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ABSTRACT: Transient absorption (TA) spectroscopy is
uniquely suited for understanding kinetic processes initiated
by light over vast ranges of time. In combination with white
light probes, the recorded differential absorption spectra can
contain spectroscopic signatures characteristic of specific
charge carrier population densities. However, disentangling
the often-complex and convoluted spectra is made challenging
without robust analysis methods relating the underlying
physical mechanisms to the spectral components. In this
work, we address the origin of the transient spectra of a model
system of emerging solar energy harvesting materials using a
monoclinic BiVO, thin film. Using ground-state optical
properties of the semiconductor, we find the main
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derivative-like spectral response to be related to shifting and broadening of oscillators, rather than specific carrier-related
transitions. However, by using the Drude optical model of free carriers, we also identify the transient response related to free-
hole density. Importantly, sample heating from the optical pumping, which begins at ~10 ps and plateaus by ~200 ps,
dominates the overall spectral response at longer times. On the basis of a physical model of the spectral response, a kinetic
model is developed that describes the pump power dependence of the free-hole density, as well as the temporal evolution of the
spectral changes associated with shifting and broadening of oscillators. First-principles density functional theory calculations are
used to rationalize experimental measurements. This comprehensive approach to analyzing and modeling the TA spectra offers
a generalizable basis for understanding the complex pump—probe data, reveals thermal heating artifacts that are frequently
erroneously assigned to long-lived photocarriers, and offers a path to eliminating ambiguity in analysis of photocarrier dynamics

in solid-state systems.

1. INTRODUCTION

Transient absorption (TA) spectroscopy is a powerful method
for characterizing photocarrier dynamics in semiconductors
over the full range of their natural time scales, which can
extend from the attosecond regime' to beyond seconds.” In
addition, this pump—probe method can be applied to materials
that do not exhibit efficient photoluminescence (PL), which
makes it particularly attractive for the study of transition-metal
oxide and oxynitride semiconductors. Such materials are
actively investigated for photoelectrochemical energy con-
version but are rich in defects and often possess indirect band
gaps. Because solar energy conversion efficiencies obtained
from these materials typically fall far short of theoretical limits,
it is especially important to understand loss mechanisms
associated with photocarrier relaxation, trapping, and recombi-
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nation. Despite the promise of TA for interrogating such
processes, measured spectra tend to be characterized by broad
and convoluted spectral features, the origins of which are
poorly understood. In the absence of robust physical
assignments of spectral components, kinetic models based on
their temporal evolution contain significant ambiguity in terms
of physical mechanistic insights.

In many respects, TA is analogous to the suite of quasi-
steady-state modulation spectroscopies in which continuous-
wave probe light is used to measure changes of the optical
response as the sample is perturbed by a periodic stimulus
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(e.g., optical excitation, temperature, pressure, electrochemical
potential, etc.). In such experiments, the resulting dominant
signal can be described by first, third, or a mixture of first and
third derivatives of the complex dielectric function with respect
to energy due to shifting transition energies, changing
oscillator strengths, or energetic broadening of transitions.
Primary spectral features occur at critical point transitions,
such as direct valence to conduction band excitations.” The
connection between traditional modulation spectroscopies and
time-resolved pump—probe experiments was recently high-
lighted by the work of Yang et al., who analyzed time-resolved
photoreflectance data of p-type GalnP, to characterize
interfacial charge-transfer processes and transient surface
electric fields.” This is in contrast to the traditional perspective
utilized in molecular spectroscopy, where negative differential
absorption (i.e., “bleach”) features are considered to arise from
depopulation of the ground state, whereas positive differential
absorption (i.e., “induced” or “stimulated absorption”) is
frequently associated with excited-state transitions from
nonequilibrium populations of electronic states generated by
the pump pulse.

In this work, we consider the underlying processes that give
rise to TA signals in thin-film semiconductors and provide a
physical model for the spectral response, as well as its kinetic
evolution. A description of the differential absorption spectra,
obtained by considering both reflection and transmission, is
based on the ground-state optical properties of the semi-
conductor. This analysis is applied to BiVO,, which is currently
the best performing transition-metal oxide photoanode ma-
terial, despite current gaps in understanding of the mechanisms
governing photocarrier trapping and recombination. On the
basis of the optical properties of the material, combined with
analysis of known mechanisms for band edge broadening, band
gap alterations, and free-carrier absorption, the differential
excited-state spectrum at ultrafast time scales can be
completely described. Structural, electronic, and vibrational
properties are obtained using density functional theory (DFT)
calculations (see Supporting Information for details) and
rationalize our measurements. We find that nonequilibrium
phonon populations (i.e., thermal effects), rather than
nonequilibrium charge carrier populations, dominate the
spectral response at time delays >100 ps. Modeling of the
kinetic evolution of specifically assigned spectral features
provides new physical insights into the life cycles of
photogenerated carriers. The concepts described here can be
applied as a framework for understanding TA spectra and
photocarrier dynamics in the broad range of solid-state systems
including emerging semiconductors envisioned for the next
generation of solar fuel systems.

2. EXPERIMENTAL SECTION

2.1. Thin-Film Sample Preparation. Spin-coated bis-
muth vanadate thin films were prepared by adapting a
literature procedure.” In a typical deposition, 15 mL of a
0.2 M solution of bismuth(III) nitrate pentahydrate (Sigma-
Aldrich, >98%) in acetylacetone (Sigma-Aldrich, >99%) and
100 mL of a 0.03 M solution of vanadium(IV)-oxy
acetylacetonate in acetylacetone were prepared separately
and sonicated for 10 min. Next, the two solutions were
mixed together and sonicated for an additional S min.
Approximately 1—1.2 mL of the resulting solution—enough
to homogeneously cover the substrate surface—was filtered
with 0.45 pm nylon filters (Thermo Scientific) and dispensed

onto a 4 in. diameter fused silica wafer. Prior to deposition, the
fused silica substrate was thoroughly washed with isopropanol
and with detergent and deionized water, dried with a nitrogen
gun, and treated for 10 min in an ozone cleaner (Jelight model
42). The substrate, with the precursor solution covering its
surface, was then spun twice in a row at 1000 rpm for 6 s on a
Laurell Technologies spin coater with an acceleration rate of
150 rpm/s. After this spin-coating cycle, the substrate was
annealed for 10 min at 500 °C in a muffle furnace. This
procedure (i.e., spin-coating followed by short annealing) was
repeated nine times. After the final spin-coating cycle, the
substrate was annealed for 2 h at 500 °C to achieve a final
thickness of ~50 nm.

2.2. TA Spectroscopy. Optical pump—optical probe TA
spectroscopy was performed using a Coherent Libra
(Coherent, CA, USA) laser with pulse width of 100 fs and
repetition rate of 1 kHz. A portion of the output was coupled
to a Coherent OPerA Solo optical parametric amplifier, which
generated the 350 nm laser pump pulse. The pump beam
diameter was 0.3 mm at the sample, and the pulse energy was
tuned using a graded neutral density filter. The super-
continuum white light probe was generated using a CaF,
crystal, into which a portion of the 800 nm output from the
Libra laser was coupled. The incident angle of the probe beam
was approximately 20° with respect to the sample surface
normal. An Ultrafast Systems (Sarasota, FL, USA) TA
measurement system was used and included two fiber-coupled
grating spectrometers with Si complementary metal-oxide
semiconductor detector arrays for analysis of the ~315—800
nm spectral range. The setup was modified such that one
detector was used to detect the differential transmission (dT)
signal and the other was used for simultaneous collection of
the differential reflection (dR) signal. The differential signal
was calculated by dT, dR = log(Lumped/ Lunpumpea): The
differential absorption (dA) signal was calculated from the
dT and dR spectra using eq S1, in the Supporting Information.
Fitting of the dA spectra was accomplished using in-house
written MATLAB code and the built-in nonlinear least-squares
solver Isqcurvefit. The sample absorption coefficient at 350 nm
(t3500m) and thickness (L) were @3spun = 2.96 X 10° cm™ and
L = 53 nm, respectively.

Temperature-dependent ultrafast transient transmission
(dT) was collected with the sample mounted in a closed-
cycle He cryostat (Janis Research Company, Wilmington, MA,
USA) equipped with a temperature controller (model 335,
Lake Shore Cryotronics, Inc., Westerville, OH, USA). The
temperature range investigated was from 11 to 373 K. For
practical reasons, we were unable to co-collect dR using the
cryostat employed for these measurements. The 453 nm probe
wavelength was chosen to display the data, as it is both
sensitive to modulations in the position of the derivative
feature as well as it minimizes the signal from nonoscillatory
components.

2.3. Steady-State Optical Spectroscopy. Variable-angle
spectroscopic ellipsometry (VASE) measurements were
conducted using an M-2000 ellipsometer with extended near-
infrared (NIR) range by J.A. Woollam Co., Inc (Lincoln, NE,
USA). Data fitting was conducted with the CompleteEASE
software. The optical model used has been reported
previously.” Briefly, a fit of the ¥ and A data was performed
using a three-oscillator model to account for the indirect,
direct, and UV regions of the absorption spectrum. The
indirect gap was modeled with a Cody—Lorentz oscillator,
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which includes a component to describe the Urbach tail
associated with disorder-induced subgap absorption. The
direct gap was modeled with PSemi-MO, which is effective
for modeling the E; critical point in direct semiconductors
such as CdO” and ZnO.” The remaining UV absorption was fit
with a PSemi-Tri oscillator.

Temperature-dependent transmission and reflection spectra
were collected using a SolidSpec-3700 UV-VIS—NIR
spectrophotometer. The sample was positioned at 25° with
respect to the indecent light. Temperature control was
achieved through use of a closed-cycle liquid helium cryostat
(Janis Research Company, Wilmington, MA, USA), and the
temperature range studied was from 298 to 340 K.

2.4. Computational Methods. First-principles DFT
calculations were performed with the Vienna Ab initio
Simulation Package (VASP)."” Effective masses and phonon
frequencies were computed using the generalized gradient
approximation (DFT—GGA) of Perdew, Burke, and Ernzer-
hof,'" I'-centered k-point grids, and projected augmented wave
pseudopotentials with S, 5, and 6 valence electrons for Bi, V,
and O, respectively.'”'® Selected structural calculations were
performed with the Heyd—Scuseria—Ernzerhof (DFT—
HSE)'* hybrid functional to properly reproduce the structure
of monoclinic BiVO, (see Supporting Information). Full
structural relaxations of lattice parameters, volume, and
internal atomic coordinates were performed until forces were
smaller than 1 meV/A. Effective masses and band structure
calculations were computed for monoclinic BiVO, using a
plane-wave energy cutoff of 450 eV and a 4 X 4 X 4 k-point
grid. Phonon eigenfrequencies and eigenvectors were calcu-
lated within the harmonic approximation using density
functional perturbation theory.”> Phonon calculations were
performed for the reference tetragonal BiVO, structure using
DFT—GGA, the primitive unit cell (12 atoms), and a finer 8 X
8 X 6 k-point grid. The selected phonon modes were plotted
using VESTA.'®

3. RESULTS AND DISCUSSION

3.1. Transient Reflection, Transmission, and Absorp-
tion Spectra. Development of a physical model that describes
TA data relies on the accurate measurement of the spectrum.
In common practice, the differential transmission (dT) signal is
used as an approximation of the differential absorption (dA)
signal by comparing the pumped and unpumped transmission
intensities of the probe light according to dA = —log(I,ymped/
Linpumped)- For the case of molecular and nanoparticle systems
in solution, dA = —dT. For solid-state systems, however, this
approach relies on the implicit assumption that the differential
reflection (dR) is negligible. This assumption is, in general, not
valid. In reality, a variety of physical processes contribute to
changes of reflectivity under photoexcitation. Therefore, in the
present work, we simultaneously record both dT and dR
signals, which enables calculation of dA, as described in the
Supporting Information. Figure 1 shows the measured dT and
dR spectra, together with the calculated dA spectrum, obtained
from a 50 nm thick film of BiVO, on a fused silica substrate.

The dT signal is characterized by a derivative-like line shape
with a negative peak at 460 nm and a broad negative
background with gradually increasing amplitude at wavelengths
greater than ~525 nm. The dR signal is also characterized by a
derivative-like spectrum, but with a sharper line shape and a
negative peak at 464 nm. A gradually decreasing dR is observed
at wavelengths extending beyond 500 nm. Although the
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Figure 1. Transient differential reflection (dR), transmission (dT),
and absorption (dA) of BiVO, (SO nm on fused silica) at 430 fs

pump—probe delay. Excitation wavelength: 350 nm, power: 600 nJ/
pulse, approximate beam diameter: 0.3 mm.

amplitude of dR is smaller than dT, its contribution to dA is
not negligible (Figure 1). In particular, dA exhibits a slight
redshift of the peak to 462 nm, as well as different relative
weights of the component spectral features.

3.1.1. Electronic Contributions. To date, there have been
several studies examining the TA of BiVO,. A positive dA
signal at wavelengths between 500 and 900 nm has
consistently been assigned to photoexcited hole absorption
(commonly as trapped holes) through a combination of in situ
methods, including use of chemical scavengers and applied
electrochemical bias.'””~** The negative spectral response
around 440 nm has been assigned to ground-state bleach-
ing."”™*" Finally, the large positive response around 475 nm
has been generally assigned to charge carrier absorption'’ and
more specifically to hole absorption.”' As described below, our
analysis confirms the first of these assignments, but indicates an
alternative origin for the dominant spectral features at
wavelengths shorter than 500 nm.

In previous reports, we characterized BiVO, as having an
indirect band gap of 2.5 eV (496 nm) with a higher lying direct
transition at about 2.7 eV (459 nm).”** In relation to these
ground-state optical properties, the dominant spectral features
observed in transient spectra of BiVO, are generally centered
around the direct transition. This is consistent with modulation
spectroscopy methods, where first- or third-derivative line
shapes are expected near critical point energies, such as direct
transitions. In particular, third-derivative line shapes are a
consequence of a change in the oscillator strength and/or
energetic broadening of the oscillator associated with a
particular optical transition, whereas first-derivative line shages
are associated with an energetic shift of such an oscillator.”*

To further explore the relationship between TA and ground-
state optical properties, we have examined the first and third
derivatives of the optical constants of the material, which were
obtained by VASE. In Figure 2a,b, n and x are compared,
respectively, to the first and third derivatives of n (dn/dE and
d*1/dE?) and x (dk/dE and d°/dE?) as well as to the dR and
dA spectra. Broadly speaking, the dR spectrum is in good
agreement with d*n/dE®. Under photoexcitation, the built-in
electric field is modulated from a maximum in the dark to near
flat band under illumination, thereby accelerating free carriers
within the material.”® The accelerated carriers no longer have
translational symmetry, and thus momentum conservation
governing vertical excitations in k-space is relaxed, resulting in
allowed nonvertical excitations. This manifests as a third-
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Figure 2. (a/b Top) Refractive index (n) and extinction coefficient (), respectively, determined by VASE for BiVO,. (a/b Middle) d/dE and d*/
dE® spectra. (a/b Bottom) dR and dA, respectively, shown for a series of time delays. Pump = 350 nm, 600 nJ.

derivative line shape in the difference spectrum. Because band
bending is greatest at the surface, the reflection spectrum is
expected to be more sensitive to this effect than the
transmission spectrum.

The dA spectrum is better represented by dx/dE, which is
related to shifting of the critical point transition energies of the
photoexcited state.”* Band edge shifts can be the result of
multiple factors, one of which is band gap renormalization, in
which the increase in photoexcited free-carrier density reduces
the ma§nitude of the band gap through exchange—correlation
effects.”® This effect is well known, always leads to a reduction
of the optical transition energy, and has been studied in a
broad range of semiconductor systems.”” However, additional
phenomena may also contribute to changes in the band gap
(AE,), thereby complicating quantitative analysis of photo-
carrier-induced renormalization. Optical excitation can induce
changes in lattice constant over different length scales via
lattice heating, strain field generation, electron/phonon
coupling, and/or polaron formation. For example, polarons
(both large and small) produce a local lattice distortion around
the excited carrier, which slightly affects the band energetics.
Polaronic band gap modulation has been previously reported
in GaAs, where the magnitudes of the exchanzge—correlation
and polaronic effects were found to be similar.””

To recreate the AE, component of the dA spectrum, we first
consider a uniform shift of the ground-state extinction
coefficient (k). We calculate the time-dependent extinction
coefficient difference spectrum (di,p (Et)), defined by

dKAEg(E’ t) = K(E - 5(t)) - K(E) (1)
where §(t) is the time-dependent energetic shift of x. The
spectral response of this component at several shift energies
between 1 and 40 meV is given in Supporting Information
Figure Sla. Although the general shape of the spectrum is only
slightly affected by the magnitude of the shift, the amplitude of
the spectrum is a strong function of &(t).

Free carriers provide an additional contribution to the TA
response, which often manifests as an absorption feature that

smoothly increases into the NIR spectral range. For the case of
metal oxides, the free-carrier lifetime tends to be very short
because of self-trapping, defect trapping, or recombination. As
such, the free-carrier response signal is expected to only persist
for short times and to be most evident in the NIR region of the
spectrum. Upon photoexcitation with the pump laser—and
prior to defect trapping, self-trapping (i.e., polaron formation),
or recombination—a nearly instantaneous increase of the free-
carrier concentration occurs. To a first approximation, the
optical absorption associated with the resulting nonequilibrium
concentration of free carriers can be described by the Drude
model, in which the extinction coefficient (kp,4.) is given by
the imaginary part (3) of the complex function

hZ
K; E)=5 1 - ————
rute(E) \/ eop(rE2 + ihE)

)

where 7 is the scattering time, E is the photon energy, and p is
given, in time-dependent form, by eq 3

m* _ 1
guN(t) (3)

N(t)q’z

with free-carrier density (N), effective mass (m*), and the
carrier mobility (u). Here, we express the free-carrier density
as a function of time (i.e., the pump—probe delay time) and
assume that m* and 7 are approximately time-independent.
Because the electrical mobility of BiVO, is governed by small
polaron hopping, the value of m* associated with the free-
carrier-related Drude signal will differ from values obtained via
steady-state transport measurements.

The Drude spectral component was compared to the dA
response obtained 0.43 ps after excitation (350 nm pump with
600 nJ pulse energy) over the probe wavelength range of 350
to 1600 nm. At this pulse energy and density, the expected
carrier density, based on the sample absorption coeflicient and
thickness, is 5.87 X 10" cm™. We obtain the best agreement
with g = 0.85 + 0.05 cm? V™! 57! and m* = 0.8 + 0.05m,,
Supporting Information Figure S2a. With these parameters, 7 =

p(t) =
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0.39 fs. The diffusion length is calculated to be 110 nm by
approximating the lifetime based on the e decay of the Drude
response, which is 135 ps. This finding is consistent with
previous reports of the hole diffusion length of ~100 nm.””*°
Using time-resolved terahertz spectroscopy at injection levels
up to 2.5 X 10'® cm™>, Butler et al. reported the free-carrier
mobility to be 200 cm® V™' s7! through fitting with m* = 0.3
and 7 = 35 + 10 fs.”' We compared our dA response to the
Drude spectrum calculated with these reported values in
Supporting Information Figure S2b, and these values do not
describe our dA response.

In comparison to the regorted polaron mobility between
0.02 and 0.04 cm? V! s71,2%32 the free-carrier mobility differs
significantly. As will be discussed in detail below and in
agreement with previous TA spectroscopic assignments, our
evidence suggests that the free-carrier mobility measured
herein is related to free holes.

To support our hole effective mass findings, we have
calculated the electron and hole effective masses using DFT.
We perform our calculations in two steps (see Supporting
Information). First, we optimize the lattice parameters using a
hybrid functional, the HSE functional.'* The lattice parameters
computed with DFT—HSE are in excellent agreement with
experiments (see Supporting Information).” We then
compute band structures of m-BiVO, with DFT—GGA (see
Supporting Information, Figure S3), from which the carrier
effective masses, m} and mj¥, were computed, as presented in
Supporting Information Table S2, along with comparisons to
the existing literature.”*

At the valence band maximum (VBM) (along the I'-V
symmetry line) and the A point in the Brillouin zone, which
are effectively degenerate within computational accuracy, the
calculated hole effective mass is in good agreement with our
experimentally determined value of 0.8m,. For the VBM and A,
we compute mi¥ = 0.734 and mjf = 0.795 when approaching A
from the M point, respectively. Note that the '=V symmetry
line has not been considered in previous works and leads to a
smaller hole effective mass. However, for the conduction band
minimum at the Z point, we find m¥ = 3.441. Therefore, we
conclude that the Drude optical response we observe in the TA
data is related to band edge holes.

Thus far, we have identified spectral components related to
AE, and free carriers. However, these two spectral responses
alone do not describe the large negative dA component (~425
nm) that dominates the spectrum at early time delays. This
feature has been previously assigned to bleaching of the ground
state via the Burstein—Moss effect.'”™>' However, it is
important to note that the experimentally observed bleach
feature lies well above the fundamental absorption edge of
BiVO,, which has an indirect band gap of 2.5 eV (~49S nm).
As such, extremely high injection levels would be required to
introduce a bleach feature near 425 nm, and it seems unlikely
that band filling could be responsible for the observed spectral
bleach. To test this hypothesis, we considered the role of state
filling on the excited-state absorption coefficient, following the
analysis of Yang et al.,*® using our computed DET joint density
of states (JDOS) and excluding transitions related to the
integral of the JDOS corresponding to the injected photo-
carrier density. The excited-state carrier density was broadened
by Fermi—Dirac statistics governing thermal excitations for a
variety of carrier temperatures. The expected TA spectral line
shape was taken as the difference between the excited-state
JDOS and the ground-state JDOS. We found that this simple

approximation was unable to produce good agreement with the
spectral line shapes of the dA experimental data, as shown in
Supporting Information Figure S4, suggesting that state filling
is not responsible for the significant negative dA feature
observed in TA spectra of BiVO,.

Given that state filling can be excluded as the origin of the
pronounced bleach feature, we consider photoexcitation-
induced broadening (AT) of the absorption spectrum. Figure
3 shows a comparison between a calculated dA spectrum
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Figure 3. Residual of the transient differential absorption (dA) of
BiVO,, at 430 fs pump—probe delay, and the spectral components
related to a change in the band gap and the photoexcited free carriers.
This is compared to the difference spectrum of the ground state and
Gaussian-broadened imaginary part of the complex refractive index.

obtained by Gaussian broadening of k and the residual of the
dA spectrum that is not accounted for by the AE, and the
Drude spectral components. We find that this energetic
broadening approximation provides good agreement with the
experimental residual. Broadening of optical transitions at high
excitation or doping densities are often attributed to many-
body effects because of the high concentration of carriers in
their respective bands."*” As can be seen in Supporting
Information Figure S1b, by increasing the broadening
magnitude, an increase in dA amplitude is expected with little
change of the differential spectral line shapes. Therefore, the
time variance of the AI" component is related to relaxation of
photoinduced carriers.

3.1.2. Thermal Contributions. Although TA spectroscopy
experiments are most commonly aimed at understanding
optoelectronic processes, illumination-induced sample heating
can significantly affect measurements, as recently highlighted
by the work of Hayes et al.*® For example, with increasing
temperature, thermal expansion leads to a shift of semi-
conductor band gap and phonon coupling leads to a
broadening of the absorption edge. Accurate interpretation of
the photoinduced electronic excited-state spectral response
and its temporal evolution requires isolation of the non-
electronic thermal components, though this is often over-
looked. To evaluate spectral changes that may arise due to
laser-induced sample heating, we first characterized steady-
state transmission and reflection spectra of BiVO, films over a
temperature range from 298 to 340 K. Figure 4a shows the
differential transmission and reflection spectra, which are
defined by dT, dR = log[Ix(T)/I1x(298 K)], acquired at a
temperature of 340 K. From these spectra, the changes of
optical absorption spectra as a function of temperature relative
to 298 K were determined, as shown in Figure 4b. Derivative-
like spectra are obtained, and remarkably, even a slight
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Figure 4. (a) Temperature difference (298 and 340 K) spectra taken
in transmission and reflection geometry. (b) UV—vis temperature
dependent difference absorption spectra taken at T}, (indicated) and
Thesk- (b, inset) Temperature dependence of the dA amplitude at 460
nm and the linear regression fit.

temperature increase of 2 K results in a measurable change in
the optical density of ~1 mOD at 460 nm, which increases to
~19 mOD with a temperature increase of 42 K.

Striking similarities between the thermal difference spectra
shown in Figure 4b and the spectra obtained from TA
measurements on the same sample (Figure 2b) are observed.
At early time delays (0.32—100 ps), the dA amplitude from TA
measurements is significantly greater at 460 nm than at 360
nm. This amplitude difference diminishes up to 100 ps, after
which the relative intensities are similar and decay together.
Importantly, the dA spectrum obtained after 2000 ps and the
thermal dA spectrum at 320 K (Supporting Information Figure
SS) are nearly identical. These results, together with the
analysis presented above, indicate that prior to 100 ps, there is
a strong electronic component to the TA dA spectrum.
However, at longer times, differential absorption spectra are
dominated by thermal, rather than electronic, effects. This
finding is important because slowly dissipating heat can easily
be confused with long-lived electronic excitations and lead to
erroneous correlations between TA data and functional
characteristics of semiconductor light absorbers. Further
discussion of the kinetics of these processes is provided below.

3.2. Modeling of the TA Spectral Time Dependence.
By combining the physical descriptions of the various
contributions to TA data, we fit complete experimental spectra
at all time points and examine their kinetic evolution. The
change of the absorption coeflicient as a function of both
photon energy and time, da(E,t), is given by

4n

da(Ad) = —(dkypg + dkp + K

( ) 2 ( AE, r Drude) (4)
with the change of the extinction coefficient from shifting of
the band gap (dk,p,), broadening of the band gap (dkr), and
Drude-like free-carrier absorption (kp,,4.) components. Equa-
tion 4 is related to the experimentally observed differential
optical density (dOD) spectrum according to

dOD(1) = —log(e 4™y (s)

where L is the film thickness. Thermal contributions to the
optical spectra are included directly using the empirically
determined thermal difference data (Figure 4b) and a time-

dependent weighting function (Q(t)) given by

dOD(AI t) = dOD(t) + Q(t) dODthermal (6)

Figure Sa,b shows the experimental TA spectra after 0.43 ps
and 2 ns, respectively, together with the individual fit
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Figure S. Differential absorption (dA) spectra at (a) 0.43 and (b)
2000 ps as excited by a 600 nJ pulse at 350 nm. The spectral
components used in modeling the transient spectra are indicated
related to a change of the band gap (AE,), a change in band
broadening (AT), the free-carrier absorption (Drude), and the
thermal contribution due to an increase in the lattice temperature
(thermal). These are combined to produce the model as shown (Fit).

components (AEg, AT, Drude, and thermal) and the resulting
envelope function. Both dKAEg and dkr were calculated from

the ground-state optical properties, as described above, and
Kprude Was calculated using eq 2. Excellent agreement between
the fit model and experimental TA data is obtained at all time
delays, ranging from the picosecond to the nanosecond ranges.

The complete time dependence of the normalized amplitude
of each fitted spectral component is shown in Figure 6. For
comparison, particularly at longer time delays, the experimental
amplitude traces for probe wavelengths of 460 and 625 nm are
also shown. The thermal contribution to the TA spectrum is
not observed within the first 3 ps but then steadily rises and,
after approximately 430 ps, plateaus. The time evolution of the
lattice temperature was determined from the experimental
temperature-dependent UV—vis data (Supporting Information
Figure S6). For the case of 600 nJ excitation, the maximum
increase in lattice temperature was approximately 5.4 K above
room temperature. The ~10 ps delay of the thermal
component dominance suggests that relaxation of hot
photoexcited carriers occurs primarily through carrier/carrier
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Figure 6. Time dependence of the fit components determined from
the multicomponent spectral modeling. Traces are scaled for ease of
visualization. The values of the free-carrier density and AE, shift
energy can be found in Supporting Information Figure S10a—c.

scattering. Carrier/lattice scattering and consequent dissipation
to lattice heating appear to occur after the first 5—10 ps.

The AE,, AI', and Drude component signals decay rather
quickly, within 10 ps, to approximately 50% of their initial
amplitudes. The temporal response of these signals corre-
sponds well with the 625 nm probe signal. The AE,
component is significantly different from the others in that it
contains clear oscillatory behavior consistent with coherent
optical and acoustic phonons, which will be discussed in more
detail below. Very little oscillatory amplitude was seen in any
of the others components. The existence of these features in
the AE, component is consistent with expectation, given the
physical model of phonon-induced band gap modulation.

3.3. Coherent Phonon Contributions. Coherent phonon
oscillations of BiVO,, which appear as a modulation of the
amplitude of transient pump—probe spectra, have been
previously reported and provide insight into carrier—phonon
interactions. In particular, using time-resolved terahertz
spectroscopy, Butler et al. observed a 64 cm™' component
that they related to lattice distortions caused during hole
polaron formation.”’ In the optical probe wavelength range,
Ravensbergen et al. reported an intensity oscillation in the
main induced absorption feature with a frequency of 63 cm™,
which they assi%ned to a trapped hole coupled to a Raman-
active phonon.'” Aiga et al. observed a similar 62 cm™'
oscillation and assigned it to surface-trapped holes coupled
to an external phonon mode involving vibrations of the Bi
atoms.'” Although the carrier-phonon coupling model is
common to these reports, the exact origin of the signal in
the visible range and its physical meaning are not yet well
understood.

To gain further insights into carrier—phonon coupling and
determine how such coupling manifests as a change of the dA
amplitude, we performed differential transmission measure-
ments over the temperature range from 11 to 373 K. Figure 7a
shows the time dependence of dT, evaluated at 453 nm, for
different temperatures. For ease of visualization, a linear plot of
the first S ps is shown in Supporting Information Figure S7a.
These data reveal several oscillatory components during the
initial 100 ps, with coherence times that increase with
decreased temperature. The highest frequency oscillations are
well described by two damped sine functions with frequencies
of ~105 and 64 + 2 cm™ at room temperature. We note that
the ~10S cm™" mode is challenging to fit accurately, given the
time resolution of our instrument, but its inclusion is critical to
describing the experimental data. Fitting the series of data
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Figure 7. (a) Time dependence of the transient transmission data at a
probe wavelength of 443 nm as a function of temperature highlighting
the coherent phonon components in the data. (b) Visualization of
vibrational modes of selected frequencies. Purple is bismuth-centered,
green is vanadium-centered, and gray is oxygen located at the corners.
The vibrational modes are denoted by red and green arrows. (c) Band
gap variation versus vibrational mode amplitude for selected
frequencies computed with the DFT—GGA exchange—correlation
functional. The phonon mode amplitudes are computed with respect
to normalized eigenvectors (see Supporting Information and Table S3
for details).

shown in Figure 7a, we extract an empirical model of the
temperature dependence of the lower frequency component
according to @(T) = 78 + 2 — 5.5 X 107*T"7’, as shown in
Figure S7b. The temperature dependence of the phonon
frequency is a consequence of anharmonicity.*

To elucidate the specific origin of these oscillations, we have
computed zone-center phonon frequencies using DFT (see
Supporting Information for details). Our calculated frequen-
cies, shown in Figure 7b, are in good agreement with measured
Raman spectra (see Supporting Information Figure S8) and
the frequencies of oscillation within TA spectra. These are
related to transverse optical (TO) and longitudinal optical
(LO) modes with frequencies at 214 cm™ (TO), 127 cm™
(TO), 65 cm™ (LO), and 64 cm™ (TO) (see Supporting
Information for details including Table S3 for a list of zone-
center phonon frequencies). On the basis of these consid-
erations, we conclude that the observed oscillations in the first
few picoseconds arise from coherent optical phonons (COPs).

Although these COPs are evident in the TA data, the
question of how they physically affect the amplitude of the dA
spectrum remains. As described above, the principle
components of the dA spectrum at early time delays are due
to shifting and broadening of the band gap, as well as free-
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carrier absorption. Within this context, we note that coherent
ionic displacement over a vibrational period induces time-
variant changes of the band gap, which manifest as changes of
the differential absorption intensity. To examine this more
closely, we calculated the DFT band gap as a function of
phonon mode amplitude for each of the three vibrational
modes, as shown in Figure 7c. Although DFT band gaps are
not expected to be quantitative, we expect their trends to be
meaningful in this case. For the 127, 65, and 64 cm™! modes,
the DFT band gap decreases because of atomic motion,
whereas the 214 cm™' vibrational mode leads to atomic
displacements that increase the band gap. Because the
vibrational modes are excited coherently, band gap modulation
is in phase and is observed in the measurement. Therefore, the
oscillations are due to electron—phonon coupling of the
excited carriers to the LO mode.

We assign the remaining features at >10 ps to coherent
acoustic Ehonons (CAPs). First reported in the mid-
19805 and recently summarized in a review article by
Ruello and Gusev,” CAPs in dR and dT measurements have
been observed in metal oxide thin films such as Fe,05."* In
brief, optical excitation of the material by the pump pulse
generates an elastic stress that results in a deformation
potential. This deformation zone propagates as an acoustic
pulse through the film and reflects off the interface with the
substrate. The reflected wave can then interfere with incoming
probe pulses at increased time delays with respect to the pump,
thereby generating an oscillatory signal approximately propor-
tional to two times the sample thickness divided by the speed
of sound in the material. To provide additional confidence to
this assignment, we examined several BiVO, film thicknesses,
prepared by spin-coating, and found that this oscillation is
temporally delayed with increasing the sample thickness,
Supporting Information Figure S9.

The time dependence of CAP oscillations has been modeled
using damped sine functions in some systems*’ and Gaussian
functions in others.*® Herein, we utilize Gaussian functions
that provide good agreement to the data. In our sample, the
emergence of the elastic stress volume due to thermal
expansion is not instantaneous but rather delayed from the
initial excitation event by a transfer of energy from electroni-
cally excited states to the lattice. As will be discussed below,
this time dependence is in agreement with the time
dependence of the extracted lattice temperature. We take the
first peak at 11 ps to be the emergence of the excited volume

containing the elastic stress in the near surface region. The
propagation of the strain front as a CAP, subsequent reflection
off the back substrate, and return to the air/sample interface
can be seen as the second inflection at 30 ps. Considering the
sample thickness, we can approximate the speed of sound to be
1.4 + 0.2 X 10° m s™". Sound velocities have been reported for
a BiVO, single crystal as a function of propagation directions
and range from 1.6 to 4.9 X 10° m s™" at room temperature,"’
in good agreement with our data. There is minimal
temperature dependence to the sound velocity over the
temperature range studied, which suggests that no phase
transition or metal-to-insulator transition occurs. The latter has
been observed in VO, and V,05 at 350 and 150 K,
respectively, by optical pump—probe and characterization of
the photoacoustic temperature dependence*® but is not
present in BiVO, over the investigated temperature range.
3.4. Power Dependence and Kinetic Modeling. Several
excitation powers, ranging from 90 to 800 nJ, were studied to
gain insight into recombination mechanisms. The temporal
evolution of N and AE, as a function of excitation power are
shown in Supporting Information Figure S10a,b. With an
increase in fluence, a linear increase in free-carrier density and
AEg shift amplitude was observed, Supporting Information
Figure S10c. The normalized traces of N, AE, and Al are
given in Supporting Information Figure S1la—c. For the free-
carrier density, an increase in the fast component amplitude
was observed relative to the intensity of the long-lived tail at
higher pump fluence, suggesting the presence of Auger
recombination in this excitation regime. A similar trend is
also observed in AT, suggesting that the free-carrier density is
related to band broadening, Supporting Information Figure
Sllc. For the AE; component, no significant change in the
temporal evolution of the normalized traces was observed.
The temporal behavior of the thermal component was
similar for all pump powers over the entire excitation range,
Supporting Information Figure S12. A maximum temperature
change of 35 K was observed with 800 nJ excitation. A linear
relationship between laser power and maximum lattice
temperature was observed, as shown in the inset of Supporting
Information Figure S12. We note that the contribution of the
thermal component to the total signal is indeed significant,
particularly at longer time delays, where it can almost
completely describe the dA spectrum. Thus, it is critically
important to account for thermal effects in the analysis of such
TA spectra. Thermal dissipation is a naturally slow process and
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can lead to erroneous assignments of persistent features to
long-lived charge carriers. Furthermore, differences in thermal
dissipation times for films grown on different substrates or
immersed in water or other media should be carefully
considered in the analysis of long-lived TA features.

Because the optical modeling presented above enables
extraction of the temporal evolution of the free-carrier density,
it was possible to develop a kinetic model based on the
dynamics of this population density, as summarized in Figure
8a. The progosed model is consistent, in large part, with
Suzuki et al.”* This approach permits a level of physical insight
that would not be possible in the absence of robust physical
assignments of spectral features. Importantly, this also enables
us to move beyond simple multiexponential fitting, which is
not always clearly motivated from underlying physical origins.
Our analysis methods enable simultaneous fitting of all
excitation powers to one set of kinetic equations possessing a
single set of kinetic rate constants.

From the kinetic modeling, we ascribe the free-carrier
density to free holes. For the photoexcited electron density, we
consider irreversible trapping into a deep trap state, in this case
by formation of electron small polarons (ESPs). Carneiro et al.
reported that small polaron formation in hematite occurred
between 0.1 and 3 ps.*’ Consequently, we assert that the free-
carrier signal modeled by the Drude function, which persists in
our observations to 1000’s of ps, is related to free-hole density.
This assignment is consistent with previous reports utilizing
electron and hole scavengers and applied bias in situ.'’~** As
previously discussed, we, and others,®" have measured a free-
carrier mobility several orders higher than the steady-state
mobility governed by small polaron hopping. Therefore, the
mobility we have measured is the hole mobility.

To model the evolution of the free-hole concentration, we
consider a single shallow trap state with associated trapping
and detrapping rate constants. Auger recombination is
included in the fitting, though it is found that the npn
mechanism was favored over pnp by the regression analysis.
The differential equations describing these processes for the
hole and electron concentrations with time are given by

—dp/dt = kyn(pn — n*) + kyp — kiSNS (7)

— dn/dt = kyn(pn — n%) + kggpn (8)

in which n and p are the free-electron and hole population
densities, respectively, n; is the intrinsic carrier concentration,
Ny is the concentration of shallow trapped holes, k, is the
Auger recombination rate constant, k. and k;;" are the shallow
hole trapping and detrapping rate constants, respectively, and
kggp is the ESP formation rate constant. Although the effective
densities of states of the valence and conduction band are not
known for BiVO,, use of reasonable values, on the order of
those of Si, results in small values for »; that do not significantly
affect fitting results. Recombination of the shallow trapped
holes with ESPs, governed by the rate constant k., is given by

- dNIt)r/dt = krecl\TESPl\T}ir - ktl:p + ktrrevNIt)r (9)

Fitting of the experimental data yields values of ky = 3.2 X
107" (em™) 2 ps™, k, = 1.9 X 1072 ps™, k& = 1.6 X 1072
ps~, kgsp = 0.20 ps?, and k. = 3.4 X 107 (em™3) 7! ps7h.
The error on the rate constants is approximately 20%.

The relative closeness of the k. and k7" rates suggests that
the hole trap is close to the valence band edge, possibly within

kT. This observation is consistent with our previous report on
the temperature dependence of deep level trap state
luminescence, in which we observed a 41 + 2 meV activation
barrier to thermal quenching of the PL intensity.”’ Since that
time, Ziwritsch reported evidence for a hole polaron with
hopping activation energy of ~90 meV.*> Taken together,
these results suggest that a dynamic equilibrium of free holes
and hole polarons exists in the material.

The temporal response of the kinetic model for the 600 nJ
excitation energy is shown in Figure 8b. The response of the
free-hole density was used to model the Drude signal for which
we have achieved excellent agreement across all excitation
powers studied (see Figure S13), with the only adjustable
parameter being the initial free-carrier density. Additionally,
illustrated in Figure 8b are the modeled population densities
related to the free electron and trapped electrons/holes.
Interestingly, the trapped hole density rise matches surprisingly
well with the time dependence of the lattice temperature.
Although we cannot draw a decisive correlation between hole
trapping and lattice temperature, this relationship in the model
may be of further interest for follow-up studies.

Kinetic modeling of the AE, shift energy and AI" amplitude
is made challenging because of the potential for convoluted
spectral overlap from multiple physical origins. As we have
described previously, the AE, parameter could contain
influences from a variety of phenomena related to band gap
renormalization from the free-hole density, polaronic changes,
or otherwise. Likewise, the influence from multiple processes
could convolute the AI" parameter. Furthermore, the kinetic
model and related rate constants were constructed on the basis
of free-hole density, whereas the AE, and AI" signals are
known only in units of millielectron volts and a unitless scalar.
To be able to utilize the model to fit these components, we
have assumed that the AE, and Al signals at a given excitation
power can be related back to the free-carrier density at t = 0 s
and, as such, normalized them to the Drude extracted carrier
density. Furthermore, to account for signals originating from
the various population densities, we used a linear combination
method (LCM) combining free-electron, free-hole, trapped
hole, and ESP population densities to fit the experimental data.
For AE, we also included two damped sines and three
Gaussian functions to be able to model features related to the
COP and CAP, respectively. The damped sine frequencies
were 105 and 64 cm™'. The CAP peaks were centered at 11.6
+ 0.5, 32 + 1, and 60 + 2 ps. The sound velocities would be
13X 10°+02x10°ms™" and 1.6 X 10° £ 0.2 X 10* m s™" if
we assume full round trips through the 53 nm thick sample.

Using the LCM approach, we could reproduce the AE, and
AT signals using the model components across all excitation
powers, as shown in Figure S14. For the AE, signal at 600 nJ
excitation energy, the LCM resulted in excellent agreement
using free-electron and trapped electron population densities.
For the AI" component, the LCM analysis using the free-hole
and free-electron population densities resulted in the best
quality fit. Further analysis is required to relate these
substituent kinetic components to the material performance
as a photoelectrode. However, our approach provides a path
forward to better understanding these complex phenomena.

4. CONCLUSIONS

Thin-film m-BiVO, was studied by TA spectroscopy over the
first 2.5 ns after photoexcitation. Both transient transmission
and reflection spectra were co-collected to generate the true
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differential absorption (dA) spectra. At early time delays, the
principle dA components were related to shifting and
broadening of the ground-state optical properties, consistent
with other forms of modulation spectroscopies. In addition,
free-carrier absorption was well described by the Drude model
enabling the extraction of the free-hole effective mass and
mobility. Starting at 10 ps and plateauing after ~200 ps, the
thermal modifications to the optical properties introduced by
heating from the optical pumping contributed significantly to
the transient spectra. Deconvolution of the dA spectra into
shifting, broadening, free-carrier, and thermal components was
achieved for all time delays. Optically excited lattice mode
phonons were evident in the band shifting channel, which was
related to modulation of the optical band gap during the
period of oscillation. CAPs were also evident in the band
shifting channel and are related to propagation of an acoustic
wave front through the thickness of the film. From the
temporal evolution of the free-carrier density, we were able to
construct a kinetic model of recombination based on Auger
recombination, ESP formation, shallow hole trapping and
detrapping, and eventual recombination between the electron
polaron and trapped holes. The kinetic model was trained on
several photoinjected carrier densities ranging from 8 X 10'® to
7 X 10" cm™ from which we extract kinetic rate constants.
Through linear combination fitting of the model constituent
population densities, the band shifting and broadening kinetics
could also be well described. This work provides significantly
improved understanding of fundamental processes governing
carrier dynamics and recombination kinetics in a prototypical
thin-film light absorber. More generally, our approach to
modeling the dA spectra based on electronic and thermal
modulation of ground-state optical properties provides a new
perspective to analysis of TA spectra of a wide variety of
semiconductor thin films.
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