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DC electrical conductivity, Seebeck and Hall coefficients are measured between 300 and 450K on
single crystals of monoclinic bismuth vanadate that are doped n-type with 0.3% tungsten donors
(W:BiVO,). Strongly activated small-polaron hopping is implied by the activation energies of the
Arrhenius conductivities (about 300 meV) greatly exceeding the energies characterizing the falls of
the Seebeck coefficients’ magnitudes with increasing temperature (about 50meV). Small-polaron
hopping is further evidenced by the measured Hall mobility in the ab-plane (10 'em?V " 's™' at
300K) being larger and much less strongly activated than the deduced drift mobility (about
5x 10" >ecm*V~'s™ ! at 300 K). The conductivity and n-type Seebeck coefficient is found to be aniso-
tropic with the conductivity larger and the Seebeck coefficient’s magnitude smaller and less tempera-
ture dependent for motion within the ab-plane than that in the c-direction. These anisotropies are
addressed by considering highly anisotropic next-nearest-neighbor (=5 A) transfers in addition to the
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somewhat shorter (=24 A), nearly isotropic nearest-neighbor transfers. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905786]

Monoclinic bismuth vanadate (BiVO, or BVO) is a
promising photo-anode for solar water splitting because (1)
its band edges are well positioned for water oxidation, (2) its
band gap is modest, ~2.5eV, and (3) it is stable in aqueous
environments when coupled with co-catalysts.' However,
the low electrical conductivity of BVO limits its utility as a
photo-electrode.*™® This low conductivity was preliminarily
ascribed to its charge carriers forming small polarons and a
low temperature-independent Hall mobility.*

Small polarons can form when electronic charge car-
riers move slowly enough to displace surrounding atoms
from their equilibrium positions.” Thus, small polarons are
found in non-crystalline solids®'® as well as in well-
ordered transition-metal''™'* and organic'*>~'7 compounds,
where slow electronic motion is attributed to disorder and
to narrow electronic energy bands, respectively.

Here, we report measurements of the dc conductivity,
Seebeck and Hall coefficients of n-type tungsten-doped BVO
single crystals from 300 to 450K. Detailed analysis of the
anisotropic transport of W:BVO finds it consistent with adia-
batic small-polaron hopping. Furthermore, we demonstrate
that the anisotropy of transport is plausibly linked to struc-
tural differences in the arrangement of V ions.

The synthesis of single crystal samples of BVO with
0.3% W has been described in detail previously.* Four point
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collinear conductivity and AC field Hall effect were con-
ducted at Lake Shore Cryotronics on an 8404 AC/DC Hall
measurement system. Measurement of the Seebeck coeffi-
cient was performed using a laboratory-built apparatus at UT
Austin. Experimental details, calculation of geometrical fac-
tors, and a full description of the data analysis are provided
in the supplemental material.'®

The unit cell of monoclinic BVO is only slightly dis-
torted from that for a tetragonal structure (where a=>).
Thus, we describe the transport as that for a tetragonal struc-
ture, only differentiating between transport in the ab-plane
(perpendicular to the c-axis) and that along the c-axis.

The electrical conductivities (o) measured in the
ab-plane and parallel to the c-axis are plotted versus tem-
perature in Fig. 1(a). These measurements agree with our
previous work.* The anisotropy ratio of the conductivity
0uplo.=2.3 £ 0.4 is constant over the temperature range of
300-450K. As shown in Fig. 1(b), these data can be
described with the formula

a(T) = ao(T)exp (— %) (1

with the pre-exponential factor oy(T) o< 1/T, where E,; is the
conductivity activation energy, k is the Boltzmann constant,
and T is the absolute temperature. The first two columns of
Table I list the activation energies and pre-exponential
factors at 300K for transport in the ab-plane and in the
c-direction.

© 2015 AIP Publishing LLC
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TABLE I. Conductivity and Seebeck coefficient fitting parameters.

E,(meV) o, (Scm ') at300K Es(meV) A (dimensionless)

47 x4
83+3

43x0.1
52=*0.1

300x1
300*1

142+0.4
6.1+0.2

ab-plane
c-axis

The Seebeck coefficients are plotted versus 10°/T in Fig. 2.

This data has been fit to
Es
—+A
(rcT - ) ’

where e is the magnitude of an electron’s charge, Eg is the
Seebeck coefficient’s characteristic energy, and A is a dimen-
sionless constant.”'® The third and fourth columns of Table I
list these fitting parameters. Significantly, the characteristic
Seebeck energies are much smaller than £, (300 meV). These
energy differences indicate that the activated conductivity is
produced by carriers’ thermally assisted hopping rather than
from trap-modulated transport.”"

The Hall mobility in the ab-plane is the product of the
Hall constant Ry,,; measured with the magnetic field parallel
to the c-axis and the electrical conductivity in the ab-plane,
Uprati = OabRuqn. The Hall mobility in the ab-plane is plotted
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FIG. 2. Seebeck coefficients measured in the ab-plane and along the c-axis
are plotted versus reciprocal temperature. Fits to Eq. (2) are shown with
solid lines. The dashed vertical line at 400 K highlights a change of slope.

against reciprocal temperature in Fig. 3. For comparison, we
also plot the drift mobility in the ab-plane deduced from
measurements of the conductivity and Seebeck coefficients
in the ab-plane, py., < exp[—(E, — E;.»)/kT], where we
have chosen the intercept at 1/T=0 to be 1cm?*V 's™'
This assumption is consistent with small-polaron hopping in
the adiabatic regime, whose validity will be demonstrated in
the following analysis.

BVO adopts a monoclinic scheelite structure at ambient
conditions (space group I2/b, a=>5.1935A, b=>5.0898 A,
c=11.6972 A, and 7 =90.387°, Fig. 4(a)).2° Although dop-
ants can alter the lattice parameters, the changes are negligi-
ble at the dopant concentrations considered here.”' The
conduction band of BVO is of primarily V 3d character
while the valence band is made up of O 2p and Bi 6s states.””
W dopants substitute for V atoms and act as electron
donors.* Excess electrons in BVO have been predicted to
favorably localize on vanadium atoms,”® thus we presume
hopping to occur between the V sites.

Let us consider the physical origin of the transport ani-
sotropy in W:BVO (Figs. 1 and 2). Nearest-neighbor (NN)
jumps can be viewed as proceeding along zig-zag chains in
the a-c and b-c directions with jump lengths of 3.8A and
4 /OX, respectively. As seen in Fig. 4(b), a combination of such
NN hops generates motion along the c-axis. By themselves,
NN jumps would generate nearly isotropic hopping.

T(K)
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o
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o0 ® o
0] 0% %0 ,%0,°,
‘Tw )
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FIG. 3. Hall and deduced-drift mobilities in the ab-plane are plotted versus
reciprocal temperature.
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a)

N(E)

N(E)

FIG. 4. (a) Monoclinic BVO unit cell showing BiOg (purple) and VO, units
(red) and principal axes created with VESTA software.?* (b) VESTA rendi-
tion of a 3 x 2 x 1 super-cell illustrating the vanadium atom sub-lattice. NN
hopping paths are indicated in ab-plane and c-axis with green and red solid
lines, respectively. NNN jumps in the ab-plane are shown with blue dashed
lines. (c) Left: the location of small-polaron states. Right: schematic illustra-
tion of the anisotropy of the width of the small-polaron band. Symmetrical
distributions have been used for simplicity.

However, as depicted by the dashed lines in Fig. 4(b),
next-nearest-neighbor (NNN) hops in the ab-plane (~5.2 A)
are only slightly longer than NN hops. By contrast, NNN
hops with a significant c-axis component (~6.9 A) are
much longer than NN hops. Therefore, the structure of
BVO appears to support anisotropic hopping transport. For
example, such anisotropic transport would result if c-axis
motion is dominated by NN hopping, while ab-plane trans-
port is a convolution of NN and NNN jumps. Alternatively
stated, the band of small-polaron states is anisotropic with
it being wider for motion in the ab-plane than along the
c-axis (Fig. 4(c)).

An anisotropic small-polaron conduction band that is
populated by thermally exciting electrons from lower-lying

Appl. Phys. Lett. 106, 022106 (2015)

donor states of energy E, is akin to that of a conventional
semiconductor. The position of the chemical potential yu is
then determined from the requirement that the number of
holes in the donor band equals the number of small-polarons
in the conduction band

Nde(Ed*H)/KT — Nab(T)e*(Em.aru)/KT + NC(T)e*(Em.r*#)/KT,
(3

where N, denotes the density of donors, while N, (T) and
NAT) represent the densities of small-polaron states near
their minima at energies E,, ., and E,, .. The chemical poten-
tial is then

_Epawt+Eq | kT [ Ny ]

e
> T2 MNLm

o [ N
- A 1 1 ¢ 7(E”I‘(’7Em,ah)/KT
2 ! * Nab (T) ¢
Em ab + Ed kT Nd
a4 - _1 ) 4
2 2 ! |:Nab(T>:| “)

Analogous to g =nepuy, the anisotropic values of g, are the
electronic charge e multiplied by the pre-exponential factors
from the thermally activated carrier density and small-polaron
mobility. The pre-exponential factors for the densities of
carriers in the appropriate transport states for motion in the
ab-plane and in the c-direction are %[NdNa,,(T)]U 2 and =N .(T)
[Nd/Na,,(D]l/z, respectively. Since electronic carriers are usu-
ally able to adjust to the relatively slow movements of the sol-
id’s atoms, small-polaron hops are generally adiabatic.’”
The corresponding pre-exponential factors of the anisotropic
mobilities are then ega’vy/kT, where a denotes the jump dis-
tance, v, represents the characteristic vibration frequency, and
g is a numerical factor associated with the hopping sites’ geo-
metrical arrangement. In accord with the results of Table I, the
calculated conductivity pre-exponential factors for hopping
within the ab-plane and in the c-direction are, respectively,
Coay=210Scm™ " and 0,,,=5Sem™" with vo=2 x 10"*Hz,
thus hopping is adiabatic. Since the doping level of our
W:BVO is quite small (0.3%), our values for g, are orders-of-
magnitude smaller than those for intrinsic small-polaron hop-
ping, 10°-10°Scm™'."#

The Seebeck coefficient is the entropy transported
with a charge carrier divided by its charge.”> In most
instances, the transported entropy is just the entropy-of-
mixing arising from adding a charge carrier to the relevant
transport states. Then, the Seebeck coefficient depends on
the carrier density and the density of thermally accessible
transport states. Increasing the carrier density (e.g., by rais-
ing the temperature) decreases the Seebeck coefficient’s
magnitude. Conversely, increasing the number of ther-
mally accessible transport states (by raising the tempera-
ture) increases the Seebeck coefficient’s magnitude. The
decrease of the magnitudes of the Seebeck coefficients of
Fig. 2 with rising temperature implies the predominance of
the former effect, that is, the W donors are partially ionized
at room temperature.

The Seebeck coefficient for transport within the ab-
plane and c-direction just depends on the energies of small-
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polaron states associated with transport in these directions,
E,, and E.*

E ., —
S = _EM (5)
e KT
and
E. —
S, = _EM, (6)
e KT

where the brackets denote an average over the thermally ac-
cessible transport states. Incorporating Eq. (4) into Egs. (5)
and (6), these Seebeck coefficients become

~ K (Em,ab - Ed)/2 1 Nah(T) <Eah - Em,ah>ab
e kT 2 Ny KT
@)
and
S o 75 (Em,c - Em,ah) + (Em,tlb - Ed)/z
T e kT
1 Nab(T):| <Ec - Em r> .
—1 e )
3 n{ N, | ©

There are three terms within the curly brackets of both
Egs. (7) and (8). The first term falls with increasing tempera-
ture, the second term rises weakly with increasing tempera-
ture, and the final term is the nearly temperature-independent
“heat-of-transport” constant, A. The relatively strong temper-
ature dependence of the first term ensures that the magnitude
of the Seebeck coefficient falls with increasing temperature.
The competition between the first and second terms is re-
sponsible for the change in slope observed at ~400K in the
ab-plane (Fig. 2). Furthermore, the first term in the expres-
sion for the Seebeck coefficient for motion in the c-direction,
Eq. (8), exceeds that for motion within the ab-plane, Eq. (7),
by the energy difference E,, . — E,, ,». TWice this energy dif-
ference, 2(0.08eV-0.05eV)=0.06eV, is compatible with
the requirement that the net small-polaron-bandwidth be less
than the characteristic phonon energy. The relatively large
heat-of-transport constants, A,, =4.3 and A.=5.2, are also
consistent with an anisotropic small-polaron band whose
width is less than the phonon energy but greater than or
comparable to the thermal energy x7.”*'® Finally, finding
A.>A,, implies that the anisotropic small-polaron band is
more sharply peaked in the c-direction than in the ab-plane'®
(Fig. 4(c)).

The customary drift mobility is defined as a carrier’s
drift velocity per unit applied electric field. For high-
temperature adiabatic small-polaron hopping, this mobility
is the product of the pre-exponential factor given above,
egazuo/KT (~1em?V~'s7!at 300K) and an Arrhenius fac-
tor exp(—E,/xT), where the mobility activation energy, E,
is usually greater than Av,. The mobility activation energies
are the differences between E, and Eg in the ab-plane and
c-direction. Semiclassical small-polaron hopping is implied
since these energy differences (250meV and 220meV,
respectively) greatly exceed the characteristic phonon
energy (on the order of 0.1 eV). For motion in the ab-plane,
the drift mobility at 300K is about 5x 10 2 cm*V~'s™ ',

Appl. Phys. Lett. 106, 022106 (2015)

This value is consistent with that inferred from time-
resolved microwave conductivity (TRMC) measurements,
~10"*em”*V~'s™! at 300K.> The larger mobility activa-
tion energy in the ab-plane is in accord with slightly longer
NNN transfers, as E, increases with the length of the hop
[for example, cf. Fig. 11.4 of Ref. 7].

The Hall mobility is defined as the angle per unit applied
magnetic field that a drifting carrier is deflected by this field’s
application. For free carriers, the drift and Hall mobilities
equal one another. However, for small-polaron hopping the
activation energy of the Hall mobility is <E,/3.7*°%® As a
result, a small-polaron’s Hall mobility is generally much larger
and much less temperature dependent than its drift mobility.
The data of Fig. 3 show that the Hall mobility we measure for
our W:BVO is consistent with small-polaron hopping.

In summary, we have reported electronic transport
measurements of W:BVO single crystals and established that
electrons in this material form small polarons. The aniso-
tropic transport was reconciled by including NNN transfers,
which foster enhanced hopping in the ab-plane. Based on
our findings, the low electrical conductivity which limits the
utility of W:BVO as a photo-anode for water splitting results
from the very low thermally activated mobility intrinsic to
small polarons. However, knowing that the carriers are
small polarons suggests a means of circumventing this defi-
ciency. In particular, a small-polaron generally exhibits a
broad absorption band centered near ~4FE,, about 1eV for
BVO.”* For BVO, this small-polaron absorption band lies
well below the strong intrinsic inter-band absorption that
begins at 2.5eV. Significantly, small-polarons’ absorptions
produce small-polaron hops [cf. Fig. 9.3 of Ref. 7]. Thus,
sub-bandgap illumination of a W:BVO photo-anode should
increase its electrical conductivity. This optical remedy for
the low dark conductivity of W:BVO exploits its carriers
being small polarons.
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