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Numerical modeling investigations of the impact
of a thin p-type cocatalyst modifier on an n-type
photon absorber for unbiased overall solar water
splitting†

HanHsuan Huang, Kesiuke Obata, Fuminao Kishimoto and
Kazuhiro Takanabe *

Surface modifications of semiconductor photoelectrodes are often introduced to enhance charge

separation and reaction kinetics during solar-driven water splitting. Examples include the formation

of n–n heterojunctions and the deposition of electrocatalyst layers. The internal electric field in a p–n

junction is expected to be stronger than that in an n–n junction, and several studies have used p-type

semiconducting electrocatalyst decoration to improve the overall performance of water splitting.

However, a design guideline for the p-type modification layer has not been clearly reported. Therefore,

we numerically investigated the impact of a thin p-type modification layer on the photoelectrochemical

performance of an n-type photoanode. The key parameters were varied in simulations, including the

band position, dopant densities, thickness of the p-type layer, and the dopant densities in the n-type

region. Our numerical simulations show that the depletion depths in the p-type modification layer and

n-type photon absorber are the key characteristics that need to be tuned, which is mainly achieved by

controlling the dopant densities. This work also discusses the critical distinction of a p–n heterojunction

compared to an n–n heterojunction photoanode.

Introduction

There are concerns about the depletion of fossil fuels, the
increase in global energy demands, and environmental pollution.
Therefore, recent research efforts have been dedicated to
exploring green and clean energy sources in order to develop
a sustainable society. Solar energy is the most abundant
and promising renewable energy resource available. However,
sunlight has problems related to seasonal and daily intermit-
tency and weather. As such, the conversion of solar energy into
a storable energy, such as chemical energy, is a goal for the
implementation of renewable energy sources.

Several methods are being developed to store the electricity
produced from photovoltaics, such as batteries, hydrogen
production by water electrolysis, etc. Hydrogen is one energy
carrier that can be easily stored, transferred, and used as a
feedstock for chemical processes. Among the various appro-
aches for solar energy conversion toward hydrogen, solar-driven

photoelectrochemical (PEC) water splitting is a promising method
to produce clean and sustainable hydrogen because of its simpli-
city and compactness.1–8 For commercial application, the present
impediment of this technology is reaching a sufficient value
(B10%) of solar-to-hydrogen (STH) energy conversion efficiency
in a scalable manner.9–12

PEC cells basically consist of either a semiconductor photo-
anode or photocathode, which is immersed in an electrolyte.
The oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER) take place on the anode and the cathode,
respectively, using the excited carriers under solar irradiation.
An appropriate band gap structure is the primary condition to
achieving overall unbiased water splitting. The conduction
band minimum (CBM) position needs to be more negative
than the hydrogen evolution potential, and the valence band
maximum (VBM) has to be more positive than the oxygen
evolution potential.

Although STH efficiency above 10% is predicted based on
the band gap,13,14 the measured efficiency is often limited due
to fast charge recombination, which is a detrimental process
in the photoelectrochemical reaction. In addition to the charge
separation, the sluggish kinetics of the OER is another challenge.
Electron transfer between the semiconductor and electrolyte
competes with the recombination of electrons and holes.
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Recombination occurs when the lifetime of the holes is shorter
than the charge transfer kinetics or when there is no driving
force to separate the charged carriers. Studies on the properties
of photoanode materials and improvement strategies are neces-
sary to prevent this charge recombination.

To overcome these limitations, the deposition of an OER
co-catalyst on a nano-structured n-type photon absorber is
frequently applied to extract the excited minority carriers and
move them toward the OER co-catalyst. Thin layers or islands
of catalysts are often applied to avoid parasitic light
absorption.15–17 There are catalysts which behave like metal,
such as IrOx and transition metal pnictide pre-catalysts.18 The
interfacial physics between a semiconductor and metallic
catalyst have been investigated.19,20 However, the conductivities
of commonly used transition metal (oxy)hydroxides are
reported to be 10�5–10�2 S cm�1,21,22 which is in the range of
a semiconductor. Constructing a heterojunction has been
proven to be an efficient and convenient method to enhance
the separation of excited carriers. For example, an n–n hetero-
junction can result in a built-in electric field at the interface,
which works as a driving force to promote charge separation.23

On the other hand, the built-in electric field is expected to be
stronger in a p–n junction because the Fermi levels in p- and
n-type semiconductors are located close to the valence and the
conduction bands, respectively. Therefore, fine tuning of the
p–n heterojunction could be an effective approach to separate
photo-generated carriers, which could enhance the photoelec-
trochemical activity. For example, Xie et al. deposited p-type
NiO nanoparticles that act as island-like OER catalysts on a Mo-
doped BiVO4 nanobelt photoanode, which improved the
separation of the photoexcited carriers through the formation
of a p–n heterojunction.24 Yi et al. fabricated p–n heterojunction
nanostructure arrays composed of p-type Co3O4 islands and n-
type Ti:Fe2O3 nanorods.25 This kind of island-like structure can
induce a unique effect on semiconductors like pinch-off.26–28

However, direct contact between semiconductors and aqueous
solutions may lead to deactivation due to self-photooxidation.
For example, a Ta3N5 photoanode with a uniform catalyst layer
was reported to show better stability compared to the one
with a non-uniform layer.29 However, a design guideline for
thin p-type modification layers has not been clearly reported yet.

Tantalum-based semiconductors such as TaON,30–36

Ta2O,37,38 and LaTaN2
39,40 can satisfy most of the requirements

of photocatalysts. Domen et al. introduced a new class of
nitride semiconductors and found that tantalum nitride
(Ta3N5) was the best candidate for PEC water oxidation that
satisfies the thermodynamic requirements.41–44 Moreover, its
band gap is 2.1 eV, which means it can absorb visible light over
a wide range up to approximately 600 nm, and it has a
theoretical current density of 12.4 mA cm�2.45 However, the
fast charge recombination is an obstacle that needs to be
overcome.

Although multiple strategies are reported to enhance the
photoelectrocatalytic performance of Ta3N5,46–51 the construc-
tion of a heterojunction would be the most effective way.52–54

For example, Ta3N5-based n–n heterojunctions have been

developed by many groups.48,55–57 Recently, our group reported
a guideline for the design of Ta3N5-based n–n heterojunctions.58

However, there is little research on Ta3N5-based p–n hetero-
junctions.59,60

This study investigates the numerical modeling of the
photoanodic performance of a p–n heterojunction. The hetero-
junction is composed of an n-type photon absorber and p-type
cocatalyst modification layer, which forms a Schottky junction
with the electrolyte. Ta3N5 was selected as a model n-type photon
absorber. We discuss several crucial parameters, including the
band position, dopant densities, and thickness of the p-type
modification layer to achieve zero-bias overall water splitting at
a high photocurrent density. The results were compared with
those of a previously established n–n heterojunction.

Models

Simulations were performed using COMSOL Multiphysics ver-
sion 5.5 with a finite element method (FEM) to evaluate the
band structures, charge density, and resulting current-potential
curve in the photoelectrochemical systems. The element size of
the physics control mesh feature was automatically set at a finer
level. Several equations were applied in the entire model for the
simulation, such as Poisson’s equation (eqn (1)):

r � rfð Þ ¼ � q

e0er
p� nþNþd �N�a
� �

(1)

where f, q, e0, er, Nd
+, and Na

� are the electrostatic potential,
electronic charge, electrical permittivity of free space, relative
dielectric permittivity, positive donor, and negative acceptor
densities in the semiconductor, respectively. The drift-diffusion
and continuity equations are shown below:

@n

@t
¼ 1

q
r � Jn þ GnðxÞ � RnðxÞ (2)

@p

@t
¼ 1

q
r � Jp þ GpðxÞ � RpðxÞ (3)

r�( Jn + Jp) = 0 (4)

Jn = qnmnE + mnkBTrn (5)

Jp = qpmpE + mpkBTrp (6)

where n and p are the electron and hole densities. Jn and Jp are
the total electron and hole current densities due to the electric
field E and the concentration gradient rn or rp. Gn,p(x)
and Rn,p(x) represent the generation and recombination or
annihilation rate of the electrons and holes at the depth x in
the n-type photon absorber, respectively. kB, T, and mn,p are
Boltzmann’s constant, the temperature, and the mobility of
charge carriers, respectively. Fermi–Dirac statistics were
applied for the calculations of the (quasi-) Fermi-energy level
of electrons and holes as well.
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A schematic of the p–n heterojunction applied in this study
is shown in Fig. 1. It is composed of a p-type semiconductor
modification layer and an n-type photon absorber. The thick-
ness of the p-type modification layer and the n-type photon
absorber are Lp (variable) and 500 nm, respectively. The inter-
face of the modification layer and electrolyte is assumed to be
Schottky contact, whereas the interface of the photon absorber
and metal back contact electrode (BCE) is set as the Ohmic
contact.

Incident light is introduced from the electrolyte and
absorbed in only the n-type photon absorber. The parasitic
light absorption in the modification layer is ignored. According
to the Lambert–Beer law, the following equation determines the
charge generation rate:

Gn(x) = Gp(x) = P0a exp(�ax) (7)

where P0 is the density of incident photon flux, and a is the
absorption coefficient.

In this model, Shockley–Read–Hall (SRH) recombination
that takes place via defect levels in the band gap was assumed
to occur in only the photon absorber. The defect level is
assumed to be located in the middle of the band gap. The
recombination rate is expressed by the following equations:

Rn xð Þ ¼ Rp xð Þ ¼
n xð Þp xð Þ � gngpn

2
i;eff

tpnðxÞ þ tnpðxÞ
(8)

ni;eff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
NCNV

p
exp � Eg

2kBT

� �
(9)

gn and gp are parameters that represent the degree of degen-
eracy of electrons and holes. Nc and Nv are the effective density
of states in the conduction band and valence band, respectively,
and Eg is the energy band gap.

In the simulation, the electrolyte was assumed to be metallic
with a constant Fermi level. Considering the common over-
potential during the OER (around 0.3 V at 10 mA cm�2),18 its
Fermi level was tentatively set to 1.53 V vs. reversible hydrogen

electrode (RHE). We believe that the assumption of the con-
stant overpotential is reasonable because our current density
range studied was below 10 mA cm�2 and because Tafel slopes
of these catalysts are often reported to be 40–80 mV dec�1,18

which is not huge in our comparisons.
At this Schottky contact between the metal and p-type

semiconductor, the electron and hole currents are determined
by the carriers that overcome this barrier due to their thermal
energy according to Fermi–Dirac distribution (i.e., thermionic
emission current). The following equations determine the
current flowing through the Schottky contact:

nn; p ¼
An; pT

2

qNC;V
(10)

An; p ¼
4pmn; pm0qkB

2

h3
(11)

J = Jp + Jn (12)

Jp = qnp(p � p0) (13)

Jn = �qnn(n � n0) (14)

where nn, p, An, p, and J are the velocity of carriers, Richardson
constant, and total current density, respectively. m0, mn, and mp

are the electron mass and effective mass ratio of electrons and
holes, respectively.

From the bulk neutral region toward the junction, a narrow
transition region appears. This region is called the space-
charge region or, in some cases, the depletion region to be
more specific, where electrons diffuse across the interface to
combine with holes. The built-in potential, Vbi, represents the
total of the electrostatic potential difference between the p- and
n-type neutral regions at thermal equilibrium, where cn and
|cp| are the electrostatic potential of the n- and p-type neutral
region, respectively. To estimate xp and xn, the width of the
depletion region in the p- and n-type regions respectively, the
following equations were considered:

Vbi = cn + |cp| (15)

xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2es
q

Nd

Na

1

Na þNd
Vbið Þ

s
(16)

xn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2es
q

Na

Nd

1

Na þNd
Vbið Þ

s
(17)

The light penetration depth in the n-type region, dn, is
calculated by:

dn ¼
1

a
(18)

Tables 1 and 2 show the parameters of n-type Ta3N5 and
those of the p-type modification layer, respectively. The varied
parameters are highlighted in bold. Physical constants are
shown in Table 3. In this study, we defined the onset potential
as the point where the current density reaches 0.05 mA cm�2.

Fig. 1 Geometric model and electronic structure of the p–n junction
photoanode composed of a p-type modification layer and an n-type
photon absorber. The interface at the p-type modification layer/electro-
lyte and the n-type photon absorber/back contact are assumed to be
Schottky and Ohmic contacts, respectively.
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Semi-log JV curves which were taken from Fig. 5a, as an example,
are shown in Fig. S1 (ESI†). Although the onset potential may shift
ca. 100 mV when the defined current density is changed by
one order of magnitude below 0.1 mA cm�2, these curves are
parallel, which means that the trend in the parametric study
should be independent to the definition of the onset potential
(below 0.1 mA cm�2).

Results and discussion

Fig. 2a shows the energy levels of separated layers, the electro-
lyte, the p-type modification layer, and the n-type photon
absorber. The parameters are Na = 1 � 1019 cm�3, c = 3.3 eV,
VBM2 = 2.26 VRHE, and Eg2 = 3.4 eV in the p-type layer, and Nd =
1 � 1019 cm�3, c = 4.1 eV, VBM2 = 1.76 VRHE, and Eg = 2.1 eV in
the n-type layer. After they make contact with each other
(Fig. 2b), due to the difference in the Fermi-level in the
contacting layers, the free electrons and holes will be trans-
ferred across two materials to recombine. This process results
in the formation of the depletion region and the electric field at
the interface due to the remaining donor and acceptor ions
until it reaches an equilibrium where the Fermi-level attains to
the same level. Downward and upward band bending from the
right-side semiconductor appear at the Schottky interface and

p–n junction, respectively. The bending value depends on the
difference between the valence band of the metal and the Fermi
level in the p-type layer, which is 0.6 VRHE, as well as the
difference from the n-type to the p-type layer, which is 2.4 VRHE

in this example. Based on the predicted opposite bending, we
performed a series of simulations to investigate the photoelec-
trochemical characteristics in the presence of the Schottky
contact and the p–n junction.

Effects of the valence band position in the p-type modification
layer

The valence band position in the p-type modification layer is
expected to play an important role of guiding the holes from the
bulk semiconductor to the electrolyte. The valence band posi-
tion was varied to investigate the resulting current-potential
curves and the band diagrams. The physical parameters of the
n-type photon absorber were set as shown in Table 1. The
valence band maximum of the p-type semiconducting modifi-
cation layer, VBM2, was varied from +1.46 to +2.86 VRHE, and
the other parameters were set constant, as shown in Table 2.

In Fig. 3a, the VBM2 is varied from +2.06 to +2.46 VRHE. The
current-potential curve changes significantly in this range,
which can be explained by the band diagrams. Fig. 3b sum-
marizes the photoanodic performance in response to VBM2.
When the value of VBM2 went beyond +2.46, a significant
transition of the onset potential was observed. The valence
band diagrams are shown in Fig. 3c. Obviously, both the
Schottky contact and p–n junction contribute to the present
heterojunction. The upward bending from the bulk semicon-
ductor to the interface developed by the p–n junction can
effectively suppress the excited carriers that recombine in the
photon absorber. A V-shape band structure also appears at the

Table 1 List of material parameters of n-type photon absorber applied in
the numerical simulations. These values were determined from the
reported values of Ta3N5 photoelectrodes.12,29,61–64 Parameters varied in
this study are shown in bold

Symbol Value Unit Description

CBM1 �0.34 V versus RHE (VRHE) Conduction band minimum
VBM1 +1.76 V versus RHE (VRHE) Valence band maximum
er 17 — Relative permittivity
Eg 2.1 eV Band gap
c 4.1 eV Electron affinity
Nv 1 � 1020 cm�3 Effective density of states in VB
Nc 1 � 1020 cm�3 Effective density of states in CB
mn 2 cm2 V�1 s�1 Electron mobility
mp 0.2 cm2 V�1 s�1 Hole mobility
Nd 1 � 1019 cm�3 Donor density
tn 2 � 10�9 s Electron lifetime
tp 2 � 10�9 s Hole lifetime
P0 9 � 1020 m�2 s�1 Photon flux
a 6 � 106 m�1 Absorption coefficient

Table 2 List of default parameters in the surface modification layer of p-type semiconductors applied in the numerical simulations. The parameters
varied in this study are shown in bold

Symbol Value Unit Description

Lp 25 nm Thickness of the modification layer
CBM2 �1.14 V versus RHE (VRHE) Conduction band minimum
VBM2 +2.26 V versus RHE (VRHE) Valence band maximum
er2 17 – Relative permittivity
Eg2 3.4 eV Band gap
c2 3.3 eV Electron affinity
Nv 1 � 1020 cm�3 Effective density of states in VB
Nc 1 � 1020 cm�3 Effective density of states in CB
mn2 2 cm2 V�1 s�1 Electron mobility
mp2 0.2 cm2 V�1 s�1 Hole mobility
Na 1 � 1019 cm�3 Acceptor density

Table 3 List of other physical constants and parameters

Symbol Value Unit Description

h 6.62 � 10�34 J s Planck constant
kB 1.3806 � 10�23 J K�1 Boltzmann constant
q 1.602 � 10�19 C Elementary charge
m0 9.1094 � 10�31 kg Electron mass
mn 1.9 Effective mass ratio of electron
mp 3.4 Effective mass ratio of hole
T 298 K Temperature in model
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heterointerface between the p-type and n-type layers. Its depth
strongly depends on VBM2.

The huge gap (40.6 eV) might have blocked the photo-
generated holes from transferring from the photon absorber to
the modification layer at the highest VBM2 of 2.46 VRHE. The
gap was smaller when reducing VBM2, which allowed accumu-
lated holes to pass through the interface. Overall, the relatively
low VBM2 (below 2.2 VRHE) is preferable for achieving unbiased
water splitting.

Remarkably, although VBM2 is more positive than VBM1
(1.76 VRHE), a clear photodiode characteristic was still obtained.
To develop the present p–n junction with the OER catalyst layer,
for example, the valence band position of NiOx is reported to be
1.0 VRHE,65 and Sun et al. successfully produced oxygen using p-
type NiOx as an OER catalyst on an n-Si photoanode.66 In the
present study, VBM2 was varied while CBM2 was maintained
which means that the band gap in the p-type layer changes. The
band gap in the p-type layer is 3.2–3.8 eV while that in the
n-type layer is 2.1 eV, which suggests that parasitic light
absorption by the modification layer can be ignored. However,
a trade-off effect should be considered when the band gap of
the p-type layer is comparable to that in the n-type layer.

Impact of the acceptor density in the p-type modification layer

The effect of Na on the PEC performance was investigated. The
donor density was fixed at 1� 1019 cm�3, as shown in Table 1, and
Na was varied from 1 � 1017 to 1 � 1019 cm�3. The simulated

current-potential curves are shown in Fig. 4a, and the extracted
current density at 0 VRHE and the onset potential are shown in
Fig. 4d. The current density remains almost constant, and the
onset potential does not vary dramatically when the Na concen-
tration is below approximately 3 � 1018 cm�3. In this range, the
calculated depletion depth from eqn (16) and (17) in the p-type
layer is much thicker than the setting value (25 nm). The result
can be explained by the green curve in Fig. 4d and e, where the
depletion in the p-type layer cannot form completely. This leads
to a recombination loss mechanism, as shown by the high hole
density in the n-type layer near the interface.

The current density at 0 VRHE increases sharply at 3 �
1018 cm�3, and the onset potential is negatively shifted by
approximately 2.5 V vs. RHE when increasing Na. Undeniably,

Fig. 2 Band diagrams of the electrolyte (assumed to be metallic), p-type
layer, and n-type layer (a) before and (b) after contact. Vac, EC, EV, and
EF represent the vacuum level, conduction band, valence band, and Fermi
level, respectively.

Fig. 3 (a) Current-potential curves of the p–n junction photoanode with
varied VBM position in the p-type modification layer, VBM2, from +2.06 to
+2.86 VRHE. (b) The onset potential and the current density at 0 VRHE with
various VBM2. When VBM2 is above 2.5 V vs. RHE, the current density did
not reach 0.05 mA cm�2. (c) Extracted valence band diagram at �1.2 VRHE

with VBM2 varied from +2.06 to +2.46 VRHE.
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a depletion region in the p-type modification layer is formed by
both p–n junction and Schottky contact. Although the opposite

bending from the Schottky contact appears, increasing Na

reduces the depletion depth in the p-type layer coming from
the p–n interface (Fig. 4c and d). In this critical section, the
tendency starts to drastically change.

Lastly, the thickness of the depletion region in the p-type
modification layer developed by the p–n junction becomes thin
compared to the modification layer (25 nm). Hence, when Na

reaches 1� 1019 cm�3, the fully developed p–n junction forms a
stronger electric field that drives the holes toward the electro-
lyte. The density distribution of minority holes along the cross-
sectional direction (Fig. 4e) indicates that the hole density in
the n-type layer near the interface decreases when increasing
Na, which means that the recombination loss mechanism is
weakened.

V-shape traps are present at the interface between the p- and
n-type layers due to the heterojunction (Fig. 4d), but their
contribution seems to be minor as long as VBM2 is negative
enough, as discussed in Section 3.1. OER catalyst modifica-
tion layers are often deposited on semiconductors by dry or
wet processes. Wet processes such as electrodeposition and
spin coating naturally result in high doping concentrations.
Considering the present results, wet processes seem to be
preferable to dry vacuum processes, which result in high-
quality films.

Influence of donor density in the n-type photon absorber

The effect of the donor density in the photon absorber, Nd, was
next investigated with different values of Na to see the influence
on the current-potential curves. The other parameters in the
p-type modification layer were maintained as shown in Table 2.
Firstly, Nd was varied from 1 � 1017 to 1 � 1019 cm�3, and Na

was fixed at 1 � 1019 cm�3. As shown in Fig. 5a, the current
density at 0 VRHE decreases from 9 to 3 mA cm�2 when
increasing Nd. Secondly, with relatively low Na (5 � 1017 cm�3),
the current density decreases from 3 to 0 mA cm�2 (Fig. 5b).
Fig. 5c shows the extracted onset potential values and the current
densities at 0 VRHE from the current–potential curves. When the
p–n junction is fully developed in the modification layer in the
range of Nd variation (Fig. 5d), the onset potential remained
constant. When Na and Nd are at comparable levels, the onset
potential shifts when changing Nd because the depletion depth in
the p-type region also varies with Nd (Fig. 5e).

Considering the light penetration depth of 170 nm, a
relatively low donor density is preferable because the width of
the depletion region in the n-type photon absorber is thick
enough to cover the light penetration depth (Fig. 5e). Therefore,
excited charge carriers can be effectively migrated by the
electric field in the depletion layer. Enlargement of the deple-
tion layer in the photon absorber can also be found in the
simulated band diagram (Fig. 5d and f). Therefore, for an n-type
photon absorber, high quality with a low dopant concentration
is required since the donor density in the photon absorber
strongly affects the attainable photocurrent.

Donor density determines the resistivity in the bulk n-type
region and the resultant ohmic voltage loss. Using the para-
meters in Table 1 and the donor density of 1 � 1017 cm�3, the

Fig. 4 Current-potential of a p–n junction photoanode with varied acceptor
density in the p-type modification layer, Na, from 1 � 1017 cm�3 to 1 �
1019 cm�3. Nd is maintained at 1 � 1019 cm�3. (b) Extracted onset potential
and current density at 0 VRHE with respect to Na. (c) The depletion depth in the
p-type region (grey) and n-type region (pink) with varied Na estimated from
eqn (16) and (17). (d) Energy band diagram and (e) charge density with Na

varied from 1 � 1018 cm�3 to 1 � 1019 cm�3 at 0 VRHE.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 2
:0

7:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00947a


© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 9009–9018 |  9015

resistance and the ohmic voltage loss were estimated to be
1.6 mO and 1.6 � 10�2 mV, respectively, at 10 mA cm�2 with an
area of 1 cm2 and a thickness of 500 nm. This ohmic voltage
loss is negligible in our JV curves, which indicates that the
conductivity and the thickness in the bulk n-type region do not
play a major role in our simulation.

Consideration of the modification layer thickness with respect
to the depletion depth

The thickness of the p-type modification layer was varied from
10 to 25 nm with fixed Na (1 � 1019 cm�3). Nd is 1 � 1019 cm�3

and 1 � 1018 cm�3 in Fig. 6a and b, respectively. As Fig. 6c
shows, the onset potential is negatively shifted when the
thickness increases. When the donor density is reduced to
1 � 1018 cm�3, a constant onset potential was obtained because
the thickness of the depletion depth in the p-type region
(6.6 nm) is less than the simulated thickness range, which
results in a fully developed p–n junction (Fig. 6d). Therefore,

the thickness of the modification layer should be carefully
designed to cover the depletion depth, which is determined
by the dopant densities. A thick modification layer would result
in parasitic light absorption, which is not considered in the
present study. The trade-off highlights the severe restriction on
the catalyst modification, which is unique compared to p–n
photovoltaic or buried p–n junction photoelectrodes.

Comparison between the p–n junction and n–n junction

The tendencies on the varied parameters were compared
between the p–n junction and an n–n junction,58 as shown in
Fig. 7. The effects of the modification layer thickness in these
two junctions are opposite. For the n–n heterojunction, favor-
able upward bending was predicted at the heterointerface in
the thinnest one (10 nm), while unfavorable bending appeared
at the n–n interface with a thicker layer. The critical distinction
from the n–n junction is the formation of a depletion layer in
the p–n junction, which results in the development of an

Fig. 5 (a) and (b) Current-potential of the p–n junction photoanode with varied donor density in the n-type photoanode (Nd) from 1 � 1017 cm�3 to
1 � 1019 cm�3. (a) Na = 1 � 1019 cm�3, and (b) Na = 5 � 1017 cm�3. (c) Effect of Nd on the onset potential and current density at 0 VRHE. (e) The width of the
depletion region in the p-type region (gray) and n-type region (pink) with varied Nd and Na. Energy band diagram with Nd varied from 1 � 1017 cm�3 to
1 � 1019 cm�3 at 0 VRHE, (d) Na = 1 � 1019 cm�3, and (f) Na = 5 � 1017 cm�3.
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electric field. Therefore, the p-type modification layer needs to
be thick enough to fully develop the depletion layer.

The effects of the dopant density in the modification layer in
these two situations are opposite as well. From the charge
density distribution in the n–n heterojunction, an increase in
the hole (minority carrier) concentration was observed in the
n-type photon absorber near the interface with increasing

donor density in the modification layer, which enhanced the
electron-hole recombination. The fully developed p–n junction
can contribute a stronger electric field to drive the holes
towards the electrolyte. Increasing Na can reduce the depletion
depth in the p-type layer at the p–n interface. Thus, a decrease
in the hole concentration can be observed in the n-type photon
absorber with increasing acceptor density of the modification
layer, leading to the suppression of the recombination.

A lower donor density in the photon absorber is obviously
preferable to improve the attainable photocurrent because the
thickness of the depletion region in the photon absorber is
increased to cover the light penetration depth. This results in
the effective migration of the excited carriers due to the electric
field. However, the effect of donor density in the photon
absorber shows a trade-off relationship between the onset
potential and the current density in the n–n heterojunction, indi-
cating that the donor density needs to be carefully optimized for
the target operation. A lower doner density is preferable in the p–n
heterojunction because it helps the formation of the fully devel-
oped p–n junction in the thin layer. Lastly, the effects of valence
band position in the modification layer have the same tendency.
Relatively low VBM2 is preferable because the favorable band
bending appears to improve the performance.

The current ideal modeling of the semiconductor junction
predicts the p-type modification layer to be a better candidate

Fig. 6 Current-potential of the p–n junction photoanode with varied thickness in the p-type modification layer (Lp) from 10–25 nm at Na =
1 � 1019 cm�3: (a) Nd = 1 � 1019 cm�3, and (b) Nd = 1 � 1018 cm�3. (c) Effect of LP at Nd = 1 � 1019 cm �3 (red) and 1 � 1018 cm �3 (blue) on the
onset potential. (d) Extracted valence band diagram with Lp from 10 to 25 nm under �0.6 VRHE with Nd = Na = 1 � 1019 cm�3.

Fig. 7 Comparison of the current density at 0 VRHE and onset potential
between the n–n junction58 and p–n junction.
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rather than n-type modification for enhancing the photoelec-
trocatalytic performance because of the lower onset potential of
the p–n junction. Theoretically, the built-in electric field in a
p–n junction is stronger than the n–n junction, which is
consistent with this result. These studies should be able to
provide a quantitative guideline for establishing thin layer
modification of the photoelectrode.

Conclusions

In this study, we used classical semiconductor theory to
demonstrate a series of simulations to enhance the perfor-
mance of an n-type photoanode covered with a thin p-type
modification layer. Several pivotal parameters were analyzed to
provide a guideline to achieve a higher photocurrent density
without any bias, including the valence band position, dopant
densities in both the p-type modification layer and n-type
photon absorber, and the thickness of the modification layer.
Also, we investigated the difference between the p–n junction
and an n–n heterojunction. To design an ideal p–n hetero-
junction, the depletion depths in the p-type modification layer
and n-type photon absorber must carefully be tuned with
respect to the thickness of the modification layer and the light
penetration depth by controlling their dopant densities.
Furthermore, VBM2 should be below 0.44 VRHE from the
valence band position in the n-type absorber. Undeniably, more
conditions should be considered for the photoanode design
model since the model was applied using the classical theory,
and we neglected some realistic potential-dependent reaction
kinetics, parasitic light absorption, and the other factors.
However, this study could still provide an idea of how to
improve a photoanode covered with a thin layer of p-type
OER electrocatalysts.
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