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carrier (electron) mobility demands a high 
doping level (10 18 –10 19  cm −3 ) to achieve 
low Ohmic loss levels. Correspondingly, 
this suppresses the depletion width to a 
few tens of nanometers. The thin deple-
tion layer makes it diffi cult to effectively 
utilize incident light, which is typically 
absorbed over a much longer distance. [ 5–7 ]  
Apart from the popular solution of nano-
structuring the photocatalyst, [ 8,9 ]  graded 
doping in bulk material has been proposed 
to broaden the depletion region without 
introducing additional surface defects. [ 10,11 ]  
For direct band gap semiconductors such 
as BiVO 4 , the creation of an  n  + – n  homo-
junction helps to match the depletion 
width with the photon attenuation depth 
 d  p  (the depth that achieves optical density 
1 for incident photon) of ≈100 nm, and 
improves the external quantum effi ciency 
up to 60%. [ 10 ]  To date, it remains an open 
question whether this strategy can be 
extended to metal oxide photocatalysts 
with indirect band gaps, such as  α -Fe 2 O 3 , 
WO 3 , and many perovskites, which have 
much weaker optical absorption. [ 12–18 ]  

 As a model perovskite material, strontium titanate (SrTiO 3 , 
STO) is among the earliest studied indirect band gap photocata-
lysts. [ 19,20 ]  With its indirect band gap at 3.25 eV (380 nm) and 
direct band gap at 3.75 eV (330 nm) ( Figure    1  a and its inset), 
STO is one of few photocatalysts that are capable of overall 
water splitting without external electrical bias due to its very low 
fl at band potential. [ 19–21 ]  The density functional theory (DFT) 
band structure of STO is presented in the inset of Figure  1 a, 
showing the indirect and direct transitions. The material can 
be readily  n -type doped for a water oxidation photoanode, either 
by heating in a reducing environment or by doping with nio-
bium. [ 22,23 ]  It was demonstrated by Wrighton et al., that the 
quantum yield for water splitting over a heavily  n -doped STO 
photoanode was only ≈10% for excitation at 3.5 eV (354 nm), 
a photon energy that remains well above the indirect band 
edge. [ 19 ]  The problem is clearly due to the weak optical absorp-
tion of the indirect transition (Figure  1 a). [ 17 ]  In this paper we 
perform a systematic study on photoelectrochemical water 
splitting over single crystalline  n -type STO photoanodes with 
different doping concentrations and profi les. The quantum 
effi ciency arising from indirect transitions is improved substan-
tially by lowering the doping concentration. Most signifi cantly, 
we fi nd that the depletion region is widened beyond 500 nm by 
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  1.     Introduction 

 Illuminating a direct pathway from solar energy to clean chem-
ical fuel, photocatalytic water splitting has attracted signifi cant 
attention over the past fi ve decades. [ 1,2 ]  For a water splitting 
device that is based on a semiconductor photoelectrode, it is the 
space charge region (SCR) formed at the semiconductor side 
of the aqueous interface that dictates the separation, transport, 
and recombination dynamics of the photogenerated carriers. [ 3 ]  
In most cases, majority carriers are depleted from the SCR, 
thus forming a depletion region; so that the device performance 
is essentially determined by the relaxation and transport of 
minority carriers. [ 4 ]  For  n -type metal oxides that are typically 
used for the oxygen evolving photoanode, their low majority 
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creating a region of relatively low doping over the bulk  n -STO. 
This is shown to improve the incident photon to current effi -
ciency (IPCE) to over 60% for excitation at 3.5 eV (354 nm) and 
to over 70% for excitation at 3.6 eV (344 nm). 

    2.     Results and Discussion 

  2.1.     PEC Water Splitting over Uniformly 
Doped  n -STO Photoanodes 

 The  n -STO photoanodes, either doped by niobium or oxygen 
vacancies, exhibit near ideal polarizable behavior in dark, i.e., 
passing negligible dark current within the 0–1.5 V RHE  potential 
window (Figure  1 b). Under the simulated AM1.5 solar radia-
tion, all  n -STO photoanodes deliver anodic photocurrent, with 
the onset potential at around 0 V RHE . The photocurrent satu-
rates quickly as the electrode povtential becomes more anodic, 
demonstrating an effi cient carrier separation process and 
refl ecting STO’s negligible exciton binding energy that is due 
to its very large dielectric constant ( ε  = 300 for STO). The donor 
density  N  D , or more precisely, the density of charge that can 
be removed from donors under depletion conditions in each 
photoanode is determined by the Mott–Schottky relation 
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 where  e  is the magnitude of the elementary charge,  ε is the die-
lectric constant,  ε  0  is the vacuum permittivity, and  k  B  T  is the 
thermal energy (Figure  1 b). Due to the relatively low doping 
level, the dielectric constant  ε  is assumed to be equal to the 
one of pristine STO. The assumption is verifi ed as it produces 
a donor density that is consistent with electrical transport 
measurements (Supporting Information). The space-charge 
capacitance per unit area  C  sc  is measured by electrochemical 
impedance spectroscopy (Supporting Information, Figure S2). 
Consistent with the observed photocurrent onset potential, the 
fl at band potential  E  FB  is found to be about −0.03 V RHE , with 
little dependence on the doping concentration. 

 The water splitting IPCE, defi ned as the ratio of the number 
of collected photogenerated electrons to the number of incident 
photons, is measured for  n -STO photoanodes with different 
dopants (either niobium or oxygen vacancies) and doping 
densities, versus the electrode potential in the spectral range of 
300–400 nm ( Figure    2  ). For all samples the IPCE is high for 
direct band edge excitation ( λ  < 330 nm) but drops quickly as 
the excitation energy decreases, due to the weak optical absorp-
tion of the indirect transitions. The IPCE plots show strong 
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 Figure 1.    a) The wavelength dependent STO optical absorption coeffi cient (left axis) and corresponding photon attenuation length (right axis). The inset is 
the DFT band structure (partial) of STO that shows the direct ( E  g,d ) and indirect transitions ( E  g,id ). b) Current density versus potential curves for an  n -STO 
photoanode in dark (black) and under white light excitation (red). The thermodynamic potential for oxygen evolution ( E °(O 2 |H 2 O)) is indicated by a dashed 
vertical line. c) Mott–Schottky plots for two  n -STO photoanodes with different donor densities. Solid colored lines correspond to linear fi ts to the data.
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 Figure 2.    a–d) IPCE as a function of excitation wavelength and electrode potential, for four  n -STO photoanodes with various dopant types (niobium or 
oxygen vacancies) and donor densities. The dashed lines are contours for corresponding IPCE values in percentage (%). All the panels share the same 
color scale. The horizontal white lines indicate the thermodynamic potential for oxygen evolution ( E °(O 2 |H 2 O)) at 1.23 V RHE .
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dependence on the doping concentration, with higher effi cien-
cies achieved for  n -STO with lower donor density across the 
entire spectral range. For instance, an STO:Nb photoanode with 

3.3 10 cm19 3ND = × −  achieves 66% IPCE at 310 nm but merely 
3.8% at 360 nm (Figure  2 a,  E  = 1.23 V RHE ), which increase to 
79% (310 nm) and 8.3% (360 nm) for an STO:Nb photoanode 
with a lower  N  D  at 2.0 × 10 19  cm −3  (Figure  2 b), and further 
increase to 82% (310 nm) and 26% (360 nm) for an even lower 
 N  D  at 1.3 × 10 18  cm −3  (Figure  2 c). Given the high refl ectance of 
STO in water (≈15%, Supporting Information, Figure S1), these 
results imply that the carrier separation effi ciency is close to 
unity for the case of lower doping and direct band edge excita-
tion. Within the potential range being studied (0.48–1.48 V RHE ) 
the IPCE increases slightly toward higher potential, refl ecting 
the improved minority carrier delivery effi ciency to the aqueous 
interface as the depletion region widens, which is consistent to 
Gärtner’s model. [ 24 ]  It is also notable that  n -STO photoanodes 
with similar doping concentration achieve similar IPCE values, 
regardless of the dopants being niobium atoms (Figure  2 c) 
or oxygen vacancies (Figure  2 d), as they both act as shallow 
donors in STO. [ 22,23 ]  The only difference is that  n -STO doped 
with oxygen vacancies achieves slightly lower IPCE at lower 
potentials. This may be due to the fact that niobium is a singly 
charged center but oxygen vacancy is doubly charged, which 
interact differently with the photogenerated carriers and may 
have slightly different ionization ratios at room temperature. [ 23 ]  

    2.2.     PEC Water Splitting over STO Photoanodes 
of Graded Doping 

 It is generally accepted that the quantum effi ciency of a water 
splitting photoanode is determined by the depletion width  d  sc  
( Figure    3  a, inset), as only photoholes generated within the 

SCR are driven to the semiconductor/water interface without 
reliance on the slower diffusion process. [ 24,25 ]  The quantum 
effi ciency is maximized when most incident photons are 
absorbed within the SCR. Based on the Mott–Schottky relation 
(Equation  ( 1)  ) and that the capacitance per unit area of a par-
allel plate capacitor is /0C dεε= , we obtain the depletion width 

    / 2 / /sc 0 sc 0 FB B Dd C E E k T e eNεε εε ( )= = − −   (2) 

 which is plotted against  N  D  for  n -STO in Figure  3 a, at 
 E  = 1.23 V RHE . From Figure  3 a, it is apparent that lower donor 
density would be required to achieve high IPCE for lower 
energy excitation, due to its larger photon attenuation depth. 
As seen in Figure  3 b, although a donor density of 10 19  cm −3  
provides large enough  d  sc  for effi cient utilization of 300 nm 
excitation, a donor density 10 times lower is necessary for 
325 nm, which agrees very well with the actual IPCE measure-
ments shown in Figure  2 . It is worth noting that even at a high 
doping density of 10 19  cm −3  the depletion region remains as 
wide as 50 nm; this is due to the high dielectric constant of 
STO (ε = 300). As only a tiny fraction (≈0.1%) of solar photons 
have energy above STO’s direct band gap, for practical reasons 
we seek to substantially improve the IPCE from indirect band 
edge excitation. To achieve this requires a donor density of no 
more than 10 17  cm −3 . However, experimentally it is diffi cult to 
produce  n -STO with  N  D  ≤ 10 17  cm −3  that remains conductive 
enough for PEC measurements. The diffi culty, as suggested 
by Frederikse et al., is due to the presence of compensating 
acceptors or deep trap states that arise from impurities at a 
comparable concentration. [ 22 ]   

 We therefore design an  n -STO photoanode with its  bulk  
heavily doped for high electron conductivity but its surface 
lightly doped for larger depletion width. To fabricate such 
device we start from an  n -STO photoanode that is uniformly 
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doped by oxygen vacancies ( N  D  = 1.7 × 10 18  cm −3 ) and heat it 
in oxygen to partially replenish the vacancies and to establish 
a low doping region near its top surface (Figure  3 b). The depth 
of this low doped region can be controlled by the oxidation tem-
perature and duration, while the back side of the photoanode is 
protected from oxidation by the aluminum contact. As shown 
in Figure  3 c, the oxidation leads to lower capacitance, implying 
widened depletion regions and reduced donor densities. The 
nonlinearity of the Mott–Schottky 1/ sc

2C E−  plots, on the other 
hand, refl ects the nonuniform donor density profi le across the 
electrode’s depth. The donor density at a distance  x  from the 
interface,  N  D ( x ) can be evaluated when the depletion width  d  sc  
equals  x , using the differential form of Mott–Schottky equation 

    εε
( )

( )
∂

∂
=

=

1/ 2sc
2

0 Dsc

C

E e N xd x   
(3)

 

 and /sc 0C xεε= , [ 26 ]  from which we can determine the  N  D ( x )− x  
relation for each annealed electrode (Figure  3 d). We fi nd that 
a 1 min oxidation at 150 °C is suffi cient to create a low doping 
region ( N  D  ≈ 10 17  cm −3 ) of 200 nm thickness near the electrode’s 
top surface and that the donor density gradually approaches 
the bulk value at larger depth. At higher temperature (200 °C) 
the lower doping region is widened to about 450 or 700 nm, 
respectively after a 1 or 2 min oxidation. On the other hand, the 
bulk of the photoanode remains its dark blue appearance and 
high conductivity of ≈2.2 Ω −1  cm −1  (Supporting Information), 
suggesting that the bulk oxygen vacancies are not affected. 
It is notable that the oxygen vacancies can be refi lled at such 
low temperature, refl ecting its readiness for reoxidation that is 
consistent with a previous report. [ 27 ]  The low doping region is 
considerably more resistive, with an electrical conductivity ≈10 4  
times lower than the  bulk . This occurs despite the apparent 
donor density being only about 20 times lower (Supporting 
Information). This strongly implies that the remaining donors 
at ≈10 17  cm −3  are being compensated by acceptors arising from 
metal impurities. [ 22 ]  Elemental analysis supplied by the vendor 
confi rms the presence of metal impurities including iron (Fe) 

and aluminum (Al) at 1 ppm level, corresponding to a density 
around 10 17  cm −3 . 

 As expected, the IPCE due to indirect band gap excita-
tion is signifi cantly improved with the introduction of a low 
doping region. Prior to oxidation, the uniformly doped  n -STO 
( N  D  = 1.7 × 10 18  cm −3 ) exhibits an IPCE of 57% (340 nm) and 
24% (360 nm) at 1.23 V RHE  ( Figure    4  a). After oxidation at 150 °C 
for 1 min, which creates a low doping region of 200 nm wide, 
the measured IPCE increase to 61% (340 nm) and 29% (360 nm) 
(Figure  4 b). Further improvement is made when the low doping 
region is widened to ≈450 nm by oxidizing the  n -STO at 200 °C for 
1 min, with IPCE increased to 74% (340 nm) and 46% (360 nm) 
(Figure  4 c). In this case, the IPCE for excitation near the indirect 
band edge is doubled from the uniformly doped  n -STO, and is over 
10 times larger than the STO:Nb sample with  N  D  = 3.3 × 10 19  cm −3 . 
This is consistent with the widening of depletion region. The 
improvement to IPCE leads to higher photocurrent under simu-
lated AM1.5 solar radiation. Comparing to the uniformly doped 
 n -STO, the photocurrent at 1.23 V RHE  increases by 11% and 
38%, respectively with a low doping region of 200 and 500 nm 
thick (Supporting Information, Figure S5). 

    2.3.     Quantum Effi ciency as a Function of Depletion Width 

 The presence of the low doping region does not improve the 
quantum effi ciency across the entire spectrum. The IPCE 
for direct transitions ( λ  ≤ 330 nm) drops immediately with 
the introduction of a low doping region (Figure  4 b). Further-
more, when the low doping region is widened beyond 500 nm, 
IPCE drops across the entire spectral range (Figure  4 d). To 
better illustrate the trend, we summarize the data presented in 
Figures  2  and  4  by plotting the IPCE of various  n -STO photo-
anodes for each excitation wavelength against their respec-
tive depletion widths at 1.23 V RHE  ( Figure    5  a). It is clear that 
the IPCE is maximized at a threshold depletion width that is 
dependent on the excitation wavelength, which is due to car-
rier recombination within the depletion region. As shown by 
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Jarrett, the photocurrent decreases when the depletion region 
becomes so wide that it takes longer than its lifetime ( τ  R ) for 
the minority carrier to transit across the depletion region. [ 28 ]  
The transit time  τ  t  is given by 

    /2t sc
2

pd Vτ μ= Δ   (4) 
 where  d  sc  is the depletion width, Δ V  the magnitude of band 
bending, and  µ  p  the minority carrier (hole) mobility. The 
threshold depletion width is defi ned when  τ  t  equals  τ  R . Using 
the literature values of  τ  R  ≈ 1 ns and  µ  p  ≈ 1 cm 2  V −1  s −1  for 
 n -STO, [ 29,30 ]  the threshold width is estimated to be ≈500 nm at 
Δ V  = 1.23 V, which agrees very well with the case of indirect 
transitions (Figure  5 a). However, the case of direct transitions 
( λ  ≤ 330 nm) appears contradictory to the model, as the cor-
responding threshold width is far below 500 nm (Figure  5 a). 

Jarrett’s model, on the other hand, predicts a threshold width 
independent of excitation wavelength. In addition, one also 
expects that the stronger light absorption of the direct transi-
tion should always lead to higher effi ciency than the indirect 
transition, which again contradicts the case of  n -STO photo-
anodes with a low doping region (Figure  4 b–d).  

 The apparent contradictions are likely due to the presence 
of mid-gap charge traps that are not considered in Jarrett’s 
model. The metal impurities contained in our  n -STO substrates, 
including Al and Fe, contribute to a number of mid-gap states. 
These impurities are consistently present at ppm levels in single 
crystalline STO samples that we have studied from several 
batches. Our observations are also consistent with transport 
measurements performed in the 1960s. [ 22 ]  These impuri-
ties may refl ect a technical limitation of the crystal growth 
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 Figure 5.    a) IPCE values of various  n -STO photoanodes at 1.23 V RHE  versus their respective depletion widths ( d  sc ) for several excitation wavelengths 
between 300 and 400 nm. The data collected from the same sample are labeled by symbols of the same shape. b) In the case of strong light absorp-
tion ( d  sc  >>  d  p ), carriers are generated only near the top of the depletion region. The presence of mid-gap acceptors can easily trap the photoelectrons, 
leading to a lower carrier collection effi ciency. The calculated acceptor levels of Al Ti  and Fe Ti  in STO are shown in the left side. c) In the case of weak 
light absorption ( d  sc  ≈  d  p ), carriers are generated across the entire depletion. The collection of photoelectrons is therefore affected much less by the 
trap states.
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technique. Using density functional theory (DFT) [ 31 ]  calculations 
based on the generalized gradient approximation and using the 
VASP code [ 32 ]  with the projector-augmented wave approach [ 33 ]  
and the standard defect formalism [ 34 ]  we determine that Al and 
Fe impurities most favorably occupy the Ti site in STO and 
act as acceptors (Supporting Information, Figure S6). By per-
forming hybrid DFT calculations, [ 35 ]  which provide an accurate 
description of the bulk STO band structure and are capable of 
quantitatively predicting defect transition levels, [ 36 ]  we deter-
mine the position of Al Ti  and Fe Ti  levels in the STO band gap 
(Figure  5 b, left side). We fi nd that the Al Ti  acceptor introduces 
two levels which are 0.54 and 0.62 eV above the valence-band 
maximum (VBM) of STO and the Fe Ti  acceptor introduces two 
levels near the midgap of STO, at 1.38 and 2.20 eV above the 
VBM, and a third level only 0.02 eV from the conduction-band 
minimum of STO. Although the mid-gap states are completely 
occupied at the fl at band condition, they are partially vacated in 
the depletion region and become available for trapping of photo-
electrons and act as recombination centers. In the case of direct 
transitions, the photon attenuation depth (≈100 nm) may be less 
than the depletion width, leaving the bottom of depletion region 
under dark (Figure  5 b). As a result, the majority carrier (elec-
tron) transport within the “dark depletion region” becomes infe-
rior due to the trapping of photoelectrons. The threshold width 
for direct transition would be comparable to the photon attenu-
ation depth, which is consistent to the experimental observation 
(Figure  5 a). On the contrary, in the case of weak light absorp-
tion, photoelectrons are generated across the entire depletion 
region, which ensures higher carrier mobility and collection 
effi ciency at the cost of less effi cient light absorption (Figure  5 c). 

 The schemes depicted in Figure  5 b,c are further supported 
by the potential dependence of the IPCE. We fi nd that, for 
the STO photoanodes with a low doping region thicker than 
200 nm, the IPCE slightly decreases for direct transitions as the 
potential moves above 0.75 V RHE . It implies that the carrier col-
lection effi ciency drops with a higher driving force for carrier 
separation, which appears abnormal but is indeed consistent 
with Figure  5 b. In the case of strong light absorption and very 
wide depletion region, further widening of the depletion region 
no longer increases light absorption, but empties more mid-gap 
trap states and diminishes the collection effi ciency of photoelec-
trons. The behavior for indirect transition ( λ  > 330 nm), on the 
other hand, remains “normal” as predicted by Jarrett’s model.   

  3.     Conclusion 

 In summary, effi cient water splitting at planar semiconductor 
photoelectrodes has been robustly extended into the wavelength 
regime where there is only indirect band gap excitation with 
correspondingly weak optical absorption. By creating a lower 
doping region of tunable depth over a single crystalline  n -STO 
photoanode using a newly developed reoxidation technique, 
the depletion region in  n -STO is widened to beyond 500 nm, a 
value unprecedented for a metal oxide photoanode. The dramat-
ically improved optical absorption within the widened depletion 
region leads to very high IPCE (>70%) for excitation below the 
STO direct band edge, which is comparable to the best results 
obtained for excitation energies above the direct band edge. 
This strategy offers a new path for optimizing the potential 

for visible light water splitting photocatalysts such as WO 3  
and Fe 2 O 3 , which share a similar problem of having an indi-
rect band gap. However, the benefi t derived from widening the 
depletion region can be limited by the presence of impurities 
that contribute to charge traps in the depletion region, even at 
a very low concentration (≈1 ppm). This hinders the collection 
of photoelectrons in the quasi-neutral region. This observation 
strongly suggests that semiconductors of high quality and high 
purity will be required to release the full potential for photoelec-
trochemical water splitting in these materials.  

  4.     Experimental Section 
  Preparation of n-STO Photoanodes : In all of our studies, single 

crystalline pristine STO and niobium doped  n -STO (STO:Nb) substrates 
are obtained from a commercial source (MTI Corporation, USA) 
and are grown by the Verneuil process. As received, the substrates 
are cut along the (100) facets and polished so as to be epitaxy-ready. 
Pristine STO substrates are  n -type doped with oxygen vacancies by 
heating in a high vacuum chamber (PVD Products, USA) at 900 °C 
for 10 h, at a base pressure lower than 10 −7  Torr. In this process, the 
transparent and insulating substrates become dark blue in color, with 
a typical conductivity of (2.2 ± 0.3) S cm −1  (Supporting Information). A 
photoanode is fabricated by depositing a 75 nm thick aluminum layer 
to the back side of an  n -STO substrate, through thermal evaporation 
(K. J. Lesker PVD75), which establishes a reliable Ohmic contact to the 
substrates. Aluminum is chosen as the contact metal to match the low 
work function of  n -STO. [ 37 ]  

 STO photoanode of a graded doping profi le is prepared by heating 
an  n -STO photoanode that is uniformly doped by oxygen vacancies 
( N  D  = 1.7 × 10 18  cm −3 ) in oxygen to partially replenish the vacancies near 
its top surface. The process is conducted in a rapid thermal processor 
(RTP 600S, Modular Pro). Under an oxygen fl ow of 3 SLPM, the substrate 
is heated to the processing temperature (150–200 °C) at a ramp rate 
of 15 °C s −1  for a specifi ed duration and is quickly cooled afterward. 
The depth of the low doped region can be controlled by the oxidation 
temperature and duration, while the back side of the photoanode is 
protected from oxidation by the aluminum contact. 

  Photoelectrochemical Characterization : PEC measurements are 
performed by a potentiostat (VersaStat4, PAR) in standard three-
electrode confi guration, with a STO photoanode placed in a custom-
built quartz-windowed PEC cell as the working electrode. The active/
uniform illumination area is 0.18 cm 2 . The reference electrode is an 
Ag|AgCl|3  M  KCl Dri-Ref electrode (0.210 V NHE , WPI Inc.) and the counter 
electrode is a platinum wire. The electrolyte is an aqueous solution of 
0.1  M    KOH. Monochromatic illumination for the IPCE measurements is 
provided by a 300 W xenon arc lamp (Newport) and a 1/8 m grating 
monochromator (Newport CS130) equipped with band pass fi lters for 
removing higher order diffractions. The light power for each wavelength 
is measured by an optical power meter (Newport 1918-C) and an 
UV-enhanced Si photodiode sensor.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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