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The effects of compositionally induced changes on the semiconducting properties, optical response, chemical stability, and overall
performance of KTaO3 photoanodes in photoelectrochemical �PEC� cells have been investigated. Single crystals of n-type Ca- and
Ba-doped KTaO3 with carrier concentrations ranging from 0.45 to 11.5 � 1019 cm−3 were grown and characterized as photoan-
odes in basic aqueous electrolyte PEC cells. The PEC properties of the crystals, including the photocurrent, photovoltage, and
flatband potential in contact with 8.5 M NaOH�aq� were relatively independent of whether Ca or Ba was used to produce the
semiconducting form of KTaO3. All of the Ca- or Ba-doped KTaO3 single-crystal photoanodes were chemically stable in the
electrolyte and, based on the open-circuit potential and the band-edge positions, were capable of unassisted photochemical H2 and
O2 evolution from H2O. The minority-carrier diffusion lengths values were small and comparable to the depletion region width.
Photoanodic currents were only observed for photoanode illumination with light above the bandgap �i.e., � � 340 nm�. The
maximum external quantum yield occurred at � = 255 nm �4.85 eV�, and the depletion width plus the minority-carrier diffusion
length ranged from 20 to 65 nm for the various KTaO3-based photoanode materials.
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Photoelectrochemical �PEC� cells provide an energy-conversion
mechanism through which light can be directly converted into a
chemical fuel or electrical energy. PEC cells that are capable of
evolving H2�g� from aqueous solutions are of particular interest be-
cause they offer a potential method for directly generating hydrogen
fuel through the use of solar energy. However, no existing PEC
system is presently capable of efficiently converting sunlight to hy-
drogen gas without an applied bias voltage.

In a typical PEC cell, electron-hole pairs are formed in the semi-
conductor on the absorption of photons having an energy greater
than the bandgap of the material. These electron-hole pairs are sepa-
rated by diffusion gradients or by the electric field present at the
semiconductor-liquid interface �Fig. 1�. If the photoanode is in con-
tact with an alkaline electrolyte, the majority-carrier electrons are
driven to the back contact and eventually reduce an acceptor species
at a counter electrode to form hydrogen via the reaction

4H2O + 4e− → 2H2 + 4OH− �1�
The minority-carrier photogenerated holes flow in the opposite di-
rection and oxidize the donor species at the semiconductor-liquid
interface, producing oxygen through the reaction

4OH− → O2 + 2H2O + 4e− �2�
These equations combine to give the overall cell reaction

2H2O→
h�

2H2 + O2 �3�
PEC cells can thus provide a method for the direct conversion of
solar energy into hydrogen, producing a fuel that can be stored and
transported for subsequent use.

Several fundamental requirements exist, however, in order for
any PEC cell to be useful for converting solar energy into chemical
fuel or electrical power. First, the photoelectrode must strongly ab-
sorb sunlight and efficiently produce electron-hole pairs. Second,
these electron-hole pairs must be separated and collected. Finally,
the charge carriers must be energetically and kinetically capable of
driving the chemical reactions associated with water dissociation,
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while minimizing deleterious ancillary processes, such as the corro-
sion of the electrode itself. Appropriate values of the bandgap and of
the absolute positions of the conduction and valence bands relative
to the electrochemical potentials for H2 and O2 evolution in water
are critical for efficient water dissociation based on PEC cells. The
bandgap must be sufficiently small �optimally �2.0 eV� so that a
significant portion of the Sun’s energy is captured and converted,
and additionally, the positions of the bottom of the conduction band,
ECB, and the top of the valence band, EVB, must be above and below
the positions of the hydrogen and oxygen evolution potentials, re-

Figure 1. Schematic representation of a PEC cell using an n-type semicon-
ducting photoanode in an alkaline electrolyte. When light strikes the anode,
electron-hole pairs are formed and then separated by the electric field that is
present due to the band bending at the surface of the semiconductor. Oxygen
is formed at the surface of the semiconductor, while hydrogen is formed at
the surface of the cathode, in this case, Pt.
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spectively. These constraints impose a thermodynamic limit on the
minimum bandgap of �1.23 eV for a single-photon threshold
device.1 Several semiconducting photoanodes, such as SrTiO3,2

ZrO2, Ta2O5, and others,3 split water efficiently with no applied bias
voltage and are photochemically stable, but unfortunately, their large
bandgaps �3.4–3.7 eV� prohibit significant absorption and conver-
sion of most of the terrestrial solar spectrum.

The factors that control the stability of semiconductor photoan-
odes are among the least-well-understood aspects of PEC cells. The
oxidation of water to O2 is a four-electron process that proceeds
through a series of partial reactions, generally creating highly reac-
tive radical intermediates that are bound to the semiconductor sur-
face. The intermediates must remain on the electrode surface to
facilitate the subsequent oxidation steps in the electrolysis reaction,
yet these intermediates may be capable of weakening or breaking
bonds associated with the surface atoms of the electrode. The prop-
erties essential for good catalytic action can, therefore, also lead to
undesired corrosion reactions. All of the presently known photoelec-
trodes that are both thermodynamically capable of water splitting
and kinetically stable under illumination in aqueous solutions, in
fact, do not absorb a significant portion of the solar spectrum. In
contrast, known materials �such as CdTe or InP� that do absorb
sunlight efficiently cannot sustain unassisted photochemically in-
duced water-splitting in a stable fashion.4

At least two approaches have the potential to overcome the lim-
ited light absorption of stable, wide bandgap, semiconducting pho-
toanodes. One approach uses dye sensitization to extend the optical
response of nanocrystalline metal oxide photoelectrodes.5-7 In these
devices, the surface of a mesoporous, wide bandgap semiconductor,
such as TiO2, is coated with a monolayer of sensitizer molecules
�generally a Ru-polypyridyl complex�. Upon light absorption by the
dye, the photogenerated electron is injected into the conduction band
of the semiconductor, creating a photocurrent at photon energies
significantly below the bandgap of the semiconducting metal oxide
electrode itself. These systems are capable of absorption of
�920 nm photons, with quantum yields approaching unity and solar
energy conversion efficiencies reported in excess of 10%.6 This ap-
proach, however, has not �to date� been applied successfully to the
efficient generation of H2 and O2 from water because the systems
only operate efficiently in nonaqueous solvents and with the I3

−/I−

redox couple as the electron shuttle in the electrolyte.
A second approach is to develop a material that inherently meets

the three criteria for efficient unassisted PEC solar energy–based
water splitting. Rather than using molecular surface modification,
the bulk composition of the material can be altered, as has been
demonstrated in the case of a nickel-doped indium tantalum oxide
photoanode, to extend the optical absorption of an otherwise wide-
bandgap semiconductor.8 At sufficiently high levels, “dopant” atoms
can serve not only to provide charge carriers, but also to potentially
alter the intrinsic nature of the material, thereby affecting its crystal
and band structure, optical absorption, and electronic properties.
Predicting such effects via calculations is not yet possible, and the
scope of relevant experimental data is also limited.9

In the present work, we have employed single crystals of KTaO3
as a model stable semiconducting photoanode system to investigate
the effects of compositional variations on the electronic properties of
this material and to elucidate its associated performance as a photo-
anode in a PEC cell. Pure KTaO3 is a highly resistive
��1015 � cm�, cubic perovskite crystal with a bandgap of
�3.64 eV.10 When doped with alkaline-earth impurities such as cal-
cium or barium, the resistivity of KTaO3 can be decreased to
�0.05 � cm.11 Although n-type KTaO3 is known to be a stable
material that is capable of unassisted PEC water splitting,12-15 the
overall solar energy conversion efficiencies of this system are low,
due to the wide bandgap and poor absorption of the solar spectrum.
In this work, n-type KTaO3 single crystals have been degenerately
doped with Ca or Ba ions with the goal of altering the band structure
as a means of “sensitizing” the KTaO response to lower energy
3
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irradiation while maintaining the established chemical stability of
KTaO3 photoanodes during the operation of a PEC cell.

The optical and electrochemical properties,12-21 band
structure,10,22 and the crystal structure23 of KTaO3 have previously
been studied in detail, both in the presence and absence of dopant
atoms. This prior work, however, has not addressed how composi-
tionally induced changes in semiconducting properties �such as the
carrier concentration, mobility, and resistivity� affect the overall per-
formance, optical response, and chemical stability of KTaO3 photo-
electrodes in operating PEC cells. Furthermore, the present work
elucidates the positions of the band edges as a function of the dopant
species and dopant concentration at the high dopant levels that are
employed.

Experimental

Crystal growth and sample preparation.— The KTaO3 single
crystals used in the present studies were grown with a variety of
dopant impurities by using the technique of solidification from a
nonstoichiometric melt.24 In this crystal-growth process, predeter-
mined levels of the impurity were added to a Ta2O5 and K2CO3
mixture. Extra K2CO3 was also added to the growth charge to main-
tain an excess of K2O that results from the thermal decomposition of
potassium carbonate. The n-type semiconducting KTaO3 single
crystals were grown by adding the alkaline-earth elements Ca or Ba
in their carbonate form �CaCO3 or BaCO3, respectively� to the
Ta2O5 + K2CO3 mixture.

The crystal-growth charges were placed in Pt crucibles, covered
with Pt sheets, and heated in air to 1390°C. The charges were then
held at this temperature for 2 h, cooled at 1°C/h to 1350°C, at
0.75°C/h to 1300°C, and finally at 1°C/h to 900°C. At this point,
the furnace was turned off but the crucibles remained in the furnace
until room temperature was reached. The unreacted flux was then
dissolved with water. The entire crystal growth process lasted
�21 days.

The crystals showed a well-defined rectangular or square cross
section �Fig. 2�. The dark central portion in Fig. 2 is the heavily
doped region �resistivity, � � 10−1 � cm�, and the clear region is
the undoped material �� � 1015 � cm�. This concentration gradient

(010)

1cm

(100)

Figure 2. As-grown KTaO3 single crystal. Crystals naturally grew with
�100� faces �or equivalent faces�, and two important regions could readily be
distinguished visually: a dark central region, which is the n-type doped
KTaO3 �� � 10−2 � cm� and a transparent region of pure and highly resis-
tive KTaO3 �� � 1015 � cm�.
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in the dopant density is commonly reported for KTaO3
20,25 and is a

result of the effect of the segregation coefficient of impurities such
as Ca and Ba.

The crystals naturally grew along their �100� faces, as deter-
mined by Laue X-ray back-reflection analysis. Photoanode samples
were cut from the doped �dark� region of the crystal parallel to their
longest �100� face to minimize the effects of dopant concentration
gradients.26 The specimens were then lapped and polished to form
�1 mm thick plates and were then finished with a 600-grit surface.

Immediately after polishing, ohmic contacts were made to the
KTaO3 plates by soldering a gold wire, using pure In dots, to a
region of the crystal that had been coated with an In–Ga eutectic.
The contacts were then covered with conducting silver paste. Insu-
lating epoxy was used to cover the back contact surfaces and to
define the surface area of the electrode that would be exposed to the
electrolyte. Impedance spectra confirmed that the back contacts
were ohmic. Exposed electrode areas were determined using Image
SXM software by comparing a scanned image of the electrode sur-
face to that of a template of known dimensions.

Companion Hall-effect samples were created on nominally
square plates that had areas ranging from 21 to 70 mm2. Ohmic
contacts were made to these plates by coating indium on the four
corners of the samples immediately after polishing. Hall-effect mea-
surements were performed using the van der Pauw configuration.27

The resistivities of the Ca- and Ba-doped samples were between
0.76 � 10−2 and 3.8 � 10−2 � cm, and the carrier concentrations
varied from 0.4 � 1019 to 2 � 1019 cm−3, consistent with prior re-
ports of the properties of Ca-doped KTaO3.20 The carrier concentra-
tion varied by up to a factor of three within samples cut from the
same crystal, presumably due to dopant segregation effects. The
measured Hall mobilities ranged from 22 to 28.6 cm2 V−1 s−1 and
were somewhat lower than those reported previously,11 possibly due
to the presence of atomic-scale defects in the material.

Electrochemical methods.— The quartz electrochemical cell was
H-shaped, with a porous frit separating the two cell compartments.
One of the cell chambers had a flat quartz optical window �to trans-
mit light longer than 180 nm� to facilitate UV illumination of the
photoanode. Electrochemistry was performed in a 8.5 M NaOH�aq�
�pH 14.9� solution at room temperature, with a Pt counter electrode
and an aqueous saturated calomel reference electrode �SCE�.

Electrochemical impedance spectroscopy.— Frequency-dependent
impedance spectra were collected between 1 and 105 Hz using a
Solartron model 1286 potentiostat and model 1260 impedance ana-
lyzer. The data were collected every 100 mV under reverse bias
conditions for dc biases ranging from 0.9 to − 0.7 V vs SCE. The
data were fit from 1 to 104 Hz to a three-element equivalent circuit
that consisted of a resistor in series with a parallel combination of a
capacitor and a resistor. The flatband potential, EFB, and the carrier
concentration, ND, of the samples were determined by a conven-
tional Mott–Schottky analysis of the impedance data using

1

CSC
2 =

2

q�0�SNDA2�E − EFB −
kT

q
� �4�

where Csc is the space-charge capacitance �C cm−2�, E is the poten-
tial of the electrode �in volts�, k is Boltzmann’s constant, T is the
temperature �in Kelvin�, q is the charge on an electron, �0 is the
dielectric constant of vacuum, �s is the static dielectric constant of
KTaO3,11 and A is the electrode area �in centimeters squared�. Ex-
trapolation of Csc

−2 vs E to the x-intercept yielded EFB + kT/q, and
the slope yielded the dopant density of the sample. Details regarding
this technique can be found elsewhere.3,28 A least-squares linear
analysis of the Csc

−2 vs E plots gave excellent fits to the data �Fig. 3�.
In certain cases, the data at large negative voltages were excluded,
due to nonlinearity. Flatband potentials were found to be between
−1.2 and −1.4 V vs SCE �Table I�, which is comparable to the value
reported by Bolts and Wrighton of −1.3 V vs SCE at pH 13 for
n-type KTaO .29
3
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Current vs potential behavior.— Current density vs potential �J-E�
data were obtained by illuminating the samples with a 150 W Xe arc
lamp or an Oriel 66902 solar simulator with air mass �AM� 1.5
conditions. Data were collected at 50 mV s−1 in deoxygenated solu-
tions, both in the dark and under illumination, using a Solartron
model 1287 potentiostat. The J-E data obtained for all of the crystals
showed rectification regardless of the type or concentration of the
dopant �Fig. 4�. Under simulated AM 1.5 illumination, the Ca- and
Ba-doped KTaO3 samples displayed mutual similar values of the
current density at 0 V vs SCE �Table I�.

To determine the open-circuit potential, Eoc, measurements were
performed at constant photocurrent �50 	A at 0 V vs SCE�. This
facilitates the comparison of the Eoc values between samples under
constant injection flux of minority carriers.30 These measurements
indicated that for the Ca- and Ba-doped samples, the Eoc values
were similar �see Table I�. The average Eoc between these samples
was −1.36 V vs SCE with a standard deviation of 
0.1 V, which is
in agreement with previous reports �Eoc = −1.25 V vs SCE�.14 In all
cases, the Eoc values were more negative than the formal potential
for the H+/H2 redox couple at the pH of concern �Eo��H+/H2�
= −1.12 V vs SCE at pH 14.9�.
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Figure 3. Mott–Schottky plots for Ca- �sample 4� and Ba- �sample 5� doped
KTaO3 crystals in a highly alkaline aqueous solution �details for KTaO3
samples 4 and 5 can be found in Table I�. At larger negative biases, as the
bands are flattened, the differential capacitance of the space-charge region no
longer dominates the total differential capacitance, and hence such data were
excluded in the fits.
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Figure 4. Photoresponse of selected KTaO3 samples under AM 1.5 illumi-
nation. The current densities were low due to the small overlap with the solar
spectrum.
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Quantum yield.— Measurement of the quantum yield ��� included
a determination of the quantum yield as a function of wavelength as
well as a function of time for a given wavelength. The experimental
setup consisted of a Xe arc lamp and a single-pass monochromator
set at a 5 nm bandwidth. To reduce stray light in the monochromator
resulting from the zeroth-order reflection from the grating, a BG-24
filter was placed at the entrance slit of the monochromator. The
output beam was focused using a fused silica lens, and the intensity
of the beam was continuously monitored by splitting off a portion of
the light with a fused silica plate and directing the resulting split
portion into a Si photodiode. A second National Institute of Stan-
dards and Technology �NIST�-calibrated Si diode was used to cali-
brate the illumination intensity incident on the sample. The photo-
current from the KTaO3 electrodes at each wavelength was
measured using a Princeton Applied Research model 2263
potentiostat/galvanostat.

Samples were held at 0 V vs SCE. Reflection losses due to the
quartz window in contact with the electrolyte as well as the reflec-
tion from the electrode-electrolyte interface were taken into account.
The illumination areas were �1.7 mm2 and were significantly
smaller than the actual electrode surface.

Although all samples were measured using the dc method de-
scribed, we also measured samples 2 and 5 �see Table I� using
chopped light; no statistically significant difference between
chopped data and the dc data was observed.
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Figure 5. Spectral response for various Ca- �circles� and Ba- �squares�
doped KTaO3 samples. The AM 1.5 solar spectrum is also shown �in arbi-
trary units�.

Table I. Summary of photophysical properties for selected Ca- an
potentials were determined using a Mott–Schottky analysis of the im

Sample Dopant

Carrier
concentration
��1019 cm−3�

Flatband
potential

�V vs SCE�a

C

p
�V

1 Ca 0.46 
 0.05 −1.24
2 1.32 
 0.19 −1.31
3 4.70 
 0.60 −1.21
4 5.40 
 0.50 −1.41
5 Ba 0.40 
 0.08 −1.16
6 10.30 
 2.10 −1.16
7 11.50 
 2.30 −1.28

a Values 
0.02.
b Values 
0.01.
c Measured at 0 V vs SCE.
d Current density kept constant at 50 	A cm−2 by varying the light intens
ownloaded 20 Apr 2009 to 131.215.225.138. Redistribution subject to E
External quantum yield ��ext� results indicate that the samples
were photoactive at wavelengths �340 nm �E � 3.64 eV�, with
maximum external quantum yields ranging from 0.18 to 0.4 at
255 nm �Table I�. Figure 5 shows the external quantum yield for
various samples. The spectral response of all the samples exhibited a
characteristic shape consisting of a broad peak �at 255 nm� followed
by a tail between 300 and 340 nm. The observed behavior is con-
sistent with the peak in the quantum yield reported previously by
Ellis et al. at �254 nm.14 Additionally, �ext was found to change
within the same sample. Figure 6 shows two quantum yield data sets
measured from sample 2; the only change in the measurements was
the location of the illumination spot. Significant changes in �ext
only were observed at the lower wavelengths, with the maximum
difference observed at the peak of the spectral response.

Time-resolved quantum yield measurements were performed at
260 and 320 nm. At both wavelengths, the decrease in �ext from its
initial value could be fit using a double exponential

�ext��� = A0 + A1e−t/t1 + A2e−t/t2 �5�
Results for a selected Ca- and a Ba-doped crystal are displayed

in Table II. The data for sample 2 at 260 nm has been previously
reported in Ref. 31, and is used in Table II for comparison purposes.
The time constants indicate for both samples that �ext reached equi-
librium considerably faster at 320 nm �which is inside the tail region

doped KTaO3 electrodes. The carrier concentrations and flatband
nce spectra.
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of the �ext curve, see Fig. 5� than at 260 nm �the peak region�. Some
difficulties were present while measuring sample 5 at 320 nm, since
the �ext decay time constant approached 10 s, which is close to the
time resolution of the system.

Additional time-resolved quantum yield measurements at
260 nm using a deoxygenated 8.5 M NaOH electrolyte at room tem-
perature were performed to better analyze the possibility of oxygen
formation at the surface of the KTaO3 electrode as a function of
time. Deoxygenation was achieved by sparging ultrahigh-purity He
in the electrolyte. This process was initiated 1.5 h before the mea-
surement started and was maintained throughout the measurement.
The He sparging not only helped to keep the electrolyte deoxygen-
ated but also reduced any mass transfer effects at the photoanode/
electrolyte interface. The decreased photocurrent measured at the
KTaO3 electrode was also fit to a double exponential similar to Eq.
5, where A0 = 2, A1 = 0.08, t1 = 370 
 4, A2 = 0.11, and t2
= 5310 
 20 �R2 = 0.90�.

Results and Discussion

J-E behavior of doped KTaO3.— The observed low photocur-
rent densities were primarily the result of the small overlap of the
KTaO3 optical absorption range with the lamp’s irradiance spectrum
�Fig. 4 and 5�, which has only a small fraction of its total power at
wavelengths �300 nm. J-E data under illumination showed an in-
flection point at −1.4 V vs SCE. This behavior is commonly ob-
served with metal oxide semiconductors. At more positive voltages,
the band edges are sufficiently bent to efficiently collect photoge-
nerated carriers. As the potential is scanned into the negative region,
the bands are flattened, reducing the collection efficiency of photo-
generated charge carriers to zero. However, due to the slow interfa-
cial kinetics and deoxygenated electrolytes, essentially no dark cur-
rent passes at these potentials, resulting in net zero current. Finally,
as the applied potential is made sufficiently negative to overcome
the overpotential for the reduction of water, a cathodic current is
observed. The hysteresis observed in Fig. 4 between the reverse and
forward scan direction was a function of the scan rate used
�50 mV s−1�, indicating the presence of a time dependence in the
measurements.

Mott–Schottky analysis.— Mott–Schottky analysis of the imped-
ance spectra provided the values of the flatband potentials of the
samples in the dark. Despite the consistency of the measured flat-
band potentials, values of ND varied significantly among the
samples, having values in the range of 0.4 � 1019–12
� 1019 cm−3. Self-segregation of dopants during the crystal growth
process precluded extremely precise control of the doping levels.

Given the flatband potential and the dopant density, the potential
of the bottom of the conduction band edge is given by

Table II. Exponential decay fitting parameters for the time-resolved

Sample
Wavelength

�nm�
Penetration Deptha

�nm� A0
b

2 260e 16 0.173
320 1100 0.017

5 260 16 0.197
320 1100 0.015

a From Reference 10.
b Errors limits �1%.
c Error limits �7%.
d The reduced 2 is used as the figure of merit of the fit, where 2 � 1 in
e From Reference 31.
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ECB = EFB −
kT

q
ln�NC

ND
� �6�

where NC is the effective density of states in the conduction band.
Note that the second term in Eq. 6 is relatively small due to the large
values of ND. The value of NC is

NC = 2�2�m
e
*kT

h2 �3/2

= 1.42 � 1019 cm−3 at 298 K �7�

where m
e
* is the effective mass of electrons in the conduction band17

and h is Planck’s constant.
Given the conduction-band edge and the bandgap, the position of

the top of the valence band can be readily calculated. The position of
the band edges was similar for the various samples �Table I�, and in
all cases, the H2O/H2 and O2/OH− formal potentials �−1.12 and
0.11 V vs SCE, respectively, at pH 14.9� fell within the bandgap of
the KTaO3, indicating that the samples are thermodynamically ca-
pable of electrolyzing water with zero applied bias.

As the electrode potential approaches the flatband potential, the
depletion width goes to zero and the differential capacitance of the
space-charge region increases so that the depletion region capaci-
tance no longer dominates the total capacitance of the system. Other
capacitive elements, such as that of the double layer, which, in the
equivalent circuit, are in series with the space-charge region capaci-
tance, will contribute significantly to the measured capacitance un-
der such conditions. This was commonly observed as a deviation
from linearity of the Csc

−2 vs E plots at potentials negative of −0.2 V
vs SCE �Fig. 3�. The data at potentials approaching flatband were
thus excluded from the Mott–Schottky analysis.

Quantum yield.— The various samples all exhibited photocur-
rents over similar ranges of excitation energies, indicating that the
replacement of K+ with varying amounts of the electron donors Ca2+

and Ba2+ did not measurably sensitize the KTaO3 to longer wave-
lengths illumination. This insensitivity to doping at these levels may
be due to the dopant atoms, despite their high concentration, not
forming a significant density of states within the bandgap. Alterna-
tively, the newly formed states may lack a sufficiently strong inter-
action with the band states of intrinsic KTaO3 to absorb visible
light.

Optical measurements and quantum yields.— Spectroscopic el-
lipsometry and optical transmission data of both doped and un-
doped KTaO3 indicate that the lowest optical gap in KTaO3 is indi-
rect, with an energy of 3.64 eV.10 Three higher energy direct gaps
also exist, with energies of 4.35, 4.68, and 5.03 eV, respectively.
The data presented in Ref. 10 have been replotted in Fig. 7 to em-
phasize the characteristics of the optical absorption that are impor-
tant in understanding the photoelectrochemistry of KTaO3. Figure
7a depicts the penetration depth of light vs wavelength, where the

tum yield measurements.
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penetration depth is the inverse of the absorption coefficient, repre-
senting the depth at which the light intensity is reduced to 1/e
�37% of its incident value. As can be seen from this plot, light in
the 300–340 nm region is preferentially absorbed �1 	m from the
surface of the sample.

One consequence of the deeper penetration of light is that the
electron-hole pairs are generated far into the crystal and must diffuse
to the depletion region near the surface to be collected. This con-
straint considerably reduces the quantum efficiency for photons gen-
erated at long wavelengths. Using the simple solar cell model,32 it
can be shown that for crystals exhibiting ideal behavior, the external
quantum yield ��ext���� is described by

�ext��� =
����L

����L + 1
�1 − R���� �8�

where ���� is the optical absorption coefficient of the material, L is
the minority-carrier diffusion length, and R��� is the surface reflec-
tance. In deriving Eq. 8, three important assumptions are made, as
follows:

1. The depletion width �W� is considerably smaller than the pen-
etration depth of light.

2. The cell thickness is large compared to L.
3. L is much larger than W.

Part of the usefulness of Eq. 8 is that it represents a simple way to
utilize the experimentally measured values of �ext to estimate the
minority carrier diffusion length for semiconductors, such as single-
crystal Si.33 However, in cases where semiconductors exhibit a more
complex, nonideal behavior, such as the degenerate n-type KTaO3
used in this study, assumptions like those made in deriving Eq. 8 are
no longer reasonable, and parameters like W become more important
in understanding the PEC behavior of these crystals. If we assume
that the cell thickness is considerably larger than L and W is much
smaller than the penetration depth of light, then the internal quantum
yield due to the base of the cell, � , is given by

Figure 7. The penetration depth of light: �a� taken as the inverse of the
absorption coefficient, from Ref. 10. �b� The absorption coefficient �includ-
ing data from Ref. 10�, is plotted to emphasize the linearity in the indirect
bandgap region.
int,B
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�int,B��� =
����L

����L + 1
exp�− ����W� �9�

Similarly, the internal quantum yield due to the depletion region,
�int,DR, is given by

�int,DR��� = 1 − exp�− ����W� �10�

The total external quantum yield of the system is given by

�ext��� = ��int,B��� + �int,DR�����1 − R���� �11�

Using Eq. 9 and 10, the external quantum yield of the system can be
expressed as

�ext��� � 	1 −
exp�− ����W�

����L + 1

�1 − R���� �12�

where the quantum yield is not only linked to the minority carrier
diffusion length, but also to the depletion width. Equation 12, and
the absorption coefficient of KTaO3 shown in Fig. 7b, imply that
�ext��� should decrease monotonically from �300 to 340 nm, in
accordance with observations �see Fig. 5 and 6�.

Because Eq. 12 is less restrictive than Eq. 8 and still models an
ideal system, it is a good starting point for understanding the PEC
behavior of these degenerately doped semiconductors. Expanding
Eq. 12 in a Taylor series and keeping only first-order terms yields

�ext��� � �W + L������1 − R���� �13�

Equation 13 thus provides an expression that links W and L in a
single term. Figure 8 shows a plot of �int vs ���� for two represen-
tative samples, which according to Eq. 13, should result in a linear
dependence with a slope proportional to W + L. For all fits, the
multiple-correlation coefficient was 0.99.

To obtain approximate values for W, an ideal one-sided abrupt
junction was assumed, and was estimated using34

W = � 2�s

qND
�Vbi −

2kT

q
� �14�

where Vbi is the built-in voltage. Figure 9 shows the depletion-layer
width �W� as a function of the carrier concentration, for three dif-
ferent values of Vbi. For our n-type KTaO3 samples, W was esti-
mated to range from 20 nm for the crystals with higher carrier con-
centrations ��1020 cm−3� to 90 nm for the lower-doped crystals
��4 � 1018 cm−3�.
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Figure 8. Internal quantum yields as a function of the absorption coefficient
for representative Ca- �sample 2� and Ba- �sample 6� doped KTaO3 crystals.
Fitting of the data was performed by weighting the errors.
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Figure 10 shows the calculated slopes �from Eq. 13�, expressed
in nanometers, as a function of the carrier concentration for the Ca-
and Ba-doped samples. Two points are immediately evident from
this plot: �i� no obvious correlation is present between the slope and
the carrier concentration and �ii� the slopes �ideally representing
W + L� have comparable magnitudes to the estimated depletion
width. This suggests that L and W have similar values and conse-
quently are difficult to quantify individually or that additional issues
�such as an inhomogeneous surface� make this system more compli-
cated than the ideal case. As a result, the slope may represent all
these effects taken together.

The noted differences in the quantum-yield behavior can be at
least partially explained by the time-resolved data �Table II�. As
previously noted in Ref. 31, the observation of at least two time
constants to define the decay behavior indicates that multiple elec-
trically active defects reduce the quantum yield of the devices. The
present study found that this double-exponential decay scheme was
independent of the wavelength used or the doping species at these
high carrier concentrations. Additionally, the magnitudes of the time
constants indicate that when electron-hole pairs are formed near the
surface of the crystal �� = 260 nm has a penetration depth of
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Figure 9. Estimated values of the depletion width, W, for the heavily doped
KTaO3 crystals as a function of the carrier concentration at the
semiconductor/electrolyte interface. A one-sided “abrupt” junction is as-
sumed.

0 5 10 15

20

30

40

50

60

70

Ca
Ba

S
lo
pe
(n
m
)

Carrier Concentration x1019 (cm-3)

Figure 10. “Slope” of Eq. 13 �ideally representing the minority carrier dif-
fusion length + the depletion width� vs the carrier concentration.
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�16 nm�, the time needed for the charge-collection process to reach
equilibrium is much larger than when the electron-hole pairs are
primarily formed deeper in the crystal �� = 320 nm has a penetra-
tion depth of �1100 nm� and away from the depletion region. Ad-
ditionally, the relative decay of the quantum yield for a given sample
was independent of wavelength. For sample 2, at 260 nm the per-
centage of reduction from the initial external quantum yield �A0� to
its equilibrium value �A1 + A2� was 12.7 
 1.1%, while at 320 nm
this reduction was 14.4 
 0.5%. Similarly, the quantum yield de-
cline changes for sample 5 at 260 and 320 nm were 6.1 
 0.4% and
8.4 
 0.6%, respectively.

Because of the large magnitude of the time constants obtained
when light was preferentially absorbed at the surface of the elec-
trodes, an additional time-resolved quantum yield curve was mea-
sured using a deoxygenated electrolyte in order to estimate the for-
mation rate of O2 molecules at the surface of the photoanode. The
photoinduced current measured from the photoanode as a function
of time has been fitted to a double exponential. This curve allowed
the calculation of the total charge in coulombs used by the system,
which can then determine the total amount of moles of electrons
used per second. Using Eq. 1-3 to calculate the amount of moles of
O2 produced as a function of time, enables the rate of formation of
O2 molecules �assuming an O2 molecule diameter of 0.29 nm� to be
estimated. Knowing that the light spot size is 1.7 mm, in ideal cir-
cumstances it can be estimated that �15% of the spot size could be
covered by an O2 monolayer after 1 s of illumination, if every elec-
tron measured is part of the water dissociation reaction.

These results suggest that at least two processes could be causing
the reduction of quantum yield as a function of time. There is the
possible formation of an oxygen monolayer that could effectively
reduce the area for light absorption on the photoanode, which con-
sequently will reduce the quantum yield; however, this process
should equilibrate relatively rapidly since the entire light-spot area
should be covered in �7 s, and no bubbles were observed to form
by optical examination of the cell during these measurements. The
defects in the material may be susceptible to light-induced changes,
whereby the light changes the defect into a recombination center.
Obviously, there is a significant dependence on the penetration depth
of light, where the light-induced change near the surface is consid-
erably slower than the light-induced change further into the bulk of
the material. Furthermore, there are significant sample-to-sample
differences, particularly in the concentration of defects that are sus-
ceptible to light-induced changes. Another complication is that the
quantum yield was never close to 1 for any of the samples studied.
As a result, many of the electron-hole pairs created are lost to re-
combination centers, even for electron-hole pairs collected in the
depletion region �for � = 260 nm�. This may mean that surface re-
combination plays an important role in determining the ultimate
collection efficiency for KTaO3 PEC cells. Clearly, a number of
unanswered questions remain regarding the minority-carrier trans-
port and recombination processes in these materials.

Conclusions

The addition of Ca2+ or Ba2+ �through the use of CaCO3 and
BaCO3, respectively, in the crystal growth process� yielded highly
doped n-type KTaO3. The conductivities and carrier concentrations
of these KTaO3 samples were greatly increased as a result of doping
and the doped crystals were dark blue.

The quantum yield of the n-type KTaO3 photoanodes did not
correlate with the alkaline-earth element �i.e., Ba vs Ca� used for
doping. A photoresponse was only observed under UV irradiation
�� � 340 nm�, reaching a maximum response at �255 nm. Be-
cause �2% of the total radiance from the sun is �360 nm, addi-
tions of Ca or Ba did not offer an effective practical mechanism for
improving the solar response of semiconducting KTaO3. All of the
heavily doped KTaO photoanodes were found to be chemically
3
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stable and, based on these open-circuit potentials and band-edge
positions, were thermodynamically capable of unassisted photo-
chemical H2 and O2 evolution from H2O.

Determinations of the minority-carrier diffusion lengths suggest
that these values are small and similar to those of the depletion-
region width. Both factors will significantly increase the probability
for the minority carriers to recombine, consistent with the observed
reduction in quantum yield as the light was preferentially absorbed
deeper in the crystal.

Time-resolved measurements indicated that, regardless of the
penetration depth of the light, the quantum yield decrease was char-
acterized by the presence of at least two time constants, which were
associated with at least two types of electrically active defects. Al-
though the reduction of the quantum yield may, in part, be associ-
ated with the formation of an oxygen layer at the surface of the
semiconductor, it is also possible that the effect of the complex
defects present in the semiconductor became significant when
electron-hole pairs were formed near the surface of the semiconduc-
tor.

Ongoing experimental efforts are focused on finding more effec-
tive dopant species �or combinations thereof�, exploring the possi-
bility of significantly lowering the doping concentrations to increase
the depletion region width as well as the minority carrier diffusion
length, and the use of thermochemical reduction treatments as a
means of sensitizing KTaO3 to achieve more efficient PEC produc-
tion of H2 under terrestrial solar irradiation.
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