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Developing renewable sources of energy is one of the most important challenges in current 

research as global energy consumption continues to increase.
[1]

 Hydrogen production via 

photoelectrochemical (PEC) water splitting is a sustainable approach to providing high energy 

density fuels as well as an essential feedstock for major industrial chemical synthesis.
[2]

 Despite 

its potential impact as an energy conversion process utilizing abundant sources – solar irradiation 

and water – the efficiency of PEC water splitting remains below industrially applicable levels. 

The key to successful operation of PEC devices heavily relies on precise materials control and 
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engineering of semiconductors. Recent developments in semiconductor design span a broad 

spectrum from exploring novel compounds to combining multi-layered heterostructures and 

nanostructures to maximize the solar-to-hydrogen (STH) conversion efficiency.
[3,4]

 Among all 

types of semiconductors, metal oxides have shown promising attributes as photoelectrode 

materials for PEC devices due to their relatively high chemical stability and the flexibility to 

manipulate their optical and electrical properties over a wide range through their 

stoichiometry.
[3,5]

  

In order to develop highly efficient oxide semiconductors, design strategies based on 

critical assessment of their PEC properties in well-defined forms is an effective approach. To this 

end, the controlled surface and bulk properties of single crystalline epitaxial thin films provide an 

ideal platform for investigating the intrinsic physical and electronic properties of oxides for PEC 

applications.
[6]

 For example, UHV-based metal oxide thin film synthesis techniques, such as 

pulsed laser deposition (PLD) and molecular beam epitaxy, enable control over the defect density 

and thickness in ternary or even quaternary oxides on the atomic scale while preserving a well-

defined surface structure,
[7]

 suitable for evaluating the best case PEC performance for subsequent 

studies. Furthermore, the recent advances in thin film fabrication techniques and the conceptual 

breakthroughs at oxide solid-state heterointerfaces have opened new avenues to controllably 

introduce carriers without chemical doping and to generate built-in electric fields with atomic 

scale precision.
[8,9]

 These capabilities offer the opportunity to engineer one of the most 

challenging elements in PEC devices – the band edge alignment at the oxide/electrolyte interface.  

The band edge alignment, defined as the relative energy position of the semiconductor 

band edges with respect to the oxygen and hydrogen evolution potentials, critically affects the 

PEC performance in two ways. Firstly, it defines the thermodynamic driving force for the 

respective half-reaction. For example, a photoanode with a more positive valence band edge 
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provides larger driving force for the photo-generated holes as they oxidize water. Secondly, the 

flat band potential (Efb) essentially governs the solar-to-electrical energy conversion efficiency 

through modulation of the space-charge layer thickness, which spatially separates the photo-

generated electrons and holes. Previous approaches to control band edge alignment have 

primarily focused on the chemical functionalization of compound semiconductor surfaces by 

organic molecules and ions which, despite their success in non-aqueous systems,
[10]

 generally 

lead to marginal tunability in aqueous solutions needed for PEC water splitting.
[11]

 This is mainly 

due to the strong surface hydroxylation equilibria of oxides,
[12]

 making band edge alignment a 

materials specific parameter and hence limiting the efficiency of many oxides. 

This limitation can potentially be overcome by considering the electrostatics at these 

interfaces, which predicts that a potential difference can be generated by inserting a pair of 

oppositely charged species within atomic distances of the interface. The potential generated by 

such an interface dipole is proportional to the magnitude of the charge, which offsets the band 

edge alignment in the direction determined by the stacking sequence of the positive and negative 

charges.
[13]

 Recently, this concept was implemented in solid-state all-oxide Schottky junctions to 

control their barrier heights.
[14]

 The strong ionic bonding in metal oxides and the unique 

perovskite crystal structure enable natural dipole incorporation at heterointerfaces which generate 

a potential offset large enough to convert a rectifying Schottky junction into an Ohmic contact.
[9]

 

Here we apply this dipole engineering technique to a prototypical oxide/aqueous solution 

interface and demonstrate the tuning of the flat band potential over 1.3 V by inserting a ~1 nm 

dipole layer, significantly exceeding previous modulation of Efb.
[11]

 A crucial underlying aspect 

in this study is the insertion of complete dipole layers, consisting of both positive and the 

negative charges, at the subsurface rather than at the oxide/electrolyte interface, enabling 

activation and stability of the full dipole magnitude expected from the ionic charge layers. 



     

4 

 

We engineered an n-type 0.01 wt. % Nb-doped SrTiO3 (Nb:SrTiO3) photoanode by 

forming an ultrathin LaAlO3 as the dipole layer, and capped it with a non-doped SrTiO3 layer. 

SrTiO3 is a well-studied semiconductor in PEC with a cubic perovskite structure having an 

optical gap of 3.2 eV,
[15]

 and is available in high quality single crystalline form with well-defined 

atomically flat surfaces.
[16]

 In the pseudocubic notation, the LaAlO3 crystal structure projected in 

the [001] orientation consists of alternate stacking of (AlO2)
-
 and (LaO)

+
 charged layers assuming 

nominal valence for the ions, in contrast to the charge neutral stacking of (TiO2)
0
 and (SrO)

0
 in 

SrTiO3 (Figure 1a). By terminating the Nb:SrTiO3 (001) surface with the TiO2 layer,
[16]

 LaAlO3 

growth naturally starts from the (LaO)
+
 layer forming a dipole potential pointing towards the 

Nb:SrTiO3 (001) surface, equivalent to increasing the electron affinity of Nb:SrTiO3. By 

increasing the thickness of the LaAlO3 layer, the dipole potential increases up to a critical 

thickness, beyond which the electrostatic energy in the LaAlO3 layer can no longer be stabilized 

and the built-in electric field gradually decreases with thickness.
[17]

 The cap SrTiO3 layer serves 

to avoid direct contact of LaAlO3 surface to the electrolyte, preventing potential (photo)-

corrosion of the dipole layer and to also maintain the same point of zero charge (PZC) regardless 

of the presence of the dipole layer for systematic comparison. Different chemical surfaces are 

expected to have different PZCs, which could result in spontaneous surface dipole formation 

driven by the difference in solution pH and the oxide PZC.
[12,18]

  

A total of 12 samples were fabricated varying the LaAlO3 dipole layer thickness dLAO 

from 0 to 6 unit cells (u.c.) with a fixed 5 u.c. cap SrTiO3 layer using PLD followed by a post 

annealing process to fill residual oxygen vacancies potentially generated during thin film growth 

(see Experimental Section). We note that a single unit cell corresponds to the full perovskite unit 

cell consisting of two atomic layers (LaO)
+
/(AlO2)

-
 and (SrO)

0
/(TiO2)

0
 for LaAlO3 and SrTiO3, 

respectively. The LaAlO3 and SrTiO3 film deposition rates were pre-calibrated by measuring the 
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thickness of the films deposited on SrTiO3 (001) substrates at various laser pulse counts. For the 

LaAlO3 layers, the thickness was measured by using X-ray reflectivity as shown in Figure 1b 

giving a calibrated deposition rate of 1.4 × 10
-2

 nm/pulse. For SrTiO3, atomic force microscopy 

(AFM) was used for the grown film thickness measurement giving a deposition rate of 2.0 × 10
-2

 

nm/pulse. As an independent measure of the deposition rate, reflection high-energy electron 

diffraction (RHEED) oscillations were taken in situ during deposition of these layers as shown in 

Supporting Information Figure S1a for a dLAO = 3.0 u.c. sample. The thickness calibrations 

obtained from RHEED oscillations were in good agreement with those from laser pulse counts. 

The AFM image of a dLAO = 1.0 u.c. sample in Figure 1c shows step-terrace surface structure, 

indicating an atomically flat surface after fabrication of LaAlO3 (1 u.c.) and SrTiO3 (5 u.c.) layers. 

The particle-free surface indicates that the cation stoichiometry is preserved in these layers. 

Similar topographies with well-defined surfaces were obtained for all 12 samples (see Supporting 

Information Figure S1b). The step height was 0.4 nm corresponding to a single perovskite unit 

cell as shown in Figure 1d. 

We performed a Mott-Schottky analysis in 0.1 M KOH electrolyte to measure the flat 

band potentials of all photoelectrodes with various dLAO (see Supporting Information Figure S2a 

for representative raw data). Figure 2a shows a linear 1/C
 2

 - E trend in all cases at oxidizing 

potentials characteristic of an n-type semiconductor. Here, C is the capacitance deduced from the 

Randles model (Supporting Information Figure S2a) via electrochemical impedance measurement 

at each applied potential, E, measured with respect to the reversible hydrogen electrode (RHE). 

Efb was obtained by linearly fitting the 1/C
2
 data in the anodic region against the potential. For 

dLAO = 0 u.c., the linear fit was extrapolated to the potential axis giving Efb (0 u.c.) = -0.39 V vs. 

RHE in agreement with previously reported values.
[15]

 For dLAO > 0 u.c., a finite residual 1/C
 2

 

was observed below Efb which predominantly corresponds to the capacitance arising from the 
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LaAlO3,
[19]

 SrTiO3,
[20]

 and the electric double layers.
[21]

 In these cases, the residual 1/C
 2
 was also 

linearly fitted and the potential at which it intersects with the anodic slope was defined as Efb. 

Four examples of such fitting processes are shown in Figure 2b for dLAO = 1.0, 2.0, 3.0, and 4.0 

u.c., demonstrating that a linear extrapolation to the potential axis would underestimate the Efb. 

Thus deduced, the Efb shifted anodically with increase in dLAO up to 1.5 u.c. and remained almost 

constant above this thickness up to dLAO = 6.0 u.c. (Figure 3a). Throughout the entire potential 

range, the extracted series resistance (Ru) was approximately 120 Ω and the parallel resistance 

(Rp) was higher than 10
7
 Ω above -0.5 V vs. RHE, and exponentially decreased to 10

4
 Ω under 

cathodic bias which confirms the negligible current leakage in the Nb:SrTiO3 (001) substrates. 

The cyclic voltammetry results for the initial sweep after immersing in solution under 

chopped illumination are shown for 9 samples in Figure 2c. All samples show photocurrent at 

high positive potentials, which diminishes under bias in the negative direction (see Supporting 

Information Figure S2c for measurements of all samples). The onset of the photocurrent (EON) 

was obtained by linearly fitting the photocurrent density Jph in a Jph
2
 – E plot close to the rise of 

the photocurrent and extrapolating to the potential axis as shown in Supporting Information 

Figure S2b. EON linearly shifts anodically up to dLAO = 1.5 u.c. and also above dLAO = 2.0 u.c., 

exhibiting a plateau in the range dLAO = 1.5 to 2.0 u.c. The photocurrent density at a fixed anodic 

bias (E = +2.4 V vs. RHE), where saturation of the photocurrent was observed for all samples, 

linearly decreased with the LaAlO3 thickness, due to the increasing impedance of ultrathin 

LaAlO3 layer against hole transport. The dark current under the same bias remained substantially 

smaller than the photocurrent, showing a slight increase from 0.2 A/cm
2
 for dLAO = 0 u.c. to 1.6 

A/cm
2
 for dLAO = 6 u.c. The photocurrent and the dark current overlapped for sweeps in both the 

positive and the negative direction except for the small difference close to EON, suggesting 

negligible degradation of the photoanode as a function of illumination and bias. The large shift in 



     

7 

 

Efb and the associated modulation in the photocurrent clearly reveal the significant impact of the 

nm-thick inserted LaAlO3 layers on the performance of this photoanode. 

As shown in Figure 3a, Efb linearly shifts anodically with dLAO up to 1.5 u.c. and saturates 

above, the slope corresponding to a potential shift of 0.9 V/u.c. of LaAlO3. As a control 

experiment, we measured the built-in potential Vbi of Schottky junctions between Pt-metal and 

the dipole engineered Nb:SrTiO3 heterostructures through capacitance-voltage characteristics 

(Supporting Information Figure S3a and S3b). As seen from Figure 3a, a quantitatively similar 

trend in Vbi was observed, strongly supporting the active role of the LaAlO3 dipole layer 

embedded in the photoanode. Furthermore, direct measurement of the Schottky barrier height 

from internal photoemission ( IPEΦ ) reveals that the Pt/cap-SrTiO3 barrier height remains constant 

independent of dLAO, supporting the validity of this model (see Supporting Information Figure 

S3c).
[22]

 A schematic evolution of Efb and the dipole potential is depicted in a band diagram in 

Figure 3c. The electric field inside the LaAlO3 is constant up to dLAO = 1.5 u.c., shown by the red 

lines, and decreases systematically with dLAO above, shown by the light blue line in dLAO = 3.0 

u.c. We note that the saturating Efb value above dLAO = 1.5 u.c. corresponds to the oxygen 

evolution reaction (OER) potential (EOER = +1.23 V vs. RHE) which sets the anodic boundary for 

the Fermi level of the system, as expected. Further anodic shift in Efb would initiate spontaneous 

OER by allowing electron transfer into the conduction band of Nb:SrTiO3 and thus not reach 

equilibrium. 

Careful examination of the carrier transport probed by cyclic voltammetry provides 

insight into the carrier dynamics in these heterostructures. At dLAO < 1.5 u.c., EON shifts 

anodically, after which it reaches a plateau up to dLAO = 2.0 u.c. similar to the Efb trend. However, 

above dLAO = 2.0 u.c., EON continues to shift anodically accompanied by a linear decrease in the 

photocurrent at fixed anodic bias (Figure 3b). The initial shift in EON and the reduction in the 
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oxidative photocurrent correspond well to the reduction in Efb, reducing the electric field in the 

space charge layer in Nb:SrTiO3, requiring additional potential to drive the photo-generated holes 

towards the surface. However, the behavior at dLAO > 2.0 u.c. suggests the presence of effects 

independent from the dipole offset, most likely related to the materials specific properties of 

LaAlO3 and its interface with SrTiO3. The band gap of LaAlO3 is 5.6 eV,
[23]

 and its band edges 

are reported to be more negative than those of SrTiO3, forming a staggered (type-II) 

heterojunction.
[24]

 These band offsets can strongly impede the carrier transport as dLAO increases, 

for example, by hole trapping at the LaAlO3 valence band interfacing the cap SrTiO3, or by 

recombination as they traverse across the cap SrTiO3 with the electrons partially blocked by the 

cap SrTiO3/LaAlO3 conduction band offset. Furthermore, carrier trapping via intrinsic in-gap 

states inside the LaAlO3 layer is expected to be enhanced as the carrier transit time increases with 

reduction in the built-in electric field at thicker dLAO. Although disentangling each mechanism 

requires further investigation, the systematic evolution of photocurrent with dLAO clearly 

indicates the fundamental impact of nm-thick dipole layers on the PEC performance of 

photoanodes. 

In summary, we succeeded in shifting the flat band potential over 1.3 V by controllably 

inserting ~1 nm-thick subsurface dipole layers near the Nb:SrTiO3 (001)/aqueous electrolyte 

interface. We emphasize that the flat band potential shift obtained in this study of 0.9 V per 0.4 

nm of LaAlO3 is significantly larger compared to any reported results in oxide/aqueous solution 

interfaces.
[11]

 In addition to exploiting the strong ionicity of metal oxides, the atomic scale control 

of layered heterostructures allows spatial separation of the dipole layer from the oxide/solution 

interface. This minimizes deleterious specific adsorption which diminishes the dipole magnitude 

and the possibility of intercalation of ions at the surface, as often discussed in organic surface 

dipoles.
[25,26]

 While the direction of the flat band potential shift was undesired for the 
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photoanodes in this study, application of this specific LaAlO3 dipole layer to photocathodes 

should prove effective in increasing their performance. We also anticipate that a flat band 

potential shift in the opposite (cathodic) direction should be feasible by selecting an appropriate 

dipole layer. This study provides a proof-of-concept demonstration of a new approach to control 

the band edge alignments in an oxide epitaxial heterostructure that is structurally well-defined 

and well-characterized in solid-state Schottky junctions.
[9]

 Given the large number of 

photoelectrodes previously studied, experimentally and theoretically, that have been classified as 

“unsuitable” due to the inappropriate band edge alignment,
[3,27]

 the current results present a new 

strategy to revisit many of them to overcome their limitations by independently controlling the 

interface and the bulk properties to produce viable PEC devices.
[28]

  

 

Experimental Section 

Dipole engineered photoanode fabrication: All heterostructures were fabricated by pulsed laser 

deposition using a KrF excimer laser. The (001)-oriented single crystal Nb:SrTiO3 substrates (Nb 

= 0.01 wt. %) were first pre-annealed under 950 
o
C for 30 minutes at partial oxygen pressure 

(PO2) of 5 × 10
-6

 Torr to remove the carbon contaminants on the surface and to provide sharp 

atomic step-terrace structures. Subsequently, LaAlO3 was grown at a growth temperature Tg = 

800 
o
C and PO2 = 1 × 10

-5
 Torr, using a laser fluence of 0.61 J/cm

2
 at a laser repetition rate of 1 

Hz. The cap SrTiO3 layer was deposited at Tg = 700 
o
C and PO2 = 1 × 10

-6
 Torr, under the laser 

fluence and repetition rate of 0.38 J/cm
2
 and 1 Hz respectively. These samples were post-

annealed at 1 atm of flowing oxygen at 450 
o
C for 1 hour to fill potential uncompensated oxygen 

vacancies generated during growth. 

Photoelectrochemical characterization: PEC measurements were conducted in 0.1 M KOH 

solution using a Ag/AgCl 4M KCl reference electrode (Fisher Scientific, Accumet) and a coiled 

platinum wire counter electrode in the three-electrode setup. Experiments were conducted at 
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room temperature and the solution was continuously purged with oxygen gas. The Mott-Schottky 

plot was obtained by conducting electrochemical impedance spectroscopy between 10 kHz and 1 

Hz at various DC potentials under dark conditions and was fit to the Randles model (Supporting 

Information Figure S2a) to extract the capacitance component in the electrode. For photocurrent 

measurements, a 1000 W xenon lamp provided concentrated broadband illumination.  The power 

density of the utilizable photons (wavelength from 280 to 387 nm) was 3.70 mW/cm
2
, which 

matches the power density of AM 1.5 G spectrum for the same wavelength range. Each sample 

has an exposed area of typically 0.03 cm
2
, much smaller than the spot area from the light source. 

Cyclic voltammetry was obtained by sweeping the potential at 25 mV/s while chopping the light 

every 2 s. 

Dipole engineered Schottky junction fabrication and characterization: The dipole engineered 

Pt/LaAlO3/Nb:SrTiO3 Schottky junctions were prepared by evaporating 5 nm thick platinum 

layer at 4 × 10
-7

 Torr using an e-beam evaporator at room temperature through a metal mask to 

form 400 m-diameter metal electrodes. The built-in potential (Vbi) of these junctions were 

measured by capacitance-voltage technique using an LCR meter. Vbi was obtained by linearly 

fitting the 1/C
2
 data and extrapolating to the voltage axis. For dLAO > 1.0 u.c., two linear fits were 

employed to account for the finite 1/C
2
 offset following the same procedure used in obtaining Efb 

from electrochemical impedance measurements. Internal photoemission measurement was 

conducted by using a chopped monochromated tungsten-halogen lamp as the light source and a 

lock-in amplifier for detecting the photocurrent. 

 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. (a) Schematic of the dipole engineered Nb:SrTiO3 photoelectrode employed in this 

study. -V corresponds to the dipole potential offset. (b) X-ray reflectivity data of LaAlO3/SrTiO3 

(001) heterostructures with varying the laser pulse counts (top) and the extracted LaAlO3 layer 

thickness (bottom). (c) AFM topography of the dLAO = 1.0 u.c. sample surface showing a particle 

free step-terrace structure. (d) Lateral scan across the white line in (c) presenting 0.4 nm step 

heights corresponding to single perovskite unit cells.
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Figure 2. (a) 1/C

 2
 – E plot for the 12 samples with different dLAO. (b) Magnified plot for dLAO = 

1.0, 2.0, 3.0, and 4.0 u.c. showing the deduction of Efb from two linear fits to the 1/C
 2

 – E data. 

(c) Cyclic voltammetry curves for 9 dipole engineered photoanodes under 2 s chopped white light 

irradiation. The number in each panel indicates the LaAlO3 dipole layer thickness dLAO.
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Figure 3. (a) Efb (red, left) in solution from the Mott-Schottky analysis and Vbi and ΦIPE (blue, 

right) from Pt-Schottky junction measurements plotted against dLAO. The horizontal dotted line 

indicates the oxygen evolution potential EOER. (b) EON (red, left) and Jph at E = +2.4 V vs. RHE 

(blue, right) plotted as a function of dLAO. (c) Schematic interface band diagram showing the 

evolution of Efb in SrTiO3 (5 u.c.)/LaAlO3 (dLAO)/Nb:SrTiO3 (001) heterostructures. 
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Flat band potential at an oxide semiconductor/aqueous electrolyte interface was 

systematically shifted over 1.3 V by atomically engineering an electrostatic dipole layer near this 

interface. Coherent stacking of polar oxide surfaces stabilizes a large internal electric field over 

atomic distances. This technique enables the decoupling of the bulk and interface constraints in 

designing photoelectrodes using complex oxides. 
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