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We explore ultrafast carrier dynamics and interactions of photoexcited carriers with lattice vibrational
modes in BiVO, photoanode material using time-resolved terahertz spectroscopy and first-principles
phonon spectrum calculations. We find that photoexcited holes form bound polaron states by
introducing lattice distortion that changes phonon spectrum and suppresses the Ag phonon mode
associated with opposite motion of Bi and VO, molecular units. At excitation fluence higher than
1 mJ cm™2 (or 2 x 10* cm™2 per pulse), lattice distortion due to self-localized holes alters the lattice
symmetry and vibrational spectrum, resulting in bleaching of THz absorption by Ay phonons.
Concurrently, we observe a short lived population of free carriers which exhibit Drude conductivity with

mobility on the order of 200 cm? V™! s7%, orders of magnitude higher than typical carrier mobility in
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demonstration of enhanced transport suggests how engineering BiVO,4 photoanodes to take advantage
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Introduction

Due to its moderate bandgap, high photochemical stability, and
band edge positions favorable for water oxidation, BiVO, is
considered one of the most promising photoanode metal
oxides.'* However, the reported solar-to-hydrogen efficiency of
BiVO, photoanodes is still significantly lower than theoretically
predicted values. The major performance bottleneck is poor
separation of the photoexcited electron-hole pairs due to the
extremely low carrier mobility (~107> em® V™' s7'), which
results in significant carrier recombination losses.*> To an
extent, the long (on the order of 50 ns) lifetime of photoexcited
carriers compensates for the low mobility; however, identifying
possible avenues of increasing mobility would significantly
improve BiVO, photoanode efficiency.’
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performance of photoelectrochemical devices.

Low charge carrier mobility in BiVO, is a consequence of
strong carrier-phonon coupling, which favors formation of
polarons, which are localized carriers (electrons or holes)
accompanied by lattice distortion.**° Photoexcited electrons are
thought to form small polarons, which are localized on the
atomic scale around V** sites and move by thermally activated
hopping, with an estimated activation energy on the order of
0.35 eV.**'* The resulting electron diffusion length in undoped
BiVO, at room temperature is as low as 10 nm."* Transport of
photoexcited holes, which is critically important for the
performance of the photoanode, is not yet well understood:
while some theoretical studies predict small hole polarons with
holes localized on O~ sites,"” others find that large hole
polarons that spread over many lattice sites and exhibit band-
like transport are more likely to form in the monoclinic form of
BiVO,.” The hole diffusion length (~100 nm) in BiVO, is an
order or magnitude larger than that of electrons.*

Understanding the dynamics of photoexcited carriers and
their coupling to lattice vibrational modes at early times (1-20
ps) after photon absorption is essential for elucidating carrier
transport mechanisms in BiVO, and addressing limitations of
BivO, photoanodes. Ultrafast carrier dynamics in BiVO, have
been probed using transient optical absorption.”**® These
studies have indicated that photogenerated holes are trapped
with a time constant on the order of 5-15 ps, giving rise to
several long-lived absorption bands."'**® The trapped holes are

This journal is © The Royal Society of Chemistry 2016
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coupled to a low energy phonon mode, with irreducible repre-
sentation A,, associated with the opposite motion of Bi*" and
vO,*>~.1*" Coherent excitation of this phonon mode occurs
simultaneously with the hole trapping suggesting that hole-
lattice interaction favors formation of polarons within a few
picoseconds following excitation.

In this study, we explore photoconductive properties of BiVO,
with time-resolved THz spectroscopy (TRTS). A non-contact probe
of microscopic conductivity, TRTS has already been successfully
applied to uncover ultrafast carrier dynamics and conductivity
mechanisms in a variety of bulk and nanostructured materials for
solar energy conversion.””> As the bandwidth of THz pulses
spans from ~0.2 to 2.4 THz (8-80 cm '), corresponding to the
energy range of 1-10 meV, transmission of THz pulses through
samples is intrinsically sensitive to motion of free carriers over
length scales of tens of nanometers as well as to low-frequency
(<80 em ™) phonon modes. As a result, TRTS simultaneously
provides insights into the dynamics of photoexcited carriers and
carrier-lattice interactions that are not accessible by other tech-
niques. Combining THz photoconductivity measurements with
first-principles calculations of effects of photoexcitation on lattice
dynamics allows us to elucidate the role of carrier-phonon
coupling in photoconductivity of BiVO, photoanodes. We find
that at high carrier excitation density, vibrational excitation of the
A, mode by the THz probe pulse is hindered. This happens as
a significant number of trapped holes are accompanied by local
lattice distortions, and the IR-active A, mode is transformed into
other modes that do not couple to THz probe pulses efficiently. At
the same time we observe a short-lived excess of free carriers with
mobility which is several orders of magnitude higher than typical
carrier mobility in BiVO,.*"® Moreover, effective mass theory
predicts a Mott transition — whereby a critical density of localised
states overlaps to form an extended band-like state - in the region
of 10'° to 10'” em ™, which can explain the jump in conductivity
associated with the bleaching of the A, phonon mode. We briefly
consider how this finding may be exploited to improve BiVO,
device performance through structural engineering.

Methods

Sample preparation

A 1 micron thick BiVO, film that was drop-cast onto a quartz
substrate was used in this study. Clear fused quartz (Quartz
Scientific) substrates were sonicated and cleaned 3 times in
1:1:1 isopropanol alcohol, acetone and DI water mixture. The
solution for drop-casting BiVO, was composed of 0.1225 g
Bi(NO;);-5H,0 (98%, Sigma Aldrich) and 0.0663 g OV(C5sH,0,),
(98%, Sigma Aldrich), dissolved in 5 mL acetic acid (=99.7%,
Sigma Aldrich) and 0.25 mL acetylacetone (=99%, Sigma
Aldrich) by 30 minutes sonication. The substrate was soaked in
acetic acid for 10 minutes and then dried by air-gun, which was
found to improve the subsequent wetting and coating of the
drop-casting solution. Two drops of 5 pL solution were then
dropped onto the substrate, which was then dried on a hotplate
set at 500 °C in air for 10 minutes to make one BiVO, drop-
casted layer. After 3 layers of drop-casting, the sample was
annealed in a furnace in air at 550 °C for 2 hours to crystallize
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the BiVO,. An SEM micrograph of the resulting film is shown in
ESI Fig. S1.t

Time-resolved THz spectroscopy

Charge carriers in the BiVO, film were excited by the 400 nm
pump pulses generated by frequency doubling of 800 nm, 100 fs
pulses from 1 kHz an amplified Ti:sapphire laser (Coherent©
Libra HE). Based on a literature value of the absorption coeffi-
cient at 400 nm, carriers were phonoinjected into a thin,
~50 nm layer of the BiVO, film.?® Photoinduced changes in the
sample properties were probed by time-delayed THz pulses
generated by optical rectification of 800 nm from the same laser
source in a 1 mm thick [110] ZnTe crystal. THz pulses trans-
mitted through the sample were coherently detected by free-
space electro-optic sampling in a second [110] ZnTe crystal.

Lattice dynamics calculations

First-principles density functional theory (DFT) calculations
were performed using the VASP code within the projector
augmented wave formalism.**** The neutral and singly-charged
structures were geometry-optimised using the non-local HSE06
exchange-correlation functional.** The monoclinic unit cell was
expanded to a 2 x 2 x 2 supercell and the k-point sampling was
carried out using I'-point only. The phonon spectra were then
calculated using a finite displacements approach to form the
Hessian of the system. The post-processing and construction of
the dynamical matrix and phonon density of states was per-
formed using the PHONOPY package.*

Results and discussion

The change in transmission of the main peak of the THz probe
pulse (—AT/T, Fig. 1) as a function of the delay between the
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Fig.1 Change in transmission of the main peak of the THz probe pulse
as a function of time delay with respect to a 400 nm, 100 fs pump
pulse with fluence from 0.5 to 3.0 mJ cm™2. Solid lines are fits to
a double-exponential decay. Inset shows the same data plotted on
a semi-logarithmic scale in a larger delay time range.
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pump pulse and THz probe pulse is proportional to the time-

dependent photoconductivity.* The photoconductivity exhibits

a bi-exponential decay with a small offset that is constant over

the experimental time range (<120 ps), and solid lines in Fig. 1

represent fits of the experimental data to a bi-exponential decay
. AT t t

function = A; exp (fa) + A, exp (ft—) + const. The

2

amplitude 4, and to a lesser extent, the decay time ¢; of the fast
component, strongly depend on the photoexcitation conditions.
Barely present for 0.5 mJ cm > excitation fluence, the fast decay
contribution represented by A; increased nearly 60-fold for
3.0 mJ cm~? fluence. The decay time ¢, of the fast component
decreased from 2.3 & 0.6 ps for the lowest fluence to 1.0 £ 0.1 ps
for the highest fluence. The decay time of the slower component
is independent of fluence at 16.5 & 2.5 ps, and its contribution
to overall photoconductivity dynamics scales linearly with
excitation. Finally, the small constant offset likely varies on the
time scale of tens of nanoseconds, as seen in time-resolved
microwave conductivity measurements of a similar BiVO,
film.*

Elucidating the nature of the processes that give rise to the
observed fast photoconductivity dynamics requires analysis of
the complex-valued, frequency-dependent THz conductivity
spectra as a function of pump-probe delay times and excitation
fluence. Frequency-dependent changes in sample properties
induced by the pump pulse can be determined by detecting the
changes in the amplitude and phase of the transmitted THz
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Fig. 2 Effects of photoexcitation with 3.0 mJ cm™2, 400 nm pulse at
pump-probe delay of 2 ps. (a) THz waveform, transmitted through
BiVOy, film without photoexcitation, and the change in the waveform
due to excitation (scaled by a factor of 10 for clarity). (b) THz intensity
(proportional to the square of the electric field amplitude) transmitted
through non-excited and photoexcited sample, and (c) the corre-
sponding photoinduced chance in THz absorbance (c) and complex
conductivity (d). Solid line in (c) shows the fit of the experimental
transient THz absorbance to a Lorentz function with the center
frequency (uAg/ZTC = 1.92 THz and the damping constant FAQ/ZTC =
0.48 THz. Solid and dashed lines in (d) a fit of the photoinduced real
conductivity a1 (solid red line) and imaginary conductivity ¢, (dashed
blue line) to a Drude—Lorentz conductivity (egn (1)) with t = 35 fs and
N=2x10"®cm™.
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pulse. Fig. 2(a) shows the THz pulse transmitted through the
unexcited BiVO, film and the change in THz waveform 2 ps
following excitation with a 3.0 mJ cm ™ fluence. Corresponding
frequency-resolved transmitted THz intensities (proportional to
the square of the amplitude) without photoexcitation and 2 ps
after photoexcitation are given in Fig. 2(b). Photoexcitation
slightly increases absorption of lower THz frequencies (<1.5
THz), and enhances transmission in ~1.5-2.2 THz range. While
those changes are subtle, they are clearly visible in the photo-
induced absorbance change, Fig. 2(c) and conductivity,
Fig. 2(d). The photoinduced THz absorption at low frequencies,
which we will discuss shortly, can be attributed to free carrier
absorption. The photoinduced reduction of THz absorption at
higher frequencies can be fitted to a Lorentzian peak centered at
wa /27 = 1.92 THz (or 64 cm ") with the damping constant I' /
21 = 0.48 THz (Fig. 2(c)). The center frequency of this absorp-
tion bleach feature is close to the frequency of the A, phonon
mode, which earlier transient optical absorption studies found
to be coherently excited by 400 nm pulses.*>** The total photo-
induced change in conductivity (Fig. 2(d)) can be expressed as
a combination of the Drude free carrier component and
suppression of the Lorentz oscillator that represents the A,
phonon,

&(w) = a’Drude(w) - &Loremz(w)

N £0Sa,w
m*(1 — iw1) (wAgz _ w2>2 n (FAgw)z
X (FAgw - i(coAgz - w2>). (1)

Here, N is the free charge carrier density averaged over the
volume sampled by the THz pulse, m* is the carrier effective
mass, 7 is the Drude carrier scattering time, Sa, is the oscillator
strength of the A, phonon, w is the frequency, and ¢, is the
vacuum permittivity.

Fig. 3 summarizes the effects of excitation fluence on
photoconductivity by following the THz absorption bleach as
well as the frequency-resolved complex photoconductivity
detected 2 ps after photoexcitation. Most notably, the absorp-
tion bleach in the vicinity of the A, phonon mode becomes
significantly more pronounced with increasing excitation flu-
ence (Fig. 3(a)). At the same time, complex conductivity at low
frequencies (<1.5 THz) acquires Drude-like character, indi-
cating the presence of free carriers at early times after excitation
(Fig. 3(b)). In the following discussion we analyze the photoin-
duced conductivity changes in this low frequency range that are
not significantly affected by the absorption bleach at 1.92 THz
within the framework of the Drude model. Lines in Fig. 3(b) are
simultaneous fits of real (solid red squares) and imaginary
(open blue circles) THz conductivity to the Drude model,

Ne’t
m*(1 — iwt)’

Taking a band effective mass for both electrons and holes as
0.3m, from previous calculations® and from the band struc-
tures calculated in this study, fitting complex conductivity to the
Drude model yields instantaneous carrier density N as well as
the carrier relaxation time 7. The relaxation time, 35 fs + 10 fs, is

&Drude (w) =

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Excitation fluence dependence of photoinduced conductivity and phonon absorption bleach as observed 2 ps after photoexcitation. (a)

Absorbance spectra at fluence ranging from 0.5 to 3.0 mJ cm ™2

, (b) corresponding complex conductivity spectra, with red squares indicating

real, and blue circles — imaginary conductivity components, and the lines representing fitting of data to the Drude conductivity model. (c) Fluence
dependence of amplitude of photoinduced absorption bleach (red triangles), fast component of photoconductivity decay A; (Fig. 1) (blue circles),
and free photoexcited carrier density determined from Drude fit to frequency-resolved conductivity (black squares) (b). The green solid line is

a guide to the eye.

found to be independent of excitation fluence or time after
excitation, and the corresponding mobility u = et/m* of short-
lived free carrier population excited by 100 fs, 400 nm pulses is
~200 cm® V' s7' several orders of magnitude larger than
steady-state carrier mobility associated with thermally-activated
polaron transport. Free carrier density N at 2 ps after photoex-
citation is plotted in Fig. 3(c) as solid black squares, along with
the amplitude of 1.92 THz absorption bleach (solid red trian-
gles) and the amplitude of the fast component of transient
conductivity decay (—A7/T), shown as open blue circles. This
shows that the increase in concentration of free carriers is
concurrent with the THz absorption bleach.

Fig. 4 examines time evolution of the observed A, phonon
absorption bleach Fig. 4(a) as well as of free carrier conductivity
(Fig. 4(b)) at the highest excitation fluence, 3 mJ cm™ 2. As the
absorption bleach is recovered, Drude-like conductivity
decreases. In fact, the amplitude of the absorption bleach and
free carrier density both decay on ~1 ps time scale, the same
time scale as photoconductivity decay at the same excitation
fluence shown in Fig. 1, again suggesting that saturation of
phonon absorption under high photoexcitation conditions and
existence of free carriers exhibiting band-like transport are
related phenomena.

In order to probe the microscopic origins of the photo-
induced bleaching in the absorption spectrum we have per-
formed first-principles lattice dynamics calculations. These
calculations allow us to investigate how the vibrational spec-
trum of the crystal structure is affected by the presence of photo-
generated carriers. Initially the neutral crystal in the monoclinic
structure was fully relaxed and the vibrational spectrum calcu-
lated. The eigen frequencies of the I'-point phonon modes, are
plotted in Fig. 5, where the mode experimentally observed at
64 cm ™! is highlighted in yellow. It is the A, mode involving the

This journal is © The Royal Society of Chemistry 2016

counter-motion of the Bi*" ions and the VO, units. As this
mode involves motion of oppositely charged molecular units, it
is expected to be a particularly strong absorber in the infrared.
This mode is also depicted by the phonon eigenvectors in the
picture below the plot, where the phonon modes are repre-
sented by arrows. To simulate the generation of a hole, we then
removed an electron from a 2 x 2 x 2 supercell of monoclinic
BiVO,. Within the Ewald summation employed, this is neu-
tralised by a uniform negative background charge, thus
ensuring charge neutrality and a convergent electrostatic
potential. The resultant structure was then optimised, intro-
ducing an initial small distortion to allow for the formation of
polaron. In this case the electronically perturbed crystal relaxes
into a different space group from the neutral structure; P4, as
opposed to I4,/a. The resultant vibrational phonon spectrum is
plotted in Fig. 5 (center-right panel). The A, mode involving the
counter-motion of Bi** ions and the VO,*~ units is no longer
present in the phonon spectrum of the crystal with the trapped
hole. The removal of the A; mode from the phonon spectrum in
the presence of the excess hole explains the observed photo-
bleaching of this mode with increased photocarrier generation.

Under high excitation levels, the resulting transient
temperature increase may lead to the increase in hopping
mobility. However, the hopping mobility in an ideal oxide
semiconductor has been demonstrated to have an upper limit
of ~70 em® V™' s7'3* significantly lower that the mobility
observed in our measurements. Instead, we propose that the
concurrent observation of suppression of absorption by the A,
mode and enhanced carrier transport may be related to a Mott
transition. Above a certain critical concentration, localised
charge carriers begin to interact and band-like transport is
observed. The phenomenon of insulator to metallic conduction
as a result of condensation of lattice impurities was described

J. Mater. Chem. A, 2016, 4, 18516-18523 | 18519
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Fig. 4 Time dependence of photoinduced conductivity and phonon

absorption bleach observed after photoexcitation with 3.0 mJ cm™2

fluence. (a) Absorbance spectra at pump-probe delay times from 2 ps to 7 ps, (b) corresponding complex conductivity spectra, with red squares
indicating real, and blue circles — imaginary conductivity components, and the lines representing fitting of data to the Drude conductivity model.

(c) Time dependence of the amplitude of the photoinduced absorption
from a Drude fit to the frequency-resolved conductivity (b). The red line
to the eye.

by Mott as the metal-nonmental (MNM) transition, originally in
the context of dopants in group-IV semiconductors.* Edwards
and Sienko subsequently demonstrated the wider applicability
of Mott criterion.?® In the case of BiVO, a critical concentration
of self-trapped holes, which cause the photo bleaching, can be
related to the high carrier mobility.

In a semiconductor matrix an isolated electronic defect (in
our case the trapped hole) can be associated with a character-
istic Bohr radius, which in turn is determined by the effective
mass of the hole and the dielectric constant of the matrix; from

. Est . . . .
effective mass theory,” r, = ==, where ¢ is the static dielectric
m

h
constant, previously calculated as 52 (ref. 38) and m;, is the hole

effective mass, which is calculated from the band structure to be
0.3m,, in agreement with previous calculations.**** At a critical
concentration of these impurity wavefunctions overlap in the
matrix to form a continual band. At this concentration the
carriers in the impurity (hole) band can travel freely throughout
the material, resulting in metallic conduction. The concentra-
tion (c) is obtained from ¢ = ——.
4/31r,3

Taking values for the physical properties discussed above,
we obtain a critical concentration for the MNM transition of
the order of 2 x 10'® em™>. This is below the value of the
measured free carrier concentration ~10"” cm ™ and suggests
that the observed free carrier transport can arise as a result of
the coalescence of localised states to form a transport band
above a critical concentration. This critical concentration is
only accessed when the intensity of incident radiation is
sufficiently high to generate enough trapped holes. At these
high fluences, saturation of the polaron hole states and the
corresponding absorption bleach saturation occur very
quickly, on sub-ps time scales after excitation, as has been
suggested in earlier transient optical absorption studies.****

With fluence above the critical threshold of ~1 mJ cm™?,

18520 | J Mater. Chem. A, 2016, 4, 18516-18523

bleach (red triangles), and free photoexcited carrier density determined
is a single exponential decay curve with 1 ps decay time, used as a guide

a significant portion of the polaron trap states are filled within
a very short time, and an increase in fluence results in
significant increase in free carrier concentration as man-
ifested by the superlinear increase in the peak photoconduc-
tivity (Fig. 1). As self-trapped holes recombine with either free
or trapped electrons and their concentration falls below the
Mott concentration, band-like transport of the remaining
photoexcited carriers is suppressed. At the same time, THz
absorption by the A; mode recovers. This occurs over 1-2 ps
time scales. The experimentally-determined onset of the THz
absorption bleach and concurrent band-like transport occurs
when photoinjected carrier density is on the order of
10*° cm ™. This is significantly higher than the estimated
Mott concentration and the measured free carrier density
values, indicating that most photoinjected carriers in high
excitation regime are lost to recombination over ultra-short,
sub-picosecond time scales that are not accessible in our
experiments.

The observation of free carriers offers the possibility that
the low conductivity bottleneck for the application of BiVO, as
a photoelectrode may be surmounted under constant
concentrated illumination. The rapid recombination and
decay of the carriers means that careful device structuring is
required to exploit the improved conductivity. We can esti-
mate the carrier diffusion length (Lpiys) of the band-like

. kT . .
carriers from Lpisf = |/ —— ut, where T is the temperature, e is
e

the elementary charge and the mobility and ¢ is the carrier
lifetime from generation until recombination, extraction or
trapping.*® Taking ¢ as ~1 ps, which is the lifetime of free
carriers in the high excitation fluence regime (Fig. 4(c)) and
w = 200 cm® V' 57!, we obtain a characteristic diffusion
length of 22 nm. This means that engineering of nano-
structured BiVO,, with greater surface to volume ratios, in

This journal is © The Royal Society of Chemistry 2016
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Fig.5 Results from density functional theory calculations of BiVOy,; left charge neutral; right with a hole. (a) VO, tetrahedral geometries showing
the effects of polaron formation on the local bond lengths around a V site. (b) Vibrational phonon peaks at the I'-point, with full phonon density of
states (DOS) in the background. (c) Left, the A; phonon mode in the neutral species; Right, real-space localisation of the hole in the charged
crystals, with hole density (blue isosurface) spread over a Bi site and the neighbouring O atoms.

association with optical concentration to achieve enhanced
fluence could result in photoanodes with all of the desirable
properties of bulk BiVO,, but greatly improved -carrier
mobilities. Possible avenues for realizing this regime may
involve the use of nano-plasmonic devices to significantly
concentrate light in nanostructured BiVO,. However, care
must be taken to avoid thermally damaging the material, if
continuous excitation is to be used. Future studies will
determine the photodamage thresholds in nano-plasmonic
and BiVO, composites.

In conclusion, we have studied photoexcited carrier
dynamics in BiVO, photoanode material using time-resolved
terahertz spectroscopy. Extremely low carrier mobility due to

This journal is © The Royal Society of Chemistry 2016

pronounced polaron effects is known to limit efficiency of BiVO,
photoanodes. We find that above a threshold excitation density
of 10" photons per cm® per 400 nm pulse, polaron states
population surpasses critical Mott concentration, and a short-
lived excess free carriers exhibit band-like transport with
mobility on the order of 200 ecm® V' s~'. Furthermore,
combining terahertz spectroscopy with lattice dynamics calcu-
lations, we have shown that photoexcited holes form bound
polaron states by introducing lattice distortion that alters
changes the lattice symmetry and suppresses absorption at
1.92 THz (64 cm ') by A, phonon mode. These findings will be
important for engineering efficient nanostructured BiVO,
photoanodes.
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