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Strain-Induced Distortions Modulate the Optoelectronic
Properties of Epitaxial BiVO4 Films

Erwin N. Fernandez, Daniel A. Grave, Roel van de Krol, and Fatwa F. Abdi*

Transition metal oxide (TMO) photoabsorbers are expected to play an
important role in the development of renewable solar-to-fuel devices. Modest
efficiencies have been demonstrated with devices based on TMO
photoabsorbers, and further progress will likely rely on material property
control beyond conventional bulk chemistry or nanostructuring strategies. To
this end, model TMO photoabsorbers such as single crystalline monoclinic
bismuth vanadate (BiVO4) are beneficial to advance the understanding of
structure-functionality relationships with minimal convoluted effects inherent
in polycrystalline systems. Here, the authors reveal for the first time the
effects of strain modulation strategies on the optoelectronic properties of
epitaxial BiVO4 films synthesized by alternate-target layer-by-layer pulsed
laser deposition. Through a combination of high-resolution X-ray diffraction
methods and optical and photoluminescence spectroscopies, the correlation
between anisotropic, uniaxial strain-driven bandgap widening and deviatoric
strains associated with volume-preserving lattice distortions is established.
Broad polaronic photoluminescence signals are detected in epitaxial BiVO4,
and its redshift is attributed to the structural distortion in BiO8 dodecahedra.
Overall, the relationship between the structural and optoelectronic properties
revealed in this study suggests that strain modulation and engineering of
local distortion in complex transition metal oxides may be exploited as a
viable strategy for the development of efficient photoabsorbers.
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1. Introduction

Transition metal oxides (TMOs) are in-
teresting candidates as photoabsorbers in
solar energy-to-fuels conversion and pho-
tocatalysis applications, based on their
wide compositional space for bandgap
tunability, relative stability in aqueous en-
vironments, and low cost. These oxides
have successfully been implemented in
a number of demonstration devices, for
example, as a top wide-bandgap (Eg >

1.8 eV) photoabsorber in solar fuel gener-
ators with tandem configuration.[1] Mon-
oclinic bismuth vanadate (BiVO4) in par-
ticular has emerged as a promising TMO
photoanode in recent decades and is con-
sidered an excellent material platform
for which targeted strategies for mate-
rial property control in TMOs could be
studied and implemented, both at the
material discovery[2] and device scale-up
levels.[3,4] Various bulk chemical modifi-
cations (e.g., doping) and nanostructur-
ing strategies have been implemented in
state-of-the-art BiVO4 photoanodes to en-
hance its optoelectronic and photoelec-
trochemical properties, thus driving its

water oxidation photocurrents to near-theoretical maximum
levels (7.5 mA·cm−2, assuming all AM1.5 photons with en-
ergy larger than the bandgap Eg ≈ 2.4–2.5 eV of BiVO4 are
collected).[5–8]

Despite the progress mentioned above, one particular aspect
that is still poorly understood, especially in the case of BiVO4,
is the impact of epitaxial strain modulation on its optoelectronic
properties. When exploited, this strategy has the potential to tai-
lor and optimize the photoabsorber’s interaction with light. In-
deed, epitaxial strain-modulation of optoelectronic properties has
been well-demonstrated in classical group IV photoabsorbers
such as Si and Ge,[9,10] III-V photoabsorbers such as GaAs,[11]

and perovskite oxides[12,13] and halides,[14] along with concomi-
tant changes to its carrier transport properties.[15–17] Here, we
report for the first time the effects of epitaxial strain modula-
tion on the optoelectronic properties of BiVO4 probed using the
combination of high-resolution X-ray characterization methods
coupled with optical and photoluminescence spectroscopies. Us-
ing alternate-target layer-by-layer pulsed laser deposition (PLD),
which offers better control of stoichiometry compared to con-
ventional PLD,[18–21] single-crystalline epitaxial BiVO4 films de-
posited on yttrium stabilized zirconia (YSZ) are used as a
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well-defined model system to isolate the intrinsic effects of strain
from extrinsic complications arising from the presence of grain
boundaries or secondary phases inherent in polycrystalline ma-
terials. Systematically modulating the strain through thickness-
dependent studies reveals how the anisotropic, uniaxial strain
imposed by the substrate drives the evolution of structural and
optoelectronic properties of epitaxial BiVO4 films. We demon-
strate through strain tensor decomposition analysis that the
bandgap widening with increasing in-plane compressive strain is
correlated to deviatoric strains associated with volume-preserving
lattice distortions. We finally establish the correlation between
the redshift in the broad, polaronic photoluminescence emission
with structural BiO8 unit distortions, which is crucial in the com-
plete understanding of the optoelectronic properties in BiVO4.
Our results reveal the key role of structural distortions via epitax-
ial strain modulation strategies in controlling the optoelectronic
properties in TMOs.

2. Experimental Section

Epitaxial BiVO4 thin films were synthesized using alternate-
target layer-by-layer pulsed laser deposition[18] to enable better
control of the stoichiometry to within 1–2% and reduce the over-
all complexity associated with conventional PLD.[19–21] Film thick-
nesses of 8.8, 13.6, 23.7, 52.7, and 76.9 nm were deposited us-
ing a custom-built PLD setup (PREVAC, Rogów, Poland) with the
growth chamber pumped down to a base pressure of ≈10−7 mbar.
A KrF excimer laser (𝜆 = 248 nm, pulse duration 20 ns, Coher-
ent LPXpro 210, Santa Barbara, CA, USA) was used to ablate 4N-
pure Bi2O3 and V2O5 sintered targets (FHR, Ottendorf-Okrilla,
Germany). Films were deposited on double-sided polished (001)-
oriented YSZ substrates (8% mol Y2O3, Alineason, Frankfurt,
Germany). The deposition was done in an off-axis configuration
to ensure thickness uniformity; this was confirmed by the neg-
ligible variation in the UV–vis transmission spectra taken at dif-
ferent locations on the sample (see Figure S1, Supporting Infor-
mation – estimated thickness standard deviation ±0.2 nm for the
8.8 nm film to ±0.9 nm for the 76.9 nm film). A substrate temper-
ature of 700 °C resulted in the highest quality film, as quantified
by the width of the BiVO4 (004) reflection in a rocking curve scan.
An oxygen background pressure of p(O2)= 25 mtorr (0.033 mbar)
was imposed to modulate the propagation and kinetic energy dis-
tribution of the plasma plume. At the given substrate temper-
ature and p(O2), the substrate-to-target distance was set to the
plasma plume range[22] L0 = 5.6 cm such that the plume was ther-
malized upon reaching the substrate surface. A laser repetition
rate of 1 Hz was used during ablation. To build a monolayer thick
(11.7 Å) BiVO4 film, a cycle consisting of 42 pulses of V2O5 at a
laser fluence of 2 J·cm−2 and 16 pulses of Bi2O3 at a laser fluence
of 0.75 J·cm−2 was required, with a 30 s annealing step at the end
of the cycle. The number of pulses required was determined by a
procedure similar to the one outlined in Lei et al.[23] The cycle was
repeated a number of times to build films of desired thicknesses.
After deposition, the films were cooled down to room tempera-
ture at a rate of 12 °C·min−1 while maintaining the same p(O2)
of 25 mtorr. No post-deposition annealing was performed on the
films.

To establish the phase and crystalline quality of the films,
their epitaxial relationship, and lattice parameters (a, b, c, 𝛾),

high-resolution X-ray diffraction (HR-XRD) was performed on a
Philips PANalytical X’Pert Pro MRD in four-circle, triple-axis con-
figuration. A four-bounce Ge(220) Bartels monochromator con-
ditioned the incident X-ray beam from a Cu X-ray tube to yield
Cu K𝛼1 radiation (𝜆 = 1.5406 Å). Bragg reflections were aligned
to the YSZ(002) diffraction peak as a reference and were detected
by a PreFIX line detector. X-ray reflectivity (XRR) measurements
were taken using Cu K𝛼 radiation (𝜆= 1.5418 Å) in parallel beam
geometry, after which the XRR data was analyzed using GenX[24]

to extract the film thickness and roughness.
To determine the optical constants of the BiVO4 films, UV–vis

transmittance and near normal-incidence (8°) reflectance spec-
troscopy were performed on a Perkin–Elmer Lambda 950 spec-
trophotometer, equipped with an integrating sphere and a photo-
multiplier tube detector. The spectrophotometer was wavelength-
calibrated against the D2 emission line (𝜆 = 656.1 nm). Prior to
measurements, adjustments to 0% and 100% transmission lev-
els without any sample in the beampath were determined. Re-
flectance measurements were referenced against a Spectralon
reference standard (Labsphere SRS-99-020, New Hampshire,
USA). Due to the multiple interference effects between inter-
faces, simplified expressions for the calculation of absorption co-
efficient 𝛼 (Lambert–Beer) yielded inconsistent results among
samples; hence, the calculation of 𝛼 required extracting the opti-
cal constants (refractive index n and extinction coefficient k) us-
ing the more rigorous transfer matrix method as implemented
in RefDEX.[25] As the extraction procedure was an ill-posed prob-
lem that might yield numerous unphysical solutions, both film-
incident (R) and substrate-incident (R′) reflectance spectra were
acquired on top of the transmittance (T) spectra to guarantee
self-consistent convergence to the correct n and k values dur-
ing the transfer matrix method calculations. The extracted opti-
cal constants were verified to be Kramers–Kronig consistent via
constrained variational Kramers–Kronig analysis using Drude–
Lorentz oscillators as implemented in RefFIT[26] (see Figure S2,
Supporting Information). The absorption coefficient was then
calculated from the extinction coefficient as 𝛼 = 4𝜋k/𝜆.

Photoluminescence (PL) emission spectra of the epitaxial
BiVO4 films were collected at room temperature. Samples were
excited with a pulsed diode laser (PicoQuant, Berlin, Germany)
at 405 nm with a laser spot radius of ≈10 μm, and a typical laser
power density of 200 mW∙cm−2. The PL emission was dispersed
by a 0.5 m grating monochromator and detected with a Peltier-
cooled CCD detector (Newton EMCCD, Andor, Belfast, UK).

3. Results and Discussion

An essential consideration to achieve highly-oriented epitaxial
growth of BiVO4 is the proper choice of substrate that is lattice-
matched to the in-plane lattice parameters of BiVO4. For this pur-
pose, cubic YSZ with 8 mol% Y2O3 (Fm3̄m, lattice parameter
a = 5.1424 Å[27]) provides an excellent lattice match to mono-
clinic BiVO4 (I2/b, a = 5.1956 Å, b = 5.0935 Å, c = 11.7 Å,
and 𝛾 = 90.383°[28]). The lattice mismatch (aYSZ − afilm)/afilm, in
this case. is −1.0% along [100]YSZ and 1.0% along [010]YSZ. BiVO4
growth in the [001] direction is thus anticipated on YSZ(001).
On top of this, since YSZ(001) grows epitaxially on Si(100),[29–32]

ITO,[33,34] and mica,[35,36] the choice of YSZ(001) as the substrate
makes it relevant as a possible epitaxial buffer layer in realizing a
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Figure 1. a) Typical out-of-plane 2𝜃/𝜔 diffraction pattern of BiVO4 epitaxial thin films deposited on YSZ substrates showing (00ℓ) reflections, indicating
out-of-plane growth in the [001] direction. b) High-resolution 2𝜃/𝜔 scan of the BiVO4(004) reflection of films with varying thickness. The interference
fringes around the BiVO4(004) peak indicate atomically smooth films.

number of possible all-epitaxial photoelectrochemical (PEC) de-
vice configurations, ranging from monolithic m-BiVO4/YSZ/n-
Si integrated PEC tandem devices,[37] to flexible PEC devices on
mica. Figure 1a shows the typical X-ray diffraction pattern of the
BiVO4 films deposited on YSZ(001). Only reflections indexed to
BiVO4(00ℓ) planes are found, indicating that BiVO4 film grew
epitaxially in the [001] direction. The (002) peak at 2𝜃 = 15.16°

indicates the successful growth of the monoclinic polymorph, as
this peak is forbidden in the tetragonal polymorph.[38] Also, the
presence of the ≈828 cm−1 peak in the Raman spectra further
confirms the monoclinic polymorph (see Note S1 and Figure S3,
Supporting Information).[39]

We further investigated the effect of increasing film thickness
on the crystal structure of the epitaxial BiVO4 films by perform-
ing high-resolution XRD measurements Figure 1b). A slight in-
crease in the 2𝜃 position of the BiVO4(004) peak is observed,
which indicates weak contraction of the out-of-plane lattice pa-

rameter with increasing film thickness. All films are phase-pure:
no extraneous peaks attributable to unreacted Bi2O3 or V2O5, nor
any parasitic phases are present. Moreover, the presence of Pen-
dellösung fringes around the symmetric BiVO4(004) peak shown
in the high-resolution XRD scan in Figure 1b indicates atomically
smooth films, with a roughness of < 2.5 nm as determined from
XRR (Figure S4, Supporting Information) and atomic force mi-
croscopy (AFM, Figure S5, Supporting Information).

The excellent crystalline quality of the epitaxial BiVO4 films
is further established in the rocking curves for the BiVO4(004)
symmetric peak shown in Figure 2a. In the limit of crystalline
perfection, single crystals would exhibit a sharp rocking curve
that is only limited by instrumental broadening. On the other
hand, the presence of defects and structural imperfections that
lower the crystalline quality (e.g., dislocations) broadens the rock-
ing curve. Both these sharp and broad peaks (termed coherent
and diffuse components, respectively) may be present in the

Figure 2. a) Rocking curves (𝜔-scan) of the symmetric BiVO4(004) peak for BiVO4 films with varying thicknesses on YSZ substrates. The rocking curve
of the symmetric YSZ(002) peak for the YSZ substrates is also shown. Thinner BiVO4 films exhibit sharp rocking curves with FWHM values close to that
of the substrate. A broad Gaussian background peak (FWHM ≈ 0.35–0.37°) emerges with increasing film thickness, suggesting a relaxation of the film.
Note that the rocking curves are normalized and shifted for clarity. b) Plot of the intensity of the broad peak relative to the rocking curve peak maximum
(Ibroad/Imax) versus film thickness. The estimated critical thickness at which film relaxation occurs is hC = 22 nm. Error bars correspond to standard
errors.
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rocking curve in superposition to each other, which reflects the
density of dislocations in the relaxed regions of the film.[40] For
all the BiVO4 film thicknesses studied, the rocking curves shown
in Figure 2a exhibit a sharp central peak (full width at half maxi-
mum, FWHM ≈ 0.016–0.042°) that closely resembles the peak of
the YSZ(002) rocking curve of the substrate (FWHM ≈ 0.010°).
We note that the high crystalline quality of the BiVO4 films ob-
tained in this study rivals that of MBE-grown epitaxial BiVO4
films as reported by Stoughton et al.,[38] demonstrating the capa-
bilities of alternating-target PLD as a technique to produce high-
quality, single-crystalline films.

Superimposed against the sharp central peaks in the rocking
curves in Figure 2a is a broad Gaussian background of nearly
constant FWHM (≈0.35–0.37°) that is notably absent in the thin-
ner films and emerges at a particular film thickness. The critical
thickness (hC) is estimated to be 22 nm, obtained by plotting the
intensity of the broad peak relative to the rocking curve peak max-
imum (Ibroad/Imax) as a function of the film thickness (Figure 2b).
Similar features were observed in epitaxial EuO(001)/YAlO3(110)
films.[41] In the ultrathin regime, epitaxial films can grow pseu-
domorphically as the film accommodates elastic energy and de-
forms to match the in-plane lattice parameters of the substrate.
As the film grows beyond the critical thickness, however, the
stored elastic energy in the film would be greater than the energy
required to create misfit dislocations. As a result, the film would
undergo plastic relaxation with concomitant formation of misfit
dislocations and defects during the process.[42] The appearance
of the broad background, that is, the diffuse component, in the
BiVO4(004) rocking curves in Figure 2a for films thicker than hC
= 22 nm reflects this very process – the film undergoing relax-
ation, forming defects that lower the crystalline quality.

The ensuing relaxation in BiVO4 epitaxial films is intimately
tied to the evolution of the in-plane strain that the film experi-
ences. From the lattice mismatch values between that of BiVO4
and YSZ (vide supra), one can infer that the BiVO4 film would
experience anisotropic in-plane strain: compressive strain in the
[100] direction and tensile strain in the [010] direction. However,
the exact deformation state of the film may not be discerned
from lattice mismatch values alone. In order to reveal more de-
tails on the anisotropic in-plane strain relaxation and the strain
scenario that occurs in our films with increasing thickness, re-
ciprocal space maps (RSMs) of the asymmetric BiVO4(208) and
(028) reflections relative to the YSZ(204) reflection were obtained,
as shown in Figure 3. This method has been indicated as the
gold standard in demonstrating the epitaxial relationship be-
tween the deposited films and the substrates.[43] First, the RSMs
of the BiVO4(208) and (028) reflections establish the in-plane re-
lationship of the BiVO4 films to the YSZ substrate: BiVO4[100]
|| YSZ[100], BiVO4[010] || YSZ[010]. Moreover, the RSMs also
clearly depict whether the film is strained to the substrate or re-
laxed as a function of film thickness. For the 8.8 nm film, the
RSM exhibits a single sharp BiVO4 peak, with coincident in-plane
components for the BiVO4(208) and YSZ(204) reflections (Qx [100]

≈ 2.441 Å−1), indicating that the film is clamped in the [100] direc-
tion. The in-plane component of the BiVO4(028) reflection, how-
ever, is at BiVO4 bulk values (Qx [010] ≈ 2.469 Å−1), indicating that
the film is relaxed in the [010] direction. RSMs of films 13.6 nm
and thicker still exhibit a central peak but with increased broad-
ening on the shoulders, consistent with film relaxation via mis-

Figure 3. Reciprocal space maps of the (028) and (208) reflections of the
BiVO4 films of varying thicknesses on YSZ substrates. Due to its relatively
weak intensity, the peak of the (208) reflection for the 8.8 nm film (top-
most right plot) is marked with a circle to aid visualization. The white ver-
tical dashed lines depict the in-plane component of the YSZ(204) reflection
(aYSZ at Qx = 2.441 Å−1). The orange-red and yellow vertical dashed lines
depict the bulk values of the in-plane components of BiVO4(028) and (208)
(bBiVO4 at Q[010] = 2.469 Å−1 and aBiVO4 at Q[100] = 2.42 Å−1), respectively.

fit dislocations. For these films, the in-plane component of the
BiVO4(028) reflection is equal to the YSZ(204) reflection (Qx [010]

≈ 2.441 Å−1), indicating that the film is now clamped in the [010]
direction; however, the in-plane component of the BiVO4(208) re-
flection shifts towards BiVO4 bulk values (Qx [100] ≈ 2.420 Å−1),
indicating relaxation of the film in the [100] direction.

The thickness dependence of the lattice parameters (a, b, c, 𝛾)
of the BiVO4 films—extracted from the RSMs—is summarized
in Figure 4a–c. The film lattice parameter a monotonically re-
laxes towards the BiVO4 bulk value (abulk, BiVO4 = 5.196 Å), albeit
partially. The degree of film relaxation Rm = a−abulk,YSZ

abulk,BiVO4
−abulk,YSZ

only
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Figure 4. a) In-plane lattice parameters (a, b), b) out-of-plane lattice parameter (c), c) monoclinic angle 𝛾 , and d) calculated unit cell volume Vuc as a
function of the BiVO4 film thickness. YSZ lattice parameters, bulk BiVO4 lattice parameters, and bulk BiVO4 unit cell volume are depicted by dashed
lines for comparison. Errors in lattice parameters and unit cell volumes are < 0.005 Å and < 0.7 Å3, respectively; these values are not visible in the plots
since they are smaller than the size of the data markers.

reaches 0.64 for the thickest (76.9 nm) film. The film lattice pa-
rameter b, on the other hand, exhibits minimal relaxation with
film thickness and is virtually fixed to the lattice parameter of the
substrate (b ≈ abulk, YSZ = 5.1424 Å). The film out-of-plane lattice
parameter c slightly decreases with film thickness and remains
close to the BiVO4 bulk value (cbulk, BiVO4 = 11.7 Å). The corre-
sponding unit cell volumes ( Vuc = abcsin𝛾) of the films are pre-
sented in Figure 4d. The film thickness dependence of the linear
strains ϵxx, ϵyy, ϵzz, and the shear strain ϵxy could therefore be cal-
culated from the lattice parameters a, b, c, and 𝛾 .

𝜖xx =
(
a − abulk,BiVO4

)
∕abulk,BiVO4

(1)

𝜖yy =
(
b − bbulk,BiVO4

)
∕bbulk,BiVO4

(2)

𝜖zz =
(
c − cbulk,BiVO4

)
∕cbulk,BiVO4

(3)

𝜖xy = tan
(
𝛾bulk,BiVO4

− 𝛾

2

)
(4)

Figure 5 shows that only ϵxx shows a strong thickness depen-
dence. This suggests that the substrate-imposed anisotropic in-
plane strain effectively results in strain relaxation that is uniaxial
in nature with strain relief primarily along the [100] direction.

We note that additional information regarding the effect of the
anisotropic in-plane strain on the lattice deformation can be ob-
served from the Vuc trend in Figure 4d. Pseudomorphic growth of
the thin 8.8 nm film led to the reduction in unit cell volume. With
increasing film thickness, the unit cell volume rapidly reaches
the BiVO4 bulk value (309.6 Å3), within limits of experimental
error. The rapid increase of Vuc between the film thicknesses of

8.8 and 13.6 nm closely parallels the jump in b and 𝛾 with thick-
ness: b jumps from the BiVO4 bulk value (5.096 Å) to the YSZ
a lattice parameter (5.142 Å), while 𝛾 jumps from 90° to 90.7°,
before gradually decreasing to the BiVO4 bulk value (90.4°) with
increasing film thickness.

4. Optical Properties

We then investigated the impact of anisotropic in-plane strain
on the optical properties of BiVO4 epitaxial thin films, and ul-
timately, on the electronic structure of BiVO4. Preliminary UV–
vis characterizations (data not shown) of the films studied here
showed negligible contributions from diffuse transmittance and
diffuse reflectance, and predominantly from specular contribu-
tions. This is a further indication of the film’s low roughness and
high surface quality, which is consistent with the XRR and AFM
results.

Figure 6a shows the optical constants (refractive index n and
extinction coefficient k) of the BiVO4 films with varying thick-
ness, extracted from the transmittance (T) and reflectance (R)
spectra (Figure S6, Supporting Information). The calculated ab-
sorption coefficients 𝛼 are presented in Figure 6b. A striking fea-
ture can be observed. For films with thickness > hC, the opti-
cal constant and absorption coefficient curves practically overlap
with each other. Below hC the values of n and k, and the absorp-
tion coefficient 𝛼 decrease over the whole wavelength range. At
≈430 nm, for instance, where the peak of the refractive index
curves and the inflection point of the extinction coefficient are ap-
proximately located, n decreases by ≈10–25% from that of thicker
films, and the reduction for k and 𝛼 is even more pronounced
(≈50%). Such thickness-dependent spectral variation of the opti-
cal constants for BiVO4 shown here is not trivial and is important
in the accurate design and modeling of solar fuel device charac-
teristics.
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Figure 5. Variation in a) linear strains (ϵxx, ϵyy, ϵzz) and b) shear strain (ϵxy)
as a function of film thickness.

In order to estimate the optical bandgap of the BiVO4 epitax-
ial films, the direct and indirect bandgaps are then determined
from Tauc analysis. Figure 7a shows the derived indirect
and direct bandgaps plotted against the respective compressive
in-plane strain along [100], 𝜖xx. Linear correlations with a slope of
−38.5 meV per % strain and −20.8 meV per % strain can
be observed for the direct and indirect bandgaps, respectively.
This linear dependence, that is, increasing the compressive in-
plane strain along [100] direction widens the bandgap of epitax-
ial BiVO4 films, suggests that the bandgap shifts observed here
are strain-driven,[44] and not arising from quantum confinement
effects (see Note S3, Supporting Information).

Exploring any possible correlation of the strain components to
the bandgaps would be insightful at this point. To this end, we
decompose the strain tensor 𝜖ij for monoclinic BiVO4

[45] into its
hydrostatic 𝜖H, and deviatoric components 𝜖* and 𝜖′.

𝜖ij =
⎡⎢⎢⎣
𝜖xx 𝜖xy 0
𝜖xy 𝜖yy 0
0 0 𝜖zz

⎤⎥⎥⎦ =
⎡⎢⎢⎣
𝜖 0 0
0 𝜖 0
0 0 𝜖

⎤⎥⎥⎦ +
⎡⎢⎢⎣
𝜖xx − 𝜖 0 0

0 𝜖yy − 𝜖 0
0 0 𝜖zz − 𝜖

⎤⎥⎥⎦
+
⎡⎢⎢⎣

0 𝜖xy 0
𝜖xy 0 0
0 0 0

⎤⎥⎥⎦ = 𝜖H + 𝜖∗ + 𝜖′ (5)

Here, the magnitude of the hydrostatic strain 𝜖H is related to
the bulk volume changes of the lattice, as follows.

𝜖 = 1
3

(
𝜖xx + 𝜖yy + 𝜖zz

)
= 1

3
ΔV
V

(6)

The deviatoric strain component 𝜖* is related to the changes
in lengths in lattice parameters, while 𝜖′ is related to the changes
in the monoclinic angle 𝛾 .

r(𝜀 ∗)2 = 1
3

[(
𝜀xx − 𝜀yy

)2 +
(
𝜀xx − 𝜀zz

)2 +
(
𝜀yy − 𝜀zz

)2
]

(7)

(
𝜖′
)2 = 2

(
𝜖xy

)2
(8)

We first compare the observed bandgap trends to lattice vol-
ume changes associated with an equivalent hydrostatic deforma-
tion. Semiconductor bandgaps respond to hydrostatic lattice de-
formations, as described by the material’s bandgap deformation
potential[44] 𝛼V = 𝜕Eg

𝜕lnV
: a change in the unit cell volume ΔV/V

leads to a change in the bandgap ΔEg = 𝛼V
ΔV
V

. Negative values of
𝛼V exhibited by a number of classical semiconductors[46] would
imply a widening of the bandgap for a bulk contraction of the
unit cell volume. Positive values of 𝛼V, on the other hand, would
imply the opposite – a narrowing of the bandgap for a bulk con-
traction of the unit cell volume. Such behavior is experimentally
shown for related scheelite orthovanadates MVO4,

[47] and theoret-
ically predicted from high-pressure first-principles calculations
for SnWO4.

[48] In our case, however, both the direct and indi-
rect bandgaps weakly correlate with the hydrostatic strain 𝜖H (see
Figure 7b, r2 = 0.027 and 0.0007, respectively), suggesting that
hydrostatic strain effects are not sufficient to explain the depen-
dence of bandgaps with thickness.

We then consider the correlation of the observed bandgaps
with the deviatoric components of the strain tensor (𝜖*)2 and
(𝜖′)2, the plots of which are depicted in Figure 7c,d, respectively.
While the hydrostatic component describes the volume-changing
(dilatory) effects associated with the strain, the deviatoric com-
ponents, on the other hand, describe the volume-preserving and
shape-distorting effects associated with the strain.[49] The direct
and indirect bandgaps of our epitaxial BiVO4 correlate strongly
with (𝜖*)2 (r2 = 0.92 and 0.82, respectively), but weakly with (𝜖′)2

(r2 = 0.02 and 0.12, respectively). The weak correlation of the
bandgaps with (𝜖′)2 seems to be supported by the electronic struc-
ture calculations of Newhouse et al.[50] for stoichiometric ms-
BiVO4 as a function of the monoclinic angle 𝛾 , which suggests
that the bandgap is weakly sensitive to changes in the monoclinic
angle. The larger the magnitude of the deviatoric strain (𝜖*)2, the
wider the bandgap becomes. This hints at the role of volume-
preserving lattice distortions on the optical properties of BiVO4,
possibly related to the distortion of the structural polyhedra that
make up the BiVO4 lattice, that is, BiO8 dodecahedra and VO4
tetrahedra.

Photoluminescence spectroscopy further probes into the ef-
fect of anisotropic in-plane strain on the electronic struc-
ture of BiVO4. The PL emission spectra of the epitaxial
BiVO4 thin films upon 405 nm excitation, shown in Figure
8a (see Figure S7 and Note S4, Support-
ing Information for the raw spectra and the data extraction
method), exhibit a spectrally narrow doublet B1 and B2 cen-
tered around 470 nm (2.63 eV) and 484 nm (2.56 eV), respec-
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Figure 6. a) Optical constants – refractive index n and extinction coefficient k – of epitaxial BiVO4 thin films as a function of thickness. b) Calculated
absorption coefficient 𝛼 as a function of film thickness.

tively, and a broad, asymmetric emission band which can be
deconvoluted into two Gaussian peaks: A1 centered around
635 nm (1.95 eV, FWHM 113–143 nm), and A2 centered around
705 nm (1.75 eV, FWHM 62–77 nm). This broad emission
band has also been reported in a number of studies on BiVO4
powders[51,52] and on electrodeposited polycrystalline BiVO4 thin
films on FTO glass.[53] The intensity of the emission peaks weak-
ens linearly with decreasing thickness, with the B2 emission peak
practically absent in the 8.8 and 13.6 nm films. Figure 8b shows
the shifts in the A1 and A2 emission band positions with thick-
ness. While the B1 and B2 peak positions are relatively unchanged
with film thickness (as expected given the 20 meV bandgap shift
in Figure 7a corresponds to only an ≈4 nm shift in the PL peak
position), the A1 and A2 emission peak positions monotonically
blueshift with increasing film thickness and decreasing com-
pressive in-plane strain ϵxx. Its plot reveals a strong linear trend
(Figure 8c), with slopes equal to 117 meV per % strain (r2 = 0.91)

and 85 meV per % strain (r2 = 0.89) for the A1 and A2 emission
peaks, respectively.

To ascribe the PL emission peaks observed in this study to spe-
cific recombination pathways, we refer to the hybrid functional
molecular dynamics simulations of BiVO4 reported by Wiktor
et al.[54] Their calculated energy diagram, corrected to 300 K for
thermal and quantum renormalization effects, shows a bandgap
of 2.69 eV, a hole polaron level 0.11 eV above the valence band
maximum, and an electron polaron level 0.88 eV below the con-
duction band minimum. Their calculated bandgap value is very
close to our B1 emission band; we, therefore, attribute this emis-
sion to band-to-band recombination. In addition, the ≈70 meV
separation between the B1 and B2 emission peaks agrees in mag-
nitude with the theoretical difference between the hole polaron
level and the valence band maximum. The B2 emission band may
thus be ascribed to the recombination between the conduction
band electron and hole polaron. Note that the B1–B2 emission

Figure 7. a) Tauc direct and indirect bandgaps of epitaxial BiVO4 thin films as a function of the in-plane strain along [100], 𝜖xx. b–d) Tauc direct and
indirect bandgaps plotted with respect to the magnitude of the hydrostatic 𝜖H, and deviatoric strain components (𝜖*)2 and (𝜖′)2. The bandgaps strongly
correlate with (𝜖*)2 but not with 𝜖H and (𝜖′)2. Error bars correspond to 95% confidence intervals from Tauc analysis.

Adv. Energy Mater. 2023, 2301075 2301075 (7 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. a) Photoluminescence emission spectra of the epitaxial BiVO4 thin films; A1 and A2 photoluminescence emission peak positions as a function
of b) film thickness and c) in-plane strain ϵxx. d) Relative proportions of A1 and A2 emission centers in the film NA1

∕NA2
as a function of film thickness.

Error bars in (d) correspond to standard errors.

peak separation is also close to the thermal hopping activation
energy (≈90 meV) determined from THz spectroscopy.[55]

We attribute the broad emission peaks A1 and A2 to the ra-
diative recombination of an electron and hole polarons since
the observed emission peak positions closely match the calcu-
lated energy separation between the electron and hole polaron
states (≈1.7 eV). This is further supported by the fact that no
absorption peaks were found in this region (see Figure 6), in-
dicating that the level(s) responsible for this emission band is
not populated in the dark. Similar polaronic photoluminescence
signals have also been observed in other oxides like LiNbO3 and
LiTaO3.[56] While the existence and role of polarons in BiVO4 are
supported by theory[54,57] and experiment,[55,58,59] understanding
the detailed mechanisms involved in the polaronic photolumi-
nescence in BiVO4 is beyond the scope of this present paper and
deserves its own separate investigation.

The possibility of assigning the A1 and A2 PL emission peaks
to the related electron polaron-free hole (i.e., valence band hole)
recombination channel is less likely, as theoretical calculations
show that photogenerated holes energetically prefer to be in the
polaronic state than as free holes.[60] Indeed, transient absorp-
tion spectroscopy measurements revealed that free holes popu-
late hole polaron states very quickly (≈5 ps)[61] due to the relative
proximity of the hole polaron states to the valence band.[54,62]

With the peak assignments above, it is still unclear whether the
splitting of the broad PL emission into A1 and A2 peaks is asso-
ciated with changes in the energy levels of the electron polarons,
hole polarons, or both. The electron and hole polaron energetics
are connected to the distortions that the VO4 tetrahedra and BiO8
dodecahedra[60] would experience upon imposing anisotropic in-
plane strain; discriminating the possible distortion states is there-
fore essential in order to understand the features observed in the
PL emission spectra, even at a qualitative level.

On the basis of our data and available theoretical calculations,
we propose that the A1 and A2 emission peaks possibly emanate
from two distinct populations of BiO8 dodecahedra in the BiVO4
films modulated by the anisotropic in-plane strain. This assign-
ment is reasonable since photoluminescence signals of Bi3+

have been reported to be sensitive to the local environment.[63]

Moreover, it has been reported that stoichiometric bismuth com-
pounds with off-centered Bi3+ positions exhibit broad PL emis-
sion peaks,[64] similar to the broad A1 and A2 PL emission peaks
observed in this study. Finally, among the structural polyhedral
units in BiVO4, the BiO8 dodecahedra are shown to be more sus-
ceptible to distortions than the more rigid VO4 tetrahedra.[65] The
ease at which the BiO8 dodecahedra gets distorted compared to
VO4 tetrahedra implies that the changes in the electronic struc-
ture in BiVO4 would be largely impacted by distortional changes
in the BiO8 dodecahedra, and less from the VO4 tetrahedra.

As hole polarons are connected to the localization of photogen-
erated holes in the BiO8 dodecahedra,[60] we then attempt to clar-
ify the nature of the A1 and A2 PL emission peaks by relating hole
polaron energetics in BiVO4 to the distortions in the BiO8 dodeca-
hedra. This relationship may be inferred from the first principle
calculations study of Kweon and Hwang,[60] in which the theo-
retical energy levels of hole polarons relative to the valence band
for nonpolaronic (delocalized) and polaronic (localized) configu-
rations are reported for both monoclinic and tetragonal scheelite
BiVO4. The calculations indicate that holes in the polaronic con-
figuration, whether in the tetragonal or monoclinic polymorph,
tend to localize more around the BiO8 unit and distort the dodec-
ahedra in the process with a concomitant contraction of some
of the Bi–O bonds. Nonpolaronic configurations result in rela-
tively undistorted BiO8 geometries similar to the ground state
BiO8 geometries. Consequently, holes that form in the polaronic
configuration have energy levels located 100 meV deeper into the

Adv. Energy Mater. 2023, 2301075 2301075 (8 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 9. a) Band diagram depicting the radiative recombination transitions observed in photoluminescence spectroscopy after illumination by 405 nm
photons. B1 corresponds to band-to-band recombination, B2 to conduction band (CB) electron-to-hole polaron (h-pol) recombination, and A1, A2 to
electron polaron (e-pol)-hole polaron (h-pol) recombination channels. b) Configurational coordinate (cc) diagram depicting the effect of increasing
compressive in-plane strain in the absorption and photoluminescence emission in epitaxial BiVO4 thin films. Increasing compressive in-plane strain
induces a shift of the excited state (ES) potential energy surface to the right of the ground state (GS) minimum due to increased lattice distortion arising
from the imposed in-plane strain.

bandgap than the nonpolaronic counterpart. These reported the-
oretical findings can be extrapolated to generate the following re-
lationship: the more distorted the BiO8 dodecahedra, the deeper
into the bandgap the hole polaron energy level is located; on the
other hand, the less distorted the BiO8 dodecahedra, the closer
the hole polaron energy level is to the valence band. We expect
that the above picture would hold for BiO8 distorting processes
occurring under volume-preserving lattice deformations, which
is the case in our epitaxial BiVO4 films. Given the above premises,
the higher energy A1 PL emission peak around ≈1.95 eV may be
assigned to the radiative recombination of an electron polaron
with a hole polaron in less distorted BiO8 populations. The lower
energy A2 PL emission peak around ≈1.75 eV may then be as-
signed to the radiative recombination of an electron polaron with
a hole polaron in more distorted BiO8 populations. The above as-
signments are depicted in Figure 9a. We also designate the less
distorted and more distorted BiO8 populations as A1 and A2 PL
emission centers, respectively.

Assuming the above assignments for the A1 and A2 PL emis-
sion centers hold, one would expect the relative PL intensities
IA1

∕IA2
to change with the degree of BiO8 distortion. To establish

a link between the degree of BiO8 distortion with film thickness,
we refer to another study by Kweon and Hwang,[66] in which they
explored the BiO8 distortion at the interface in both ts- and ms-
BiVO4 via first-principles calculations. Their results indicate that
BiO8 distortion is more pronounced at the interface than in the
bulk for both polymorphs. Although their calculations are per-
formed relative to a vacuum interface, these results may be qual-
itatively extended to a metal oxide interface. In our films, the BiO8
units at the BiVO4/YSZ interface would therefore be more dis-
torted than those further away from the interface. Assuming this
to be the case, we infer that the thinner BiVO4 films that experi-
ence larger in-plane strain would have a higher relative propor-
tion of distorted BiO8 units (that is, more A2 populations than
A1) than for the thicker films relieved partially of in-plane strain.

If true, this means that the relative integrated PL areas IA1
∕IA2

must increase with film thickness.
We clearly see this is indeed the case. Figure 8d presents the

monotonic increase in the values of the ratio of the integrated
PL areas of the A1 and A2 emission peaks, 𝜙 = IA1

∕IA2
, with film

thickness. The integrated PL area ratio ϕ, in turn, is related to
the relative proportions of the number of A1 and A2 emission
centers in the film, NA1

∕NA2
, since PL emission intensity varies

linearly with the population of emission centers. Upon closer in-
spection, the data may be fitted with two linear trendlines, one
steeper than the other, that intersect at around the critical thick-
ness of relaxation hC ≈ 22 nm. This suggests that the population
of A2 emission centers appears to be the more dominant emis-
sion center relative to the A1 emission centers for thinner sam-
ples. As the film becomes thicker, the population of A1 emission
centers becomes more dominant relative to the A2 emission cen-
ters. The two linear fits seem to suggest two different PL emis-
sion regimes across the critical thickness of relaxation hC. The
slope of these fits may be taken to represent the rate at which the
population distribution of emission centers changes with thick-
ness. The steeper slope below hC implies that the population of
A1 emission centers increases rapidly with thickness. Above hC,
the gentler slope implies that the increase in the population of A1
emission centers is much slower relative to A2. The fact that there
exist two linear regimes in Figure 8d with a transition around
hC further supports that our assignments – that the A2 emission
centers originate from more distorted BiO8 populations, and A1
emission centers from less distorted BiO8 populations – are likely
true.

The discussion on the nature of the polaronic photolumines-
cence in epitaxial BiVO4 thin films above thus suggests increased
hole polaron localization with increasing strain-induced BiO8 dis-
tortion. Since increased hole polaron localization is known to
correlate to a decrease in mobility, highly strained BiVO4 thin
films that exhibit a greater degree of BiO8 distortion may result

Adv. Energy Mater. 2023, 2301075 2301075 (9 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202301075, W
iley O

nline L
ibrary on [31/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advenergymat.de

in lower photocurrents as compared to the less strained counter-
parts. Such insight would be the subject of a future study into
the epitaxial strain-modulated photoelectrochemical properties
of BiVO4 photoabsorbers.

Finally, we note that the observed trends in the bandgap and
A1 and A2 photoluminescence emission peak positions with in-
creasing compressive in-plane strain ϵxx (see Figures 7a and 8c,
respectively) are also consistent with the explanations above. This
can be qualitatively understood using the configurational coor-
dinate (cc) diagram in Figure 9b. The configuration coordinate
Q quantifies the lattice distortion accompanying polaron forma-
tion and is related to the square of atomic displacements between
ground and excited state geometries.[67] Following photogenera-
tion of conduction band electrons and valence band holes, car-
riers localize and form an electron polaron-hole polaron excited
state (epol + hpol), with its potential energy surface shifted to the
right of the ground state minimum (Q = 0) due to the lattice dis-
tortion around the polaron. Considering the inferences derived
previously, imposing an increasing compressive in-plane strain
ϵxx leads to further distortion of the BiO8 dodecahedra, which
shifts the potential energy surface of the (epol + hpol) excited state
further to the right of the ground state. Given the proposed cc dia-
gram, one sees that the energy ΔE required for optical excitations
from the ground state to the (epol + hpol) excited state increases
with increasing compressive in-plane strain ϵxx, consistent with
the observed widening of the bandgap. At the same time, the tran-
sitions from the (epol + hpol) excited state to the ground state de-
creases with increasing compressive in-plane strain ϵxx, which
agrees well with the redshift in the photoluminescence emission
with increasing compressive in-plane strain.

5. Summary

In summary, we demonstrated alternating-target layer-by-layer
pulsed laser deposition as an effective method to grow stoichio-
metric epitaxial BiVO4 thin films, while avoiding the complex-
ity of optimizing target composition that is necessary for the
traditional single-target PLD approach. Using this approach, we
were able to grow phase pure monoclinic BiVO4 films of high
structural and crystalline quality, as assessed by a suite of X-ray-
based characterization methods, on YSZ substrates. Thickness-
dependent studies revealed the presence of effective anisotropic
uniaxial in-plane strain in our epitaxial films, which impacts
the optical properties and effectively the electronic structure of
BiVO4. Increasing compressive in-plane strain along the [100] di-
rection widens the Tauc-direct and indirect bandgaps of BiVO4. At
the same time, sub-bandgap photoluminescence emission peaks
at ≈1.75 and ≈1.95 eV—attributed to radiative recombination
of localized electron and hole polarons—are observed and red-
shifted with increasing compressive in-plane strain along the
[100] direction. Through strain tensor analysis, we found that
deviatoric strain, associated with the volume-preserving lattice
distortion, is the most important component that influences the
optoelectronic properties of epitaxial BiVO4, while hydrostatic
strain does not show any correlation. The deviatoric strain is pro-
posed to introduce distortion to the BiO8 dodecahedra, which
in turn explains the changes observed in the electronic struc-
ture of BiVO4 under the compressive in-plane strain along the
[100] direction. Finally, it is important to note that although our

study offers to construct a connection between the distortions of
the BiO8 units in BiVO4 and hole polaron energetics as a func-
tion of the imposed compressive in-plane strain, providing un-
equivocal geometric experimental data for epitaxial thin films
would require Rietveld refinement-like methods to determine the
atomic positions for these samples similar to the ones routinely
performed in powder X-ray diffraction methods. Local structure-
sensitive methods, such as near-edge X-ray absorption fine struc-
ture spectroscopy,[68] to probe the local BiO8 dodecahedral envi-
ronment may provide further insights into the local distortional
changes to the BiO8 dodecahedra with imposed compressive in-
plane strain. Hard X-ray photoelectron spectroscopy that investi-
gates the BiVO4/YSZ interface may also be beneficial to further
correlate the changes in electronic and chemical properties of this
interface with epitaxial strain. Such insights can guide future ef-
forts to improve the efficiency of photoabsorbers through strain
engineering.
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