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ABSTRACT 

 One way of harnessing and storing our most abundant and renewable energy source, 

sunlight, is by utilizing it to split water for the hydrogen generation as a storable form of fuel. Si, 

the most investigated material for solar-to-hydrogen technology has great potential as the single 

photoelectrode. While some success has been achieved in Si-Based photoelectrochemical (PEC) 

systems, they suffer from low efficiency and short longevity. Moreover, in order for hydrogen to 

be commercially viable, the existing challenges of electrical, optical, and catalysis management 

must be addressed concurrently.  

Herein, we work on the simultaneous improvement in light harvesting, charge carrier 

separation/transfer, and catalysis management of Si-based photocathodes, achieving best-in-class 

efficiency with stable electrochemical performance. By decoupling the light harvesting side from 

the electrocatalytic surface we nullify parasitic light absorption. We developed a Si bifacial 

(SiBF) PEC photocathode to absorb light on both sides of PEC devices, which exhibits a current 

density of 39.01 mA/cm2. Unlike conventional monofacial PEC cells, our bifacial design 

demonstrates excellent omnidirectional light harvesting capability. Furthermore, back buried 

junction photoelectrochemical (BBJ-PEC) cells were fabricated that can realize efficient 

decoupling of  photon. This scheme enables maximum light-harvesting without any metal 

contact, which prevents the shadow effect during the water splitting reaction. The highest 

hydrogen evolution current density (41.76 mA/cm2)  was demonstrated based on a single BBJ-

PEC device. Additionally, wireless water splitting can be achieved when three BBJ-PEC cells 

were connected in series. The efficient PEC cell design described herein demonstrates promising 

performance, taking us a step closer to real-world solar-to-hydrogen production. 
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CHAPTER 1: Introduction 

1.1 Introduction 
Replacing fossil fuels with renewable resources has received significant attention in recent 

years due to the alarming levels of atmospheric CO2, which appear to be contributing to global 

warming1-3. The sun is an abundant energy source, though its intermittent nature makes it 

difficult to harness. One way that this resource can be made more accessible is by utilizing 

sunlight to split water for the generation of hydrogen as a storable form of fuel which can 

produce energy by reacting with oxygen (O2) and turning into water (H2O). 

Photoelectrochemical (PEC) cells use light-absorbing materials as photoelectrodes, mimicking 

natural photosynthesis to convert solar energy to a storable form of fuel, as shown in Figure 

1.1.1-12 The overall PEC contains three processes: (i) absorb light and generate photo-carriers, (ii) 

extraction of the excited carriers to the photoelectrode/electrolyte interface, and (iii) hydrogen 

evolution (HER) and oxygen evolution reactions (OER) driven by electrocatalysts, as shown in 

Figure 1.2.7,8,13,14 In order to effectively drive PEC cells to split water, it is necessary to harvest 

the majority of photons in the solar spectrum while also ensuring efficient charge 

separation/transfer and electrocatalysis14-16. Therefore, the efficient green energy can be achieved 

to power the Earth for millennia.  

https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Water


21 

 

 

Figure 1.1| Renewable energy cycle. 

 

 

 

 

Figure 1.2| The schematic of overall PEC process 
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1.2 A new economically viable solar-drive PEC water splitting system 

Developing an economically viable PEC cell is needed to accomplish this new 

photosynthesis technology, composed of efficient semiconductor structural design for water 

splitting. By incorporating the photovoltaic (PV) effect and electrolyzers, photoelectrolysis can 

be realized for renewable energy applications. The overall PEC process includes 3 steps:  

(i) Absorb light and generate photo-carriers 

(ii) Extraction of the excited carriers to the photoelectrode/electrolyte interface 

(iii) HER) and OER driven by electrocatalysts7,8,13,14  

In a PEC cell, incident sunlight excites free electron-hold pairs in the cell. These electron-

hold pairs are separated at the p-n junction, which allows the electrons to flow to a cathode 

electrode and the holds the flow to an anode electrode17,18. At the cathode electrode, the 

following reaction occurs: 4H2O(l) + 4e− 
 2H2(g) + 4OH−(aq). The OH− tends to the anode side 

through the liquid electrolyte. At the anode electrode, the following reaction occurs: 4OH−(aq) + 

4h+ 
 O2(g) + 2H2O(l). In order to effectively drive PEC water splitting, the process which is 

represented in the first two steps, it is essential to harvest the majority of photons in the solar 

spectrum while also ensuring efficient charge separation/transfer and electrocatalysis.14-16,19 The 

HER and OER processes is enhanced by the hydrogen or oxygen-evolution cocatalysts, which 

could provide the charge separation function for photogenerated electrons and holes, host redox 

active sites, and suppress the photo-corrosion of semiconductor photocatalysts, leading to the 

improved stability of photocatalysts.  
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1.3 State of the art 

As previously discussed, in order to effectively driv PEC water splittingit is necessary to 

harvest the most photons in the solar spectrum while ensuring efficient charge separation/transfer 

and electrocatalysis20. 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 reaction21-23.  

    As for the first challenge, in atypical PEC device design, all of the major functionalities 

including light absorption and opaque electrolysis are programmed to occur at the single side of 

the device while the other side of the PEC cell is only used for electrical connections.4,24,25 The 

high mass loading of an electrocatalyst promotes the third step, reducing the overpotential of the 

HER and OER by providing sufficient catalytic activity, but it also leads to significant parasitic 

light absorption upon illumination, which jeopardizes  PEC efficiency. In simple terms, all PEC 

devices reported in the literature to date have the configuration of one side being overused while 

the other side is underused. Decoupling the light harvesting function from the electrocatalysis 

function could be the ultimate solution to address the afore-mentioned issues, which have seldom 

been explored in conjunction with each other. .26 Very recently, partial decoupling of light 

absorption and electrocatalysis has been demonstrated by the selective integration of 

electrocatalysts on the surface of the nanostructures with high aspect ratios,20 but such designs 

are too complicated in nature to be adopted in conventional PEC devices. 

The second challenge is due to the mismatch between the absorption of sun light and the 

driving potential in the water splitting process. The suitable band gap for sun light absorption is 

around 1.35 eV (which is close to Si’s Eg, 1.1 eV),27 while a rather high onset potential (Vos>1.6 

V) is required for the PEC cells to supply the thermodynamic potential to split water (1.23 V).28 
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To work around this constraint, the tandem concept has been developed by combining the 

materials with different bandgaps for unassisted solar water-splitting hydrogen production, 

which however is not achievable for single crystalline Si systems.26,29-31 The device designs 

demonstrated to date employing crystalline Si does not allow the ease of integration to connect in 

series, constraining contemporary efforts at a very early stage of proof of concept. Most of the 

Si-based PEC demonstrations are based on the half-cell which can simulate only a part of the 

PEC system (either a photoanode or photocathode).  

To balance electrocatalytic activity and light harvesting, Vijselaar et al. recently varied the 

distance between the microwires and the thickness of catalyst to balance the light harvesting and 

the activity of catalyst for achieving high efficient PEC water splitting. Moreover, PEC 

photoelectrodes made of high performance solar absorbers, such as silicon and GaAs, are prone 

to corrosion in the electrolyte32-35, 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 which inhibit charge carriers from the bulk of the semiconductor to the 

electrolyte35-37.  

1.4 Silicon-based PEC cells 

Silicon is the most investigated material for this process due to its suitable bandgap (Eg = 1.1 

eV) for light absorbing photoelectrodes, as shown in Figure 1.3.26,38-41 However, a significant 

challenge in utilizing Si occurs due to its intrinsic low photovoltage, decreased light absorption 

due to surface electrocatalysts, and instability in aqueous electrolytes33,42,43. Therefore, high 

current density can be achieved by Si-based photoelectrodes. 
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Figure 1.3| The band gap of different materials and their corresponding energy levels for the 

water reduction and oxidation processes. The left bar and right bar are the conduction and 

valence band for conventional PEC cells using different semiconductors. 
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 Low photovoltage issues have been addressed using buried built-in pn junctions, 

whichincreases the electron-hole pair separation at higher photovoltage and current 

densities26,38,39,44. Another key challenge in developing active electrodes is the integration of 

electrocatalysts on the surface of the light absorbing material to lower the required overpotential 

for driving the water splitting reaction21,45. In most cases, despite the excellent electrocatalytic 

activity, these catalysts tend to absorb/reflect light from the PEC cells, which results in a 

shadowing effect, reducing the light harvesting capability of the photoelectrode and resulting in a 

poor photocurrent.21  

Moreover, Si-based PEC cells are prone to corrosion in the electrolyte46. As a result, a 

corrosion-resistant protective layer on the surface of the photoelectrode is typically necessary, 

though it will induce high surface resistivity and shadowing effects to inhibit charge carriers 

from the bulk of the semiconductor to the electrolyte. Extensive research on surface protection 

and passivation of Si-based photoelectrodes has been conducted, focusing on transparent and 

conducting materials, such as metals, metal oxides, and metal silicides deposited on the electrode 

surface34,35,47-49. Overall, these studies have enhanced the stability and lifetime of Si 

photoelectrodes to some extent, but not sufficiently for a functional prototype reactor26,38,50-53. 

For example, the highest performing Si-based (p+n-Si) photocathode features a solar-to-hydrogen 

conversion efficiency (SHCE) of 13.2%, though with a limited stability of 10 h operation time26. 

As far as the stability is concerned, the most stable Si-based photocathode produced can 

continuously operate for ~60 days using MoS2 as the protection layer.54 Researchers have also 

deposited TiO2 via atomic layer deposition (ALD) to protect Si-based photocathodes, resulting in 

stable operation for more than ~30 days under an acidic environment49. Despite these efforts and 

promising results, PEC devices exhibiting both high SHCE and long-term stability with efficient 
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light-harvesting capabilities have yet to be demonstrated. We list the reported stability and 

performance of PEC cells with surface protection technologies  in Figure 1.4. 

 

 

Figure 1.4| The reported stability and performance of PEC cells with surface protection 

technologies. 
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In addition to the inherent material challenges of Si, almost all photoelectrodes in the present 

literature 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. However, a monofacial design is a major limiting factor of current state-of-the-art Si-based 

PEC cells that results in the light harvesting side being overused while the rear side of the device 

is underused (i.e., only for electrical connections).  
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CHAPTER 2: Research Motivation 

A collective improvement in electrical, photon-management, and catalyst design balances the 

trade-offs between light harvesting, electrocatalytic hydrogen evolution, and chemical protection 

to outperform any previously reported Si-based PEC devices. In the 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 underused (i.e., only for electrical connections)4,24. Engineering a 

photoelectrode to harvest solar energy on both the front and back surfaces by absorbing both 

direct and atmospheric reflected light is an attractive strategy for enhancing the density of photo-

generated carriers and the efficiency of PEC cells. This design, which we call a Si bifacial (SiBF) 

photoelectrode, has not been explored in the literature thus far. Another issue is the fact that the 

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 PEC devices to more efficiently capture sunlight throughout the day55-57. To date, there have 

been no studies devoted to understanding the omnidirectional light harvesting capability of PEC 

cells. Accordingly, it is necessary to develop a bifacial design for realizing omnidirectional light 

harvesting of PEC water splitting systems. 

The high performance and robust SiBF PEC cells demonstrated here open doors for realizing 

industrially viable solar-driven PEC water splitting systems. However, there exist some 

significant issues when using Si as a photoelectrode: (i) the necessity of light-blocking 

electrocatalysts combined with Si for promoting the hydrogen evolution reaction (HER) and (ii) 
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the small bandgap which cannot straddle both reduction potentials (0.0 VRHE) and oxidation 

potentials (1.23 VRHE) to split water. 

As for the first issue, in the current PEC device design, all the significant functionalities 

including light absorption, surface protection, and electrolysis are programmed to occur at the 

single side of the device while the other side of the PEC cell is only used for electrical 

connections.4,24,25 The requirement of high mass loading of electrocatalysts to reduce the 

overpotentials in HER and the necessity of surface protection layers leads to significant parasitic 

light absorption that jeopardizes the PEC efficiency.40,58-61 In simple terms, all the PEC devices 

demonstrated thus  far have the configuration of one side being overused while the other side is 

underused. One promising route to address this issue is decoupling the activity of the catalytic 

and the photo-absorption ability of the device.26 Very recently, partial decoupling of light 

absorption and electrocatalysis has been demonstrated by selective integration of electrocatalysts 

on the surface of the nanostructures with high aspect ratios,20 but such designs are too 

complicated to be adopted in conventional PEC devices. 

Finally, unassisted water splitting requires the potential of 1.7-1.8 V, after considering the 

required potential to split water (~1.23 V at 20°C), and other necessary HER and OER 

overpotentials.21,28 However, Si (Eg: 1.1 eV) as a single photoelectrode is not capable of 

producing such high photovoltag. Herein, we demonstrate a universal scheme of spatially and 

functionally decoupling  light harvesting and electrocatalysis in a PEC system by fabricating the 

back buried junction (BBJ) Si PEC cells. In this scheme, the electrocatalyst and carrier collecting 

junctions are on  one surface  of the PEC cell, whereas the  opposite surface is dedicated to  light 

harvesting. With careful optimization, we establish an excellent BBJ-PEC photoanode and 
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photocathode. By appropriately integrating three BBJ-PEC photoelectrodes in series into the 

monolithic device, unassisted solar water splitting is realized. 
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CHAPTER 3: Experimental procedures 

3.1 Si Bifacial cell fabrication 

The development of the SiBF device begins with the fabrication of a cascading-type band 

structure established by adopting n+np+-Si as the photocathode via appropriate doping, as shown 

in Figure 3.1. Micropyramids and microgrooves are 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 light-harvesting (LH) side, textured micropyramids are 

fabricated by electroless chemical etching in a solution of potassium hydroxide (KOH, 45 %)57. 

A p+ emitter layer (400 nm thick) is 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) are deposited on top of the emitter layer (p+ surface) 

using ALD and plasma-enhanced chemical vapor deposition (PECVD), respectively. Finally, an 

interdigitating Ag electrode grid (300 nm) is deposited on the LH side of the device by inkjet-

printing. (ii) For the Pt-coated side, microgrooves are  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) is fabricated by the thermal diffusion of POCl4 

(dopant concentration of 3 × 1020 cm−3) on the microgroove surface.  
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Figure 3.1| Schematic and energy band diagram of the n+np+ Si PEC cell. 
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To optimize the performance of the PEC cells, various thicknesses of Pt catalyst (3-, 5-, 7-, 

and 15-nm) are 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, 

is connected to a Cu wire by silver paste. Ga and In eutectic alloy is deposited between the Ag 

grid and the Cu wire to form an ohmic contact. A piece of quartz plate (1.5 × 1.5 cm2) is then 

used to cover the LH side and the gap between the SiBF PEC cell and the quartz plate is 

enclosed using epoxy (Hysol 11C) to form a waterproof seal. Windows are made on the LH (1 × 

1 cm2) and Pt-coated (1 × 1 cm2) sides without epoxy for light harvesting and electrocatalysis, 

respectively.  

3.1.1 Electrical management scheme 

The development of the electrical management scheme of the SiBF device begins with the 

fabrication of a cascading-type band structure established by adopting n+np+-Si as the 

photocathode via appropriate doping. The n+ region is achieved by phosphorus diffusion (70 nm) 

while the p+ region is formed by boron alloying (400 nm) at the opposite surfaces to form a 

sandwich structure onto the n-type Si. Under illumination, photo-generated electrons and holes 

will drift towards the Pt-coated (nn+-Si) and LH (np+-Si) sides of the photocathode, respectively, 

due to the cascade energy band structure. The intentional n+n structure also provides added 

advantages such as (i) lowering the pronounced Schottky contact resistance at the Pt catalyst/Si 

interface, (ii) minimizing the impact of surface recombination on photovoltage and photocurrent, 

and (iii) reducing trecombination of photogenerated carriers at the Pt-coated side by introducing a 

barrier to holes at the n+n interface. In addition to the n+n design, we reduce the dark current of 

the SiBF by implementing a surface passivation layer that consists of 7 nm Al2O3 deposited on 

the p+-Si by ALD, which effectively reduces surface recombination losses. Decreasing the dark 
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current of the SiBF in this manner can improve the onset potential (VOS) of the device. Overall, 

this electrical design promotes better carrier separation and transfer, leading to enhanced carrier 

availability for the catalytic reaction and thus higher hydrogen generation efficiency. 

3.1.2 Photon management scheme 

Surface protection layers and electrocatalysts deposited on top of the LH side of a PEC cell 

lead to parasitic light absorption, which directly affects the light harvesting capability and 

efficiency of the device39,40,62. Decoupling the light harvesting function from the electrocatalysis 

surface is a novel way to solve this issue, where no single solar photon is wasted due to 

absorption or the shadowing effect. In our design, the LH side of SiBF cell was exclusively used 

to collect photons, whereas the opposite (Pt-coated) side of the device was in contact with the 

electrolyte for the electrocatalytic reaction, which provides enhanced freedom to utilize a thick 

and opaque protection layer and electrocatalysts without affecting the direct component light 

harvesting capability of the cell. 

In addition, our PEC cell is also known as a bifacial (SiBF) photocathode, a unique 

technology in which the photon can be harvested at both the front and back surfaces of the 

electrode. This design can be employed to absorb cloud/atmospheric reflected light for an 

enhanced current density and hence improved hydrogen production. Finally, surface roughening 

using textured micropyramids and microgrooves on the LH and the Pt-coated sides of the device, 

respectively, are employed to enhance photon capture57. The scanning electron microscope 

(SEM) in Figure 3.2a and 3b demonstrate the top side (i.e., LH side) and the electrocatalyst 

deposited back side (i.e., Pt-coated side), respectively. Corresponding high magnification SEM 

images of these surfaces are shown in Figure 3.2c and Figure 3d.  
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In addition, a 50-nm-thick Si3N4 was deposited conformally on the pyramids of the LH side 

after passivation as a pinhole-free 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 holes from the device to the outer 

circuit, as shown in the photographic and magnified SEM images in Figure 3.3, respectively.  
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Figure 3.2| SEM measurements of a, the LH and the b, Pt-coated sides of the Si cell. Scale bars, 

10 μm. Magnified SEM images of the micropyramidal  

surfaces obtained from the c, LH and d, the Pt-coated sides of the Si cell. Scale bars, 1 μm 

 

 

Figure 3.3| a, Photographic and b, SEM image of the device from the LH side. 
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3.1.3 Catalysis management scheme 

In addition, it is well documented that catalytic activity depends significantly on the surface 

area/roughness of the deposited metal21,63. We used atomic force microscopy (AFM) – Agilent 

5500 (Figure 3.4) to evaluate the surface roughness of the Pt-side of devices made with varying 

Pt thicknesses. Our results show that the 5-nm-Pt surface exhibited the largest root-mean-square 

(rms) value of 0.42 nm among all the samples studied. This can be attributed to the fact that the 

uniformity of the sputter Pt layer is related to the deposition thickness. For a very thin layer of 3 

nm, some regions of the Si substrate may not be completely covered, resulting in flat areas of the 

surface being exposed. For thicknesses over 5 nm, the Pt nanoparticles begin to coalesce and 

form a flatter film, leading to decreased surface roughness. Accordingly, the surface with 5 nm 

of Pt exhibited the highest surface roughness, which is desired for an enhanced catalytic reaction. 

 

Figure 3.4| Surface roughness profile of Pt catalytic films. AFM mapping of devices made with 

different Pt catalytic thickness. a, b, c, and d are 3 nm, 5nm, 7nm, and 15 nm. 
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3.2 Si BBJ cell fabrication 

Decoupling the optical and catalytic interfaces in PEC water splitting has been recenlty 

explored.20,64 Partial decoupling of light absorption and electrocatalysis have also been 

demonstrated by selective integration of electrocatalysts on the surface of the nanostructures with 

high aspect ratios,20 but such designs are too complicated in nature for use in conventional high 

efficient PEC devices. To sort out the issues, we adopted the novel BBJ device design, which is 

an attractive concept in photovoltaic (PV) with record efficiency reported very recently.65   

Though the BBJ design has resulted in tremendous progress for PV applications, employing such 

cells for PEC water-splitting is not straightforward and requires significant modifications  in 

order to be immersed in the electrolyte. To gain more insight into  BBJ PEC devices, we start by 

introducing a single BBJ PEC cell (Figure 3.5).  

 

Figure 3.5 | Schematic of the components of the BBJ cell. 
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The BBJ cell (12 × 2 cm2) is constructed from an n-type crystalline silicon (c-Si) wafer with 

a thickness of 165 ± 40 μm. We begin by texturing the front surface with micropyramidal 

structures via wet etching to facilitate omnidirectional broadband light absorption and 

scattering66. To reduce recombination on the surface, the micropyramids are lightly P-doped to 

build a front surface field (FSF) layer. For charge carrier collection, both electron and hole 

collection occurs at the back side of the BBJ cell. B and P dopants are locally ion-implanted to 

produce p+-Si emitter and n+-Si BSF with diameter sizes of 400 μm and 250 μm, respectively, at 

the back side of the cell along the interdigitated dopant pattern. The gap between the p+-Si and 

n+-Si contact fingers are connected in parallel with a fixed value of 200 μm. Then, 40-nm-thick 

SiO2 is thermally grown on both the front (micropyramidal) and back (polished) surfaces as a 

passivation layer to reduce surface recombination losses. Then 60-nm-thick SiNx is deposited on 

both the front and back surfaces by PECVD, which enhances the internal reflectance of the 

device. Subsequent high-temperature annealing at 950 °C for 5 min is used to activate both types 

of dopants on the front and back sides of the cell in one step. Then, using a combination of 

screen-printing and wet-chemical etching, patterned Al electrodes  in contact with the p+-Si and 

n+-Si are fabricated with a thickness of 2 μm which align with the interdigitated dopant pattern. 

Pt and Ni are selectively deposited by sputtering the catalysts on the photocathode (n+-Si) and 

photoanode (p+-Si) regions, respectively.  

A series-based version of the device is produced by connecting a 3-BBJ PEC cell via tin 

soldering, in which p+-Si and n+-Si arebonded together (p+nn+-p+nn+-p+nn+). Next, the samples 

are sandwiched between two quartz sheets and sealed using waterproof epoxy (Hysol 11C), 

except for the catalyst areas, which remained exposed to the electrolyte. The epoxy was dried (80 

oC for 30 min) before measurement. 
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3.2.1 Decoupling and light harvesting and catalysis design 

The most important feature of the BBJ-PEC cell is the concept of spatially and functionally 

decoupling the light harvesting function from the surface protection and electrocatalysis. 

Specifically, the front side of the BBJ-PEC device is optimized for light harvesting without any 

electrode shadowing effect (as indicated by (i) marked in Figure 3.6a) whereas the bottom side of 

the device is used to play the vital role of electrocatalysis, enabling the effective passivation and 

antireflection scheme on the front side. Moreover, inserting uniform interdigitated alumium grid 

contact on the entire electrocatalysis side shortens the path of the photo-excited carriers to the 

contacts, allowing the charge carrier to be collected and transported more efficiently to 

electrocatalyst, and serves as the bottom mirror for photon reflection to promote absorption of 

the reflected photons in the photoelectrodes, as shown by (ii) marked in Figure 3.6a. 

Enhancement of the optical characteristics is realized by texturing micro-pyramidal structures 

with an efficient antireflective (AR) SiNx layer on the front surface, assuring broadband 

omnidirectional light-harvesting with minimal reflection, where the uniform profile of the front 

light-harvesting surface is shown in Figure 3.6b.  

Photo-excited carrier recombination is another of the significant loss factors limiting PEC 

efficiency, hence an optimized electrical design is required to avoid excessive recombination 

with an efficient minority carrier collection (holes in n-type Si in this study). To achieve this feat, 

we built a buried junction along the horizontal plane in the electrocatalyst (bottom) side as 

shown in Figure 3.6c and Figure 3d. The efficient separation/transport of photo-excited carriers 

in photoelectrodes can be dramatically enhanced by incorporating cascade energy structures, as 

photo-excited carriers will possess more energy through stepwise energy levels. Boron (B) and 

phosphorous (P) dopants are locally ion-implanted along an interdigitated grid pattern on the 
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back surface to fabricate p+-Si layer (~400 µm in width) and the n+-Si layer (~200 µm in width) 

that formulates the required cascade type band structure. 67 67 67  67 67 67 66 65 65 64 63 62 61 

6058,59,68,69,70,71 

Additionally, a thin layer of P-implanted c-Si (n+-Si) as the back surface field film is 

composed over the whole front surface where the recombination velocity is high to reflect the 

holes down to the hole collector on the bottom side. After ion implantation, a SiO2 passivation 

layer that saturates dangling bonds is deposited on both front and bottom surfaces before 

depositing SiNx AR coating. The scanning transmission electron microscopy (STEM) 

measurement with energy dispersive spectroscopy/electron energy loss spectroscopy 

(EDX/EELS) mapping for characterizing SiNx/SiO2/Si interface is shown in Figure 3.7a, in 

which the Si signal was collected by EDX and the O and N signals were collected by EDX/EELS 

maps as shown in Figure 3.7 b to e. 

Finally, we deposit the interdigitated metal contacts/catalysts (Pt on n+-Si for HER and Ni on 

p+-Si for OER) on the catalysis reaction surface on  the back side of the cell, which aligns with 

the interdigitated dopant pattern of the BBJ to collect the photo-excited electrons and holes 

individually for facilitating PEC water splitting. We insert all the contact grids/catalysts on back 

side of the PEC cell for two reasons: (i) to maximize the light absorption by eliminating 

shadowing losses caused by the catalyst/metal contacts (i.e., the optical design), and (ii) to bring 

the catalysts in close contact with the buried junction located at the catalysis reaction surface of 

the PEC cell in order to more efficiently extract the photo-excited carriers simultaneously for the 

PEC water splitting reactions (i.e., the electrical/catalyst design). The overall electrical 

management scheme aims to reduce contact resistance andcarrier recombination, facilitating 

HER and OER at the back cell/electrolyte interface of BBJ-PEC cells. Moreover, inserting 
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uniform interdigitated junction/metal grid contacts on the entire electrocatalysis side shortens the 

path of the photo-excited carriers to the contacts by creating more junction areas, allowing the 

charge carriers to be more efficiently separated, transported, and collected by the back grids. 

Meanwhile, the metal grid (up to 70% coverage) also serves as a back mirror for photon 

reflection in order to promote long-wavelength absorption by the photoelectrodes.  
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Figure 3.6| a, Cross-section of the BBJ cell. The optical trails (i and ii) b, the top panel displays 

an SEM image of the front surface of a BBJ cell textured with micro-pyramidal structures. The 

bottom panel shows a high magnification STEM image of the micro-pyramid surface, which 

features uniform passivation (SiO2) and AR (SiNX) layers.  c, The plane-view schematic of 

interdigitated dopant pattern of the BBJ. d, A plane-view false color SEM image of the 

interdigitated metal grids on the back surface of the cell.  
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Figure 3.7| STEM analysis of the SiNx/SiO2/Si interface of the BBJ cell front surface. a, STEM 

image of the interface and b-d, the corresponding Si, N, and O elemental concentration mapping. 

e, A combined elemental mapping featuring Si in red, N in blue, and O in green (false-color). 
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3.3 Reducing reflection and recombination losses by surface texturization 

The homogeneous pyramid formation at the Si surface can be interference by the residual 

contaminants and the defect states. Wet etching on the Si in alkaline solutions with IPA was 

performed for surface texturing. This feature promotes tuning the pyramid size distribution and 

allows a more homogeneous surface structure. Optimizing the texture etching time can reduce 

recombination losses as well as reflection. Decreasing the fraction of small pyramids is the most 

promising means of reducing reflection losses. The pyramid size distribution has a critical 

influence onthe duration of  texturization etching and the depth of saw damage etching (SDE). 

According to our  optical design, we introduced surface roughening using textured 

micropyramids and microgrooves on the front and back sides of SiBF (Figure 3.8) which 

improved the photons propagating in the devices and enhanced photon capture57. 
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Figure 3.8| Optical management with textured nanostructure on both front and back surfaces.  
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3.4 Anti-Reflection Coatings 

A high surface reflection of over 30% can be obtained from bare silicon. To avoid surface 

reflection, a textured nanostructure and the application of AR coatings to the surface are both 

efficient. The dielectric material and thickness are chosen for the AR layer to make sure that out 

of phase interference can be occurred between the reflected wave from top AR coating surface 

and the reflected wave from semiconductor surfaces, leading to the zero net reflection. Using 

dielectric nanostructures made of Si3N4 function like AR coatings. 

In order to achieve near zero reflection, we introduce the chosen thickness of the Si3N4 , 

which is calculated by: 

𝐝𝟏 =
𝛌𝟎

𝐧𝟎𝐧𝟏
                                               (Eq 3.1) 

where 𝑛1 is the refractive index, and 𝜆0 is the wavelength of incident light to the coating surface, 

and 𝑑1 is the thickness that cause minimum reflected energy, as shown in Figure 3.9. 

https://www.pveducation.org/pvcdrom/materials/optical-properties-of-silicon
https://www.pveducation.org/pvcdrom/design-of-silicon-cells/surface-texturing
https://www.sciencedirect.com/science/article/pii/S0749603618301459
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Figure 3.9| Interference in a quarter-wave anti-reflection coating 
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3.5 PEC Cell Characterization  

PEC performance is analyzed by linear sweep voltammetry (LSV) measurement  using a 

potentiostat (Metrohm Autolab) with the standard three-electrode setup for half-cell 

measurement in a quartz cell as shown in Figure 3.11.  

 

Figure 3.10| Three-electrode setup for half-cell measurement. 

 

For three-electrode setup, an Ag/AgCl, Pt coil, and the photoelectrodes are used as the 

reference, counter, and working electrodes, respectively. We use a 150W halogen-lamp-based 

solar simulator using an AM 1.5G filter for illumination. The distance between each electrode is 

fixed at 1 cm to minimize any uncompensated solution resistance loss in the PEC system. All the 

reported potentials are converted relative to hydrogen electrode (RHE) unless specified. The 

PEC characteristics of the photocathode and photoanode are measured in 1M H2SO4 and NaOH, 

respectively. Figure 3.11 shows the current density-potential (J-E) behavior of LSV 

measurement for the cathode (red) and the anode (blue).  
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Figure 3.11| The LSV measurement for cathode and anode. 

 

The performance of the photoelectrodes is studied by typical calculation metrics for 

photoelectrodes, in which the calculated potentials is relative to the reversible hydrogen 

electrode. The SHCE and solar-to-oxygen conversion efficiency (SOCE) are calculated as 

follows:    

𝐒𝐇𝐂𝐄 (%) =
𝐓𝐡𝐞 𝐦𝐚𝐱𝐢𝐦𝐮𝐧 𝐩𝐨𝐰𝐞𝐫 𝐟𝐨𝐫 𝐇𝐄𝐑

𝐈𝐧𝐜𝐢𝐝𝐞𝐧𝐭 𝐩𝐨𝐰𝐞𝐫 𝐝𝐞𝐧𝐬𝐢𝐭𝐲
=

|𝐕𝐎𝐒−𝐄𝟎|∙𝐉
𝐇+/𝐇𝟐

∙𝐅𝐅

𝐏𝐢𝐧
           (Eq 3.2) 

𝐒𝐎𝐂𝐄 (%) =
𝐓𝐡𝐞 𝐦𝐚𝐱𝐢𝐦𝐮𝐧 𝐩𝐨𝐰𝐞𝐫 𝐟𝐨𝐫 𝐎𝐄𝐑

𝐈𝐧𝐜𝐢𝐝𝐞𝐧𝐭 𝐩𝐨𝐰𝐞𝐫 𝐝𝐞𝐧𝐬𝐢𝐭𝐲
=

|𝐕𝐎𝐒
′−𝐄𝟎′|∙𝐉𝐎𝟐/𝐇𝟐𝐎∙𝐅𝐅

𝐏𝐢𝐧
          (Eq 3.3) 

in which VOS represents the measured onset potential when the hydration current density was 1 

mA/cm2, E0 is the equilibrium potential for water reduction, E0′ is the equilibrium water 

oxidation potential, JH+/H2
and JO2/H2O represents the saturation current density at E0 and E0′ for 

HER and OER, respectively, FF means the fill factor of device, and the power density of incident 
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light is Pin. It should be noted that the performance of a single PEC photoelectrode evaluated by 

this method describes half-cell metrics. 

Further, to demonstrate the stability behavior of PEC cells, we evaluate the electrochemical 

stability of these photoelectrodes in an acidic electrolyte using continuous chronoamperometry, 

which is the current density-time (J-T) curve. 

3.6 Unassisted solar water splitting 

Unassisted PEC performance is analyzed by LSV measurement with two-electrode setup for 

wireless measurement in a quartz cell. A Pt coil and photoelectrodes were used as the counter 

and working electrodes. The solar to hydrogen (STH) efficiency for full- cell metrics composed 

of photoelectrodes without applying external bias (Vapp = 0 V) can be calculated using: 

𝐒𝐓𝐇 (%) =  
 𝐉

𝐇+/𝐇𝟐
 × (𝟏.𝟐𝟑 −𝐕𝐚𝐩𝐩) 

𝐏𝐢𝐧
                             (Eq 3.4) 

3.7 Evolved gas characteristics 

Next, we collect and analyze the gases evolved from the PEC water-splitting reactions to 

confirm the efficiencies claimed, as shown in Figure 3.12. The evolved gases are collected with 

an airtight syringe and analyzed immediately using gas chromatography (GC). The gases 

evolved are sampled with an Agilent 7890B GC system using an airtight syringe every 5 min to 

detect the H2 concentration. The theoretical H2 amount is calculated by integrating the 

continuous JH+/H2
 output from the results of the current density-time behavior (J-T; the top of 

Figure 3.12) which is measured during the gas analysis, in which two moles of electrons lead 

into one mole of H2. Therefore, we obtain the total photo-generated carriers and the expected 

quantity of H2 as a function of time (rad line in the medal of Figure 3.12). The TCD-signal from 
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GC measurement and the expected quantity of H2 is calculated by the TCD-signal as shown by 

red dots in the center of Figure 3.12.  
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Figure 3.12| Evolved gas characteristics. The top section is the J-T curve during GC 

measurement, the center is the amount of hydrogen evolved as a function of time that is 

calculated by the integration result of the J-T curve and GC-TCD signal, respectively, and the 

bottom section is the GC-TCD signal of hydrogen. PEC performance is measured under 

simulated AM 1.5G illumination with Ag/AgCl reference electrode in H2SO4 electrolyte. 
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3.8 High-resolution transmission electron microscopy (HRTEM) 

The HRTEM samples (before and after continuous 10 min solar to hydrogen evolution) are 

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 experiment are performed with a FEI Titan 

80-300 kV system operating at 300 kV. 

3.9 EQE and IQE characterization and current loss analysis 

To provide a complete picture of the power conversion efficiency (PCE) of the BBJ cells, we 

analyze the external quantum efficiency (EQE), reflectance (𝑅𝑎𝑖𝑟(𝜆)), and absorbance 

(𝐴𝑎𝑖𝑟(𝜆) = [1 − 𝑅𝑎𝑖𝑟(𝜆)−𝑇𝑎𝑖𝑟(𝜆)] × 100%]) spectra of the cell. The definition of EQE is the 

power ratio between the collected photo-generated carriers for dry cells to the incident optical 

power density shining on the cell: 

𝐄𝐐𝐄(𝛌)% =
𝐂𝐨𝐥𝐥𝐞𝐜𝐭𝐞𝐝 𝐩𝐡𝐨𝐭𝐨−𝐠𝐞𝐧𝐞𝐫𝐚𝐭𝐞𝐝 𝐜𝐚𝐫𝐫𝐢𝐞𝐫𝐬 𝐟𝐨𝐫 𝐝𝐫𝐲 𝐜𝐞𝐥𝐥

 𝐈𝐧𝐜𝐢𝐝𝐞𝐧𝐭 𝐩𝐡𝐨𝐭𝐨𝐧𝐬 𝐬𝐡𝐢𝐧𝐧𝐢𝐧𝐠 𝐨𝐧 𝐭𝐡𝐞 𝐜𝐞𝐥𝐥𝐬
    

         =
𝟏𝟐𝟒𝟎 × 𝐉(𝐦𝐀/𝐜𝐦𝟐)

𝛌 (𝐧𝐦) × 𝐏𝐢𝐧(𝐦𝐖/𝐜𝐦𝟐)
× 𝟏𝟎𝟎%                     (Eq 3.5) 

The internal quantum efficiency (IQE) spectra for LH and Pt-coated sides of the SiBF cells 

featuring various thickness of Pt. IQE is defined as the power ratio between collected charge 

carriers to the absorbed photons57:          

𝐈𝐐𝐄(𝛌) =
𝐏𝐜𝐚𝐫𝐫𝐢𝐞𝐫(𝛌)

𝐏𝐩𝐡(𝛌)∙𝐀(𝛌)
=

𝐄𝐐𝐄(𝛌)

𝟏−𝐑(𝛌)−𝐓(𝛌)
                            (Eq 3.6) 
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The measurement using different excitation sources enables the investigation of semiconductor 

materials in the energy range spanning infrared (IR), visible, and ultraviolet (UV) light (𝜆 =300–

1100 nm). 

3.10 EDX/EELS mapping in STEM 

The samples for STEM are fabricated using focused ion beam (FIB) slicing to lift-out the 

cross-sectional lamella from the micropyramidal surface of the BBJ cells. High magnification 

STEM images are recorded using a FEI Titan 80-300 kV system operating at 300 kV. The 

EDX/EELS mapping was conducted in which the Si signal was collected by EDX, and the O and 

N signals.  

3.11 IPCE Characterization 

The IPCE curves were measured at 0 V vs. RHE. One should note that the spot size of the 

monochromated light (diameter = 0.5 cm2) was smaller than the sample (~0.5 cm × 0.5 cm)26,68. 

The collected current density can be obtained under various wavelengths which are individually 

illuminated: 
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𝐉𝐇(𝛌) =
𝐈𝐇(𝛌)−𝐈𝐝(𝛌)

𝐀(𝛌)
                                       (Eq 3.7)                                         

in which Id is the current at dark condition, IH represents the current of solar to hydrogen 

evolution, and A is the spot size of the monochromated light. Therefore, IPCE can be expressed 

as26  

𝐈𝐏𝐂𝐄 =
𝟏𝟎𝟐𝟒×𝐉𝐇(𝐦𝐀/𝐜𝐦𝟐)

𝛌(𝐧𝐦)×
𝐉𝐩𝐡

𝐑𝛌
(𝐦𝐖/𝐜𝐦𝟐)

= 𝛈𝐞𝐱𝐭 ×
𝐉𝐇

𝐉𝐩𝐡,𝐒𝐢
                    (Eq 3.8) 

in which  represents the incident light wavelength, Jph is the current under solar light, and Rλ 

and ηext are the calibrated responsivity and EQE, respectively.  

3.12 Depletion Region Length Analysis 

The depletion region forms across an np+ junction (Figure 1a), which can be described as the 

condition of thermal equilibrium which occurs when the diffusion and drift carriers are in a 

steady state, i.e., in the so-called dynamic equilibrium. The net result forms the depletion region 

at the np+ (LH side) and nn+ (Pt-coated side) junctions. The width of this depletion length (DL) 

can be described as below, 

𝐃𝐋,𝐋𝐇 = 𝐗𝐧,𝐋𝐇 + 𝐗𝐩+,𝐋𝐇, at the np+ juntion (LH side)                   (Eq 3.9) 

𝐃𝐋,𝐏𝐭−𝐜𝐨𝐚𝐭𝐞𝐝 = 𝐗𝐧,𝐏𝐭−𝐜𝐨𝐚𝐭𝐞𝐝 + 𝐗𝐧+,𝐏𝐭−𝐜𝐨𝐚𝐭𝐞𝐝, at nn+ juntion (Pt-coated side)           (Eq 3.10) 

𝐗𝐣,𝐤 = √
𝟐𝛆𝐒𝐢𝛆𝟎

𝐪

𝐍𝐚

𝐍𝐝

𝟏

𝐍𝐚+𝐍𝐝
 𝐕𝐛𝐢 ; j = n, n+, p+, k = LH, Pt-coated                                              (Eq 3.11)               

𝐕𝐛𝐢 = 𝐥𝐧
𝐧

𝐧𝐢
                                                                                                                                                      (Eq 3.12) 

in which Na is the doping concentration of the accepter, Nd is the doping concentration of the 

donor, 𝑉𝑏𝑖 is the built-in potential, and ni is the intrinsic carrier concentration (parameters are 
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summarized in Table 3.1). With the doping profile and carrier concentration, the calculated 

results were Xn.LH of 108.0 nm, Xp+,LH of 2.1 nm, Xn.Pt-coated of 1.30× 10-6 nm and Xn+,Pt-coated of 

5.23 × 10-10 nm with a built-in potential of ΔV=1.01 eV. Hence, we can obtain the results DL,LH  

of 110.1 nm and 𝐷𝐿,𝑃𝑡−𝑐𝑜𝑎𝑡𝑒𝑑 of ~1.30× 10-6 nm at np+ junction (LH side) and nn+ junction (Pt-

coated side), respectively. 
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Table 3.1| Characteristics of Si with various doping concentrations. These 

values were used to calculate the depletion region of various junctions of the 

SiBF PEC cell. 

 Designation Value Unit 

Moderately doped n 1016 −1018 cm-3 

Highly doped n+, p+ 1018 − 1019 cm-3 

Intrinsic carrier 

concentration 
ni 1.5 x 1010 cm-3 

Elementary charge q 1.6 x 10-19 C 

Boltzmann constant × 

temperature 
KT 0.0259 eV 

Permittivity of free space 𝜀0 8.85 x 10-12 C2/Nm2 

Permittivity of Si 𝜀Si 11.68 − 

  

https://en.wikipedia.org/wiki/Elementary_charge
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CHAPTER 4: Results and discussion 

4.1 SiBF PEC cell  

4.1.1 Photovoltaic and optical characteristics of the Si bifacial photocathode 

To quantitatively examine the light-absorbing capabilities of the SiBF photoeletrode, we 

evaluated the baseline photovoltaic of the sample under simulated solar light (AM 1.5G, 1 

kW/m2). Figure 4.1 and Table 4.1 show that the device performance of the SiBF is superior when 

it is illuminated at the LH side compared to the Pt-coated side.  

 

Figure 4.1| J-V curves of the Si cell that was illuminated from the LH, Pt-coated, and both sides 

(bifacial) simultaneously. 
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We attribute this behavior to two facts. First, as discussed earlier, the p+n interface is 400 nm 

diffused from the LH surface, and hence most of the photons that are converted into electron-

hole pairs have a direct contribution to the enhanced current density. In contrast, when the Pt-

coated side of the SiBF cell is illuminated, the photo-generated minority carriers (holes) must 

travel through 300 µm of n-Si and 400 nm of p+ emitter layer to reach the LH surface before 

being collected, which reduces the charge carrier separation efficiency. Secondly, the anti-

reflection (AR) Si3N4 layer patterned on the LH side reduces photon reflection. However, such 

an AR layer cannot be deposited on the Pt-coated side as it would cause a high series resistance 

between the catalyst and the n+-Si substrate. Next, the experimental results demonstrate that 

under the given conditions, the short-circuit current density was as high as 60 mA/cm2 with a 

stable 0.62 V open-circuit voltage (Voc), giving rise to an almost 1.5 times enhancement in the 

power conversion efficiency as compared to the monofacial cell. 

 Figure 4.2 presents the reflection spectra recorded on the LH and Pt-coated sides of the SiBF 

device featuring various Pt thicknesses. The outstanding bifacial light harvesting ability can be 

obtained with low surface reflection in the solar spectrum by using our SiBF cell. 

 Table 4.1| Photovoltaic parameters of SiBF cells under AM 1.5G illumination. 

Illuminated side 
JSC 

(mA cm-2) 

VOC 

(V) 

FF 

(%) 

Eff 

(%) 

LH 39.28 0.55 70.1 15.15 

Pt-coated 27.80 0.55 63.6 9.71 

Bifacial 

(1 sun/each side) 
62.07 0.60 61.6 22.94 
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Figure 4.2| Reflection spectra of the Si cell measured from the LH surface and Pt-coated 

surfaces with various Pt thicknesses. 

 

4.1.2 Catalyst management scheme and integration  

Developing an efficient electrocatalyst with optimum thickness is of paramount importance 

for collecting the maximum number of photons with minimum catalyst shadowing effect40. 

Recently, many efforts are taken to pursuit cheap and earth-abundant catalysts to replace the use 

of noble metals, such as Pt, for HER, but Pt’s excellent catalytic activity means only a small 

amount of catalyst is needed to be effective.69 Hence, we utilized sputter-deposited Pt as a 

hydrogen evolution catalyst at various thicknesses to optimize the PEC performance of the SiBF 

photocathode in terms of both light absorption and catalytic activity. We evaluated the PEC 

performance via the external (EQE) and internal quantum efficiencies (IQE) of the device (see 

Figure 4.3), which exhibit a broad response range covering 300–1100 nm. Where the EQE and 
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IQE is defined as the energy ratio between collected charge carriers power (𝑃𝑐𝑎𝑟𝑟𝑖𝑒𝑟) to the 

incident (𝑃𝑖𝑛) and absorbed (𝑃𝑎𝑏) optical power density shining on the cell, respectively:57 

𝐄𝐐𝐄(𝛌) =
𝐏𝐜𝐚𝐫𝐫𝐢𝐞𝐫(𝛌)

𝐏𝐢𝐧(𝛌)
                           (Eq 4.1) 

𝐈𝐐𝐄(𝛌) =
𝐏𝐜𝐚𝐫𝐫𝐢𝐞𝐫(𝛌)

𝐏𝐚𝐛(𝛌)
=

𝐄𝐐𝐄(𝛌)

𝟏−𝐑(𝛌)−𝐓(𝛌)
                (Eq 4.2) 

As we observe on the LH side, the micropyramidal surfaces achieve an >90% spectrally flat 

response of EQE from 450 nm to 900 nm. On the Pt-coated side, the microgroove surface 

achieves an impressive flat broadband EQE spectrum of >50% despite the shadowing effect by 

the thin layer of Pt. 

 

Figure 4.3| The optical photo-generated carrier performance of the SiBF cell. a, EQE, and b, 

IQE of SiBF cells made using different Pt thicknesses. The devices exhibit a broad response 

range covering 300–1100 nm. 
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4.1.3 PEC water splitting with the SiBF photocathode 

To investigate the PEC performance of our SiBF photocathode, we carried out LSV analysis 

using a 3-electrode setup using a Pt counter electrode, an Ag/AgCl reference electrode, and a 

SiBF cell as working electrode in a gas-tight PEC quartz cell in 1 M H2SO4(aq) as the electrolyte 

under simulated one sun AM 1.5G illumination.24,26 Figure 4.4a shows the current density-

potential (J-E) curve relative to reversible hydrogen electrode for the Pt-deposited (with different 

thicknesses) SiBF photocathodes illuminated from the LH side of the device. A saturation 

current density (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 coatings, respectively (Table 4.2). The highest JH was achieved with 5 nm Pt 

layer and JH decreased slightly with an 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. This JH value of 39.0 mA/cm2 is higher than other reported Si photocathodes to 

date (Table 4.3) and almost reaches the theoretically possible JH when compared with its PV 

counterpart.  

Figure 4.4b 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 

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. 



65 

 

To summarize, the above results suggests that the Si-photocathode developed herein can 

produce the total Jsc of as high as 64 mA/cm2 with bifacial illumination conditions (one sun 

illumination on the light harvesting side and one sun illumination on the Pt-coated back side). To 

verify this hypothesis, PEC experiments were carried out with the SiBF photocathode with 5 nm 

Pt with the bifacial design. Figure 4.4c shows the J-E curve of the SiBF photoelectrode under 

bifacial illumination conditions exhibiting a record JH of 61.2 mA/cm2. The unprecedented PEC 

JH achieved here can be attributed to the synergetic effects of bifacial design, the light 

decoupling effect, and electrocatalysis in our SiBF photocathode. 

 

 

 

Figure 4.4| PEC characteristics of the bifacial Si PEC cells. a, J-E characteristics of Si PEC cells 

that features different thick Pt layers, illuminated from the LH side. b, J-E characteristics of Si cells 

that features different thick Pt layers, illuminated from the Pt-coat 

ed side. c, J-E characteristics of Si PEC cell with 5-nm-thick Pt layer, illuminated bifacially. 
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  Table 4.2| Hydrogen evolution characteristics of the SiBF cells with various Pt 

thicknesses in H2SO4 electrolyte (1 M) illuminated with solar light ( AM 1.5G) on the LH 

side, Pt-coated side, and bifacially. The VOS was examined when current density was  1 

mA/cm2. 

Illuminated side 

Pt thickness 

(nm) 

JH 

(mA cm-2) 

Vos-E
0 

(V) 

FF 

(%) 

SHCE 

(%) 

LH 

3 36.48 0.56 53.76 11.16 

5 39.01 0.56 60.14 13.23 

7 36.24 0.56 60.05 12.27 

15 35.92 0.56 55.67 11.33 

Pt-coated 

3 29.69 0.54 57.81 9.37 

5 25.73 0.53 58.30 8.08 

7 21.49 0.52 52.55 5.88 

15 17.24 0.47 52.90 4.29 

Bifacial 

(1 sun/each side) 

5 61.20 0.57 52.24 18.22 
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Table 4.3| Best reported JH for Si-based photocathodes. 

Si-based PEC 

cells 

Current density 

(mA cm-2) 
Catalyst References 

pn+-Si 22 Pt 
B. Seger et.al., J. Am. Chem. Soc. 

2013, 135, 1057−106448. 

pnn+-Si 37 Pt 
Q. Ding et.al., Adv. Mater. 2015, 27, 

6511–651839. 

a-Si/c-Si 33.43 Pt 
H. P. Wang et.al., Nano Lett. 2015, 

15, 2817−282426. 

pn+-Si 14 MoSx 
B. Seger et.al., Angew. Chem., Int. 

Ed., 2012, 51, 9128–913138. 

pn+-Si 10.1 Ni-Mo 
E. L. Warren et.al., Energy Environ. 

Sci., 2012, 5, 9653–966170. 

n-i-p Si 10.0 Pt 
Y. J. Lin et.al., Nano Lett., 2013, 13, 

5615–561871. 

pn+-Si 7 MoS2 

A. B. Laursen et.al., Phys. Chem. 

Chem. Phys., 2013, 15, 20000–

2000472. 

pn+-Si 30 Ir 
M. G. Kast et.al., ACS Appl. Mater. 

Interfaces, 2014, 6, 22830–2283773. 

pn+-Si 17.5 MoS2 
Q. Ding et.al., J. Am. Chem. Soc., 

2014, 136, 8504–8507.74 

pn+-Si 17.5 Pt 
D. Bae et.al., Sol. Energy Mater. Sol. 

Cells, 2016, 144, 758–76552. 

pn+-Si 22 Pt 
B. Seger et.al., RSC Adv., 2013, 3, 

2590249. 

pnn+ - Si 39.01 Pt This work 
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To further study the semiconductor-electrolyte interface of the SiBF PEC cell, we performed 

the electrochemical impedance spectroscopy (EIS) under one sun illumination.75 A frequency 

range from 0.1 to 105 Hz and a bias of 10 mV were used in the EIS. Figure 4.5a shows the 

circuit diagram for the EIS measurements on the devices with various catalyst thicknesses. The 

resulting Nyquist plots are shown in Figure 4.5b, Figure 4.5c, and Table 4.4.  

 

Figure 4.5| Electrochemical impedance spectroscopy. a, The equivalent circuit model of the 

SiBF cells. b, EIS Nyquist plots for SiBF cells with different thicknesses of Pt under bifacially 

illuminated. c, Enlarged Nyquist plots from the box in b.  

 

  

Table 4.4| Fitted charge transfer resistances for the SiBF cells with various 

thicknesses of Pt catalysts shown in the EIS Nyquist plots (Figure 3.5). 

Photocathode 

Pt Thickness 

3 nm 5 nm 7 nm 15 nm 

Rct,Si 

(Ω cm2) 
28.2 14.0 22.3 12.6 

Rct,Pt 

(Ω cm2) 
65.7 34.1 77.8 34.1 
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In the given conditions, each curve contains two arcs. The assignments in this circuit were 

made as follows: solution resistance (RS) in series with a parallel resistance-capacitance (RC) 

which presents the resistance that induced by the trapping carriers at the bulk of the SiBF (Rct,Si) 

and its related constant phase element (CPESi). We also included Rct,Si in series with another 

parallel RC, which models the resistance that induced by the trapping carriers at the various 

thicknesses of the Pt catalyst (Rct,Pt) and its related constant phase element (CPEPt). Additionally, 

we considered the space charge region of p+-Si (~150 Hz), in which surface catalyst resistance 

(Rct,Pt) and constant phase element (CPEPt) of the surface states are included relative to the 

interface between electrolyte and electrode and  (~2.2 Hz)75. For cells featuring a Pt-thickness 

from 3 nm to 7 nm, the 5 nm Pt device exhibited the lowest Rct,Si of 14.0 Ω cm2 and Rct,Pt of 34.1 

Ω cm2. 

4.1.4 The SHCE of the SiBF photocathode 

We further evaluated the performance of the photocathode by typical calculation metrics with 

calculated potentials relative to the RHE. The SHCE was calculated using Eq 3.2.76 The incident 

optical power density of light was illuminated from either the LH, Pt-coated side or both sides. It 

should be noted that the efficiencies obtained here are half-cell efficiencies and are different 

from unassisted SHCE. Based on Eq 3.2, we calculated that the device featuring 5-nm-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 photocathode 

with 3-nm-thick Pt, which is lower than the LH side due to the necessary compromise between 

light blocking and catalytic loading. Under bifacial illumination conditions, the device achieved 

a record JH of 61.2 mA/cm2, giving rise to the highest recorded SHCE for a Si-based 

photocathode (18.2%). These results show that the bifacial design enables excellent light 
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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 readily achieve bifacial illumination of the 

devices.  

We have also evaluated the gases evolved from the 5-nm Pt coated SiBF photocathode 

during continuous 50 min solar to hydrogen evolution under bifacial illumination using gas 

chromatography (GC). Figure 4.6 shows the amount of H2 evolution measured by GC (dots) and 

calculated using the integrated current density for 50 min at 0 V vs. RHE (red line). After 50 min 

operation at 0 V vs. RHE, ~1.5 mg/cm2 of H2 evolved from the SiBF device, matching the 

theoretically calculated H2 amount demonstrating the faradaic efficiency, close to unity. 

 

 

 

Figure 4.6| 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. 
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4.1.5 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 reactors to achieve the balance 

between the electrocatalysts and the electrodes52,77,78. To demonstrate the robustness of the SiBF 

photocathode, we performed PEC water splitting reaction in acidic H2SO4 (1 M), neutral Na2SO4 

(1 M), and alkaline NaOH (1 M) electrolytes under bifacial illumination conditions. In acidic and 

alkaline electrolytes, the SiBF device exhibits a JH of 61.2 mA/cm2 and 48.9 mA/cm2, 

respectively (Figure 4.7). Even under a 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 4.5. 

 

 

Figure 4.7| J-E characteristics of the Si PEC cells with 5 nm Pt in acidic (black line), neutral (red 

line), and basic (blue line) electrolytes. 
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Table 4.5| Hydrogen evolution characteristics of SiBF cells with 5-nm-thick Pt layer 

under acidic, neutral, and basic electrolytes conditions and bifacial AM 1.5G solar 

light. The VOS was examined when current density was 1 mA/cm2. 

Electrolytes 

JH 

(mA cm-2) 

|VOS – E0| 

(V) 

FF 

(%) 

SHCE 

(%) 

1M H2SO4 61.20 0.57 52.24 18.22 

1M Na2SO4 36.73 0.55 41.08 8.30 

1M NaOH 48.92 0.56 43.00 11.78 

 

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 electrolytes. We evaluated the electrochemical stability of this SiBF photocathode 

in an acidic electrolyte using a continuous chronoamperometry measurement for J-T curve. The 

results show the device achieved a stable JH of ~40 mA/cm2 (Figure 4.8a) over 370 h of 

operation in the 1M H2SO4(aq) electrolyte. Comparing with 5-nm Pt-coated device (Figure 4.8b), 

the improved stability is attributed to the outstanding protection of the compact 15-nm Pt layer 

with full coverage. HRTEM analysis of the SiBF photocathode before and after the stability test 

(Figure 4.8c to Figure 4.8d) reveals that 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 
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protect the photocathode which was only stable for 10 h, which can be obtained by the before 

(Figure 4.8e) and after 10 hr (Figure 4.8f) stability measurement. Finally, we have compared the 

stability of the SiBF PEC cell with other results in the literature (Figure 4.9), which clearly 

demonstrates that our photocathode with the bifacial design decoupling light harvesting and 

catalysis exhibits excellent stability and performance over other PEC cells. Note that to fairly 

compare our results with those of the literature, 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 which can be used under the bifacial illumination, 

and can achieve an unprecedented JH up to 61.2 mA/cm2
.  
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Figure 4.8| Stability measured using the a, 15-nm and b, 5-nm Pt-coated SiBF cell with an area 

of 0.25 cm2 under bifacial illumination. HRTEM characterization of PEC cell with the 5 nm-

Pt/Si interface c, before (scale bar – 5 nm) and d, after 10 hr (scale bar – 40 nm) stability 

measurement. HRTEM images of the 15 nm-Pt/Si interface e, before (scale bar – 5 nm), and f, 

after (scale bar – 5 nm) the stability measurement. 
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Figure 4.9 | The reported stability and performance of PEC cells with surface protection 

technologies compared to our work of 15 nm SiBF PEC cell. 

 

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 various intensities of solar illumination on the front and back side of the devices. 

Figure 4.10 shows the two-dimensional contour diagrams of light-intensity dependent JH, |Vos-

E0|, FF, and SHCE values of the device with the LH and/or Pt-coated side illumination. The 

related parameters can be found in Table 4.6. The results clearly demonstrate that the JH 

increases dramatically as illumination is increased from 0 to 1 sun in bifacial conditions, 

indicating excellent light trapping behavior and|Vos-E0| 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. 
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Figure 4.10 | Light-intensity dependence of the PEC characteristics under bifacial illumination at 

different light intensities from each side. a, JH, b, |Eo-Vos|, c, FF, and d, SHCE of the SiBF cell. 
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Table 4.6| Photoelectrochemical performance of the SiBF cell with 5-nm Pt thick catalyst 

under various solar illumination intensities. 

Solar 

concentration 

at LH side 

(sun) 

Solar 

concentration 

at Pt-coated 

side (sun) 

JH 

(mA/cm2) 

|Vos-E0| 

(V) 

FF 

(%) 

SHCE 

(%) 

1 1 61.2 0.57 52.23 18.22 

1 0.75 54.87 0.57 52.76 16.5 

1 0.5 48.82 0.57 53.18 14.8 

1 0.25 43.6 0.56 55.61 13.58 

1 0 39.01 0.56 60.14 13.23 

0.75 1 50.12 0.54 54.19 14.67 

0.75 0.75 42.87 0.54 55.41 12.83 

0.75 0.5 39.12 0.53 56.73 11.76 

0.75 0.25 35.66 0.52 57.76 10.71 

0.75 0 31.85 0.52 59.32 9.82 

0.5 1 41.67 0.48 53.55 10.71 

0.5 0.75 36.13 0.48 54.97 9.53 

0.5 0.5 31.81 0.47 55.21 8.25 

0.5 0.25 28.86 0.47 56.49 7.66 

0.5 0 24.81 0.46 58.77 6.71 

0.25 1 32.08 0.47 56.34 8.49 

0.25 0.75 28.83 0.47 57.69 7.82 
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0.25 0.5 25.01 0.46 58.82 6.77 

0.25 0.25 19.32 0.44 60.13 5.11 

0.25 0 11.76 0.43 60.87 3.08 

0 1 25.73 0.53 59.25 8.08 

0 0.75 18.01 0.47 59.45 5.03 

0 0.5 12.5 0.44 59.68 3.28 

0 0.25 6.2 0.41 60.56 1.54 

 

 

4.1.6 Performance metric analysis 

The significantly enhanced PEC performance demonstrated herein is the collective result of 

enhanced optical, electrical, and catalytic designs, and hence it is useful to understand the 

contribution of each characteristic for further optimization. Incident photon-to-current efficiency 

(IPCE) shows the number of photons that are converted into hydrogen, which can give 

meaningful insights into the 3 key steps in PEC cells: (i) photon absorbance (A), defined as the 

fraction of photogenerated excitons per incident photon flux; (ii) charge separation and transit to 

the solid-liquid interface (𝜂𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛/𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡); and (iii) charge conversion efficiency at the 

solid-liquid interface (𝜂𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒). 

 

𝐈𝐏𝐂𝐄 = 𝐀(𝛈𝐬𝐞𝐩𝐚𝐫𝐚𝐭𝐢𝐨𝐧/𝐭𝐫𝐚𝐧𝐬𝐩𝐨𝐫𝐭)(𝛈𝐢𝐧𝐭𝐞𝐫𝐟𝐚𝐜𝐞)           (Eq 4.3) 
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Considering the varied spectra of incident light at various powers, the IPCE measuring ‘‘the 

output electrons per input photons’’ (which is different to ‘‘power out per power in’’ described 

by SHCE) can be determined at a bias of 0 V vs. RHE:76 

IPCE =
1024×JH(mA/cm2)

λ(nm)×Pph(mW/cm2)
                             (Eq 4.4) 

in which λ is the monochromatic photons wavelength, and 𝑃𝑝ℎ represents the power of the 

incident photons. The IPCE spectra of various Pt thicknesses illuminated from the LH and Pt-

coated sides are shown in Figure 4.11a. 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 photocathode26,39,40, 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 4.11a 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 shows 

that despite multiple-scale photon management schemes and surface roughening, the Pt particles 

on the SiBF surface reflect or blocks a significant quantity of incident photons.  

To further decouple the optical effects (surface reflectance and transmittance) and gain 

greater insight into the charge carrier separation and transport (𝜂𝑠𝑒𝑝𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡⁄ ) 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 useful to evaluate the 
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optimal balance between maximal path distance of photon absorption and minimal effective 

electron-hole transport length inside the material. APCE is given as: 

𝐀𝐏𝐂𝐄 =
𝐈𝐏𝐂𝐄

𝐀
= (𝛈𝐬𝐩𝐚𝐫𝐚𝐭𝐢𝐨𝐧 𝐭𝐫𝐚𝐧𝐬𝐩𝐨𝐫𝐭⁄ )(𝛈𝐢𝐧𝐭𝐞𝐫𝐟𝐚𝐜𝐞)         

                           =
𝐈𝐏𝐂𝐄

𝟏−𝐑−𝐓
=

𝟏𝟎𝟐𝟒×𝐉𝐇(𝐦𝐀/𝐜𝐦𝟐)

𝛌(𝐧𝐦)×𝐏𝐩𝐡(𝐦𝐖/𝐜𝐦𝟐)×(𝟏−𝟏𝟎−𝐀)
× 𝟏𝟎𝟎%    (Eq 4.5) 

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 

4.2). Figure 4.11b shows the results of APCE for SiBF with different Pt-coating thicknesses 

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 enhance the kinetics 

energy in the reaction for all samples, which is the probability of a carrier 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 before being collected. 
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Figure 4.11 | Spectral response characterization. a, IPCE spectra and b, APCE spectra of the 

bifacial Si PEC cells coated with different thicknesses of Pt catalysts that are illuminated from 

the LH or Pt-coated sides.  

 

 

4.1.7 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. To illustrate the omnidirectional 

light-harvesting capability of our SiBF cell, we performed angular dependent photocurrent 
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measurements under one sun AM 1.5G 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 rear 

side was in contact with the entire bottom Al electrode, as schematically illustrated in Figure 

4.12a. The SiBF cell exhibited excellent photocurrent through the entire rotation of the light 

source (up to 20 mA/cm2 photocurrent) over a wide 60o angle (-30 o to +30o) from both surfaces, 

as shown in Figure 4.12b, demonstrating very strong omnidirectional light trapping behavior. In 

contrast, the monofacial Si cell exhibited similar photocurrent for only about a 60° wide angle 

(Figure 4.12c), 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.  
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Figure 4.12 | Angular dependent photocurrent characteristics of the bifacial vs. monofacial PEC 

cells. a, Schematic showing various angles of incident light for the omnidirectional PEC 

measurements. b, Angular dependent photocurrent performance of the SiBF PEC cell. c, Angular 

dependent photocurrent performance of the monofacial PEC cell. 
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4.2 BBJ PEC cell 

4.2.1 Optical Characterization 

The overall contribution of the optical management scheme can be observed from the 

excellent absorption capability (𝐴𝑎𝑖𝑟(𝜆) = [1 − 𝑅𝑎𝑖𝑟(𝜆)−𝑇𝑎𝑖𝑟(𝜆)]×100%, where 𝐴𝑎𝑖𝑟(𝜆), 

𝑅𝑎𝑖𝑟(𝜆), and 𝑇𝑎𝑖𝑟(𝜆) are light absorbance, reflectance and transmittance of the BBJ cell 

measured in the air) as displayed in Figure 4.13a. The results illustrate the superior light-

harvesting capability of over 95% in the wide range of the solar spectrum (300-1100 nm), which 

was not previously achievable in PEC water splitting due to the fact that in conventional PEC 

designs, all functionalities, including light absorption, surface protection, and electrolysis 

occurred on the same side of the PEC device which led to significant light blocking.  

4.2.2 Photovoltaic Characterization 

Before characterizing the PEC water-splitting behavior of our design, we measured the PV 

properties of the BBJ cell under one sun AM 1.5G in the air (Figure 4.13b). The advantages 

obtained from the BBJ design were evidenced by a JSC of 40.96 mA/cm2, an VOC of 0.62 V, a FF 

of 61.26%, and thus a PV conversion efficiency (Eff) of 15.56%.  

In addition to these advantages over the conventional vertical junction PEC cell structure, the 

BBJ design features a horizontal array of p-n junctions at the back surface that provides an added 

advantage during PEC cell assembly, allowing for the simultaneous interconnection of a series of 

three BBJ cells (3S-BBJ) to achieve a VOC up to 1.83 V, as shown in Figure 4.13b (blue curve). 

Most importantly, the improved VOC by the 3S-BBJ device is higher than the required 

thermodynamic potential for unassisted photoelectrolysis (~1.23 eV per electron-hole pair 

generated) plus the catalysis overpotential requirements, enabling wireless water splitting79.  
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Figure 4.13| a, The absorbance spectrum measured from the front pyramid surface. b, PV 

characteristics of a unit- and a 3S-BBJ cell. 

 

 

4.2.3 EQE Characterization and current loss analysis  

To provide a complete picture of the PCE of the BBJ cell, we analyzed the external quantum 

efficiency (EQE), reflectance (Rair(λ)), and absorbance (Aair(λ) = (1 − Rair(λ)−Tair(λ)) ×

100)) spectra and current loss analysis of the BBJ cell measured in air, as shown in Figure 4.14. 

The current loss analysis demonstrates limited parasitic losses due to the adoption of the 

decoupled light harvesting and electrocatalysis management scheme and the BBJ device 

architecture. The EQE is defined as the power ratio between the collected photo-generated 

carriers for the dry cell to the incident optical power density shining on the cell: 

𝐄𝐐𝐄(𝛌)% =
𝐂𝐨𝐥𝐥𝐞𝐜𝐭𝐞𝐝 𝐩𝐡𝐨𝐭𝐨−𝐠𝐞𝐧𝐞𝐫𝐚𝐭𝐞𝐝 𝐜𝐚𝐫𝐫𝐢𝐞𝐫𝐬 𝐟𝐨𝐫 𝐝𝐫𝐲 𝐜𝐞𝐥𝐥

 𝐈𝐧𝐜𝐢𝐝𝐞𝐧𝐭 𝐩𝐡𝐨𝐭𝐨𝐧𝐬 𝐬𝐡𝐢𝐧𝐧𝐢𝐧𝐠 𝐨𝐧 𝐭𝐡𝐞 𝐜𝐞𝐥𝐥𝐬
              (Eq 4.6) 
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The measurement using different excitation sources enables the investigation of 

semiconductor materials in the energy range spanning infrared (IR), visible, and ultraviolet (UV) 

light (𝜆 =300–1100 nm). The current losses of the BBJ cell were classified into external (𝐽𝐸𝑥𝑡,𝑎𝑖𝑟) 

and internal losses (𝐽𝐼𝑛𝑡,𝑎𝑖𝑟). The main external loss is due to optical losses, which are distributed 

into two different parts. The first part is the surface reflection loss (𝐽𝑆,𝑎𝑖𝑟), which was calculated 

to be 2.69 mA/cm2 from Eq 4.7 due to light scattering and reflection from the top (light-

harvesting) surface of the BBJ cell. The second part is the transmission loss (𝐽𝑇,𝑎𝑖𝑟) of 0.63 

mA/cm2 through the body of the photoelectrode and the gaps between the interdigitated 

electrodes at the bottom of the BBJ cell particularly as the transmission loss is severe in the long 

wavelength region (700–1100 nm), which was calculated by employing8. The 𝐽𝑆,𝑎𝑖𝑟 and 𝐽𝑇,𝑎𝑖𝑟 are 

depicted in Figure 4.14a in the area colored with orange and yellow, respectively. Hence, the 

total optical loss (𝐽𝐸𝑥𝑡,𝑎𝑖𝑟 =  𝐽𝑆,𝑎𝑖𝑟 + 𝐽𝑇,𝑎𝑖𝑟) was calculated to be 3.32 mA/cm2, as shown in 

Figure 4.14b. 

𝐉𝐒,𝐚𝐢𝐫 =
𝐪

𝐡𝐜
∫ 𝛌 ∙ 𝚽(𝛌)

𝟏𝟏𝟎𝟎

𝟑𝟎𝟎
∙ 𝐑𝐚𝐢𝐫(𝛌) ∙ 𝟏𝟎𝟎% ∙ 𝐝𝛌             (Eq 4.7) 

𝐉𝐓,𝐚𝐢𝐫 =
𝐪

𝐡𝐜
∫ 𝛌 ∙ 𝚽(𝛌)

𝟏𝟏𝟎𝟎

𝟕𝟎𝟎
∙ 𝐓𝐚𝐢𝐫(𝛌) ∙ 𝟏𝟎𝟎% ∙ 𝐝𝛌             (Eq 4.8) 

The internal (electrical) loss, JINT,air component can be obtained by the difference between 

the 𝐴𝑎𝑖𝑟(𝜆) and 𝐸𝑄𝐸(𝜆) spectra, according to Eq 4.9, which can be understood by the absorbed 

photons’ failure to generate photo-excited carriers and/or the recombination of the photo-excited 

carriers before being collected by the out-circuit. 

𝐉𝐈𝐍𝐓,𝐚𝐢𝐫 =
𝐪

𝐡𝐜
∫ 𝛌 ∙ 𝚽(𝛌)

𝟏𝟏𝟎𝟎

𝟑𝟎𝟎
∙ (𝐀𝐚𝐢𝐫(𝛌) − 𝐄𝐐𝐄(𝛌)) ∙ 𝟏𝟎𝟎% ∙ 𝐝𝛌    (Eq 4.9) 

Our analysis of the 𝐉𝐈𝐍𝐓,𝐚𝐢𝐫 of 2.14 mA/cm2, which is depicted in Figure 4.14a with the areas 
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colored with blue. The current loss analysis demonstrates limited parasitic losses due to the 

adoption of the decoupled light harvesting and electrocatalysis management scheme and the BBJ 

device architecture. 
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Figure 4.14| EQE, optical characterization and current loss analysis of the PEC cell measured in 

the air. a, (1 − 𝑅𝑎𝑖𝑟), (1 − 𝑅𝑎𝑖𝑟−𝑇𝑎𝑖𝑟), and EQE spectra of the BBJ cell. b, Illustrative example 

of the current loss sources in a unit BBJ cell. In b, the external loss is the total optical loss 

(𝐽𝐸𝑥𝑡,𝑎𝑖𝑟 =  𝐽𝑆,𝑎𝑖𝑟 +  𝐽𝑇,𝑎𝑖𝑟), where 𝐽𝑆,𝑎𝑖𝑟 is surface reflection loss and 𝐽𝑇,𝑎𝑖𝑟 is transmission loss, 

while the internal (electrical) loss, 𝐽𝐼𝑁𝑇,𝑎𝑖𝑟, is depicted with the areas colored with blue. 
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4.2.4 Photoelectrochemical Characterization. 

To demonstrate the unassisted water splitting capability of PEC devices, it is essential to 

optimize and validate the performance of a unit BBJ-PEC cell, for HER and OER half-cell 

measurements. We analyzed the PEC performance of a unit BBJ photoelectrode using LSV with 

a standard three-electrode setup in a quartz cell under one sun AM 1.5G. The behavior of the 

photoelectrode was studied by typical calculation metrics for photoelectrodes, in which the 

calculated potentials is relative to the normal hydrogen electrode (NHE)80. It should be noted that 

the performance of the BBJ PEC photoelectrode evaluated by this method is only for half-cell 

metrics and not the overall water-splitting efficiency.  

We carried out the HER and OER measurements under different pH conditions for a unit 

BBJ PEC cell, as it is important for a photoelectrode to perform under a wide range of pH 

conditions to achieve the balance between the pH requirements of two working electrodes60,77. 

The HER and OER performances in 1 M H2SO4 (pH ~0), 1 M Na2SO4 (pH ~7), and 1 M KOH 

(pH ~14) electrolytes are shown in Figure 4.15a and Figure 4.15b, respectively, and summarized 

in Table 4.7. Under the best performing conditions, a unit BBJ photoelectrode achieved a 

saturation current density for HER (𝐽𝐻+/𝐻2
) of 40.51 mA/cm2 and for OER (𝐽𝑂2/𝐻2𝑂) of 28.68 

mA/cm2. This demonstrates the photoelectrode’s excellent performance in a wide range pH 

values, outperforming reported Si-based PEC cell for HER to date (Table 4.8).   
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4.2.5 Temperature- and angle-of-incidence (AOI) of sunlight dependent PEC 

performance 

The temperature and AOI of sunlight on a PEC cell will change through the course of a day 

and season. Hence it is crucial to analyze temperature- and AOI-dependent PEC performances 

for real-world deployment. In general, the energy bandgap (𝐸𝑔) of the semiconductor decreases 

with temperature, which is determined by the Green’s law81-83, resulting in PEC performance that 

is affected by fluctuations in temperature. Similarly, the AOI significantly affects surface 

geometry-related reflection/scattering. To understand how these variables may affect PEC 

performance, we measured the PEC performance of a BBJ photocathode at various temperatures 

(293–323 K) under AM 1.5G illumination and varying the AOI from 90o to -90o (relative to a 

normal vector of the light-harvesting plane). The 𝐽𝐻+/𝐻2
 and |𝑉𝑜𝑠 − 𝐸0| results are shown Figure 

4.15c to Figure 4.15d and summarized in Table 4.9 

The increasing temperature induces bandgap shrinkage in semiconductors and promotes 

more thermally excited carriers84,85. Therefore, the semiconductor responds to extra absorption in 

longer wavelength regions, leading to a slightly increased 𝐽𝐻+ 𝐻2⁄  with increasing temperatures. 

The increase in temperature leads to reduced 𝑉𝑂𝐶 and |𝑉𝑜𝑠 − 𝐸0|. On the other hand, maximum 

light absorption should be warranted to maximize PEC performance. As discussed earlier, the 

light-harvesting characteristics were optimized and as a result, a broad range of light acceptance 

was demonstrated with the degradation of <14% in 𝐽𝐻+/𝐻2
 over an AOI of 60° (-30° to 30°). 

Furthermore, over a wide AOI of 180° (-90° to 90°),  |𝑉𝑂𝑆 − 𝐸0| degradation is less than 8%, 

which has not previously been achieved. The broad range AOI of the BBJ photoelectrode is due 

to the dedicated decoupling scheme with pyramidal surface and AR layer. 
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Figure 4.15| Photoelectrochemical characteristics of a unit BBJ cell. J−E curves under the solar 

light (AM 1.5 G) in acidic (red line), neutral (green line), and basic (blue line) electrolytes 

measured by a PEC unit cell for a, HER and b, OER. The AOI and temperature dependent PEC 

characteristics: c, 𝐽𝐻+/𝐻2
 d, |𝑉𝑂𝑆 − 𝐸𝑜|. Note that NHE is the normal hydrogen electrode, 𝑉𝑂𝑆 

represents the measured onset potential when the hydration current density was 1 mA/cm2,  𝐸0 is 

the equilibrium potential for water reduction, and 𝐽𝐻+/𝐻2
 is saturation current density at 𝐸0 for 

HER. 
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Table 4.7| Hydrogen and oxygen evolution characteristics of a unit BBJ cell 

under acidic, neutral, and basic electrolytes conditions and bifacial AM 1.5G 

solar light. The VOS was examined when current density was 1 mA/cm2.  

BBJ-PEC cells Electrolytes 

𝐽𝐻+ 𝐻2⁄  

𝐽𝑂2 𝐻2𝑂⁄  

(mA/cm2) 

|𝑉𝑂𝑆 − 𝐸0| 

|𝑉′𝑂𝑆 − 𝐸0′| 

(V) 

Cathode 

pH 0 40.51 0.62 

pH 7 21.19 0.60 

pH14 35.28 0.61 

Anode 

pH 0 20.25 0.25 

pH 7 8.57 0.24 

pH14 28.68 0.29 
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Table 4.8| The best reported 𝑱𝑯+ 𝑯𝟐⁄  using Si-based PEC photocathodes with the 

vertical junction.86-93 

Si-based PEC cells Catalyst Electrolyte pH 

𝐽𝐻+ 𝐻2⁄  

 mA/cm2) 

Ref. 

ppn+-Si Pt 0.5M H2SO4 0 36.7 81 

a-Si/c-Si Pt 1M H2SO4 0 33.49 82 

n-i-p Si Pt 0.5 M KHP 4 11.6 89 

pn+-Si Pt 1M KOH 14 22 83 

pn+-Si Pt 1 M HClO4 0 22 86 

a-Si:H/a-Si:H/mc-Si:H Pt 

0.1 M and 1 M 

KOH 

14 7.7 84 

n+np+-Si Pt 1 M HClO4 0 30.9 88 

n+p-Si Pt 1 M HClO4 0 34.8 86 
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Table 4.9| Hydrogen evolution parameters of the BBJ-PEC cell at 

different AOI and temperatures under one sun intensity. 

AOI 

(degree) 

Temperature  

(K) 

𝐽𝐻+ 𝐻2⁄  

(mA/cm2) 

|𝑉𝑂𝑆 − 𝐸0| 

(V vs NHE) 

 

293 3.61 0.58 

 

298 3.63 0.57 

-90 303 3.65 0.56 

 

308 3.67 0.56 

 

313 3.69 0.55 

 

293 18.09 0.60 

 

298 18.19 0.59 

-60 303 18.29 0.58 

 

308 18.39 0.57 

 

313 18.49 0.57 

 

293 36.19 0.62 

 

298 36.39 0.61 

-30 303 36.58 0.60 
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308 36.78 0.59 

 

313 36.98 0.58 

 

293 41.79 0.63 

 

298 42.02 0.62 

0 303 42.25 0.62 

 

308 42.47 0.61 

 

313 42.70 0.60 

 

293 35.74 0.61 

 

298 35.94 0.60 

30 303 36.13 0.60 

 

308 36.33 0.59 

 

313 36.52 0.58 

 

293 17.87 0.59 

 

298 17.97 0.58 

60 303 18.06 0.57 

 

308 18.16 0.57 
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313 18.26 0.56 

 

293 3.57 0.57 

 

298 3.59 0.56 

90 303 3.61 0.56 

 

308 3.63 0.55 

 

313 3.65 0.54 
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4.2.6 Comprehensive analysis of current losses 

To gain more insight into the spatial and functional decoupling design of the 

photoelectrode’s light harvesting and electrocatalysis capabilities, we analyzed the overall solar-

to-hydrogen conversion from end-to-end photon-to-fuel pathways and the associated losses by 

employing theoretical current loss analysis for a unit BBJ PEC device for HER at pH 0. 

PEC reaction includes 3 fundamental steps: (i) charge carrier generation via photo-excitation; 

(ii) separation/transport of charge carriers to the catalysis reaction surfaces; and (iii) the 

utilization of photo-excited carriers to drive catalytic water reduction or oxidation at the surfaces. 

In the comprehensive analysis, the current losses can be grouped into the optical current loss 

(𝐽𝑂𝑝𝑡 ) from step (i), and the internal current loss (𝐽𝐼𝑛𝑡) from steps (ii) and (iii). Furthermore, the 

𝐽𝑂𝑝𝑡  is separated into two components: surface reflection loss (𝐽𝑆) and transmission loss (𝐽𝑇). For 

the sake of clarity, the loss sources of 𝐽𝑆 and 𝐽𝑇 are depicted in Figure 4.16 by the area colored 

with orange and yellow, respectively. The corresponding formulas are expressed as below: 

𝐉𝐒 =
𝐪

𝐡𝐜
∫ 𝛌 ∙ 𝚽(𝛌)

𝟏𝟏𝟎𝟎

𝟑𝟎𝟎
∙ 𝐑𝐥𝐢𝐪(𝛌) ∙ 𝐝𝛌                      (Eq 4.10) 

𝐉𝐓 =
𝐪

𝐡𝐜
∫ 𝛌 ∙ 𝚽(𝛌)

𝟏𝟏𝟎𝟎

𝟕𝟎𝟎
∙ 𝐓𝐥𝐢𝐪(𝛌)                          (Eq 4.11) 

in which 𝒒 is the electron charge, 𝒉 represents the Planck's constant, 𝒄 is the light speed in 

vacuum, 𝝀 is the photon wavelength, 𝜱(𝝀) is the AM 1.5G solar spectrum (300 to 1100 nm), and 

𝑹𝒍𝒊𝒒(𝝀) and 𝑻𝒍𝒊𝒒(𝝀) are the reflectance and transmittance of the BBJ photoelectrode measured in 

liquid electrolyte, respectively (as shown in Figure 4.17). The 𝑱𝑺 is due to back scattered photons 

at the surface of the PEC cell and in the electrolyte, which was calculated to be 5.44 mA/cm2 

according to Eq 4.10. As compared to the literature, the minimal 𝑱𝑺 loss that occurred herein can 
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be attributed to the unique optical and catalytic interface decoupling scheme employed, enabling 

the ideal optimization of the light harvesting component, which cannot be achieved using 

conventional PEC photoelectrode designs. With Eq 4.11, we calculated the 𝑱𝑻 by optical 

transmission through the body and the interdigitated electrode gaps of the BBJ device to be as 

low as 0.67 mA/cm2, which can be attributed to the long wavelength photons (700–1100 nm) 

with higher transmission than the short wavelength region. The low 𝑱𝑻 value indicates the 

reflective electrode/catalyst at the back of the photoelectrode (up to 70% coverage) can 

effectively serve as a mirror to reflect unabsorbed light back to the device. Overall, the optical 

loss, 𝑱𝑶𝒑𝒕  (𝑱𝑺+𝑱𝑻) is as low as 6.11 mA/cm2. 

To further analyze the 𝐽𝐼𝑛𝑡, we carried out light absorbance of a unit BBJ cell measured in 

liquid electrolyte (Aliq(λ)) and the IPCE of the half-cell, which can be written as: 

𝐀𝐥𝐢𝐪(𝛌) = (𝟏 − 𝐑𝐥𝐢𝐪(𝛌) − 𝐓𝐥𝐢𝐪(𝛌)) × 𝟏𝟎𝟎%              (Eq 4.12)   

𝐈𝐏𝐂𝐄(𝛌) =
𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐜𝐨𝐥𝐥𝐞𝐜𝐭𝐞𝐝  𝐜𝐚𝐫𝐫𝐢𝐞𝐫𝐬 

 𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐢𝐧𝐜𝐢𝐝𝐞𝐧𝐭 𝐩𝐡𝐨𝐭𝐨𝐧𝐬 𝐬𝐡𝐢𝐧𝐧𝐢𝐧𝐠 𝐨𝐧 𝐭𝐡𝐞 𝐜𝐞𝐥𝐥𝐬
 

          =
𝟏𝟐𝟒𝟎 × 𝐉

𝐇+/𝐇𝟐
(𝐦𝐀 /𝐜𝐦𝟐)

𝛌 (𝐧𝐦) × 𝐏𝐢𝐧(𝐦𝐖/𝐜𝐦𝟐)
× 𝟏𝟎𝟎%                      (Eq 4.13) 

The 𝑰𝑷𝑪𝑬 demonstrates the maximum efficiency with which incoming photons can produce 

hydrogen, with an idea that all electrons are reacted for the HER (and holes for the OER instead 

of other byproducts or corrosion, assuming that the Faradaic efficiency is 100%). Therefore, the 

𝐉𝐈𝐧𝐭 can be calculated by the difference between 𝐀𝐥𝐢𝐪(𝛌) and 𝐈𝐏𝐂𝐄(𝛌), (Eq 4.14). It should be 

noted that the 𝐉𝐈𝐧𝐭 can be distributed into two parts: electrical loss (𝐉𝐄) and catalytic loss (𝐉𝐂), 

which can be understood by the absorbed photon’s failure to generate photon-excited carriers 

and the photon-excited carriers recombining before the catalysis reaction, resulting in 𝐉𝐄, and 
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photon-excited carriers accommodating at the catalyst-electrolyte interface but failing to 

participate in the surface catalysis reaction, resulting in 𝐉𝐂.  

 𝐉𝐈𝐧𝐭 = 𝐉𝐄 + 𝐉𝐜 =
𝐪

𝐡𝐜
∫ 𝛌 ∙ 𝚽(𝛌)

𝟏𝟏𝟎𝟎

𝟑𝟎𝟎
∙ (𝐀𝐥𝐢𝐪(𝛌) − 𝐈𝐏𝐂𝐄(𝛌)) ∙ 𝐝𝛌     (Eq 4.14) 

Therefore, we calculated 𝑱𝑰𝒏𝒕 to be 3.43 mA/cm2.  

To decouple JE and JC in order to provide an overall dynamic picture of the photo-excited 

carriers in the bulk of the photoelectrode and in the catalyst/electrolyte interface, we compared 

the internal quantum efficiency (IQE, measured in air without electrolytes to understand the 

inherent EQE without considering the catalytic capability in the electrolyte) and the APCE, as 

shown in Figure 4.16b. The IQE is defined as the number of photo-generated carriers 

contributing to the photocurrent divided by the number of absorbed photons in the materials 

measured in air, while the APCE is defined by the ratio of the number of photo-generated carriers 

contributing to the JH+/H2
for HER to the number of absorbed photons by the BBJ half-cell 

measured in the electrolyte:   

𝐈𝐐𝐄(𝛌) = 𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐜𝐨𝐥𝐥𝐞𝐜𝐭𝐞𝐝 𝐩𝐡𝐨𝐭𝐨−𝐠𝐞𝐧𝐞𝐭𝐫𝐞𝐝 𝐜𝐚𝐫𝐫𝐢𝐞𝐫𝐬 𝐟𝐨𝐫 𝐝𝐫𝐲 𝐜𝐞𝐥𝐥

𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐚𝐛𝐬𝐨𝐫𝐛𝐞𝐝 𝐩𝐡𝐨𝐭𝐨𝐧𝐬
  

        =
𝐄𝐐𝐄(𝛌)

𝐀𝐚𝐢𝐫(𝛌)
× 𝟏𝟎𝟎%                            (Eq 4.15) 

 𝐀𝐏𝐂𝐄(𝛌) =
𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐜𝐨𝐥𝐥𝐞𝐜𝐭𝐞𝐝 𝐩𝐡𝐨𝐭𝐨−𝐠𝐞𝐧𝐞𝐭𝐫𝐞𝐝 𝐜𝐚𝐫𝐫𝐢𝐞𝐫𝐬 𝐟𝐨𝐫 𝐞𝐥𝐞𝐜𝐭𝐫𝐨𝐥𝐲𝐬𝐢𝐬

𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐚𝐛𝐬𝐨𝐫𝐛𝐞𝐝 𝐩𝐡𝐨𝐭𝐨𝐧𝐬
 

           = 𝐈𝐏𝐂𝐄(𝛌)

𝐀𝐥𝐢𝐪(𝛌)
 × 𝟏𝟎𝟎%                            (Eq 4.16) 

The 𝐈𝐐𝐄 determines the efficiency of charge separation and transit to the solid-liquid interface. 

The change in 𝐀𝐏𝐂𝐄 could point to dynamic behavior of photo-excited carriers in both the bulk 

of general PEC cells and the catalyst-electrolyte interface, since bulk recombination and inactive 
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catalytic reaction can consume the photo-generated carriers. Therefore, the difference in 𝐈𝐐𝐄 and 

𝐀𝐏𝐂𝐄 can account for the 𝐉𝐂 arising from the unbalanced kinetics of the catalysis reaction, in 

which an electron or a hole transfers and accommodates at the catalyst-electrolyte interface but 

fails to participate in the surface catalysis reaction. Thus, 𝐉𝐂 can be obtained by integrating Eq 

4.17. 

 𝐉𝐂  =
𝐪

𝐡𝐜
∫ 𝛌 ∙ 𝚽(𝛌)

𝟏𝟏𝟎𝟎

𝟑𝟎𝟎
∙ (𝐈𝐐𝐄(𝛌) − 𝐀𝐏𝐂𝐄(𝛌)) ∙ 𝐝𝛌          (Eq 4.17) 

For the sake of clarity, the loss sources of 𝐉𝐂 is depicted in Figure 4.16b by the red colored region 

and calculated to be 1.67 mA/cm2. According to Eq 4.11 and Eq 4.17, a 𝐉𝐄 of 1.76 mA/cm2 

can calculated by the difference between 𝐉𝐈𝐧𝐭 and 𝐉𝐂 ( Figure 4.16c). 

The optimized optical and electrical designs with minimal current losses achieved herein can 

be attributed to the spatial decoupling of optical absorption and catalytic reaction, and the 

excellent electrical design of the BBJ PEC cell. Using the current loss analysis, we can 

physically monitor the dynamics of photo-excited carriers in the bulk of the photoelectrode and 

at the catalyst/electrolyte interface. It is worth noting that this comprehensive analysis of the 

current losses is based on the general semiconductor half-cell, which is further extendable to any 

semiconductor photoelectrode. 
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Figure 4.16| Comprehensive analysis of the current losses in a unit BBJ photocathode for HER 

at pH 0. a, Surface absorption spectra and IPCE for HER. For the sake of clarity, the loss sources 

of 𝐉𝐒 and 𝐉𝐓 are shown by the area colored with orange and yellow, respectively. 𝐉𝐈𝐧𝐭 is depicted 

with the color purple. b, The IQE and APCE spectra, in which 𝐉𝐂 is depicted with the color red. c, 

The current losses obtained from a, and b,. 

 

 

Figure 4.17| Optical characteristics of the BBJ-PEC cell in electrolyte (1M H2SO4). Aliq(λ), 

Rliq(λ) and Tliq(λ) are the light absorbance, reflectance, and transmittance measured from the 

front micropyramidal surface of the BBJ PEC cell in liquid electrolytes, respectively.  
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4.2.7 Unassisted solar water splitting  

The potential required to drive wireless water electrolysis is ~1.7–1.8 V94. In order to 

demonstrate wireless water-splitting, we fabricated monolithic devices by integrating a 3S-BBJ 

PEC cell on a glass module. The schematic illustration and the corresponding band profile for the 

fully integrated 3S-BBJ PEC cell are represented in Figure 4.18a. The PV characteristics of the 

3S-BBJ cell measured in air demonstrate a VOC of 1.83 V (Figure 4.13b), which is necessary for 

unassisted water-splitting with a suitable electrocatalyst. In this case, the catalysts (Pt on n+ for 

HER and Ni on p+ for OER) are directly deposited on the BBJ-PEC devices along the pattern of 

interdigitated buried junction configuration.  

Finally, we employed a 3S-BBJ PEC cell for unassisted water splitting in a two-electrode 

measurement setup to determine the current flowing from the cathode to the negative pole. 

Bubble formation was visible immediately after illuminating under the one sun AM 1.5G 

simulator, demonstrating spontaneous water splitting without the application of an external bias. 

Figure 4.18b (Table 4.10) show the performance of a wireless 3S-BBJ-PEC cell for the HER in 

1M H2SO4 (red line), which shows the unassisted current density of 12.60 mA/cm2.  

We also demonstrated the time-resolved saturated JH+/H2
 and |Vos − E0| with chopped 

illumination in Figure 4.18c to Figure 4.18d, showing a stable STH conversion over several 

working cycles. As expected, the results show that the 3S-BBJ cell has ~3 times the |Vos − E0| 

and ~1/3 the JH+/H2
 compared to a BBJ unit cell configuration without a series connection. The 

STH efficiency for the 3S-BBJ photoelectrode without applying an external bias (Eq 4.18). 
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𝐒𝐓𝐇 (%) =  
 𝐉

𝐇+/𝐇𝟐
 × (𝟏.𝟐𝟑 −𝐕𝐚𝐩𝐩) 

𝐏𝐢𝐧
                         (Eq4.18) 

in which 𝐏𝐢𝐧 is the incident optical power shining on the cell. With the unassisted 𝐉𝐇+/𝐇𝟐
 of 12.60 

mA/cm2, an STH efficiency of 15.62% was achieved, which is higher than other reported Si-

based unassisted PEC water splitting. In order to simulate real-world solar hydrogen production, 

we employed water obtained from the Red Sea as an electrolyte (~pH 8.1), and in outdoor 

midday (12:00 pm) illumination conditions a series connected 3S-BBJ cell exhibited an 𝐒𝐓𝐇 

efficiency of 11.33% (Figure 4.18b). 

Gases evolved from the photoelectrode in 1M H2SO4 were collected with an airtight syringe 

and analyzed immediately using gas chromatography (GC) to confirm the as-claimed 

efficiencies. The top panel of Figure 4.18e shows the current density-time (JH+/H2
-T) curve 

measured during the gas analysis and the middle panel of Figure 4.18e displays the thermal 

conductivity detector (TCD) signal from the GC measurements. The quantity of generated H2 as 

a function of time can be calculated by two different ways: (i) integrating the JH+/H2
 by the time 

(red line in the bottom panel of Figure 4.18e) and (ii) calculating from TCD signal (blue dots in 

the bottom panel of Figure 4.18e). These two calculated results demonstrate a consistent increase 

in the H2 amount in the reactor headspace during the overall water splitting reactions, which 

shows that for 20 min of continued operation, the gas evolution density was ~150 μg/cm2 under 

one sun illumination. More importantly, the quantity of gases obtained from the GC 

measurements matches well with the quantity of integrated electrons-to-H2 carriers, with the 

Faradaic efficiency of >99%.  
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Figure 4.18| The characterization of the 3S-BBJ PEC cell. a, The schematic and band profile of 

the 3S-BBJ PEC cell. b, J-E characteristics of the 3S-BBJ cell in 1M H2SO4 (red) and Red Sea 

water (green) electrolytes. Time-resolved c, saturated current density and d, onset potential of the 

unit- and 3S-BBJ PEC cells. e, GC measurement of a 3S-BBJ PEC cell under AM 1.5G 

illumination without bias. In e, the top panel is the J-T curve during the GC measurement, the 

middle is the GC with thermal conductivity detector (GC-TCD) signal of hydrogen, and the 

bottom panel is the amount of hydrogen evolved as a function of time as calculated by 

integrating the current by the time (red line), and by the H2 concentration obtained from the GC-

TCD signal (blue dots). PEC performances were examined under solar light (AM 1.5G) 

illumination using a Ag/AgCl reference electrode in 1M H2SO4 electrolyte.  
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Table 4.10 | Wireless hydrogen and oxygen evolution characteristics of the 3S-

BBJ cell under solar light (AM 1.5G). The VOS was examined when current 

density was 1 mA/cm2. 

3S-BBJ cell Electrolytes 

JH+/H2
 

(mA/cm2) 

|VOS − E0| 

 (V vs NHE) 

STH 

(%) 

Cathodes 

pH 0 12.60 1.83 15.62 

Red Sea 9.14 1.83 11.33 
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CHAPTER 5: Conclusions and future work 

5.1 Conclusions 

Our work explores a novel silicon bifacial photocathode (SiBF) design for 

photoelectrochemical (PEC) water splitting in which the light harvesting component is 

decoupled from the electrocatalytic function in order to nullify the parasitic light absorption from 

the surface protection layer and electrocatalysts. This design also allows more freedom to 

separately optimize these materials. We call it a “bifacial” PEC cell, as both sides of the device 

are able to harvest photons, a feature that has not been seen in state-of-the art PEC devices.  We 

have demonstrated novel Si bifacial PEC cells that feature a photocurrent density of 61.2 

mA/cm2 under bifacial illumination, with significant hydrogen gas evolution of 150 mg/cm2 for 

20 min operation at 0 V vs. RHE. The SiBF cells can function in corrosive acidic electrolyte for 

over 370 h using a pin-hole free Pt catalyst layer. The 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, photon-management, and catalyst designbalances the trade-offs 

between light harvesting, electrocatalytic hydrogen evolution, and chemical protection to 

outperform previously reported Si-based PEC devices. The high performance and robust SiBF 

PEC cells demonstrated here open doors for realizing industrially viable solar-driven PEC water 

splitting systems. 

Furthermore, we work around the spontaneous solar-dive hydrogen evolution constraint by 

employing an integrated PEC device configuration, in which one PEC junction can be in series 

with photovoltaic junctions to provide more voltage for driving the hydrogen/oxygen evolution 

reactions. We design a photon decoupling model and fabricated the BBJ-PEC cells, that realizes 
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excellent light absorption, well surface protection, and efficient catalytic reaction. Decoupling of 

light harvesting and catalytic reaction using the BBJ design allows independent optimization of 

the light absorption, carrier separation/transport, and PEC catalytic reaction, leading to 

unprecedented light absorption of > 95% of the solar spectrum and a current density of 40.51 

mA/cm2 in PEC half-cells for HER—all of which is made possible by achieving minimal optical, 

electrical, and catalytic current losses (6.11, 1.76, and 1.67 mA/cm2, respectively). An additional 

advantage provided by the BBJ design is its ability to be incorporated into a monolithic PEC 

device based on an interconnected series of cells, achieving a VOC of up to 1.83 V high enough 

for unassisted solar water-splitting. Thus, the resultant HER under one sun illumination exhibits 

an STH efficiency of 15.62%. Furthermore, real-world Red Sea water splitting in outdoor midday 

illumination conditions produced a current density of 9.14 mA/cm2 for HER, with an STH 

efficiency of 11.33%. The efficient BBJ-PEC cell described herein demonstrates promising 

performance, taking us a step closer to real-world solar-to-hydrogen production. 
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5.2 Future work 

Though the conversion of solar energy into fuels and chemicals is an attractive path, there 

are significant challenges preventing commercial realization. The problems include, but are 

not limited to: (i) finding an appropriate material for solar energy absorption which features 

band-edge positions that straddle the redox potentials of hydrogen evolution (HER) and 

oxygen evolution (OER) half-reactions; (ii) optimizing charge separation and transport; and 

(iii) developing electrocatalysts that efficiently use the photogenerated charge carriers at the 

electrode surface, and understanding how interfaces between the catalysts, photoabsorbers, 

and electrolytes can be designed to minimize conversion losses and corrosion. In practice, no 

single semiconductor in combination with a catalyst can carry out all of these roles 

concurrently. Although the idea of artificial photosynthesis is fascinating, viable 

photoelectrochemical energy conversion requires the development of devices that are 

simultaneously selective in producing a single fuel, demonstrate high solar to fuel (STF) 

conversion efficiencies, as well as being stable under harsh pH electrolytes. After extensive 

research over the past few decades, any two of these characteristics (selectivity, efficiency, 

and stability) can be achieved at one time, but never all three.95 Accordingly, this work 

focuses on concurrently achieving all three properties using earned expertise and 

achievements developed in the field of solar energy materials and devices. Si and III-V 

semiconductors are mature technologies and utilization of these materials for PEC solar 

energy conversion with earth abundant electrocatalysts utilizing electrical, optical, and 

chemical engineering is essential for achieving a commercial PEC reactor.  
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Objectives: 

1. Identify a champion material that is cost-effective and features high STF conversion 

for photoelectrochemical solar-energy production..  

2. Concurrently improve the optical, electrical, and catalytic characteristics of the 

integrated photoelectrode and electrocatalyst system to enable efficient solar fuel 

production. 

3. Realize the short-term goal of 10% STF efficiency with 100 days of stability and the 

long-term goal of realizing 15% STF efficiency with 500 days durability.  
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