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In order to theoretically quantify a strain-inducing method that we use to engineer the material properties of
anatase titania, we studied its electronic band structure over a range of biaxial strain by utilizing both the
density functional theory within the generalized gradient approximation �GGA� and quasiparticle theory cal-
culations within the GW approximation. This strain-modified material is suitable for use as a high efficiency
photoanode in a photoelectrochemical cell. We track the changes to the band gap and the charge carrier
effective masses versus the total pressure associated with the strained lattice. Both the GGA and the GW
approximation predict a linear relationship between the change in band gap and the total pressure. However,
the GGA underestimates the slope by more than 57% with respect to the GW approximation result of 0.0685
eV/GPa. We also compare our predicted band gap shift to a reported experimental result.
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I. INTRODUCTION

High efficiency photoelectrolysis for water splitting re-
quires a photoelectrode with several basic properties that are
difficult to embody in a single material. A catalytic material
would ideally have1 a band gap near 2.0 eV to absorb the
maximum usable solar energy, an electron affinity that re-
sults in band edges that favorably align with the hydrogen
reduction potential, a high charge carrier mobility to limit
recombination, and stability within an aqueous environment.
One such material that has received attention as a promising
photoanode is the anatase polymorph of titanium dioxide.
This material is among the best within the class of transition
metal oxides that meets stability requirements, but its effi-
ciency is too low, which is largely due to its wide band
gap.1,2 Doping has thus far been either unable to sufficiently
reduce the band gap3,4 or has detrimentally affected the other
material properties needed for high efficiency.5–7

Here, we study the response of the anatase titania band
structure to biaxial strain as an alternative method to alter its
properties. In this instance, the most important property de-
ducible from the band structure is the band gap. It is well
known that the band gap of a semiconductor has a depen-
dence on volume change, which is induced by either a tem-
perature change or an applied force.8 We have been working
with nanostructured templates to impart high local stresses
into titania thin films.9 Moreover, we do not anticipate this
mechanism of band gap reduction to increase the electron-
hole recombination rate, considering the absence of point
defects, which can be problematic when using dopants.6 An-
other aspect relating to the efficiency is the effective mass of
the charge carriers.1,10 This quantity can be extracted from
the curvature of the parabolic portions of the bands over a
range in k space surrounding the conduction band minimum
�CBM� or valence band maximum �VBM�. A final material
property to consider would be the alignment of the CBM and
VBM with respect to the hydrogen reduction potential. A
study of the band edge positions as a function of the lattice
strain would require a series of slab models to calculate valid
reference energies, and we will not consider it in this work.
However, this type of study could be useful to reveal how the

strain changes the need for an external bias voltage to split
the water, which is an important factor in the maximum
achievable efficiency.

The following sections are organized to detail the meth-
odology, results, and conclusions of this work. Section II
includes the energy cutoffs and other parameters that influ-
ence the accuracy of the density functional theory �DFT� and
GW calculations, as well as a brief description of optimiza-
tion and other calculation procedures. In Sec. III, we present
the strain-induced changes to the band gap and charge carrier
effective masses. Additionally, we compare the calculated
results to an experimentally reported band gap shift achieved
by this mechanism. Section IV estimates how the band gap
reduction can be expected to increase the solar-to-hydrogen
conversion efficiency of a photoelectrochemical cell.

II. METHOD

The calculations in this work have been done by using the
ABINIT11 package. ABINIT is a DFT implementation based on
pseudopotentials and a plane wave basis set. ABINIT also
goes beyond the DFT via the GW approximation, which is a
tool that we require to accurately study the band gap.12–15 In
Sec. III, a comparison between the two methods will show
that the generalized gradient approximation �GGA� is unable
to accurately predict the derivative of the band gap with re-
spect to the total pressure.

We used norm-conserving pseudopotentials from the
Opium library16 that incorporate the gradient corrected
exchange-correlation functional of Perdew–Burke–Ernzerhof
�PBE�.17 The oxygen pseudopotential includes the 2s and 2p
states in valence, and the titanium pseudopotential includes
the 3s and 3p semicore states, as well as the 3d, 4s, and 4p
states in valence. The unoccupied 4s and 4p states in the
titanium pseudopotential are included for transferability test-
ing. A kinetic energy cutoff of 30.0 hartree for the plane
waves demonstrated convergence of the forces and total en-
ergy. The Brillouin zone �BZ� sampling for the DFT calcu-
lations used a �4,4,4� Monkhorst–Pack18 �MP� grid.

The GW calculation parameters were all determined
through convergence studies with BZ sampling at � only
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�excluding, of course, the convergence study of BZ sam-
pling�. The BZ sampling is safely reduced from 13 to 6 k
points by using a �3,3,3� MP grid, which results in substantial
savings in processing time while changing the GW band gap
calculation by only 0.01 eV. Such high convergence also
suggests that the change in the BZ sampling accuracy as a
function of strain �due to the change in the BZ volume� is
negligible. The cutoff energy was reduced to 25.0 hartree for
the ground state portion of the GW calculations. For the
screening calculation, we used 100 bands, a 12.0 hartree cut-
off energy for the plane wave set representing the wave func-
tions, and a 15.0 hartree cutoff for the plane wave set repre-
senting the dielectric matrix. The self-energy calculations
required 150 bands, a 15.0 hartree cutoff for the plane wave
set representing the wave functions, and an 18.0 hartree cut-
off for the plane wave set used to generate the exchange part
of the self-energy operator. The dimension of the screening
matrix controls the correlation part of the self-energy opera-
tor.

To calculate the lattice parameters, we use a high �30.0
hartree� plane wave cutoff energy to ensure that the total
pressure calculations are converged. The conventional unit
cell of the anatase crystal is a body-centered tetragonal,
which has two equal lattice constants a and a longer constant
c. Therefore, by equal variation in the lattice constants a,
followed by determination of the lattice constant c, the biax-
ial strain can be studied while conveniently maintaining
the Bravais symmetry. For fixed a, we sample the total
energy at five values of c; a quadratic fit to the data is
then used to find c. Before each total energy calculation, the
internal ionic coordinates are found by using the
Broyden–Fletcher–Goldfarb–Shanno19–22 �BFGS� minimiza-
tion algorithm. The set of lattice constants that yield the
minimum total energy are the theoretical equilibrium con-
stants, and because of the high cutoff energy, also correspond
to approximately zero pressure. After finding the optimum
c /a ratio, we also fit the energy-volume data to a third-order
Birch–Murnaghan23 equation of state to calculate the bulk
modulus. Here, we use the bulk modulus as an additional
indicator of the transferability of the pseudopotentials.

Having ascertained the lattice constants for a set of
strained lattices over a wide range of total pressures spanning
approximately �10 GPa, we next proceed to the electronic
band structure calculations for each lattice. Various refer-
ences produce band structure plots that quite agree with
ours.24–26 Other references plot band structures along high
symmetry lines suitable for a simple tetragonal lattice,27–29

which makes direct comparison more difficult. As an aside,
Asahi et al.27 reported a conflicting result for the band gap
type. These authors reported that the band gap type is mar-
ginally direct depending on the lattice parameters, whereas it
is decisively indirect throughout our work. The source of this
discrepancy is unclear and is not within the scope of this
study. Our primary concern here is the influence it has on the
penetration depth �1 /�� of a semiconductor; the device de-
sign must consider this, given the obvious desire to promote
the maximum absorption of the incident light.

The severe underestimation of the band gap is a well-
known shortcoming of the DFT when using local approxima-
tions for the exchange-correlation functional.30,31 Band struc-

ture calculations that produce results more consistent with
experiment are possible with improved functionals32 or the
GW approximation,12 although these methods are much
more computationally time consuming. Often, and including
a study of anatase titania by Calatayud et al.,24 these im-
proved methods find that the general characteristics of the
band structures produced by local exchange-correlation func-
tionals are reasonably accurate, barring the magnitude of the
band gap. However, given that the primary goal of this work
is to study the band gap, we elect to calculate it by using the
GW approximation. We do use the DFT results to approxi-
mate the charge carrier effective masses.

The ABINIT implementation of the GW approximation
presently restricts the correction to k points that are included
in the MP grid from the self-consistent calculation. GW cor-
rections at an arbitrary point are accomplished by appropri-
ately shifting a grid so that it contains the point of interest.
Only a very inefficient sampling grid can be found that con-
tains the exact VBM, which is located at approximately
0.86�. The total computation time becomes unacceptable as
it approximately follows the square of the number of k
points.11 Given this, we chose to calculate the GW correction
at the two points shown in Fig. 1. Most important is the �
point, which is the location of the CBM and is therefore the
largest source of the GGA error. A nonshifted �3,3,3� grid
contains �, as well as another point located at 2 /3�, which is
near the VBM and only 0.088 eV below it, and adds very
little computational overhead to be included. We concluded
that the VBM corrections at 2 /3�, as opposed to those at
0.86�, easily track the minimum band gap to better than 5%.

The secondary measure of interest is the curvature of the
parabolic portions of the bands near the CBM and VBM. The
following simple relation33 equates the curvature of the
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FIG. 1. Plot of the two bands containing the CBM and VBM
along �. The effective mass calculations are based on the dashed
curves. The minimum band gap is indirect with the CBM at � and
the VBM at 0.86�. The solid points are indicators of where GW
correction data are available.
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bands to the effective mass of the electrons or holes:

m� =
�2

2a
. �1�

In Eq. �1�, m� is the effective mass of the charge carrier and
a is the coefficient of the second order term in a quadratic fit
of E�k�. Typical fitting results are plotted in Fig. 1.

III. RESULTS

The lattice optimization procedure described above yields
theoretical values of a=3.805 Å and c=9.781 Å, which are
overestimated by 0.61% and 2.93%, respectively.34 The co-
ordinates of the oxygen atoms are characterized by a third
internal parameter u, which was determined after the BFGS
minimization to be 0.2056 at equilibrium. The bulk modulus
was found to be 184.5 GPa, which is very good compared to
the experimental results of Arlt et al.35 and Swamy and
Dubrovinsky.36 All parameters appear to be in good agree-
ment with other gradient corrected pseudopotential plane
wave �PP-PW� calculations, as seen in Table I.

The equilibrium lattice band structure is plotted in Fig. 2.
The minimum indirect band gap of 2.054 eV along the �
direction is in good agreement with other reported calcula-
tions, with the exception noted earlier. The GW calculations
predict the equilibrium band gap between � and 2 /3� to be
3.791 eV. This result is overestimated with respect to the
experimental value of 3.2 eV but is very close to the 3.68 eV
calculated by Calatayud et al.24 by using the nonlocal B3LYP
functional. Moreover, as discussed, our calculation is not
precisely at the VBM, thereby overestimating the minimum
band gap by a small amount.

Given that the absolute value of the band gap predicted by
the GGA is not useful, it is interesting to investigate whether
the GGA can accurately calculate the derivative of the band
gap with respect to the total pressure. Both the GGA and the
GW approximation predict this relationship to be linear �Fig.

3�, but the slopes differ by such a large degree that the GGA
results should be considered to be only qualitatively accu-
rate. These slopes are predicted to be 43.51 meV/GPa by the
GGA and 68.53 meV/GPa by the GW approximation. In this
case, just as the GGA underestimates the absolute value of
the band gap, it also underestimates its rate of change.

Simpson et al.40 reported on the band gap shift of anatase
titania strained by a lattice mismatched substrate. By using
two different substrates that expand the lattice constant a by

TABLE I. Comparison of equilibrium parameters.

Source Method
a

�Å�
c

�Å� u
Bo

�GPa�

Experimental 3.782a 9.502a 0.208a 179b

Ref. 36 Experimental 3.791 9.515 178

This work PP-PW-PBE 3.805 9.781 0.2056 184.5

Ref. 37 PP-PW-PBE 3.786 9.737 0.2056 176

Ref. 37 PP-PW-LDA 3.735 9.534 0.2069 199

Ref. 37 PP-PW-BLYP 3.828 9.781 0.2059 178

Ref. 24 AE-B3LYP 3.7723 9.9285 0.2028 200.34

Ref. 27 AE-FLAPW-LDA 3.692 9.471 0.206

Ref. 25 AE-FLAPW-LDA 3.716 9.633 0.2081

Ref. 29 PP-LCAO-HF 3.763 9.848 0.2020

Ref. 38 AE-LCAO-HF 3.781 9.735 0.203 202

Ref. 39 INDO 3.641 9.197 0.203

aReference 34.
bReference 35.
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FIG. 2. Band structure plot for the equilibrium anatase TiO2

lattice.
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FIG. 3. Derivative of the band gap with respect to the total
pressure. GGA and GW approximation results of the indirect gap
between � and 2 /3�.
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0.2% and 1.5% �with respect to Ref. 34 equilibrium con-
stants�, these authors reported a 100 meV redshift in the band
gap. When using the same strain percentages to a, our cal-
culations predict a redshift of 153 meV. The difference is
relatively large but within the experimental error.

Strain-induced alterations of the electron and hole effec-
tive masses are shown in Fig. 4. Interestingly, the calcula-
tions predict a minimum electron effective mass very near
the equilibrium geometry so that the mass increases with
either the tensile or the compressive strain. The electron ef-
fective mass for the equilibrium lattice is 0.62mo within this
primary valley; although we observed this calculation to be
very sensitive to the curve fit. This serves as a partial indi-
cator that the GGA calculations yield reasonable band varia-
tions given the experimental value41 of �1.0mo. The overall
strain dependence is very flat, which is a qualitative result
that is sufficient for our purposes. The change in the effective
mass of the holes is more pronounced and beneficial, with a
non-negligible reduction in the mass with tensile strain.
Therefore, the tensile strain may also increase the photon
conversion efficiency by reducing electron-hole recombina-
tion.

IV. CONCLUSIONS

We have modeled the response of anatase titania to biaxial
strain with emphasis on the change in band gap and charge

carrier effective masses. Now, we briefly consider how
pressure-induced band gap reduction may be expected to af-
fect the solar-to-hydrogen conversion efficiency. Integration
of the solar irradiance data42 finds the maximum possible
absorption dependence on the band gap. For the generally
accepted 3.2 eV experimental value for anatase titania, this
leads to only about 3.7%. Therefore, even a perfect photon
conversion efficiency yields an inadequate solar-to-hydrogen
conversion. Using our calculated slope of 68.5 meV/GPa al-
lows us to plot the maximum achievable efficiency vs the
total pressure, as shown in Fig. 5. Due to the shape of the
solar spectrum in this energy range, the linear change in the
band gap leads to an exponential dependence between effi-
ciency and total pressure. We therefore believe that strain-
induced band gap reduction will allow anatase titania to
achieve a practical solar-to-hydrogen conversion efficiency.
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FIG. 4. Effective mass of the charge carriers vs the total
pressure.
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FIG. 5. Maximum achievable solar-to-hydrogen conversion ef-
ficiency vs total pressure.
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