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Compound Homojunction:Heterojunction Reduces Bulk 
and Interface Recombination in ZnO Photoanodes for 
Water Splitting
Ning Wang, Min Liu, Hairen Tan, Junhui Liang, Qixing Zhang, Changchun Wei,  
Ying Zhao, Edward H. Sargent, and Xiaodan Zhang*

The photoelectrochemical (PEC) splitting of water utilizing 
sunlight to produce hydrogen has attracted much attention 
in light of its potential to store solar energy in a convenient 
way.[1–4] Among materials for PEC applications, ZnO has 
been widely investigated as a photoanode because of its 
favorable band-edge position, high photocatalytic activity, 
and high electron mobility.[5–9] However, the PEC perfor-
mance of ZnO photoelectrodes is strongly limited by the 
bulk and interface recombination of charge carriers,[10–12] 
as depicted in Figure 1a. Charge recombination arises from 
poor conductivity, low hole mobility (1–15 cm2 V−1 s−1 at 
300 K), and sluggish oxygen evolution reaction kinetics.[13] 
Attempts to improve charge separation and transfer have 
been made, such as through the use of heterojunctions,[14–16] 
multi-dimensional nanostructures,[17,18] and oxygen evolution 
catalysts.[19] However, it is still challenging to simultaneously 
reduce the bulk and interface recombination losses.

The use of a heterojunction is a well-established concept 
in semiconductor devices to enhance charge separation and 
charge transport. Unfortunately, even mildly suboptimal 
growth conditions can produce a large density of defects at 
the interface. These can serve as deep traps that enhance, 
rather than mitigate, recombination.[20,21]
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We posited that introducing a homojunction to distribute 
a built-in electric field in the ZnO bulk could produce a 
desirable gradient in the carrier concentration; this could 
have the benefit of proving carrier separation away from the 
sites most prone to recombination. Specifically, we developed 
herein an n+–n homojunction in which the gradient in car-
rier concentration produces a spatial variation in the Fermi 
level,[22] providing a built-in electronic field that enhances the 
bulk charge separation and transfer. Using this concept, we 
demonstrate ZnO n+–n multi-layer thin-film devices (shown 
in Figure 1b) to enhance the PEC performance.

Oxygen vacancies in metal oxides typically act as electron 
donors, thereby enhancing electrical conductivity and charge 
transport.[23] We therefore introduced oxygen vacancies at 
the ZnO surface using Se-doping, all with the goal of sup-
pressing interfacial recombination as oxygen vacancies will 
accept electrons and retain them for an extended transient 
period.[24] As illustrated in Figure 1b and c, the catalyst-free 
ZnOSe/ZnO/BZO multi-layer (BZO = boron-doped zinc 
oxide) is designed not only to suppress bulk recombina-
tion via the n+–n homojunction, but also to reduce interfa-
cial recombination via the introduction of surface oxygen 
vacancy defects.

X-ray diffraction (XRD) and scanning electron micros-
copy (SEM) analysis allowed us to investigate how B and Se 
doping affects the crystal structure and surface morphology 
of the ZnO photoanode. As shown in Figure 2, the doping 
with B and Se atoms does not affect the crystal structure 
nor the surface morphology of the ZnO. A preferred growth 
orientation along the (110) peak, and a sharp pyramidal 
shape, were observed for ZnO, ZnO/BZO-homojunction, 
and ZnOSe/ZnO/BZO photoanodes. However, after B 
doping, both the (100) peak intensity and the grain size of 
the BZO film had notably decreased. After annealing at 
450 °C and Se doping, the (110) peak intensity and grain 
size of the ZnOSe/ZnO/BZO multi-layer increased, but 
remained smaller than those of the pristine ZnO photo-
anode. The smaller grain size correlated with an increase 
in light absorption (Figure S3, Supporting Information). 
Notably, the (110) peak of the ZnOSe/ZnO/BZO photo-
anode shifted towards a lower diffraction angle because the 
ionic radius of Se2− is larger than that of O2−.[25] This result 
suggests that the Se atoms have been incorporated into the 
ZnO crystal lattices.

small 2017, 13, 1603527

www.advancedsciencenews.com

http://doi.wiley.com/10.1002/smll.201603527


(2 of 7) 1603527© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.comsmall 2017, 13, 1603527

www.advancedsciencenews.com

Figure 1. a) Schematic illustration of two main electron–hole recombination pathways in ZnO photoanode for PEC water splitting, b) the proposed 
ZnOSe/ZnO/BZO multi-layer structure to reduce bulk and interfacial recombination, and c) photo-induced electron–hole transfer processes in 
ZnOSe/ZnO/BZO structure.

Figure 2. a) XRD patterns of the anodes used in this work. b–d) SEM images of ZnO (b), ZnO/BZO-homojunction (c), and ZnOSe/ZnO/BZO 
photoanodes (d).
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X-ray photoelectron spectroscopy (XPS) was used to fur-
ther check whether the Se atoms had been incorporated into 
the ZnO lattices. The XPS spectra (Figure S2, Supporting 
Information) revealed that all Zn, O, and Se signals appeared 
in the Se-doped ZnO photoanode. In the Se 3d core-level 
spectra of the samples (Figure 3a), the peak for ZnOSe was 
located at 52.6 eV, which was lower than that in previous 
reports, ≈55 eV.[26,27] This decrease in the binding energy may 
be due to a partial replacement of O by Se in ZnOSe.[28] In 
the Zn 2p core-level spectra, the Zn 2p3/2 peak for ZnOSe 
was located at around 1020 eV, which was lower than that of 
ZnO (1020.4 eV) (Figure 3b).[29] These results indicate that 
Se has been successfully incorporated into the ZnO lattice 
and has formed Zn-Se bonds.

To determine the Se concentration and distribution 
with depth, we carried out secondary ion mass spectrom-
etry (SIMS) (Figure 3c). As expected, the concentration of 
Se decreased with the depth. Se can react with O to form 
SeO2 and sublime at around 315 °C, leading to the observed 
sharp decrease in its concentration near the top surface and 
another sub-peak at 300-nm depth.

We further carried out ultraviolet photoelectron spec-
trometry (UPS, Figure 4) to examine the work functions of 
the BZO and ZnO thin films. The UPS results suggest that 
B incorporation does not affect the Fermi edge position 
(being distinct from the Fermi level, which is determined by 
the Fermi edge position and the cutoff edge position). The 
low energy cutoff edge does shift to a lower energy position 

compared to pristine ZnO. The work function can be deter-
mined as follows: 

E EνΦ = + −h Cutoff Fermi  (1)

where hv is the excitation source energy, and ECutoff and 
EFermi are the cutoff edge energy and Fermi edge energy, 
respectively. These findings indicate that the work function 
of BZO is lower than that of pristine ZnO. As indicated in 
Figure 1c, band-bending and the built-in electric field in the 
BZO/ZnO structure facilitate the separation and transport of 
photo-generated charge carriers,[30–32] which helps to reduce 
the charge recombination in the bulk.

An electric field in a photoanode can be generated by 
a spatial variation of the Fermi level — a possibility that 
can readily be monitored by investigating the carrier con-
centration. We therefore used Hall-effect measurements to 
determine the carrier concentrations in the BZO and ZnO 
thin films. The results showed carrier concentrations of 
1.0 × 1020 and 1.4 × 1019 cm−3 in BZO and ZnO, respectively. 
The Fermi level in BZO was shifted upwards compared to 
ZnO according to[33]

E E E kT
N
N∆ = − = 



lnF,BZO F,ZnO

D,BZO

D,ZnO
 (2)

where k is the Boltzmann constant, T is the temperature in 
Kelvin, and ND,BZO and ND,ZnO are the carrier concentrations 
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Figure 3. a) Se 3d XPS fitting results of ZnOSe/ZnO/BZO thin-film photoanode; b) Zn 2p2/3 XPS fitting results of ZnO/BZO homojunction (upper 
line) and ZnOSe/ZnO/BZO thin film photoanode (lower line), and c) the SIMS results of the Se concentration in ZnOSe/ZnO/BZO photoanode, the 
inset is a sketch of the structure of the photoanode.
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of the BZO and ZnO thin films, respectively. Thus BZO 
combined with ZnO provides an n+–n homojunction that can 
facilitate electron transport and impede bulk recombination.

To reduce the charge accumulation at the solid–liquid 
interface, we introduced oxygen vacancies at the ZnO/BZO-
homojunction via doping using Se. Under a high thermal 
evaporation temperature, the Se atoms replace the O atoms 
in a ZnO lattice and induce a lattice distortion in the ZnO, 
resulting in increased vacancies. The XPS data (Figure 5) 
shows that the prominent O 1s peak at ≈528 eV corresponds 
to the Zn-O bonds, whereas the shoulder at ≈530 eV can be 
assigned to the oxygen vacancies.[34] For Se-doped photo-
anodes, the oxygen atomic ratio in the films was reduced from 
an initial 60% to 51%. The corresponding absorption spectra 
of ZnOSe/ZnO/BZO thin-film photoanodes exhibited high 
visible-light absorption (Figure S3, Supporting Information), 
which could be caused by the existence of oxygen vacancies 
in the ZnO bandgap.[35] Oxygen vacancies in metal oxides 
can act as electron donors,[36] which will tend to increase the 
carrier concentration in the conduction band and produce a 
blue shift in the absorption band-edge (Figure S3b).[37,38]

The Mott–Schottky (M–S) method was used to investi-
gate the electrical properties of the photoanodes. According 
to the M–S equations:[39,40]

1/ 2/ /2
0 0 FB 0C e V V kT eεε( )( )( )= − −  (3)

2/ d 1/ /dd 0 0
2 1

N e C Vεε ( )( ) ( )=
−

 (4)

where e0 is the electric charge, ε is the dielectric constant 
of ZnO, ε0 is the permittivity of vacuum, Nd is the doped 
density, V is the electrode applied potential, VFB is the flat-
band potential, and kT/e0 is a temperature-dependent cor-
rection term. The M–S plots collected from the ZnO, ZnO/
BZO, and ZnOSe/ZnO/BZO photoanodes are presented in 
Figure 6a. The results show that Nd increased from an initial 
7.1 × 1019 to 4.1 × 1021 and 1.5 × 1022 cm–3. We associated this 
with the doping of B atoms and the generation of oxygen 
vacancies by Se-doping. The VFB shifted from an initial –0.56 
V to –0.71 V and –0.75 V, resulting in an upward-shift of the 
Fermi level and corresponding band-bending. The ZnOSe/
ZnO/BZO photoanode had a larger VFB than that of the 
ZnO/BZO-homojunction photoanode, which was consistent 
with a Fermi level upward shift induced by the incorporation 
of Se atoms. As the VFB position will affect the position of 
its flat-band potential, we amplified the range of –0.3–0.3 V 
vs. Ag/AgCl of Figure 7a to observe the onset potential of 
the samples. It can clearly be seen that the ZnOSe/ZnO/BZO 
photoanode has the lowest onset potential, as is shown in 
Figure S4 (Supporting Information).

Figure 6b shows the Nyquist plots for the photoanodes 
in the dark at 0.62 V versus Ag/AgCl.[41,42] We obtained 
these using potentiostatic electrochemical impedance spec-
troscopy. Using the equivalent circuit models shown in the 
inset, we obtained the equivalent series resistance (Rs); bulk 
material resistance (Rbulk), charge-transfer resistance (Rct), 
space charge region capacitance (CPE2), and the Helmholtz 
capacitance (CPE1). The Rct of the ZnO/BZO photoanode 
had decreased compared to that of the ZnO photoanode 
(655 KΩ→260 KΩ), which is consistent with the formation 
of a built-in electric field. The lower Rct illustrates that the 
homojunction structure favors carrier transport in the bulk. 
Notably, ZnOSe/ZnO/BZO has a smaller Rct than both the 
ZnO/BZO-homojunction and ZnO photoanodes, confirming 
that the ZnOSe/ZnO/BZO structure helps to separate photo-
generated electron–hole pairs.

To investigate the activities of the aforementioned 
structures, we studied the PEC performances of the ZnO, 

ZnO/BZO, and ZnOSe/ZnO/BZO 
photo anodes. The photocurrent curves 
were obtained under simulated sunlight 
(100 mW cm−2) illumination (Figure 7a). 
The photocurrent density measured at 
0.62 V (vs. Ag/AgCl) for the ZnO/BZO 
homojunction (ca. 0.4 mA cm−2) was 1.3 
times higher than that of pristine ZnO. 
To further investigate the improvement 
in PEC performance using the homo-
junction structure, a homogeneous 
BZO thin film photoanode (h-BZO) 
and a reversed ZnO/BZO homojunc-
tion (r-ZnO/BZO homojunction, BZO 
layer contacting with electrolyte) were 
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Figure 5. a,b) O 1s XPS spectra of ZnO (a) and ZnOSe (b) in the ZnO/BZO homojunction and 
ZnOSe/ZnO/BZO thin-film photoanodes, respectively.

Figure 4. The UPS testing curves for BZO and ZnO thin films.
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prepared. The photocurrent of both structures decreased 
significantly, and even remained below that of the undoped 
ZnO anode. These results confirm the better charge sepa-
ration in the ZnO/BZO homojunction. The ZnOSe/ZnO/
BZO photoanode showed an impressive increase in current 

density, which reached 1.1 mA cm−2 at 0.62 V (vs. Ag/
AgCl). We attribute the increased photocurrent density to 
the combination of the beneficial effects of both the homo-
junction structure and the oxygen vacancies of the ZnOSe 
layer.
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Figure 6. a) Mott–Schottky plots of ZnO, ZnO/BZO-homojunction, and ZnOSe/ZnO/BZO measured in the dark at a frequency of 5 kHz and an AC 
current of 10 mV with a three-electrode system. b) Nyquist plots of ZnO, ZnO/BZO-homojunction, and ZnOSe/ZnO/BZO photoanodes in the dark 
at 0.62 V vs. Ag/AgCl in 0.5 m Na2SO4 aqueous solution. The inset shows the equivalent circuits.

Figure 7. Photoelectrochemical properties: a) Linear-sweep voltammetry curves of ZnO, ZnO/BZO-homojunction, ZnOSe/ZnO/BZO, t-BZO, and 
r-ZnO/BZO-homojunction photoanodes. b) Photocurrent retention performance of ZnO, ZnO/BZO-homojunction, and ZnOSe/ZnO/BZO at an 
applied voltage of 0.62 V vs. Ag/AgCl under illumination. c) Photocurrent conversion efficiency (PCE) curves for ZnO, ZnO/BZO-homojunction, and 
ZnOSe/ZnO/BZO anodes.
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The PEC stability of ZnO, ZnO/BZO, and ZnOSe/ZnO/
BZO under 100 mW cm−2 illumination at 0.62 V vs. Ag/AgCl 
was measured using an amperometric I–t study (Figure 7b). 
All photoanodes exhibited a good stability for PEC water 
splitting. The high photocurrent conversion efficiency (PCE) 
of the ZnOSe/ZnO/BZO anode (0.3%), which was five times 
higher than that of pristine ZnO (0.06%) (Figure 7c), con-
firmed the suppression of charge recombination via the joint 
bulk and interfacial benefits.

Table S1 (Supporting Information) lists the PEC perfor-
mance of the various ZnO photoanodes explored herein. We 
found that the PEC performance of the ZnOSe/ZnO/BZO 
structure was superior to that reported for ZnO thin-film 
photoanodes. This high PEC performance indicates the great 
promise of the ZnOSe/ZnO/BZO structure for solar-driven 
water-splitting systems.

In conclusion, this work reports a significant enhancement 
in the photocurrent of ZnO-based photoanodes for solar 
water splitting. It is achieved via a design that combines an 
n+–n homojunction with an oxygen-vacancy-rich surface. The 
built-in electric field in the ZnO/BZO homojunction impeded 
bulk charge recombination and accelerated photo-generated 
charge-carrier transport. The ZnOSe/ZnO/BZO structure, 
with its oxygen vacancies at the surface of the photo anode, 
inhibited the surface recombination at the photoanode/elec-
trolyte interface and also contributed to enhanced charge 
transport. The catalyst-free ZnOSe/ZnO/BZO photoanode 
increased the photocurrent density to 1.12 mA cm−2 at 0.62 V 
vs. Ag/AgCl (1.23 V vs. RHE). To the best of our knowledge 
this is the best performance reported so far among cur-
rently known ZnO photoanodes. The combination of a n–n+ 
homojunction structure and surface doping suggests a path 
for related metal oxide photoanodes to improve their PEC 
performance.

Experimental Section

Photoanode Fabrication: ZnO thin-film photoanodes were 
deposited on fluorine-doped tin oxide (FTO) substrates using low-
pressure chemical vapor deposition (LPCVD). Diethylzinc (DEZn) 
and water vapor were directly evaporated into the system as the 
precursors. The DEZn and H2O flow rates were set at 180 and 
110 sccm, respectively. The total pressure was 75 Pa inside the 
reactor, and the growth temperature was 155 °C. Se atoms 
were introduced onto the ZnO film via thermal evaporation to pre-
pare ZnOSe/ZnO/BZO photoanodes. The thermal evaporation tem-
perature and reaction time were 450 °C and 45 min, respectively. 
The processing parameters of the ZnO, ZnO/BZO-homojunction, 

and ZnOSe/ZnO/BZO structure are listed in 
Table 1.

Material Characterizations: We character-
ized the ZnO thin-film photoanodes using 
X-ray diffraction (XRD, Rigaku-Dmax-2500, 
λ = 1.54806 Å for Cu Kα) in the range of 
10–80°. Scanning electron microscopy (SEM, 
Zeiss-Supra 550p) was used to monitor the 
variations in surface morphology of the depos-
ited samples. Optical absorption of the sam-

ples was measured in the wavelength range of 300–600 nm using 
a UV–vis–NIR spectrophotometer (Varian-Cary 5000). The work 
function was analyzed using ultraviolet photoelectron spectros-
copy (UPS, Thermo WSCALAB 250). The Se concentration was char-
acterized using secondary ion mass spectrometry (SIMS, Cameca 
4F). The chemical state of the photoanodes was investigated using 
X-ray photoelectron spectroscopy (XPS, Thermo WSCALAB 250). All 
measurements were carried out at room temperature.

PEC Performance Characterization: All PEC measurements were 
carried out on an electrochemical workstation (PARSTAT 4000, 
Princeton Applied Research, USA) using a home-built three-elec-
trode optical cell using Ag/AgCl as the reference electrode and 
a Pt wire as the counter electrode. The as-prepared ZnO-based 
photoanodes were used as the working electrode with a testing 
area of 0.283 cm2. A Na2SO4 aqueous solution (0.5 m) with a pH 
of 7.0 was used as the electrolyte. The ZnO thin-film photoanode 
was illuminated under AM 1.5G simulated solar light with a light 
intensity of 100 mW cm−2. Linear sweep voltammetry (LSV) was 
acquired using an electrochemical workstation in the voltage range 
of −0.7 to 1.3 V vs. Ag/AgCl and the scanning rate was 10 mV s−1. 
Amperometric I–t curves of the ZnO thin-film photoanodes were 
obtained at an applied voltage of 0.62 V vs. Ag/AgCl (1.23 V vs. 
the reversible hydrogen electrode (RHE)) at 100 mW cm−2. Nyquist 
plots were acquired in the dark at 0.62 V vs. Ag/AgCl in 0.5 m 
Na2SO4 aqueous solution.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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Table 1. Process parameters of ZnO, ZnO/BZO-homojunction, and ZnOSe/ZnO/BZO.

Sample No. First layer Second layer ZnOSe layer 
thickness (µm)

BZO layer doping flow/thickness 
(sccm/µm)

ZnO layer thickness 
(µm)

ZnO – 5 –

ZnO/BZO-homojunction 7/1.5 2.5 –

ZnOSe/ZnO/BZO 7/1.5 0.5 2
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