However, the excellent catalytic activity of Pt means only a small amount of Pt catalyst is needed
to be effective31. Hence, here we utilized sputter-deposited Pt as the HER catalyst and tuned the
thicknesses to optimize the PEC performance of the SiBF photocathode in terms of both light
absorption and catalytic performance. We evaluated them by monitoring the external (EQE) and
internal quantum efficiencies (IQE) of the devices (see Figure S2), which exhibit a broad
response range covering 300–1100 nm.
PEC water splitting using the SiBF photocathode
To quantitatively examine the light-absorbing capabilities of the SiBF photoeletrode, we
evaluated the baseline PV performance of the solid-state device under simulated AM 1.5G solar
illumination (1 kW/m2). Figure 1f and Table S1 show that the PV performance of the SiBF is
superior when it is illuminated at the LH side compared to the Pt-coated side. More details on the
PV characteristics are discussed in the Supplementary Information. Figure 1g presents the
reflection spectra recorded on the LH and Pt-coated sides of the SiBF device featuring various Pt
thicknesses. To obtain more insights into the propagation of light inside complex disordered
materials, we carried out finite-difference time-domain (FDTD) simulations starting from a firstprinciples-based study, as shown in Figure S3 and discussed in the Supplementary Information.
Briefly, the experimental results demonstrate that under the given condition, the short-circuit
current density (JSC) was as high as 62.07 mA/cm2 with a stable open-circuit voltage (Voc) of
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0.57 V (purple curve). To quantify the efficiency for bifacial measurements we adopted the
bifacial factor of power conversion efficiency (φPCE ) term, a common metric used in the PV
industry, as there is no such standardization available in PECs to date. In PV modules, the 𝜑𝑃𝐶𝐸
refers to the ratio of power conversion efficiency (PCE) measured between the rear and front side
illumination at standard test conditions, which giving rise of 64.09% as compared to the
monofacial device (black curve in Figure 1f and the results in Table S1). To investigate the PEC
performance of our SiBF photocathode, we carried out linear sweep voltammetry (LSV) analysis
using a 3-electrode setup using a Pt counter electrode, a Ag/AgCl reference electrode, and the
SiBF cell as the working electrode in a gas-tight PEC quartz cell in 1 M H2SO4(aq) as the
electrolyte under simulated one sun AM 1.5G illumination24,26. A detailed description of the PEC
cell fabrication and analysis process is provided in the Materials and Methods. Figure 2a shows
the current density-potential (J-E) curve relative to reversible hydrogen electrode (RHE) for the
Pt-deposited (with different thicknesses) SiBF photocathodes illuminated from the LH side of the
device. A saturation current density of HER (JH) of 36.5, 39.0, 36.2, and 35.9 mA/cm2 was
achieved for 3-, 5-, 7-, and 15-nm-thick Pt catalyst coating, respectively (Table S2). The highest
JH was achieved with 5 nm Pt layer and JH decreased slightly with even thicker Pt layer. The
photoelectrode with 5 nm Pt catalyst layer displays the best photocurrent because it has the
roughest surface for enhanced surface catalysis (The details on the catalyst thickness are
discussed in the Supplementary Information and Figure S4). This JH value of 39.0 mA/cm2 is the
highest reported among Si-based photocathodes thus far (Table S3) and almost reaching the
theoretically possible JH when compared with their PV counterpart.
Figure 2b represents the J-E curve measured on the same device with various thicknesses of
Pt but with light illumination on the Pt-coated side. In this case, light absorption significantly
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depends on the Pt thickness because of reflection and the shadowing effect of the metal catalyst,
making it necessary to optimize the Pt thickness to find the sweet spot between transparency,
conductivity, and catalyst loading capacity. A JH of 29.7 mA/cm2 with the onset potential (VOS) of
0.54 V was obtained for the device featuring the 3-nm-thick Pt layer. At Pt thicknesses of over 3
nm, JH reduces drastically due to significant light blocking by Pt, becoming as low as 17.2
mA/cm2 for 15-nm-thick Pt.
Summing up the above results suggests that the Si-photocathode developed herein can
produce the total JH of as high 61.2 mA/cm2 with bifacial illumination conditions (one sun
illumination on the LH side and one sun illumination on the Pt-coated side). To verify this
hypothesis, PEC experiments were carried out with the SiBF photocathode with 5 nm Pt with the
bifacial design. In all subsequent experiments, 5 nm Pt was employed unless otherwise specified
due to its lowest resistance at the bulk of the semiconductor (Rct,Si) and at the catalyst interface
(Rct,Pt), as determined from electrochemical impedance spectroscopy (see details in the
Supplementary Information, Figure S5, Tables S4 and S5). Figure 2c shows the J-E curve of the
SiBF photoelectrode under bifacial illumination conditions exhibiting a record JH of 61.2
mA/cm2. The excellent PEC JH achieved here can be attributed to the synergetic effects of
bifacial design, light decoupling effect, and electrocatalysis in our SiBF photocathode.
The SHCE and bifacial factor of the SiBF photocathode
We further evaluated the performance of the photocathode using standard performance
metrics with potentials calculated relative to the RHE. The SHCE was calculated using equation
1:2
SHCE(%) =

|Vos −E0 |∙JH ∙FF
Pph

,

(1)
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in which VOS is the onset potential measured at a water reduction current of 1 mA cm-2, E0 is the
equilibrium water reduction potential, JH is the current density of the HER at E0, and FF is the
fill factor. It should be noted that the efficiencies obtained here are half-cell efficiencies and are
different from unassisted SHCE. Based on equation 1, we calculated that the device featuring 5nm-thick Pt exhibits the highest SHCE of 13.2% for the LH side illumination. Similarly, for the
device illuminated from the Pt-coated side, the highest SHCE achieved was 9.37% for the
photocathode with 3-nm-thick Pt, which is lower than the LH side illumination due to the
necessary compromise between light blocking and catalytic loading.
Our bifacial PEC measurements were carried out by irradiating one sun AM 1.5G
illumination on both the LH side and Pt-coated side and hence the total sun intensity was 2 suns
(200 mW/cm2). To quantify the efficiency for bifacial measurements in PECs, we adopted the
bifacial factor of SHCE (φSHCE ) as the ratio of the half-cell SHCE between the Pt-coated and LH
side illumination.
φSHCE =

SHCEPt−coated

(2)

SHCELH

By employing the highest SHCEPt-coated, and SHCELH values of 8.08% and 13.2% (5-nm-thick
Pt), a maximum 𝜑𝑆𝐻𝐶𝐸 of 61% is obtained, or in other words, bifacial illumination can produce
as high as 61% more H2 when compared to the monofacial PEC system. In general, SHCELH is
always greater than SCHEPt-coated and hence 𝜑𝑆𝐻𝐶𝐸 < 1, as the PEC cells are optimized for front
light harvesting with an additional light blocking catalyst layer in the Pt-coated side. The 𝜑𝑆𝐻𝐶𝐸
value of 61% was obtained for the SiBF cell with 5-nm Pt, which is 3% less than the φPCE of the
same cell. The reduced 𝜑𝑆𝐻𝐶𝐸 illustrates a catalysis reaction delay that induces electrolyte loss
and increased recombination at the catalyst Pt-coated surface. To further demonstrate the light
trapping behavior of the SiBF cell, we used bifacial coefficients (𝜑𝐽𝐻 , 𝜑𝑉𝑂𝑆 ), i.e., the ratio
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between the Pt-coated to LH side illumination at standard test conditions, for more in-depth
analysis of the JH, and VOS. More details on the metrics are provided in the Supplementary
Information. Under bifacial illumination conditions, the device achieved a record JH of 61.2
mA/cm2 and produce a 61% improvement of H2 when compared to the monofacial PEC devices.
The results show that the bifacial design enables excellent light harvesting capability from both
the LH and Pt-coated sides, overcoming the geometric optical capture restrictions in
conventional monofacial devices.
It should be noted that for practical applications, reflective mirror designs can be used to
achieve bifacial illumination of the devices readily. We have also evaluated the gases evolved
from the 5-nm Pt coated SiBF photocathode during continuous 45 min solar to hydrogen
evolution under bifacial illumination using gas chromatography (GC, see Materials and Methods
and Supplementary Video in Supplementary Information for more details about GC
measurements and calculations). Figure 2d shows the amount of H2 evolution measured by GCTCD (blue dots) and calculated using the integrated current density for 45 min at 0 V vs. RHE
(line). After 45 min operation at 0 V vs. RHE, ~1.39 mg/cm2 of H2 evolved from the SiBF
device, matching the theoretically calculated H2 amount demonstrating the faradaic efficiency
close to unity.
Photoelectrode stability in harsh environments
It is critical for a PEC cell to perform under various pH conditions as the photoelectrode
could be placed in different electrolytic conditions in practical reactor to achieve the balance
between the electrocatalysts and the electrodes33-35. To demonstrate the robustness of the SiBF
photocathode, we performed PEC water splitting reaction in acidic (1 M H2SO4), neutral (1 M
Na2SO4), and alkaline (1 M NaOH) electrolytes under bifacial illumination conditions. In acidic
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and alkaline electrolytes, the SiBF device exhibits a JH of 61.2 mA/cm2 and 48.9 mA/cm2,
respectively (Figure 2e). Even under neutral electrolyte, the device exhibits a JH of 36.7 mA/cm2,
indicating the robust characteristics of our SiBF photocathode over a wide range of pH
conditions (The electrocatalyst and photoelectrodes were not optimized for other electrolytes).
All the relevant details are summarized in Table S6.
Furthermore, semiconductors, such as Si, are chemically unstable in corrosive electrolytes.
Thus, the development of stable electrocatalysts, semiconductors, and protective barriers for
highly alkaline or acidic electrolytes is a major challenge in realizing a stable PEC system. Here
we employed a 15-nm-thick Pt catalyst layer without any pinholes deposited on the electrolyte
side of the SiBF photocathode to serve as a protective layer that prevents the SiBF from having
contact with the electrolyte. We evaluated the electrochemical stability of this SiBF photocathode
in acidic electrolyte using continuous chronoamperometry measurement (see Materials and
Methods). The chronoamperometric stability result shows that the device achieved a JH of ~40
mA/cm2 (Figure 2f) over 370 h of operation in 1M H2SO4 (aq) electrolyte, though there is a
steady decrease in the cathodic current and the Faradic efficiency, which is possibly due to the
surface corrosion of Pt-side Si layer as evidenced by the HRTEM results before and after 10
hours of PEC reaction (Figure S6). The improved stability obtained here without any intentional
protective layer can be attributed to the uniform and compact 15-nm Pt deposition, as shown in
Figure S4d. Moreover, HRTEM analysis of the SiBF photocathode before and after the stability
test (Figure S6) reveals that the 15-nm Pt completely covers and protects the surface of the
photocathode, while the 5-nm Pt coating forms island-like structures, and as a result fails to
protect the photocathode, which was only stable for 10 h (Figure S7). Finally, we have compared
the stability of the SiBF PEC cell with other results in literature, which clearly demonstrates that
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our photocathode with the bifacial design decoupling light harvesting and catalysis exhibits
excellent stability and performance over other PEC cells (Figure S8). Note that to fairly compare
our results and the literatures, we use only our results obtained from the monofacial illumination
(JH of ~40 mA/cm2). However, the most significant advantage brought by the bifacial design is
the photoelectrode can be used under the bifacial illumination, which can achieve an
unprecedented JH up to 61.2 mA/cm2.
Since the solar illumination intensity can change drastically in a day and depends on the
weather conditions, we also evaluated the effect of solar concentration on PEC performance of
SiBF with different solar illumination on the LH and Pt-coated side of the devices. We
demonstrated the added advantages provided by the SiBF cell, we measured the light intensity
dependent characteristics of the device by varying the light from 0 to 1 sun on the LH and Ptcoated sides. The resultant characteristics of the PEC cell are shown in the contour diagrams in
Figure 3a to 3d. From the knowledge obtained from the PV industry, the more realistic albedo
sun intensity on the Pt-coated side of the PEC cell is expected to be 0.3~0.4 sun,3 with one sun
intensity on the front side, which provides JH and |Vos-E0| values of about 45 mA/cm2 and 0.55
V, with a 𝜑𝑆𝐻𝐶𝐸 of over ~46% in real life scenario. In other words, the SiBF cell employed
herein is capable of producing ~46% more hydrogen as compared to the monofacial PEC system.
The related parameters are summarized in Table S7. The results clearly demonstrate that the JH
increases dramatically as light illumination is increased from 0 to 1 sun in bifacial conditions,
indicating an excellent light trapping behavior, in addition with an excellent VOC and SHCE.
However, the FF of the device is reduced with increasing light intensity due to the high charge
carrier accumulation and recombination near the catalyst/electrolyte interface.
Performance metrics analysis
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The significantly enhanced PEC performance demonstrated herein is the collective result of
enhanced optical, electrical, and catalytic designs, and hence it would be useful to understand the
contribution of each characteristic for further optimization. The incident photon to converted
electron (IPCE) shows the number of photons that are converted into hydrogen molecules, which
can give meaningful insight into the three fundamental processes involved in PEC cells: (i)
photon absorbance (A), defined as the fraction of electron-hole pairs photogenerated per incident
photon

flux;

(ii)

charge

separation

and

transport

to

the

solid-liquid

interface

(ηseparation/transport ); and (iii) efficiency of charge transfer at the solid-liquid interface
(ηinterface ).
(3)

IPCE = A(ηseparation/transport )(ηinterface )

Considering the spectral variation of incident photons at each energy, the IPCE measuring
‘‘electrons out per photons in’’ (as opposed to ‘‘power out per power in’’ described by SHCE)
can be determined at an applied potential of 0 V vs. RHE:2
Number of collected carriers

IPCE(λ) = Number of incident photons shinning on the cells
1024×J (mA/cm2 )

= λ(nm)×PH

ph (mW/cm

2)

(4)

× 100%

in which λ is the wavelength of the illuminating monochromatic photons, and 𝑃𝑝ℎ is the power of
the incident photons (1 kW/cm2; more experimental details and IPCE calculations are provided
in the Supplementary Information). The IPCE spectra of various Pt thicknesses illuminated from
the LH and Pt-coated sides are shown in Figure 4a (the integrated photocurrent density is shown
in Figure S9). The photon flux from the solar spectrum has been integrated with the IPCE to
calculate the predicted current densities and the results are shown in Table S8. When compared
with the measured JH to the integrated photocurrent density (JH,integrated), the discrepancy is in the
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range of 10%, which can be attributed to the IPCE measurement system error in addition to the
electrolyte scattering.
Additionally, to gain more insight into the spatial and functional bifacial design of the
photoelectrode’s light harvesting and electrocatalysis capabilities, we analyzed the overall solarto-hydrogen conversion from end-to-end photon-to-fuel pathways and the associated losses by
employing theoretical current loss analysis for a SiBF under different illuminated conditions.
This current loss analysis is shown in Supporting Information and Figure S10. The LH side
illuminated SiBF with 5 nm-Pt exhibits the highest IPCE value of > 80% from 400 nm to 1000
nm, indicating that the device can efficiently absorb photons in the solar spectrum. Moreover, the
IPCE reported herein is one of the best for any Si-based photocathode11,12,24, demonstrating the
importance of concurrent improvements in the optical, electrical and catalyst design.
When the photoelectrode is illuminated from the Pt-coated side, the light trapping
significantly depends on the Pt thickness (and thus coverage). Figure 4a shows that regardless of
the Pt thickness, the SiBF cells illuminated from the LH side demonstrated higher IPCE values
than the cells illuminated from the Pt-coated side, which are less than 50%. This show that
despite the multiple-scale photon management schemes and surface roughening, the Pt particles
on the SiBF surface reflects or blocks a significant amount of incident photons.
To further decouple the optical effects (surface reflectance and transmittance) and gain more
insights into the charge carrier separation, transport (𝜂𝑠𝑒𝑝𝑟𝑎𝑡𝑖𝑜𝑛⁄𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 ) and at the interface
(𝜂𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ), we calculated the absorbed photon-to-current efficiency (APCE). APCE is defined
as the photocurrent collected per absorbed photon, which is used to determine the optimal
balance between maximal path length for photon absorption and minimal effective carrier e -/h+
transport distance within the material. APCE is given as:
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𝐴𝑃𝐶𝐸 =

𝐼𝑃𝐶𝐸
𝐴
𝐼𝑃𝐶𝐸

= (𝜂𝑠𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛⁄𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 )(𝜂𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 )
1024×𝐽𝐻 (𝑚𝐴/𝑐𝑚2 )

= 1−𝑅−𝑇 = 𝜆(𝑛𝑚)×𝑃

𝑝ℎ (𝑚𝑊/𝑐𝑚

2 )×(1−10−𝐴 )

× 100%

(5)

in which R and T are photon reflectance and transmittance (T ≈ 0 in the solar spectrum for Si
cells), respectively, which are determined experimentally by UV-visible spectroscopy (Figure
1g). Figure 4b shows the results of APCE for SiBF with different Pt-coating thickness
illuminated from the LH or Pt-coated sides. In this study, 𝜂𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is proportional to surface
roughness and surface conductivity, since the Pt electrocatalyst is used to improve kinetics of the
reaction for all samples, which is the probability of an electron or hole transferring across the
semiconductor-electrolyte interface for the solar to hydrogen reaction and can be adjusted by the
Pt thickness.
The APCE results on the LH side show that over 90% of the photoexcited holes and electrons
at a wide range of wavelengths (550-1000 nm) are effectively separated and transferred to the
electrocatalyst for hydrogen evolution, with <10% of the carriers left unexploited due to inherent
bulk recombination. However, the APCE on the Pt-coated side only reaches a maximum of 70%,
much less efficient than the LH side, which can be attributed to the minority carriers travelling a
distance of 300 µm in n-Si (as shown in Figure 1a) before being collected. We calculated the
depletion layer depth (DL.LH) at the np+ junction (LH side) and average minority charge carrier
traveling distances and the resulting data and its discussions are provided in the Supplementary
Information. The calculated photon penetration depth for Si ranges from a few nm to few
hundred μm in the visible light region (see Figure S10), which is larger than the DL,LH, hence
carrier separation and transport are efficient when light illumination occurs from LH side of the
SiBF cell.
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Omnidirectional properties
In general, the best PEC performance can be achieved when photons impinge directly on the
LH side of the device, which is along the normal vector of the incident surface. However, in the
real world, the angle of sunlight changes throughout the day, and scattered light can be as high as
90% on a cloudy day, and a certain fraction of the light becomes diffused in the electrolyte. All
of these make light trapping at all angles of incidence (AOI) even more vital. Despite this need,
no PEC devices to date have demonstrated such capability thus far. To illustrate the
omnidirectional light-harvesting capability of our SiBF cell, we performed angular dependent
SHCE measurements under one sun AM 1.5G illumination and compared the results with a
monofacial crystalline Si PEC device which has the same optical structure as the LH side of the
SiBF device but the Pt-coateds side was contacted with entire bottom Al electrode, as
schematically illustrated in Figure 5a. The SiBF cell exhibited promising SHCE through a broad
incident rotation of the light source (up to 5% SHCE over a wide 60o angle from both surfaces,
as shown in Figure 5b), demonstrating omnidirectional light trapping behavior. In contrast, the
monofacial Si cell exhibited similar SHCE for only about a 60° wide angle (Figure 5c), leading
to unsatisfactory AOI-dependent performance. The excellent omnidirectional light harvesting
properties of the SiBF cell demonstrates the effectiveness of our multi-scale photon management
scheme.
Conclusions
We have demonstrated novel Si bifacial PEC cells that feature a photocurrent density of 61.2
mA/cm2 under bifacial illumination and a 61% improvement of H2 generation (according to
bifacial factor of SHCE) when compared to the monofacial PEC system, with significant
hydrogen gas evolution of 1.39 mg/cm2 for 45 min operation at 0 V vs. RHE. The SiBF cells can
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function in corrosive acidic electrolyte for over 370 h using a pin-hole free Pt catalyst layer.
Furthermore, multi-scale photon management using the bifacial photoelectrode design in
conjunction with surface texturing and an anti-reflective coating enable the device to achieve
excellent omnidirectional light harvesting. A collective improvement in electrical, photonmanagement, and catalyst design breaks the trade-offs between light harvesting, electrocatalytic
hydrogen evolution, and chemical protection to outperform any previously reported Si-based
PEC devices. The universal and robust bifacial design that can applied with all kinds of
photoelectrodes opens doors for realizing industrially viable solar-driven PEC water splitting
systems.
Materials and Methods
Bifacial Si cell fabrication. Micropyramids and microgrooves were fabricated on opposite sides
of 300-μm-thick n-type (100) Si wafers (containing phosphorus as a dopant with 5 × 1015 cm−3
dopant concentration), separately. (i) For the LH side, the textured micropyramids were
fabricated by electroless chemical etching in a solution of potassium hydroxide (KOH, 45 %)30.
A p+ emitter layer (400 nm thick) was diffused from the micropyramidal surface using a boron
trichloride (BCl3) source with the dopant concentration of 9 × 1019 cm−3 in a quartz tube furnace
via low-pressure chemical vapor deposition (LPCVD). Then an Al2O3 surface passivation layer
(7 nm) and an AR coating of Si3N4 (70 nm) were deposited on top of the emitter layer (p+
surface) using atomic layer deposition and plasma-enhanced chemical vapor deposition,
respectively. Finally, an interdigitating Ag electrode grid (300 nm) was deposited on the LH side
of the device by inkjet-printing. (ii) For the Pt-coated side, the microgrooves was fabricated
using SF6/O2 plasma in a maskless reactive ion etching (RIE) system and etching in an acidic
solution containing HF and HCl. The n+ back surface field (70 nm thick) was fabricated by the
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thermal diffusion of POCl4 (dopant concentration of 3 × 1020 cm−3) on the microgroove surface.
Bifacial Si PEC cell fabrication. For the different experiments, various thicknesses of Pt
catalyst (3-, 5-, 7-, and 15-nm) were then deposited on the Pt-coated side of the SiBF cells (1.5 ×
1.5 cm2) via sputtering deposition. The Ag electrode grid, which acts as the current collector on
the LH side, was connected to a Cu wire using silver paste. Ga-In eutectic alloy (Sigma-Aldrich)
was deposited between the Ag grid and the Cu wire to form an ohmic contact. A piece of quartz
plate (1.5 × 1.5 cm2) was then used to cover the LH side and the gap between the SiBF PEC cell
and the quartz plate was enclosed using epoxy (Hysol 11C) to form a waterproof seal. Windows
were made on the LH (1 × 1 cm2) and Pt-coated (1 × 1 cm2) sides without epoxy for light
harvesting and electrocatalysis, respectively.
Photoelectrochemical

linear

sweep

voltammetry

(LSV)

and

chronoamperometry

measurements. PEC characteristics of the SiBF photoelectrodes, including current densitypotential (J-E vs. RHE) and current density-time (J-T) curves, were measured with a threeelectrode setup using a potentiostat (Metrohm Autolab) by linear sweep voltammetry (LSV) and
chronoamperometry measurements. Illumination was achieved with a 150 W halogen-lampbased solar simulator using an AM 1.5G filter. The solar simulator (Newport Corporation, AAA
Class) was calibrated before every measurement and the standard PEC measurement procedure
was followed. A Hg/HgO in basic solution or a Ag/AgCl in neutral and acidic solution, Pt coil,
and the SiBF photocathode were used as the reference, counter, and working electrodes,
respectively. The reference electrode was placed 1 cm away from the working electrode surface
to minimize any uncompensated solution resistance loss, and the distance between the reference
electrode and working electrode was fixed at 1 cm during measurements. All the reported
potentials were converted relative to RHE unless specified.
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Gas chromatography measurements. The SiBF photocathode featuring a 5 nm-thick Pt coating
was measured with the standard three-electrode setup under chronoamperometric conditions. The
gases evolved were sampled with an Agilent 7890B GC system using an air-tight syringe every 5
min to detect the H2 concentration. The theoretical H2 amount was calcuated by integrating the
continuous JH output over 45 min from the results of the chronoamperometry measurement, in
which two moles of electrons leads into one mole of H2.
High-resolution transmission electron microscopy (HRTEM). The HRTEM samples (before
and after continuous 10 min solar to hydrogen evolution) were prepared using a focused ion
beam to lift-out the cross-sectional lamella of SiBF cells with 5 nm-Pt and 15 nm-Pt coatings,
respectively. The HRTEM images were taken using a FEI Titan 80-300 kV (ST) system
operating at 300 kV.

20

Figures and Captions

Figure 1 | Structural and PV characteristics of the bifacial Si cell. a, Schematic and energy
band diagram of the n+np+ Si PEC cell. SEM images of the LH b, and the Pt-coated c, sides of
the Si cell. Scale bars, 10 μm. Magnified SEM images of the micropyramidal surfaces obtained
from the LH d, and the Pt-coated e, sides of the Si cell. Scale bars, 1 μm. f, J-V characteristics of
the Si photovoltaic cell illuminated from the LH, Pt-coated, and both sides (bifacial)
simultaneously. g, Reflection spectra of the Si cell measured from the LH surface and Pt-coated
surfaces with various Pt thicknesses.
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Figure 2 | PEC characteristics of the bifacial Si PEC cells. a, J-E characteristics of the Si PEC
cells with different thicknesses of Pt, illuminated from the LH side. b, J-E characteristics of the
Si cells with different thicknesses of Pt, illuminated from the Pt-coated side. c, J-E characteristics
of the Si PEC cell with 5 nm of Pt, illuminated bifacially. d, Amount of hydrogen gas evolved
and calculated under bifacial illumination as a function of time by the SiBF cell with a 5 nm-Pt
coating. e, J-E characteristics of the Si PEC cells with 5 nm Pt in acidic (black line), neutral (red
line), and basic (blue line) electrolytes. f, Stability of the 15-nm-Pt SiBF cell with an area of 0.25
cm2 under bifacial illumination.
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Figure 3 | Light-intensity dependence of the PEC characteristics under bifacial illumination
at different light intensities from each side. a, JH, b, Eo-Vos, c, SHCE and d, the bifacial factor
of the SiBF cell.
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Figure 4 | Spectral response characterization. a, IPCE spectra and b, APCE spectra of the
bifacial Si PEC cells coated with different thickness of Pt catalysts that are illuminated from the
LH or Pt-coated sides.
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Figure 5| Angular dependent SHCE characteristics of the bifacial vs. monofacial PEC cells.
a, Schematic showing various angles of incident light for the omnidirectional PEC
measurements. b, Angular dependent SHCE performance of the SiBF PEC cell. c, Angular
dependent SHCE performance of the monofacial PEC cell.
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