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ABSTRACT

Bismuth vanadate (BiVO4) has recently been under focus for its potential use in photocatalysis thanks to its well-suited absorption edge in
the visible light range. Here, we characterize the optical absorption of a BiVOj single crystal as a function of temperature and polarization
direction by reflectance and transmittance spectroscopy. The optical bandgap is found to be very sensitive to the temperature, and to the
tetragonal-to-monoclinic ferroelastic transition at 523 K. The anisotropy, as measured by the difference in the absorption edge for the light
polarized parallel and perpendicular to the principal axis, is reduced from 0.2 eV in the high-temperature tetragonal phase to 0.1 eV at ambient
temperature. We show that this evolution is dominantly controlled by the ferroelastic shear strain. These findings provide a route for further
optimization of bismuth vanadate-based light absorbers in photocatalytic devices.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0011507h

Bismuth vanadate (BiVO4) has recently attracted considerable
attention for photocatalytic applications.' * This is primarily due to
its optical absorption properties in the visible range: the reported
bandgap value’ of 2.5 eV is close to the optimal value’ of 2.2 eV
desired for an efficient use of the solar spectrum. The position of the
valence band edge of BiVOy is also well suited for efficient band-
alignment for photoanodes in water splitting devices.” Besides, bis-
muth vanadate exhibits high chemical- and photo-stability in aque-
ous electrolytes,” and hence does not require a protective layer. To
fully understand and optimize the behavior of BiVOy4 as a pho-
toabsorber, a detailed understanding of its electronic and opti-
cal properties is highly desirable. This task, however, is relatively
complex compared to classical semiconducting materials, due to
the chemical complexity of BiVOy, its optical anisotropy, and its
polymorphism.

BiVO, has three common crystal forms whose accessibil-
ity depends on the synthesis method:’ the zircon structure with
a tetragonal symmetry and two scheelite structures with the

monoclinic and tetragonal symmetry.”'’ It is known that only the
monoclinic scheelite BiVO4 possesses optical properties suitable for
applications in photocatalysis.'' In its scheelite structure, BiVO,
exhibits a reversible second-order ferroelastic phase transition at
T. =523 + 5 K from a high-temperature tetragonal symmetry (space
group I4;/a) to a low-temperature monoclinic symmetry [space
group 12/a - C2/c (15) in the standard setting].'””'® This phase
transition is driven by a spontaneous shear strain developed in the
plane perpendicular to the tetragonal axis; it was studied in detail
in the past as a rather uncommon example of a proper ferroelastic
transition.'*

The electronic and optical properties of scheelite BiVOy, in
contrast, have been under focus much more recently, and are
still under discussion. While the value of the bandgap, around
2.5 €V, is agreed on, its nature remains controversial. On the
one hand, several experimental works report a direct bandgap.” *°
On the other hand, most density functional theory (DFT) stud-
ies conclude that the bandgap is indirect, but also predict a direct
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transition only a few hundreds of meV above the indirect
bandgap.'””® This scenario is difficult to confirm by classical meth-
ods, such as optical spectroscopy or ellipsometry. Only recently,
Cooper et al. confirmed by resonant inelastic X-ray scattering that
the fundamental bandgap is indeed indirect with a direct band-to-
band transition only 200 meV above it.” In addition, early single
crystal studies have reported strong changes in color with vary-
ing temperatures.”’ This raises important questions on whether the
direct and the indirect transition show the same temperature depen-
dence, and how reliable the comparison of the experimental room
temperature data with 0 K-DFT calculations is. Finally, because of
the anisotropic structure of scheelite BiVOy, dichroism is expected
and has indeed been predicted by several groups through DFT
calculations'*”**’ but has not been confirmed experimentally.

Here, we address these questions by a linear spectroscopy study
of scheelite BiVOy single crystals as a function of temperature. We
quantify the thermochromic behavior and the anisotropy of the opti-
cal absorption and show that it is sensitive to the ferroelastic phase
transition. Specifically, we show that, in the monoclinic phase, the
shift of the absorption edge is dominated by the ferroelastic shear
strain.

Two samples were cut and polished from a larger single crystal
pulled by the Czochralski-method. Figure 1(a) shows the tetragonal
unit cell of scheelite BiVOy; all forthcoming indications of orienta-
tions are given with respect to this tetragonal unit cell. Note that
the tetragonal 4-fold axis becomes the monoclinic 2-fold axis, and
thus remains the principal axis in both phases. The first sample has
a (110) surface orientation and a thickness of 360 um; the second
sample has a (001)-oriented surface and a thickness of 100 ym, see
Figs. 1(b) and 1(c). The transmittance and reflectance measurements
were performed with a Jasco MSV-370 microspectrophotometer.
The spectrophotometer operates a deuterium lamp for the UV and a
halogen lamp for the visible and near infrared light range and col-
lects the light using non-dispersive Schwarzschild objectives. The

FIG. 1. (a) Schematic representation of the tetragonal unit cell of BiVO,. Optical
microscopy images of (b) the (110)-oriented sample and (c) the (001)-oriented
sample. For both samples, optical measurements were done with a vertical and a
horizontal light polarization. The measurement areas are highlighted in red.

scitation.org/journal/apm

samples were placed in a Linkam THMS600 heating stage. Using
an aperture, the measurement areas were set to 400 x 400 ymz and
300 x 300 ,umz for the (110)-oriented sample and the (001)-oriented
sample, respectively. In all cases, great care was taken to position the
measurement area on the sample in homogeneous regions, i.e., free
of domain walls or surface cracks. For all reflectance measurements,
an aluminum mirror was used for calibration.

We first discuss the results for the (110)-oriented sample.
Experiments were performed with two different directions of the lin-
ear light polarization P: first, with P parallel to the crystallographic
axis [001] and second, with P || [110], see Fig. 1(b). The data are
shown in Fig. 2. For both light polarization directions, reflectance
and transmittance data show a pronounced temperature depen-
dence, with an absorption edge shifting to longer wavelengths as
temperature increases. To investigate the nature of the bandgap and
its possible change with temperature, the absorption coefficient was
calculated. In the spectral range of the fundamental absorption edge,
the absorption coefficient « is approximated by

1 (lfR)
a=—In|l — ),
t T

where T is the transmittance, R the reflectance, and t the sample
thickness.”” Figures 3(a) and 3(b) show the absorption coefficient vs
temperature for both polarization directions. The theory of inter-
band optical absorption reveals that the absorption coefficient «
varies with the photon energy according to the well-known relation
(ahv)" = A(hv - Eopt), where A is a constant and Eqp is the optical
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FIG. 2. Transmittance spectra measured on the (110)-oriented sample (a) for
P || [001] and (b) for P || [110] as a function of temperature. (c) and (d)
Reflectance spectra for P || [001] and P || [110], respectively.
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P 11 [001] Pl [110] absorption edge as the inflexion point of the transmittance curve.

T T T T T T We determined this point by fitting the first derivative of the trans-
mittance curve with an asymmetric Gaussian function. This func-
= tion was chosen because it produces a satisfactory fit for all data
and provides a consistent analysis, although we do not claim any
particular physical meaning for it. The results are shown in Fig. 4.
4 In first approximation, the evolution of the absorption edges was
/ fitted linearly, with separate fits above and below T.. Figure 4(a)
1 1 1 shows the absorption edge obtained for the (110)-oriented sample

1
! ' YT TIK] for both polarizations. We notice that first, the absorption is clearly
15 1r @ 7 anisotropic in the tetragonal phase, with an energy difference of
g - %22 ~0.2 eV between the two polarizations. This difference remains con-
‘_’; 10 1r / 1= 2‘9‘2 stant for temperatures above T, and the absorption edge decreases
-g /‘///// / 473 at the same rate of ~—0.85 meV K™' for both light polarizations.
- 5 ar i ’;;//// . ggg Second, we observe a clear kink at T in the temperature evolu-
177 548 tion of the absorption edge for both light polarizations. Below T,
0 ; : : : o in the monoclinic phase, the evolutions for both light polarizations
8 1 6 4= 673 remain linear, albeit with different slopes. This demonstrates that the
To 1L J 1= ;%g absorption edge is sensitive to ferroelastic strain. These findings are
= 6 ‘/;J robust even if alternative methods to extract the absorption edge are
N/; 4 4k }}/‘ - used. T{le corresponding plots are provided in the supplementary

L { i material.

E 2 i fingy //’ In the monoclinic phase, the optical absorption is expected to
0 5 7 i ] be anisotropic also in the plane perpendicular to the principal axis.
200 225 250 1.75 2.00 225 2.5 To estimate the magnitude of this anisotropy, we performed a sim-
hv [eV] hv [eV] ilar experiment with the (001)-oriented sample. We first measured

FIG. 3. [(a) and (b)] Optical absorption coefficient calculated from transmittance
and reflectance data of the (110)-oriented sample for P || [001] and P || [110],
respectively. [(c) and (d)] and [(e) and ()] Tauc plots calculated for both polarization

directions, assuming an indirect and a direct bandgap, respectively. = : | I 1 1' 0)-ori ! d II
9.4 -1.08meV/K (110) oi|ente sample | |
® A P||[110]
ke = P || [001]

o RS

absorption edge.” Here, n characterizes the nature of the transition S 2.2 7
process, which dominates the optical absorption. We have n = 2 for 5 -0.84meV/K
a direct band-to-band transition and # = 0.5 for an indirect band-to- o]
band transition. Usually, the value of Eqp: is determined by plotting 82.0F .
(ahv)" vs the photon energy hv in a so-called Tauc plot. Hence, data S
are described by a straight line for n = 2 in the case of a direct g (a) -0.87meV/K
bandgap and for # = 0.5 in the case of an indirect bandgap. This _18 : : : : : :
?llows us to determine the nature of the bandgap. Eopt. is g?ven by the % 0418 (001)-oriented sample | |
intercept of the linear fit with the phot(.)n—energy.am.s. Figures 3.(c) o N —1.24meV/K horizontal P
and 3(d) show the Tauc plots for both light polarizations assuming ey X vertical P
indirect (n = 0.5) and Figs. 3(e) and 3(f) for direct (n = 2) transi- 1)
tion. In all four cases, the data can be described by a straight line S 2.2r —1.11meV/K 7]
making it difficult to conclude on the nature of the transition with b= e X
this measurement alone. Considering the similar curve shape of the S )\X
absorption coefficient at each temperature, there are no indications 32.0r \\ 7
that first, the nature of the transition differs from one to the other S ~0.84meV/K X
light polarization and second, the nature of the transition changes s (?) monqclinic 1 1 tetraglona|
with temperature. Following the recent conclusions by Cooper et al. 1 .8300 400 500 600 700 800
on the indirect nature of the bandgap, we extract an energy for the T K]
absorption edge 0of 2.27 eV for P || [110] and of 2.39 eV for P || [001]
at room temperature. FIG. 4. Temperature dependence of the optical absorption edge for (a) the (110)-

In the next step, we investigated the anisotropy of the opti- oriented sample and (b) the (001)-oriented sample. The solid lines are fits to the

data. The dashed lines are extrapolations of the high-temperature trend into the

cal absorption. To analyze the data without having to rely on any [E e R

particular hypothesis on the nature of the bandgap, we define the
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the transmittance at room temperature, at a fixed wavelength of
515 nm, as a function of the polarization direction (see supplemen-
tary material). We then positioned the crystal in such a way that
the extrema of this curve were found for vertical and horizontal
light polarization [Fig. 1(c)], and proceeded to the measurements
over the full wavelength range. The difference in absorption edges
measured in this configuration amounts to 45 meV at room tem-
perature. Transmittance spectra were also collected with increasing
temperature, and the corresponding absorption edges are shown in
Fig. 4(b). The energy difference decreases with increasing temper-
ature and vanishes at T, as expected from the tetragonal symme-
try. This should be considered as a first estimation, notably because
we neglect here the effect of birefringence. A detailed study of the
anisotropy in the monoclinic plane would require further experi-
mental work. For the purpose of the present work, we simply observe
that the anisotropy in this plane is comparatively small so that the
fundamental bandgap is found for the light polarized perpendicular
to the principal axis at room temperature and above.

Having established that the optical absorption is clearly sen-
sitive to the ferroelastic transition, it is insightful to decompose
the observed variations of the absorption edges as a function of
the different components of strain. For that purpose, we use the
detailed knowledge of the volume, lattice constants, and strains
across the phase transition in Ref. 21, and focus here on the (110)-
oriented sample. Figure 5(a) shows the evolution of the unit-cell
volume across the phase transition and the corresponding thermal
expansion coefficients. In the high-symmetry tetragonal phase, only

2 313 <16re,, T
S 312 c12p® e 1
S & S
T 311 ®0.8r o
[$) E %
L 310 © 0.4+ o
C < ]
=] 309 1 1 [ 0 0 1 1 1 1 1

300 400 500 600 70 "~ 7300 350 400 450 500
T [K] T [K]
[ T — T 125_ T T T
2.6 (c) A P10 s ool . i
= P || [001] g 75k AL 4
2.4 w

opt. absorption edge [eV]
N
N

2.0
1_8_monoclinic| | tetragonal L
309 310 311 312 313

03
unit—cell volume [A ]

FIG. 5. (a) Evolution of the unit-cell volume across the phase transition and (b) of
the shear strain in the monoclinic phase, as discussed in the text. Data are taken
from Ref. 21. (c) Absorption edge for P || [001] and P || [110] as a function of
the unit-cell volume. Inset: Difference in absorption edges AE associated with the
phase transition as a function of temperature.
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thermal expansion is present and both absorption edges follow lin-
ear and parallel evolutions at an average rate of ~—0.85 meV K™'
for a volumetric thermal expansion coefficient of ~4.7 x 107> K™
(details of the calculations are provided in the supplementary mate-
rial). At the transition, the volume exhibits a kink and the thermal
expansion is reduced to 1.4 x 107> K! below T.. Assuming the
same scaling, this would account for a change in the absorption
edge of ~—0.25 meV K™*, which is only a small fraction of the total
change shown in Fig. 4(a). We conclude that the ferroelastic shear
strain dominates the evolution of the optical bandgap in the mon-
oclinic phase. This spontaneous shear strain develops in the (ab)
plane, has By symmetry, and is the primary order parameter of the
transition.”’ In Fig. 5(b), we show the temperature evolution of the
total shear strain calculated from the a, b, and y lattice parameters
as defined by Aizu™ and reported in Ref. 21. The respective influ-
ences of volume vs shear strain to the optical absorption are best
illustrated in Fig. 5(c), where we show the absorption edges vs the
unit-cell volume. The contribution of the simple volume change in
the monoclinic phase is shown by the extrapolated dashed line and is
clearly marginal. In the inset of Fig. 5(c), we also show the difference
in optical bandgap AE caused by the phase transition as a function
of temperature for both polarizations. In both cases, the evolution
deviates from linearity, which again is an indication that they scale
predominantly with the shear strain.’’

Finally, we discuss our observations in the light of the cur-
rent theoretical understanding of the optical absorption in scheelite
BiVO4.'"***! Our experimental observations, as described above
with our tentative Tauc plots, are consistent with the facts given
in the introduction, at all temperatures up to 773 K. We confirm
the strong anisotropy of the optical absorption. At all tempera-
tures, and irrespective of the anisotropy in the (001)-plane, the
lowest absorption edge is found when the light is polarized per-
pendicular to the principal axis. For a quantitative comparison of
the bandgap value(s) and the anisotropy, one should bear in mind
the strong temperature dependence, and therefore extrapolate the
experimental values down to 0 K. This extrapolation is not trivial
because the behavior at low temperatures is non-linear for various
reasons: the strain dependence described above, and a possible sat-
uration of the order parameter at low temperatures,”” and also the
usual non-linear lattice anharmonicity and electron-phonon inter-
actions.”” The first effect can be taken into account by fitting a power
law AEope = A(T. - T)ﬁ to the data below T.—this yields an extrap-
olated value of 2.62 eV at 0 K. Saturation of the order parameter
in BiVOy can be neglected, as demonstrated by birefringence stud-
ies.”” On the other hand, the other non-linear effects cannot be
neglected a priori. In the supplementary material, we use physical
arguments to show that they could lead to an additional lowering
of the extrapolated value by as much as ~0.3 eV. In any case, the
experimental value agrees well with the calculated value of 2.47 eV
from Ref. 10. On the other hand, we find a significant difference in
the magnitude of the anisotropy between the light polarized par-
allel and perpendicular to the principal axis; because of the influ-
ence of the shear strain, the difference between absorption edges
is reduced to 90 meV at 0 K, which is much weaker than the the-
oretical value'’ of 0.5 V. In light of the sensitivity to shear strain
described above, we hypothesize that these disagreements find their
origin in the accuracy with which the calculation captures the small
monoclinic distortion of the scheelite structure. Better quantitative
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predictions may require a particular attention to these structural
aspects.

In summary, the optical absorption in scheelite bismuth vana-
date has been measured over a wide temperature range, and the
importance of its ferroelastic transition has clearly been established.
The bandgap of 2.27 eV extracted at room temperature is in good
agreement with the bandgap values published previously. While
our data do not directly provide conclusive support for the indi-
rect nature of the bandgap, they do show that its nature remains
unchanged in the investigated temperature range. We find that the
high-symmetry tetragonal phase exhibits a constant anisotropy in
optical absorption of 0.2 eV, depending on whether the light is polar-
ized parallel or perpendicular to the principal axis. The fundamental
bandgap was found for the light polarized perpendicular to the prin-
cipal axis, consistent with the expectations from DFT calculations,
pointing to the possibility to activate different band-to-band tran-
sitions by playing with the polarization of the light. We show that
the position of the absorption edge of bismuth vanadate is very sen-
sitive to the onset of the spontaneous shear strain that develops in
the low-symmetry phase, dominates the evolution, and enhances the
thermochromic behavior. These results suggest that the optimiza-
tion of the optical properties of BiVO4-based light absorbers would
benefit from a careful control of the crystallite orientation. The sen-
sitivity to strain could also be exploited via interface effects, epitaxy,
nano-size effects, or cation substitution.

See the supplementary material for a description of alternative
methods to extract the absorption edge from optical spectra, details
on the positioning of the (001)-oriented sample, details on the calcu-
lation of the thermal expansion, and a discussion of the non-linear
evolution of the absorption edge at low temperatures.
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