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ABSTRACT 

Developing sustainable solar water splitting devices requires efficient separation and transport 

of photogenerated carriers. In this perspective, we examine carrier transport in semiconductor 

photoelectrodes using bismuth vanadate as a primary model system and highlight strategies to 

significantly improve carrier delivery through defect engineering. To improve electron transport 

in low mobility semiconductors, we introduce two distinct bulk doping methods, by homogenously 

enhancing the bulk defect level or by forming distributed homojunctions with graded doping. Next, 

we demonstrate the use of structural boundaries as extrinsic pathways for fast electron transport, 

thus providing novel insights to engineer materials’ macroscopic conductivity. Third, we describe 

the importance of interface design in terms of structural, chemical, and electronic matching at the 

back contact to suppress carrier recombination. Finally, we highlight the methods for surface 

defect control via passivation and catalysis, and give a brief outlook of research challenges and 

opportunities for solar water splitting.  
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Owing to their superior energy density and portability, a viable solution to replace chemical 

fuels at a substantial scale remains elusive, despite the imminent arrival of the global climate 

change tipping point.1,2 Harvesting solar energy for chemical fuel production would fulfill the 

demand of human society without negative climate impact. A promising route to produce solar 

fuel is based on photoelectrochemical (PEC) reactions, which captures solar energy and converts 

it to free energy in chemical bonds of hydrogen or carbon-based fuels (Figure 1a).3-5 In typical 

PEC cells, semiconductor photoelectrodes absorb incident photons to generate electron-hole pairs, 

which are separated and delivered to cathode surface for reduction reaction and to anode surface 

for oxidation reaction, respectively. The material requirements to make an efficient photoelectrode 

are demanding.6-8 The semiconductor should possess appropriate band gaps for strong visible light 

absorption and should have band edges positioned preferably for redox reactions. The 

semiconductor should also support fast charge carrier separation and transport, and form a 

chemically stable surface with decent catalytic activity. The requirements become even more 

stringent for photoanodes used for PEC water oxidation, which involves multiple electron/proton 

transfer and is kinetically more sluggish.9,10 Since the first water photolysis work by Fujishima and 

Honda,11 significant research efforts have been devoted in identifying low-cost and highly-

efficient photoanode materials, which include binary metal oxides (TiO2,
12 ZnO,13 α-Fe2O3,

14 

WO3
15), complex oxides (perovskite SrTiO3,

16 BiVO4 (BVO)17), and nitrides (Ta3N5,
18 InGaN19). 

However, no single material has yet simultaneously satisfied all the requirements to make an 

economically sustainable device for solar fuel production. 

Current approaches to accelerating the semiconductor photoelectrode development include 

high-throughput materials synthesis and screening, hybrid system integration for multispectral 

light absorption and/or carrier separation, materials modification from structural and chemical 



3 
 

engineering. Encouraging progress has been made in synthesizing narrow-gap materials guided by 

computational design, 20 constructing tandem devices,21 exploring doping and nanostructuring, 22 

and developing conformal surface catalyst.23 Beside those topics, carrier transport in 

semiconductor photoelectrodes is a key process that determines the PEC device efficiency and is 

extremely sensitive to the materials defect level. In this perspective, we focus on carrier transport 

in semiconductors and highlight strategies to improve it via defect engineering. We start with a 

brief introduction of the fundamental process of carrier transport in a working photoelectrode. 

Following that, we discuss the strategies to improve carrier separation and transport by introducing 

four types of defects, which include bulk defect, structural boundary defect, interface defect at the 

back contact, and aqueous surface defect. An outlook of future work is presented in the final 

section. By establishing the relation between defect and carrier transport, novel mechanistic 

understandings and coordinated semiconductor design strategies are expected to assist the 

fabrication of low-cost and highly-efficient solar water splitting devices.  

Carrier transport in semiconductor photoelectrodes. The PEC device performance is 

determined by the light absorption efficiency and the carrier delivery efficiency. Therefore, 

coordinating carrier transport with light absorption is essential to maximize the energy conversion 

efficiency of semiconductor photoelectrodes. For a given semiconductor, the light absorption is 

fundamentally determined by its band structure, through two common descriptors: the band gap 

and the optical absorption coefficient (α). The latter determines the effective photon attenuation 

depth, dp = 1/, which describes the material depth required for efficient photocarrier generation 

(Figure 1b). Upon generation, photocarriers must be extracted from the photoelectrode for PEC 

reactions, which is inevitably accompanied by carrier recombination. Depending on the specific 

role during carrier transport process, the photoelectrode can be divided in to three regions, which 
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are the semiconductor bulk, the semiconductor/back contact interface, and the aqueous surface. 

Suppressing carrier recombination in those three regions becomes the key to improving the PEC 

device efficiency.  

The semiconductor bulk can be further divided into two neighboring regions: the space charge 

region (SCR) and the adjacent quasi-neutral region, and is responsible for the majority of 

photocarrier generation and transport. The photocarrier transport across the SCR, as described by 

the SCR width (dsc), is usually more efficient due to the built-in electric field. In the quasi-neutral 

region, photocarrier transport is dominated by diffusion and is generally more vulnerable to 

recombination. The minority carrier diffusion length (dh) determines how far the photocarriers in 

this neutral region can travel. In general, the sum of dh and dsc should be no smaller than dp, so that 

the photoelectrode achieves maximized energy conversion from absorbed photons to photocarriers 

for PEC reactions. This serves as a basic design guideline to engineer semiconductors for PEC 

water splitting in classical carrier transport models.24-26 

Bulk defect with uniform doping. For low-mobility semiconductors, the concentration of 

ionized bulk defects that are located near the band edges determines the carrier transport efficiency. 

Engineering the bulk defect level becomes extremely important for optimized carrier delivery. 

This is observed in state-of-the-art oxygen evolving photoanodes, including those of BiVO4 

(BVO)27 and α-Fe2O3.
28 As a complex oxide (ternary ABOx), BVO allows three sites for bulk 

doping to improve the overall transport performance (Figure 2a). This includes A-site doping with 

Ce,29 B-site doping with tungsten (W) or molybdenum (Mo),30 and interstitial site doping with 

hydrogen donors.31-33 In general, the mechanism for A- or B- site doping is to improve the electron 

density via incorporating extrinsic high-valence donors uniformly in the bulk. In particular, 
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substituting Mo or W into the vanadium sites have been widely used to improve the electrode 

conductivity and PEC activity in BVO.27,30  

On the other hand, introducing hydrogen defects through mild annealing treatments also 

effectively improve the BVO PEC performance.31-33 This treatment was initially proposed to 

generate more oxygen vacancies, which serve as shallow donors to increase the BVO conductivity 

and PEC activity.31 More recently, it was suggested that the hydrogen treatment may play a 

fundamentally different role in tuning the carrier transport.32 The hydrogen impurity can readily 

diffuse within the BVO lattice and stabilize as interstitial donors. According to time-resolved 

microwave conductivity measurements by Jang et al (Figure 2b),33 these hydrogen donors were 

suggested to effectively improve the minority carrier lifetime, rather than enhancing the majority 

carrier density as the W or Mo doping usually does. Although the uniform bulk doping using 

hydrogen or hexavalent ions apparently improves the PEC performance, the fundamental 

mechanism has yet to be fully elucidated. For example, while the hydrogen annealing can enhance 

the level of hydrogen impurities, it may also generate more oxygen vacancies. Hydrogen 

intercalation is also known to be effective in passivating dangling bonds and removing deep-level 

defects, which may help improve carrier transport in semiconductors.34,35 Discrepancies exist in 

identifying which type of defect dominates the carrier transport in BVO, generating pressing needs 

for further computational and experimental efforts.  

(Subsection) Unconventional transport with small polaron hopping. While it is well 

recognized that W or Mo doping should increase the majority carrier density, they have other, 

nontrivial impact on the majority carrier mobility and the minority carrier transport. To assess the 

dopant role in modulating carrier transport, including both carrier density and minority, we 

examined a model system of Mo-doped BiVO4 (Mo-BVO) using a single-crystalline thin film 
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approach. It is straightforward to understand the relation between Mo doping and the electron 

density, but its relation with the electron mobility is more obscure, as the value is beyond the 

detection limit for conventional evaluation methods. The low electron mobility in BVO arises from 

the formation of small polaron, due to short-range interaction with neighboring lattice 

vibrations.36,37 To complete an electron transfer, the local lattice distortion accompanied with the 

electron is also transferred, possessing an activation energy or hopping barrier (Ea) (Figure 3a). 

Near room temperature, the hopping rate follows an Arrhenius temperature dependence, and the 

dc conductivity (σ(T)) may be described by  

                                                          σ(𝑇) = 𝐴𝑇−1 exp (
−𝐸a

𝑘B𝑇
),                                                    (1) 

where 𝐴 is a prefactor and kB the Boltzmann constant.37 

The successful development of single-crystalline Mo-BVO thin films enabled us to confirm 

whether extrinsic doping affects the electron mobility and evaluated its impact on the PEC 

performance (Figure 3b).38 Interestingly, the Mo doping not only increases the electron density, 

but also improves the electron mobility, as suggested by the much reduced Ea in Mo-BVO films 

(Figure 3c). Meanwhile, the Mo doping slightly reduces the hole diffusion length, as the higher 

donor density enhances the chance of hole recombination. This synergic effect has profound 

impact on the water oxidation photocurrents: Mo-BVO photoanodes deliver larger photocurrents 

than pristine BVO at a thickness less than one-third of the pristine BVO film (Figure 3d). This 

finding complements classical transport models, which assume the majority carrier transport is not 

a limiting factor, but mainly concerns the minority carrier transport and light absorption. These 

results, however, demonstrate the importance of overcoming the majority carrier transport 

limitation in improving the PEC performance in low-mobility semiconductors.   
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Bulk defect with graded doping. Instead of introducing a homogeneous spatial profile of 

dopants, graded doping artificially constructs a sloped or stepped distribution of the doping level 

to form distributed homo-junctions. This provides a novel way to enhance charge carrier transport 

for low-mobility semiconductors. When a heavily n-doped semiconductor comes into contact with 

a lightly doped one of the same kind, a n+-n homojunction forms across the interface and generates 

a built-in electric field that assists the carrier separation and transport. The graded doping strategy 

maximizes the homojunction function and enables superior carrier transport over a much longer 

distance beyond SCR. This effect was demonstrated by a systematic comparison between different 

types of W-doped BVO/BVO homojunctions (Figure 4a) in the work of Abdi et al.39 A graded W-

doped BVO photoanode was constructed with ten stepped concentration gradients from 1% W at 

the back contact to 0% at the top surface. This graded doping strategy largely enhances the charge 

separation efficiency to 60%, representing a 58% increase over the homogeneously W-doped BVO 

(Figure 4b). 

The graded doping strategy is also helpful to match dsc with dp for optimized PEC performance 

in other material systems. This is particularly important for indirect-gap semiconductors, where dp 

is usually much larger than the sum of dh and dsc due to the weak optical absorption. For example, 

SrTiO3 has an indirect gap at 3.25 eV and is capable to drive overall water splitting at zero bias.40,41 

However, the optical absorption for indirect transitions is very weak (α < 104 cm-1 at 3.25 eV), 

which requires a dp (>1000 nm) that is far beyond its dh (~10 nm).42 To address this problem, we 

applied the graded doping strategy to significantly widen dsc for matching dp.
16 Through an initial 

vacuum annealing and a following partial oxygen vacancy replenishing (Figure 4c), we obtained 

an n-SrTiO3 photoanode with heavy doping in the bulk for high electron conductivity but light 

doping at the surface for larger dsc over 500 nm (Figure 4d). As a result, the graded n-SrTiO3 
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photoanode achieves greatly enhanced incident photon to electron (IPCE) efficiency for indirect 

band gap excitation (Figure 4e). 

Domain boundary conduction assisted by boundary defect. Beside tuning the intrinsic 

materials characteristics with bulk defect, engineering extrinsic structural imperfections, such as 

mobile charged defects at boundaries, is effective to improve carrier transport. In this section, we 

highlight the efforts to work with domain boundary defects for improved carrier transport and PEC 

activity. In thin films or nanostructures, domain or grain boundaries vastly exist during materials 

growth and processing. Although these defects are actively involved in the macroscopic carrier 

transport, their impact on semiconductor photoelectrode performance is less understood. To study 

the boundary effect on carrier transport, we fabricated c-axis oriented BVO thin films that feature 

a high density of continuous, vertical interfaces that arise from in-plane domain rotation.43 These 

domain boundaries serve as fast transport channels for electrons diffusing into this region, and 

therefore enhance the macroscopic out-of-plane conductivity (Figure 5a). Solid-state electronic 

characterizations revealed that the multi-domain BVO film exhibits anomalously high out-of-plane 

conductivity, which is nearly four orders of magnitude larger than the characteristic intrinsic 

conductivity. The extra conductivity offered by domain boundaries was further identified by 

conductive atomic force microscopy (AFM) measurements on multi-domain BVO (Figure 5b, c).  

In a further development, Eichhorn et al integrated conductive AFM with optical excitation to 

polycrystalline BVO, which enabled the investigation of charge transport mechanism involving 

photoelectrons (Figure 5d).44 The domain boundary conduction was also observed in this study. 

The limitation of charge carrier transport inside BVO was further studied through a systematic 

temperature and illumination intensity dependent study. Regardless of the AFM tip coating, a 

power law dependence is observed from the linear log(J)-log(V) (current-voltage) relations at high 



9 
 

biases (Figure 5e), reflecting a space-charge limited regime with trap state contributions.45 This 

study directly mapped the photoconductivity inhomogeneity from various structural features, 

including grains, boundaries, and crystal facts in polycrystalline BVO films, and identified the 

mechanism of charge transport limitation in BVO. The emerging conductivity at structural 

boundaries has profound impact on the photocarrier transport and photoelectrode design. 

Photoelectrons can take the vertical domain boundaries as a least action path to back contact, 

instead of moving slowly inside domains and getting recombined. In this way, it compensates the 

intrinsic low electron transport. This finding also presents a new design strategy that one can work 

with domain width and distribution to match the photocarrier diffusion length, so that the 

macroscopic carrier transport can be tuned by extrinsic structural variables.  

Suppress boundary recombination with hole-blocking interface. Once photocarriers leave the 

semiconductor bulk, they are collected at the back contact or the aqueous surface. However, severe 

carrier recombination can occur at these interfaces due to the abundance of defects and dangling 

bonds. For example, a “dead layer” often forms near the back contact due to imperfect lattice 

alignment or chemical interdiffusion.46-48 To facilitate carrier transfer across the back contact, 

careful interface design is required in terms of structural, chemical and electronic matching. The 

importance of interface design is demonstrated in a recent study on BVO thin film photoanodes, 

which prefer back-illumination for larger photocurrent, due to the sluggish electron transport.27 

However, this configuration inevitably exposes photoholes to recombination centers at the back 

contact. To suppress such recombination, we introduced a lutetium oxide (Lu2O3) interlayer 

between the bottom indium tin oxide (ITO) layer and the upper BVO film.49 The Lu2O3 interlayer 

facilitates epitaxial growth of BVO, which minimizes the structural defect formation at the 

interface (Figure 6a). Meanwhile, as a wide band gap semiconductor (Eg = 5.7 eV), Lu2O3 forms 
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a unique band alignment with BVO that is efficient for hole blocking (ΔEv = 2.88 eV), but feasible 

for electron tunneling (ΔEc = 0.22 eV) (Figure 6b). As a result, an ultrathin Lu2O3 layer (1.4-nm-

thick) significantly improves the charge separation efficiency in BVO and correspondingly the 

water splitting activity (Figure 6c).  

Surface defect engineering via passivation and catalysis. For carriers delivered to the 

electrolyte interface, surface recombination can be a significant loss channel when the surface 

defect level is high or when the chemical reaction rate is slow (Figure 7a), as seen in the exemplary 

α-Fe2O3
50 and BVO photoanodes.51 To minimize surface recombination, two closely related 

strategies are usually exploited: passivating the surface defect and capping a catalyst overlayer.52 

Rate constant analysis is usually used to distinguish these two effects, which can be obtained from 

intensity modulated photocurrent spectroscopy measurements. For example, Jang et al applied a 

hydrothermal regrowth method to α-Fe2O3 photoanodes to reduce the surface defect density, which 

readily reduces the photocurrent onset potential (Eonset) from the usual 1.07 VRHE to 0.67 VRHE.50 

The carrier transport at the surface is further improved by coating an amorphous NiFeOx layer, 

which reduces the Eonset to 0.45 VRHE. However, this surface layer does not improve the charge 

transfer rate constant (ktran).
53 Instead, both the regrowth method and the NiFeOx surface layer 

passivate surface defects to suppress carrier recombination, resulting in significantly improved 

charge transfer efficiency (Figure 7b). Due to the reduced carrier recombination constant (krec), 

both the surface hole concentration and the photovoltage are improved, leading to much lower 

Eonset. In comparison with surface defect passivation that mainly enhances krec, a surface catalysis 

layer improves the chemical reaction rate, which is featured by larger ktran at the catalyst/electrolyte 

interface (Figure 7c). This was demonstrated by Kim et al, where a serial dual-layer 

FeOOH/NiOOH surface catalyst alters the water-splitting chemistry on the BVO surface and 
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significantly enhances the charge carrier separation.17 It should be also noted that the catalysis 

effect can work together with the defect passivation effect for a range of heterogeneous catalysts, 

such as cobalt phosphate (Co-Pi) and IrOx.
54,55 To date, the mechanism of specific catalyst function 

remains under intense investigation. In various cases, apparently contradictory answers may be 

drawn from different techniques on the same catalyst. For example, a “dual-working-electrode” 

technique directly probes the charge carrier passing through the coated photoelectrodes,56 and 

detects catalytic effects from NiFeOx overlayers for α-Fe2O3 photoanodes that are considered as 

passivation layers by other techniques.53,57  

Identify the origin of carrier transport limitation. We have highlighted recent research efforts 

to improve carrier transport by engineering defects in different regions across semiconductor 

photoelectrodes. For exploratory device optimization, it is critical to first pinpoint the origin of 

carrier transport limitation and then apply defect engineering strategies accordingly. Conventional 

PEC measurements are most commonly used. Comparing photocurrents from water oxidation and 

hole scavenger oxidation gives a convenient estimation of charge separation efficiency of the 

photoelectrode.17,51 Probing the illumination dependence of photocurrent is an effective way to 

qualitatively determine whether the carrier transport in limited by majority or minority charge 

carriers. Meanwhile, directly tracking carrier transport via I-V measurements is another important 

way to understand the transport mechanism and limitation.38,43,58 This approach includes 

macroscopic resistivity measurements in a thin film capacitor geometry and microscopic 

measurements using conductive atomic force microscope. The latter one can be further modified 

with optical excitation in electrolyte for operando transport characterizations.44,59 In addition, 

optical pump-probe spectroscopy and impedance spectroscopy are effective to pinpoint the 

limiting factors for carrier relaxation across different time scales and spatial regions.53,60-62 
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Summary and outlook. We have discussed defect engineering strategies to facilitate charge 

carrier transport and to coordinate with light absorption for optimized energy conversion efficiency. 

These defect engineering strategies are not isolated from each other and may work together to 

improve the photoelectrode performance. So far, the best material candidate that is commercially 

competitive for solar energy conversion is yet to be identified. To accelerate materials design and 

discovery in the field, further research efforts are proposed as follows: 

(1) Mechanism and application of defect engineering. As we have discussed in this work, the 

impact of defect on carrier transport can be complicated and non-trivial: defects can be detrimental 

as recombination centers, but they can also be beneficial as carrier donors. For example, in the 

model system of BVO, native defects such as oxygen vacancies, start to enhance the macroscopic 

film conductivity only at relatively high deposition temperatures (600 ℃).43 Such film conductivity, 

however, is not observed for films deposited at medium temperatures (350 ℃- 400 ℃).63 Beyond 

carrier transport, incorporating defects may simultaneously alter the optical transitions and so the 

light absorption, such as hydrogenated TiO2
64 and nitrogen-intercalated WO3.

65 Therefore, 

elucidating the defect mechanism and activating the desired function are critical to boost the 

photoelectrode performance, and require further theoretical and experimental efforts. 

(2) Operando characterization. Probing charge carrier dynamics at operando conditions provides 

critical insights that are not accessible by conventional solid-state carrier transport and steady-state 

PEC characterizations. Optical pump-probe spectroscopy and impedance spectroscopy have been 

integrated with a working photoelectrode to probe the carrier relaxation process across different 

time scales and spatial regions.53,60-62 Furthermore, when coupling carrier dynamics measurements 

with structural/chemical characterizations, a full structure-property relation can be established, 

which is extremely important to drive materials design. Current operando techniques for 
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monitoring the chemical, structural and morphological evolution at working conditions includes 

X-ray photoemission spectroscopy for energetics evolution at the aqueous interface,66 infrared 

absorption for surface intermediates absorption,67 X-ray absorption spectroscopy for bulk 

electronic and lattice structure,68 and electrochemical AFM for surface morphology evolution.69 

(3) Exploratory material design. Transforming mechanistic understanding to novel materials 

development is significant to obtain ultimate high-performance and low-cost photoelectrodes. It is 

important to expand current materials selection from oxides to non-oxides, such as nitrides and 

oxynitrides (Ta3N5,
18 InGaN,19 TaON,70 GaN-ZnO71), sulfides and phosphides.72 Although the 

latter materials generally absorb more visible light absorption, they suffer from surface corrosion 

and carrier recombination. Therefore, it is critical to transform the insights that we gained from 

oxide systems to non-oxide systems in order to improve their PEC performance. Another 

promising direction is high-throughput materials computation and synthesis. The computation 

methodology development accelerates materials discovery in the ternary or even more complex 

regime.20,73,74 This prolific approach exploits the key relations between structural motifs and 

electronic/optical transitions for materials screening. These calculation findings can guide the 

material synthesis and characterization efforts, which, in turn, provides experimental feedback to 

the calculations. This integrated theory-experiment loop is expected to play an increasing role in 

searching promising semiconductors for solar energy conversion.  
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Figures  

 

Figure 1 (a) Schematic of a thin film photoanode for PEC water splitting. (b) Schematic of 

photocarrier generation, transport and recombination across a semiconductor photoanode, 

including bulk, surface and interface. Representative regions for the photoanode design are 

highlighted by the space charge region thickness (dsc), minority carrier diffusion length (dh) and 

effective photon attenuation depth (dp).  
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Figure 2 (a) Substitutional (A-site and B-site) and interstitial doping in the BVO model system. 

(b) Time-resolved microwave conductivity plots for pristine, hydrogen-annealed, and W-doped 

BVO films demonstrating the impact of different dopants on carrier dynamics. Reprinted with 

permission from ref 33. Copyright 2017 Wiley. 
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Figure 3. (a) Schematic of small polaron transport. The strong electron-lattice interaction applies 

an energy barrier (Ea) for the electron transfer between neighboring lattice units. Reprinted with 

permission from ref 36. Copyright 2016 American Chemical Society. (b) Cross-sectional EDX 

mapping and the atomic-resolution STEM image demonstrate phase-pure and single-crystalline 

growth of Mo-BVO thin films over single-crystalline ITO/YSZ substrates. (c) Thin film 

conductivity-temperature fitting plots of Mo-BVO films for linear extrapolation of the small 

polaron hopping barrier. (d) Photocurrent density versus potential (J-V) curves of 160-nm-thick 

Mo-BVO films with different doping levels (left panel) and 2% Mo-BVO film with different 

thicknesses (right panel) measured under back illumination for sulfite oxidation (pH 7.0, 1M 

Na2SO3). Reprinted with permission from ref 38. Copyright 2018 American Chemical Society. 
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Figure 4. (a) Schematic of the band diagram of (i) 1% W-doped BVO, (ii) W-doped BVO/BVO 

homojunction, (iii) reversed W-doped BVO/BVO homojunction, and (iv) graded W-doped 

BVO/BVO homojunction. (b) Charge carrier separation efficiency (ηsep) as a function of external 

potential (VRHE) for the above junctions. Reprinted with permission from ref 39. Copyright 2013 

Nature Publishing Group. (c) Schematic of creating a gradient doping region over n-STO through 

refilling the oxygen vacancies via rapid thermal reoxidation. (d) Donor density (ND) as a function 

of depth x for n-STO photoanodes under different reoxidation conditions, as determined from the 

Mott-Schottky analysis. The depth x is the distance from the semiconductor top surface. (e) IPCE 

values at 1.23 VRHE as a function of respective space charge region width and incident light 

wavelength for n-STO photoanodes under different thermal annealing conditions. Each type of 

symbols represents the data collected from the same sample. Reprinted with permission from ref 

16. Copyright 2016 Wiley. 
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Figure 5. (a) Schematic of domain-boundary conduction on improving carrier transport in the 

intrinsically insulating BVO. (b) Topography z-height atomic force microscope (AFM) image and 

(c) simultaneously acquired conductive AFM image of the c-axis oriented BVO films grown on 

single-crystalline ITO/YSZ substrates. The domain boundaries are highlighted by white dashed 

lines in b. Reprinted with permission from ref 43. Copyright 2018 American Chemical Society. (d) 

The upper schematic shows the photoconductive atomic force microscope (pc-AFM) setup. The 

illumination is provided thought the substrate side. Two types of conductive coatings, e.g. Au and 

PtIr, are used on the AFM probes to study the effect of different metal-semiconductor contacts on 

the photocurrent output. The lower schematic shows the energy band diagram between FTO, BVO 

and the probe coating metals. (e) Illumination and temperature dependence of solid-state current-

voltage characteristics for Au-probe/BVO/FTO junctions. Reprinted with permission from ref 44. 

Copyright 2013 Nature Publishing Group. 
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Figure 6. (a) High-resolution STEM image near the BVO/LO/ITO region demonstrating the 

ultrathin epitaxial LO interlayer and the epitaxial BVO film growth. Inset shows the 

crystallographic mode demonstrating the epitaxial relation between BVO, LO and ITO. (b) 

Schematic energy-band diagram of BVO/LO/ITO with valence band maximum (VBM) and 

conduction band minimum (CBM). The ultrathin LO interlayer drives hole delivery to the 

semiconductor–electrolyte interface through the hole-blocking effect. (c) J-V curves of the 

BVO/LO thin film photoanodes with different LO layer thicknesses. Reprinted with permission 

from ref 49. Copyright 2018 Wiley. 
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Figure 7. Schematic of surface defect engineering by passivation and catalysis. The carrier 

transport efficiency near the surface can be improved by lowering the recombination rate krec 

(defect passivation) or improving the transfer rate ktran (surface catalysis).  
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Quotes to highlight in paper  

 

1. Carrier transport in semiconductor photoelectrodes is a key process that determines the 

PEC device efficiency and is extremely sensitive to the materials defect level. 

 

2. Although the uniform bulk doping using hydrogen or hexavalent ions apparently 

improves the PEC performance, the fundamental mechanism has yet to be fully 

elucidated. 

 

3. Instead of introducing a homogeneous spatial profile of dopants, graded doping 

artificially constructs a sloped or stepped distribution of the doping level to form 

distributed homo-junctions. 

 

4. Beside tuning the intrinsic materials characteristics with bulk defect, engineering 

extrinsic structural imperfections, such as mobile charged defects at boundaries, is 

effective to improve carrier transport. 

 

5. To facilitate carrier transfer across the back contact, careful interface design is required in 

terms of structural, chemical and electronic matching. 

 

6. These defect engineering strategies are not isolated from each other and may work 

together to improve the photoelectrode performance. 


