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Abstract: A thin film heterojunction photocathode is fabricated by depositing n-type amorphous titanium 

dioxide (TiO2) onto p-type/intrinsic hydrogenated amorphous silicon carbide (a-SiC). Using this 

configuration, the photovoltage of the photocathode increases from 0.5 V to 0.8 V under open  circuit 

conditions, indicating the change in band-edge energetics from the semiconductor-liquid junction to the 

isolated solid p-i-n junction. The p-i-n structure produces an internal electric field that increases the 

operating photovoltage, and subsequently improves the drift mechanism of photogenerated charge carriers 

across the intrinsic layer. The enhancement of the photovoltage leads to a very positive photocurrent onset 

potential of +0.8 V vs. RHE and exhibits a photocurrent density of 8.3 mA cm−2 at 0 V vs. RHE with only 

a 100 nm absorber layer. The a-SiC photocathode with a front surface field amorphous TiO2 layer shows a 

high stability for 12 hours of operation under photocatalytic conditions. This high performance, very thin, 

and earth-abundant photocathode is very promising for integration with smaller band gap solar absorbers 

to form a multijunction system for highly efficient bias-free solar water splitting devices. 

Introduction 

Photoelectrochemical (PEC) water splitting has the potential to 

be a large-scale, sustainable, and efficient route to produce 

solar fuels (e.g., hydrogen) by harnessing and storing the power 

of the sun. One of the most attractive features of this 

technology is that the light absorbing materials can be directly 

integrated with catalysts to produce a monolithic device, 

thereby making it more simple and cost-effective than using 

separate photovoltaic (PV) cells and electrolyzers1,2. In order to 

make this approach competitive with conventional hydrogen 

production from fossil fuels, i.e., steam-methane reforming, the 

materials for PEC water splitting need to be made from cheap 

earth-abundant elements using a low-cost and scalable 

processing technique. 

 In recent years, major efforts have focused on single-

crystalline silicon (c-Si) based photocathodes3–10, due to the 

natural abundance of Si, its excellent light absorbing and 

electronic properties and its low-cost and high throughput 

processing. While these photocathodes show a notably high 

photocurrent density, a practical device realization with c-Si 

remains a challenge due to the inability of the narrow band gap 

of c-Si (i.e., 1.1 eV) to meet the thermodynamic requirements 

to split water (1.23 V)11, plus the necessary overpotentials to 

drive the reaction12 (> 0.8 V).  A more attractive and realistic 

approach to overcome these large potentials is to create a 

tandem device that contains more than one light absorbing 

material, which has several benefits such as increased spectral 

utilization, higher operating voltage, and more flexibility with 

respect to the band edge positions relative to the water splitting 

redox potentials13–16. Thin film fabrication techniques such as 

plasma enhanced chemical vapor deposition (PECVD) have the 

necessary versatility to control the optoelectronic properties of 

Si and allow for multi-junction devices to be deposited in 

succession to form homo- and heterojunction films.  Therefore, 

developing thin-film-silicon-based tandem structures with an 

operating voltage of at least 1.9 V is one of the most attractive 

and promising approaches to achieve a low-cost bias-free solar 

water-splitting device. 

 Hydrogenated amorphous silicon carbide (a-SiC) 

photocathodes have received a growing interest due to their 

earth abundant composition, their simple and scalable thin film 

deposition technique, and their relative high stability in a mildly 

acidic environment under cathodic bias conditions17–22. 

Moreover, a-SiC has a tunable band gap energy between 1.8 – 

2.1 eV23, which allows the integration of multi-junction PV 

cells with smaller band gaps (i.e., 1.1 – 1.8 eV) to form tandem 

light absorbers for maximum spectral utilization. In our 

previous work, we have integrated a-SiC photocathodes with 

thin-film silicon PV junctions (e.g., a-SiC/a-Si/nc-Si) to provide 

Page 1 of 9 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

an additional photovoltage (Vph), resulting in a significant 

anodic shift of the photocurrent onset potential (Vonset)
24. 

However, low charge carrier collection and slow reaction 

kinetics at the a-SiC/electrolyte interface limits the overall 

performance of such triple-junction systems to well below their 

theoretical limit. The former problem is mainly associated with 

the a-SiC band edge pinning at the semiconductor-liquid 

junction (SLJ) and the latter is primarily due to the poor 

catalytic activity of the photoelectrode for hydrogen evolution.  

 We herein demonstrate the use of a thin (25 nm) n-type (n) 

amorphous titanium dioxide (TiO2) layer grown by atomic layer 

deposition (ALD) on a p-type/intrinsic (p/i) a-SiC photocathode 

(110 nm), to create a hetero p-i-n junction. This buried junction 

significantly increases the Vph under photocatalytic conditions 

which leads to an efficient carrier collection for the water-

reduction reaction. This p-i-n configuration also produces the 

largest reported Vph for a-SiC photocathodes, which is mainly 

due to the improved interfacial electron energetics at the 

solid/liquid interface. Finally, we place an earth abundant (Ni-

Mo) hydrogen evolution catalyst (HEC) on the p-i-n 

heterojunction photocathode, and report a significant shift in 

the Vonset while obtaining 8.3 mA cm−2 at 0V vs. RHE under 

AM 1.5 illumination. 

Experimental Section 

Fabrication of a-SiC photocathodes 

The a-SiC photocathodes were deposited onto Asahi VU-type 

substrates using a radio frequency plasma enhanced chemical 

vapor deposition (RF-PECVD) multi-chamber tool. The 

substrate was kept at 170 °C during the deposition. The 

ultrathin boron doped hydrogenated amorphous silicon carbide 

(a-SiC(B)) was used as the p-type layer (10 nm), decomposed 

from SiH4, CH4 and B2H6 diluted H2 gas flow under controlled 

pressure. The thin intrinsic layer (100 nm) was deposited in a 

separate chamber to avoid cross-contamination. A H2 treatment 

in a low RF power density is followed in the same chamber in 

order to passivate the p-i interface. After the (p/i) a-SiC thin 

films were synthesized, a stripe of 300 nm Al was coated on the 

pre-covered region of the sample as the metal contact using a 

Provac electron beam evaporator in rotation mode. As the final 

step, electrical contact was made using a silver wire and 

graphite paste. 

Atomic layer deposition of TiO2 

Ultrathin amorphous TiO2 layers (25 nm) were deposited onto 

the a-SiC film using a homemade thermal atomic layer 

deposition (ALD) system. No special treatment was done to 

pre-clean the a-SiC surface before the TiO2 deposition. The 

TiO2 ALD was carried out at a substrate temperature of 150 °C 

using tetrakis(dimethylamino)titanium, TDMAT and H2O (TH2O 

= 25 °C) as the Ti and O precursors, respectively. The pulsing 

times are 5 s and 10 ms for Ti and O precursors, respectively. 

Each precursor was purged for 30 seconds after pulse. The 

growth rate per cycles measured by ellipsometry was 0.8 

Å/cycle. In selected experiments, TiO2 films were deposited at 

different temperatures of 120, 150, 170 and 200 °C. 

Co-catalyst depositions 

The Ni-Mo catalyst was deposited by electrodeposition as 

described previously in other report10, only nickel sulfate was 

used instead of nickel sulfamate. The electrodeposition bath 

consists of 1.3 M Ni2SO4, 0.5 M H3BO3, and Na2MoO4. No pH 

adjustment was carried out. The electrodeposition of Ni-Mo 

catalyst on the photocathodes were performed potentiostatically 

at -1.5 V vs. Ag/AgCl for the (p/i) a-SiC and at -1.1 V vs. 

Ag/AgCl for the (p/i) a-SiC/(n) TiO2 until 500 mC/cm2 of 

charge has passed. During the deposition, the electrodes were 

shone with the standard AM1.5 illumination (100 mA cm−2) 

using a Newport Sol3A Class AAA solar simulator (type 

94023A-SR3) with 450 Watt xenon short arc lamp. Finally, the 

electrodes were rinsed with milli-Q water before the 

photoelectrochemical measurements. Pt catalysts were sputter 

deposited in a PREVAC sputter machine using radio frequency 

(RF) power at 100 W from a pure Pt target for 18 s, resulting in 

approximately 1 nm thick Pt islands. 

Photoelectrochemical measurements 

The a-SiC photocathodes were photoelectrochemically tested 

using a potentiostat (EG&G PAR 283) in a three-electrode 

system, where the a-SiC photocathode with an exposed surface 

area of 0.283 cm2 acts as the working electrode, a coiled 

platinum wire sealed by a fritted-glass tube as the counter 

electrode and an Ag/AgCl electrode (XR300, saturated KCl and 

AgCl solution, Radiometer Analytical) as the reference 

electrode. The electrolyte used was an aqueous 0.5 M 

potassium hydrogen phthalate (Alfa Aesar, 99.99%) solution 

(pH 4). Linear sweep voltammetry measurements were done at 

a scan rate of 50 mV/s with 25 mV incremental steps. 

Photocurrent measurements were performed under simulated 

AM1.5 solar irradiation (100 mW cm-2) using a Newport Sol3A 

Class AAA solar simulator (type 94023A-SR3) with a 450 Watt 

xenon short arc lamp. During the measurements, the electrolyte 

was continuously stirred using a magnetic stirrer and was 

constantly purged with a mixture of Ar/H2 (95/5) to remove 

oxygen from the solution and to fix the H+/H2 Nernst potential. 

All current-potential curves were presented as measured 

without correction. Monochromatic photocurrent measurements 

were performed with a 200 W quartz tungsten-halogen lamp 

coupled with a grating monochromator (Acton SpectraPro 

150i). The illumination intensities of the tungsten-halogen lamp 

were measured using a calibrated photodiode (Ophir PD300-

UV). An electronic shutter (Uniblitz LS6) was used, and a long-

pass glass filter (Schott) was placed between the 

monochromator and the sample to remove the second-order 

diffracted light. The shutter was actuated every 10 seconds, and 

the photocurrent was taken as the difference between the 

current when the shutter opened and closed (3 seconds 

integration time). 

Electrochemical impedance spectroscopy 
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Electrochemical impedance spectroscopy (EIS) measurements 

were separately performed on the (p/i) a-SiC electrodes and the 

amorphous (n) TiO2 film in the same electrolyte solutions as for 

the photoelectrochemical testing using potentiostat PARSTAT 

4000. The frequency measurement range for all samples was 10 

kHz to 1 Hz at a DC potential amplitude of 10 mV. The Mott-

Schottky measurements were performed at a fixed frequency of  

5 kHz for (p/i) a-SiC and 500 Hz for (n) TiO2. The potential 

was scanned anodically from 0.75 to 0.9 V vs. RHE for a-SiC 

and cathodically from 0.5 to 0 V vs. RHE for TiO2. 

Results and discussion 

a-SiC photocathodes 

The (p/i) a-SiC liquid junction photocathode consists of a p-

type layer and an intrinsic layer. The diffusion length of the 

minority carriers in the p-type a-SiC is very short, due to the 

fact that the defect density in the doped layer is up to three 

orders of magnitude higher than in the intrinsic layer25. 

Therefore, for our a-SiC photoacathode, the p-type layer is 

designed to be very thin (~10 nm). The main absorber layer of 

the a-SiC photocathode is the intrinsic (undoped) layer (~100 

nm) that is deposited on top of the p-type layer. The p-type 

layer and the electrolyte set up an internal electric field across 

the intrinsic layer. Upon illumination, this built-in electric field 

separates the photogenerated electron-hole pairs and the 

electrons drift towards the liquid while the holes drift towards 

the p-type layer. A p-i-n heterojunction photocathode is 

fabricated by depositing a thin n-type TiO2 layer (25 nm) onto 

the (p/i) a-SiC. In this configuration, the electric field across the 

 
Figure 1 (a) Schematic structure of the (p/i) a-SiC/(n) TiO2 photocathode and (b) 

the cross-sectional SEM image. 

intrinsic layer is established by the opposing doped layers, i.e., 

the (p) a-SiC and the (n) TiO2. Under illumination, the 

photogenerated holes drift to the p-type layer and are collected 

by the back contact (Flourine-doped Tin Oxide or FTO), and 

the photogenerated electrons drift to the n-type layer and are 

transferred to the electrolyte. A schematic representation and 

the cross-sectional scanning electron microscope (SEM) image 

of the (p/i) a-SiC/(n) TiO2 photocathode are shown in Figure 1a 

and b, respectively. 

Open-circuit voltage measurements 

The PEC performance of a-SiC photocathodes is often limited 

by the relatively low Vph of the p-i-liquid junction. The low Vph 

of the (p/i) a-SiC originates from the non-ideal band edge 

positions that are not sufficiently positive relative to the Fermi 

level pinning at the solid/liquid interface. To eliminate the 

dependence of the built-in Vph on the semiconductor-liquid 

junctions, we introduce a front surface field layer, i.e., an n-

type layer, which forms a solid rectifying junction with the (p/i) 

a-SiC. The p-type and the n-type layer confines the internal 

electric field across the intrinsic layer that results in a constant 

Vph that is independent of the thermodynamic and kinetic 

properties of the semiconductor-liquid junction. This is an 

almost identical concept as that of the p-n junction 

photocathodes which have been described previously in many 

reports26,27. TiO2 is a well-known n-type material for PEC water 

splitting and has a high resistance against photo-induced 

corrosion in aqueous solutions. For this reason, it has been 

widely used as a protecting layer for unstable 

photoelectrodes28–35. TiO2 has also been used in conjunction 

with p-type photocathodes, such as c-Si36, Cu2O
37,38 and GaP39, 

to form a heterojunction and provide a sufficient internal 

electric field for photogenerated charge separation. Inspired by 

this concept, we introduced a thin n-type TiO2 layer to our (p/i) 

a-SiC to establish a p-i-n heterojunction photocathode. 

 Figure 2 shows the change in open-circuit voltage (OCV) in 

the dark and under illumination conditions, i.e., the Vph of the 

(p/i) a-SiC and the (p/i) a-SiC/(n) TiO2 heterojunction 

 

 
Figure 2 The change in OCV of (p/i) a-SiC photocathodes with (green) and 

without the (n) TiO2 layer (blue). The change in OCV in the dark and under 

illumination represents the Vph. 
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photocathodes. In the dark, both photocathodes show an OCV 

of ~+0.5 V vs. RHE, indicating the same equilibrium potential 

of both photocathodes in the electrolyte solution. Upon 

illumination, the OCV of the (p/i) a-SiC and the (p/i) a-SiC/(n) 

TiO2 drop to ~+1 V and ~+1.3 V vs. RHE, respectively. These 

changes in OCV in the dark and under illumination demonstrate 

the Vph of the photocathodes under open-circuit conditions. 

 To illustrate the interfacial band-edge energetics of the (p/i) 

a-SiC and the (p/i) a-SiC/(n) TiO2 photocathodes under open-

circuit conditions, the energy band diagrams of the 

corresponding photocathodes are shown in Figure 3. Before 

equilibrium in the dark, the conduction and valence bands of 

the p-type and the intrinsic a-SiC are flat (not shown in the 

figure) and the valence band edge is positioned at +1 V vs. 

RHE, corresponding to its flat band potential (Vfb), as estimated 

using a Mott-Schottky relationship (ESI, Figure S1). When 

equilibrium is reached, the Fermi level of the p-type and the 

intrinsic layers align with the surface electronic state of a-SiC. 

The existence of surface states originates from the hydroxyl 

group termination on the oxidized a-SiC surface, that forms an 

electronic state that is typically situated within the band gap40–

44. The Fermi level alignment between the p-type layer and the 

surface state causes a potential difference, i.e., a built-in 

potential (Vbi), across the intrinsic layer, as shown in Figure 3a. 

In the semiconductor-liquid junction system (e.g., p-i-liquid 

junction), the Vbi is essentially determined by the difference 

between the valence band edge and the surface state energy 

level, and sets an upper limit of the maximum achievable Vph. 

The Fermi level pinning at the surface state is positioned at 

+0.5 V vs. RHE, as observed by the OCV measurement in the 

dark. Upon illumination, the quasi-Fermi levels of the 

photogenerated electrons and holes split across the intrinsic 

layer, giving rise to a Vph, as illustrated in Figure 3b. For the 

(p/i) a-SiC photocathode, the OCV drops down to +1 V vs. 

RHE under illumination, which translates to a Vph of 0.5 V. 

Assuming that the band edges are pinned at the interface, this 

reduces the degree of the band bending of a-SiC, which in turn 

lead to a nearly flat band condition. 

 When a thin (n) TiO2 film is added onto the (p/i) a-SiC, an 

isolated solid p-i-n junction is created and a new equilibrium is 

established. The Fermi level of the p-type layer comes into 

thermal equilibrium with the n-type layer and an internal 

electric field arises across the intrinsic layer, as shown in Figure 

3c. In this solid-state configuration, the Vbi no longer depends 

on the surface state potential, but primarily on the dopant level 

of the p-type and the n-type layers. The dopant level of the (p) 

a-SiC can be varied by controlling the boron concentration 

during the deposition, and the dopant level of the (n) TiO2 layer 

can be tuned during deposition by vacuum in-situ annealing, or 

post-deposition annealing29,45. At the solid/liquid interface, the 

Fermi level of the (n) TiO2 equilibrates with the surface state at 

+0.5 V vs. RHE, which is coincidentally the same surface state 

energy found previously for the (i) a-SiC. This value is 

consistent with a study that has been reported previously on 

TiO2 grown by ALD46. The conduction band edge of TiO2 at 

−0.1 V vs. RHE is estimated from the Vfb using the Mott-

Schottky analysis with an assumption that the band edges are 

pinned at the solid/liquid interface. Under illumination, the 

OCV decreases from +0.5 V to +1.3 V vs. RHE and a Vph of 0.8 

V arises. The change of Vph from 0.5 V (for the (p/i) a-SiC) to 

0.8 V (for the (p/i) a-SiC/(n) TiO2) clearly indicates the change 

in band-edge energetics from a p-i-liquid junction to an isolated 

p-i-n junction. 

Photoelectrochemical characterization 

To evaluate the PEC performance of each photocathode 

configuration, the current-potential (j-V) measurements were 

performed under simulated Air Mass (AM) 1.5 illumination in a 

three-electrode system using a potassium hydrogen phthalate

Figure 3. The energy band diagram of the (p/i) a-SiC photocathode under open circuit condition: a) in the dark, b) under illumination, and the (p/i) a-SiC/(n) TiO2 

photocathode: c) in the dark, d) under illumination. The band edges are assumed to be pinned at the solid/liquid interface and are estimated using the Mott-Schottky 

analysis.  
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electrolyte at pH 4. As shown in Figure 4, the bare (p/i) a-SiC 

photocathode demonstrates a very poor Vonset at +0.2 V vs. RHE 

with a negligible photocurrent density (0.15 mA cm−2) at the 

standard H+/H2 reduction potential of 0 V vs. RHE. The 

photocurrent does not increase immediately at the Vonset, 

indicating the slow reaction kinetics on the semiconductor 

surface of the uncatalyzed photocathode. When a nickel 

molybdenum (Ni-Mo) hydrogen evolution co-catalyst is added, 

the Vonset anodically shifts to +0.3 V vs. RHE and the 

photocurrent density increases to 2.8 mA cm−2 at 0 V vs. RHE 

(shown in the green curve). Assuming a negligible 

overpotential of Ni-Mo for the hydrogen evolution reaction, the 

potential difference between the Vfb of a-SiC and the Vonset 

reflects the minimum thermodynamic potential requirement of 

the (p/i) a-SiC photocathode to effectively separate 

photogenerated electrons and holes from each other and 

therefore to produce photocurrent. 

 The influence of (n) TiO2 on the PEC performance of the 

(p/i) a-SiC photocathode can also be clearly seen in the j-V 

curves in Figure 4. While having sufficiently larger Vph, the 

Vonset of the (p/i) a-SiC/(n)TiO2 remains at +0.2 V vs. RHE as 

that the standard (p/i) a-SiC photocathode. The constant Vonset 

with and without TiO2 can be attributed to the poor catalytic 

activity of TiO2 surface for the hydrogen evolution reaction in 

an acidic environment. By adding a Ni-Mo co-catalyst onto the 

(p/i) a-SiC/(n) TiO2 photocathode, the Vonset significantly shifts 

to +0.8 V vs. RHE and the photocurrent density drastically 

increases to 8.3 mA cm−2 at 0 V vs. RHE. Alternatively, when 

Pt is used as the co-catalyst, the photocurrent density is slightly 

higher (8.7 mA cm−2) at 0 V vs. RHE without any notable shift 

of Vonset, thus suggesting a comparable catalytic activity of the 

earth-abundant Ni-Mo catalyst to the precious metal Pt for the 

hydrogen evolution reaction. 

 
Figure 4 The j-V characteristics of the (p/i) a-SiC (black line) and the isolated (p/i) 

a-SiC/(n) TiO2 photocathodes without catalyst (purple line) and with Ni-Mo 

catalyst (blue line) under the simulated AM1.5 illumination using 0.5 M 

potassium hydrogen phthalate electrolyte solution at pH 4. For comparison, the 

Pt catalyzed (p/i) a-SiC/(n) TiO2 is also shown (red dash line).  

Mott-Schottky analysis  

The flat band potential of TiO2 is estimated from the Mott-

Schottky plot in Figure 5 using EIS. The intersection between 

the extrapolated linear line and the x-axis represents the Vfb, 

which is approximately −0.11 V vs. RHE. The donor density 

(ND) of TiO2 can be determined using Mott-Schottky 

relationship in Equation (1)47: 

fb2

0 r D

1 2 kT
V V

C N e 

 
   

 
 (1) 

where C is the capacitance density, e is the elementary charge, 

ε0 is the permittivity in vacuum, εr is the relative permittivity of 

TiO2 (75)48, k is Boltzmann’s constant and T the temperature 

(298 K). The exposed are of the photocathode in this 

experiment was 0.28 cm2. The donor density of ALD TiO2 

deposited at 150 °C is 1.56 × 1020 cm−3. The position of the 

Fermi level (EF) relative to the conduction band (ECB) is 

approximated using the relationship in Equation (2) and (3): 

 C
CB F

D

ln
NkT

E E
e N

 
   

 
  (2) 
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*

C 2

2
2 em kT

N
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where h is Plank’s constant, me* is the effective mass of the 

electron, and NC is the effective density of states in the 

conduction band. In this equation, NC is calculated using the 

assumption that the me* of amorphous TiO2 is the same as that 

the anatase TiO2 (10 m0)
49. These relationships suggest that the 

Fermi level is positioned 41.44 mV below the conduction band.  

 
Figure 5 Mott-Schottky plot of TiO2 film deposited on FTO at 150 °C measured 

using the electrochemical impedance spectroscopy at a frequency of 500 Hz. The 

intersection of the extrapolated linear line with the x-axis represents the Vfb. The 

measurement was performed using the same electrolyte as that for 

photoelectrochemical measurement (0.5 M potassium hydrogen phthalate at pH 

4) 

 To further understand the origin of the Vonset, energy band 

diagrams of the illuminated (p/i) a-SiC/(n) TiO2 photocathodes 

are illustrated in more detail in Figure 6. It is important to note 

that the Ni-Mo co-catalyst we deposited on the photocathode 

surface is in the form of nanoparticle (ESI, Figure S11) and the 
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1 nm thick Pt catalyst is in the form of metal island50. Thus the 

front TiO2 layer is still in contact with water and forming a 

semiconductor-liquid junction, which is represented by the 

band bending of TiO2 near the interface. As shown previously 

in Figure 4, the Vonset of the (p/i) a-SiC/(n) TiO2 photocathode 

with either Ni-Mo or the Pt co-catalyst is +0.8 V vs. RHE, 

which is more negative than the OCV under illumination (+1.3 

V vs. RHE). The absence of Vonset under open circuit conditions 

and illumination can be explained by the interfacial energetics 

of electrons relative to the H+/H2 redox energy level as shown 

in Figure 6a. At an applied potential of +1.3 V vs. RHE, the Vph 

sets the conduction band of the (n) TiO2 slightly more negative 

than the quasi-Fermi level of the photogenerated electrons 

(+0.5 V vs. RHE). Due to the large difference of energy levels 

between the conduction band of the (n) TiO2 and the H+/H2 

reduction potential, the electrons do not have sufficient energy 

to overcome the high energy barrier, and as a result they 

recombine before getting injected to the electrolyte. It is worth 

emphasizing that isolating the solid-state junction from the 

electrolyte leads to an internal electric field confinement that is 

independent on the applied external bias26,27. This implies that 

the Vph of our p-i-n junction photocathode remains constant at 

any applied potential. When the potential is cathodically 

increased to +0.8 V vs. RHE, the Vph sets the conduction band 

of the (n) TiO2 more negative than the H+/H2 reduction 

potential, thereby allowing the electrons to transfer, or tunnel 

through the depletion layer barrier to the electrolyte (Figure 

6b). This reasoning clearly explains the Vonset of +0.8 V vs. 

RHE for these experimental conditions. 

 To understand the electron transfer mechanism from the 

conduction band to the electrolyte, it is vitally important to 

approximate the depletion layer width (WD) of TiO2. This can 

be calculated using the data obtained from the Mott-Schottky 

results using Equation (4): 

 
1 2

0 r
D fb

D

2 kT
W V V

eN e

   
    

  
  (4) 

From Equation (4), it is clear that the width of the depletion 

region is a function of the applied potential (V). Therefore, 

increasing the potential towards the Vfb will shorten the 

depletion layer width. Although a potential barrier still exists 

due to conduction band-edge pinning at −0.1 V vs. RHE, 

electrons are still likely to be able to transfer from the 

conduction band to the electrolyte. This is due to the fact that 

when the electron quasi-Fermi level of TiO2 is positioned at 0 

V vs. RHE, the depletion region width of the amorphous TiO2 

becomes sufficiently small (2 nm) so that the electrons can still 

tunnel through this small barrier. Seger et. al. reported that  

TiO2 with a depletion layer width of a few nanometers and 

sufficiently negative Vfb still allowed electrons to tunnel at 

oxidative potentials45. This likely means that the width of the 

depletion layer barrier played a more crucial role than the 

height of the potential barrier in determining electron 

tunnelling. 

Photoresponse characterization  

The photoelectrochemical performance of the a-SiC 

photocathodes were further characterized by measuring the 

incident-photon-to-current efficiency (IPCE) at an applied 

potential of 0 V vs. RHE, as shown in Figure 7. The low IPCE 

in the ultraviolet (UV) region accounts for the parasitic 

absorption by the FTO and the p-type layer that does not 

contribute to photocurrent generation, while the decline of 

IPCE in the near-infrared (NIR) region corresponds to the band 

gap limitation of the a-SiC. It is important to note that the band 

gap of a-SiC used in this study is ~2.0 eV (ESI, Figure S3), 

corresponding to an absorption edge at 620 nm. The extended

 
Figure 6 Energy band diagram of the (p/i) a-SiC/(n) TiO2 photocathode (a) at an applied potential +1.3 V vs. RHE, corresponding to the OCV under illumination, and (b) 

under bias at +0.8 V vs. RHE, corresponding to the Vonset. The catalysts (Ni-Mo or Pt) are not shown in the figure since TiO2 still interact with electrolyte, and therefore 

they do not influence the band-edge energetics. 
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spectral response up to 700 nm is ascribed to absorption due to 

transitions between band tail states whose energy distributions 

are increased with carbon incorporation51. In addition, light 

scattering by the rough surface of the textured FTO substrate 

(Asahi VU-type) increases the optical path length and hence 

enhances the light absorption, particularly the weakly absorbed 

light at long wavelengths. The predicted solar photocurrent 

using the American Society for Testing and Materials AM1.5 

global (ASTM AM1.5G) spectrum52 of the Ni-Mo catalyzed 

(p/i) a-SiC photocathode reveals a value of 2.9 mA cm−2 

(details are provided in ESI, Figure S4), which is almost 

consistent to the photocurrent previously shown in Figure 4 

(i.e., 2.8 mA cm−2). This minor deviation is primarily due to the 

mismatch of spectral irradiance between our solar simulator and 

the ASTM AM1.5G (ESI, Figure S5). Throughout the entire 

spectrum, the Ni-Mo catalyzed (p/i) a-SiC/(n) TiO2 

photocathode demonstrates a much higher IPCE than the 

standard (p/i) a-SiC photocathode and yields a quantum 

efficiency peak of 63% at 460 nm. Using the ASTM AM1.5 G 

spectrum, the predicted solar photocurrent shows nearly 

absolute agreement of 8.5 mA cm−2 with the photocurrent 

measured by our solar simulator (i.e., 8.3 mA cm−2). 

 
Figure 7 The IPCE of the standard (p/i) a-SiC and the (p/i) a-SiC/(n) TiO2 

photocathodes with Ni-Mo catalysts measured at 0 V vs. RHE. The shaded areas 

under the curves shown in the inset are the converted photon fluxes and are 

derived from the multiplication of IPCE of both photocathodes and the photon 

flux of the ASTM AM1.5G spectrum. The predicted solar photocurrents of both 

photocathodes shown in the inset are calculated by integrating the product of 

IPCE and the spectral irradiance of the ASTM AM1.5G over the spectrum. 

Stability measurement  

The stability of both Ni-Mo catalyzed (p/i) a-SiC and the (p/i) 

a-SiC/(n) TiO2 photocathodes were evaluated for 12 hours of 

operation at an applied potential of 0 V vs. RHE, and are shown 

in Figure 8. Without TiO2 the photocurrent of the (p/i) a-SiC 

photocathode drastically dropped to only 20% of its initial 

value. The decay of photocurrent is most likely associated with 

the detachment of the Ni-Mo catalyst due to its poor adhesion 

on the a-SiC surface that causes a decrease of catalytic activity. 

When the Ni-Mo was redeposited, the photocurrent could be 

restored as its initial value without any change in the Vonset (ESI, 

Figure S6).  

 The Ni-Mo coated (p/i) a-SiC/(n) TiO2 shows a high 

stability without noticeable degradation of photocurrent during 

a 12 hour measurement at an applied potential of 0 V vs. RHE, 

as shown in Figure 8. The increase of the photocurrent within 

the first two hours may be ascribed to TiO2 surface etching 

under cathodic conditions. It is worth to mention that applying 

a potential bias at 0 V vs. RHE will pin the conduction band of 

TiO2 approximately 0.8 V more negative than the Vfb, which 

subsequently leads to a strong band bending of TiO2 near the 

interface. Several studies have shown that the application of a 

bias at potentials more reductive than the Vfb can lead to 

electron accumulation at the TiO2 surface that can promote the 

proton-assisted reduction process of Ti4+ to Ti3+, which is 

usually accompanied with an insignificant rate of hydrogen 

evolution28,53. Thus the observed photocurrent may 

predominantly correspond to the reduction of titania film rather 

than water. However, it can be argued that a fast electron 

transfer from the semiconductor to electrolyte by the 

application of an efficient hydrogen evolution co-catalyst will 

prevent the detrimental effect of electron trapping at the TiO2 

surface54. The Ni-Mo catalyst exhibits a similar catalytic 

activity to Pt with no substantial difference in the photocurrent 

density and the Vonset, as previously evidenced by the j-V curves 

of the catalyzed (p/i) a-SiC/(n) TiO2 photocathodes in Figure 4. 

Hence, the observed photocurrent within the 12 hour 

measurement can be assigned to hydrogen generation with 

Faradaic efficiency of nearly 100%. Although the experiment 

was not continued further, the 12 hour stability measurement 

demonstrates the beneficial properties of TiO2, not only as an n-

type front surface field layer, but also as an adhesive layer for 

co-catalysts and an interfacial protecting layer against corrosion 

in aqueous solutions under cathodic conditions. Many reports 

have shown that TiO2 and Ni-Mo catalysts are highly stable in 

acidic and alkaline media within the course of days and even 

months28–39. 

 
Figure 8 The chronoamperometry measurement of the Ni-Mo coated (p/i) a-SiC 

and (p/i) a-SiC/(n) TiO2 photocathodes for 12 hours under the simulated AM1.5 

illumination. During the measurement, the potential was held at 0 V vs. RHE. All 

samples were measured in 0.5 M potassium hydrogen phthalate electrolyte 

solution at pH 4. 

Page 7 of 9 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 While showing a notable photocurrent density of 8.3 mA 

cm−2 at the H+/H2 reduction potential, the Vonset of +0.8 V vs. 

RHE, however, still does not satisfy the thermodynamic 

potential requirement potential for water splitting. Nevertheless, 

considering the absorption edge of 700 nm and the total 

thickness of our (p/i) a-SiC/(n) TiO2/Ni-Mo photocathode 

which is approximately only 150 nm, this opens up the 

possibility to use a second (or third) absorber material for the 

utilization of longer wavelength light in a tandem photocathode 

configuration or in a dual photoelectrode system (e.g., 

photocathode and photoanode) to provide additional Vph. To 

give an illustration, assuming there is no limitation on the 

photocurrent due to light shading and series connection of 

multi-junction system, the integration with a micromorph (a-

Si/nc-Si) PV will give an extra ~+1.2 V to the initial Vonset
24. 

Additionally, by using an efficient oxygen evolution catalyst as 

the counter electrode, a benchmark of 10% solar-to-hydrogen 

(STH) efficiency PEC water-splitting device can be achieved 

using thin film Si-based photoelectrodes. 

Conclusion 

In summary we have investigated the change in the interfacial 

energetics of the semiconductor-liquid junction belonging to a 

(p/i) a-SiC photocathode by adding a thin (n) TiO2 layer to 

form a hetero p-i-n junction. The Vonset of the catalyzed (p/i) a-

SiC/(n) TiO2 photocathode anodically shifts from +0.3 V to 

+0.8 V vs. RHE. The (p/i) a-SiC/TiO2 shows a photocurrent 

density of 8.3 mA cm−2 with a Ni-Mo catalyst and 8.7 mA cm−2 

with a Pt catalyst, which is markedly higher than the initial (p/i) 

a-SiC (0.15 mA cm−2) at the standard H+/H2 reduction potential. 

Using Mott-Schottky analysis, the conduction band edge 

position and the electronic properties of the (n) TiO2 can be 

estimated, which helps to verify the electron transfer 

mechanism through the conduction band. The spectral response 

reveals a dramatic increase throughout the spectrum upon the 

addition of the (n) TiO2 onto the (p/i) a-SiC, indicating a higher 

conversion of light to photocurrent within the same spectral 

range. We finally showed that the 25 nm thick ALD TiO2 

coupled with a Ni-Mo catalyst was stable and able to maintain 

the durability of the a-SiC photocathode, as suggested by the 12 

hours stability measurement under PEC operating conditions. 

This experimental study also suggests that TiO2 can be used as 

the n-type layer for heterojunction thin-film-Si-based 

photoelectrodes.  
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