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Ultrafast spontaneous exciton dissociation via phonon emission in BiVO,
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Monoclinic bismuth vanadate (m-BiVQO,) is a promising indirect band gap semiconductor for photoelectro-
chemical water splitting, yet the characteristics of its low-lying photoexcitations, or excitons, remain poorly
understood. Here, we use an ab initio Bethe-Salpeter equation approach that incorporates phonon screening
to compute the nature and lifetimes of the low-lying excitons of m-BiVO,. Our calculations indicate that at
0 K, the lowest-lying exciton energy exceeds the indirect band gap, enabling spontaneous dissociation into
free carriers via phonon emission within picoseconds. At 300 K, both phonon emission and absorption effects
reduce this timescale to only a few femtoseconds. Phonon screening also greatly reduces the binding energy
of the lowest-lying exciton, leading to an optical absorption spectrum that better reproduces experimental
measurements. Overall, our findings establish the general conditions under which phonon emission-driven
exciton dissociation can occur in indirect gap semiconductors, and they emphasize the critical role phonon
screening can play in predictive calculations of photophysical properties of complex materials.
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I. INTRODUCTION

Monoclinic bismuth vanadate (m-BiVQy) is a prominent
candidate photocatalyst for solar water splitting applications
due to its visible-range light absorption, favorable band edge
energies versus water reduction and oxidation potentials,
and its stability under operating conditions [1-8]. Notably,
m-BiVOy-based devices have achieved some of the highest
measured solar-to-hydrogen conversion efficiencies [9,10]. A
wealth of calculations have been performed to understand
the electronic structure and optical properties of m-BiVOQy,.
These theoretical investigations have computed its band struc-
ture [11-16], its optical absorption spectrum [12,16-19],
its defects [20-23] and polarons [24-30], the magnitude of
phonon contributions to electronic states [16], and its proper-
ties at surfaces and interfaces [18,31-34].

Nonetheless, the nature of the photoexcitations, or exci-
tons, of m-BiVO, and their dissociation into free carriers—an
important energy transduction step [2,6,35,36]—remains less
well understood. In particular, prior calculations that neglect
the effects of lattice vibrations, or phonons, predict a strong in-
gap excitonic peak [16—19] that is inconsistent with measured
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absorption spectra at room temperature [37]; these calcula-
tions also predict a relatively large exciton binding energy
of ~0.1eV [16,19], a value that in principle could hinder
the rapid dissociation of excitons into free carriers. However,
the large reported effects of electron-phonon coupling on the
band gap of m-BiVOy [16], as well as its large static dielectric
constant [38—40], suggest that phonons may play a critical role
in screening excitons.

In this article, we compute the properties of low-lying
excitons in m-BiVO, at finite temperatures using a state-
of-the-art ab initio Bethe-Salpeter equation (BSE) approach
that includes dynamical screening due to phonons at lowest
order in the electron-phonon interaction [41-44]. We find that
phonon screening significantly reduces the predicted binding
energies of the lowest-lying zero center-of-mass momentum
exciton compared to the clamped-ion limit. Furthermore, our
calculations predict a large linewidth at room temperature as-
sociated with the ultrafast dissociation of this exciton into free
electron and hole carriers via phonon emission and absorp-
tion. We demonstrate that the indirect band gap of m-BiVOy
enables exciton dissociation via phonon emission—a spon-
taneous process that can occur even at zero temperature.
Finally, our calculations incorporating phonon effects bring
the room-temperature linear absorption spectrum into better
agreement with experimental measurements [37]. Our find-
ings reveal that phonon emission-driven exciton dissociation
can enable the rapid photogeneration of free carriers even at
low temperatures, with broad implications for other indirect
band gap semiconductors exhibiting strong electron-phonon
coupling.

Published by the American Physical Society
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II. METHODS

A. Theory

In the standard ab initio GW-BSE approach [45-50], the
BSE can be written in reciprocal space within the Tamm-
Dancoff approximation [50] as

Akt + D Keovie (DAY = %A%, (D)
VK

where Agvk =Ex — Evk are the single-particle energy
differences (usually computed in the GW approxima-
tion [45,51,52]) between occupied (v) and unoccupied (c)
states at the reciprocal lattice points k and k', respec-
tively. Keyk ovie (2) =(cvK|K(R2)|c'V'K’) is the dynamical
two-particle interaction kernel in the electron-hole basis, and
Q5 and A*gvk are the eigenvalue and eigenvector solutions with
corresponding index S. In Eq. (1), we restrict our focus to zero
center-of-mass momentum (Q = 0) excitons, as they are the
most relevant photoexcitations for optical absorption. Further-
more, we neglect spin-orbit coupling effects, noting they are
minimal at the band edges in m-BiVO, (see Sec. S1.1.2 in the
Supplemental Material [29,53,54]). For singlets, the interac-
tion kernel K in the standard BSE includes bare exchange KX
and screened direct interaction KP terms [49,50].

In this work, we include the additional screening term KP"
in the BSE kernel; it encodes, to lowest order in the electron-
phonon interaction, the phonon-mediated screened interaction
WPh between electron-hole pairs [41,42,55,56]. KP' depends
on both phonon occupations and temperature, and it can be
expressed in the clamped-ion exciton basis (A3, ) for the
emission (—) and absorption (4) channels as [42]

K (Q,T)
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In Eq. (2), the second term is the same as the first but
with the permutation of the cvk indices with their primes.
wk—k v 18 a phonon frequency for the mode v and momentum
k — K/, the electron-phonon coupling matrix element asso-
ciated with this phonon is gnkmkv =(nk|gk—x »|mk’) [57],
Ny ==+ 1—1 —np is the effective Bose-Einstein occupation
factor where np is the standard Bose occupation of a phonon
of energy w at temperature 7', and 7 is a small positive number
needed for numerical convergence (Secs. S1.4.3 and S2 in the
Supplemental Material [42,44,53,57-60]). In Eq. (2), we have
omitted the thermal occupation terms of the electron-hole
states since, for the temperatures considered in this work, they
are much smaller than those of the phonons [42].

Unlike for KP, dynamical effects for KP" are non-
negligible because the energy scales of phonons and exciton
binding energies are comparable [41,49,50]; this has two
important implications. First, it becomes possible for the
imaginary part of KP" to be nonzero, indicating finite exciton
lifetimes due to dissociation into free electrons and holes [43].
Second, the real part of KP" can vary significantly with respect

1
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to the exciton energy €2, and the phonon-screened exciton
energy must then be solved for self-consistently.

Except for the evaluation of the optical absorption spectra,
we retain only the diagonal components of KE; when eval-
uating the change to the exciton energy; this approximation
is discussed and justified in Appendix B and Ref. [42]. The
self-consistent equation for the exciton energy in the diagonal
approximation is then

Q5(T) = @ + kI (Re{Q5), T), 3)

where QF is the clamped-ion exciton energy. Appendix B
shows that diagonalizing the BSE with nonzero off-diagonal
elements in Kgg, for the first 70 lowest energy S states affects
results by only a few millielectronvolts.

As discussed in Refs. [42,43], both the real and imaginary
parts of Q5(T) have physical significance. The real part cor-
responds to the exciton energy including phonon screening,
while the imaginary part is related to the linewidth y5 associ-
ated with the exciton dissociating into a free electron-hole pair
via the emission (—) or absorption (+) of a phonon according
to the Fermi’s Golden rulelike expression:

VS(T) =27 ZAEVk*Af’v/k’ngC’k'VgT/kv’k’v|N[§’t|
+vevk
VK
x [8(Q2° — Aqvie £ wk_i.v) + (cvk < VK],
)

The dissociation lifetime is then 75 = (y5)~!.

Following Refs. [41-43], Eqgs. (2)—(4) neglect electron-
phonon self-energy corrections to the single-particle energies
(Fan-Migdal and Debye-Waller self-energies [57]). Here,
as summarized in Sec. S3.2 in the Supplemental Mate-
rial [16,53,60,61], we find that dressing the single-particle
eigenvalues used in KP' with electron-phonon self-energy
corrections does not significantly alter the real part of KP",
and the imaginary part of KP" continues to exhibit ultrafast
room-temperature dissociation via phonon emission but at a
rate that is ~2x times slower. We also observe that the overall
effects of electron-phonon renormalization on the lowest-
lying exciton energy are well approximated by incorporation
of phonon screening via Eq. (2) and a scissor shift of solutions
to Eq. (3) that neglect electron-phonon self-energy corrections
to the single-particle energies in its kernel; this approxima-
tion is employed in Fig. 4. Further justifying this approach,
it is discussed in Refs. [41-43,62-65] and Sec. S3.1 in the
Supplemental Material [53] that higher-order electron-phonon
effects are expected to cancel the effects of these neglected
single-particle corrections on the exciton binding energy.

Both phonon emission- and absorption-driven processes
contribute to the imaginary part of KP", provided that energy
and momentum conservation are satisfied. While dissociation
via phonon absorption requires a nonzero phonon population
that occurs at finite temperatures, dissociation via phonon
emission can occur at zero as well as finite temperatures.
In direct gap materials, absorption-driven dissociation of an
exciton with energy Q° is energetically forbidden unless
o > EJ" — Q, where E{" is the lowest energy direct single-
particle gap and w is the frequency of a phonon. In indirect
gap materials, this constraint is @ > Eé“d — QS where E;“d
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is the lowest indirect gap. For phonon emission-driven disso-
ciation in direct gap systems, the condition Egir < Q5 must
hold, typically prohibiting this channel for the lowest bound
exciton (but allowing it for resonant excitons). For indirect gap
systems, the constraint for dissociation via phonon emission
is Ej < Q. We refer to Appendix A and Sec. S4 in the
Supplemental Material [53] for more details on this.

In m-BiVO,, the conditions for both emission- and
absorption-driven exciton dissociation are met for the lowest-
lying exciton after solving Eq. (3). While the constraint for
emission-driven exciton dissociation can be satisfied in other
indirect gap semiconductors, the density of final free elec-
tron and hole states into which an exciton can scatter into
is not guaranteed to be large. However, because m-BiVOy is
an indirect gap semiconductor with relatively flat bands that
have lower/higher-energy conduction/valence states to scatter
into that are close to the direct gap, a large rate of phonon
emission-driven dissociation is possible. Moreover, because
this process in indirect gap systems scatters the electron and
hole to valence and conduction band extrema away from the
lowest direct gap, the associated matrix element of this pro-
cess can be small because A vk is peaked around the k points
near the direct gap.

B. Calculation details

To investigate this, we perform ab initio BSE calculations
with KP" for m-BiVO, [66] evaluating temperature-dependent
dissociation rates and renormalized exciton binding ener-
gies. Our ab initio calculation of the BSE with phonon
screening begins with density functional theory (DFT) cal-
culations [67-74] using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [75] to generate the Kohn-
Sham eigensystem, and we then use density functional
perturbation theory (DFPT) to calculate the phonon eigen-
system and electron-phonon coupling constants [58,76-81].
These quantities are subsequently used as input to the GW and
BSE calculations [19,45,52,82—-85] in this work (Sec. S1 in the
Supplemental Material [53]).

II1. RESULTS

A. Exciton binding energy

The quasiparticle band structures computed with DFT-PBE
and GyW, @PBE are shown in Fig. 1 and are consistent with
prior work [16,19]. Notably, our GoW, @PBE direct band gap
is 3.45 eV, a significant increase over the DFT-PBE result
of 2.13 eV but considerably larger than the measured direct
gap of 2.7 eV [37]. This difference can be rationalized by
a large renormalization of the electronic band structure via
electron-phonon interactions [16]. The band gap is indirect,
and interestingly, the valence band maximum, conduction
band minimum, nor the smallest direct gap are located along
the high-symmetry paths shown in Fig. 1(a). Instead, the
smallest direct gap lies at a lower symmetry point near I'
and A in the irreducible wedge of Brillouin zone (BZ). Near
this point, there are also higher- and lower-energy valence and
conduction band states that give a GoyWy @PBE indirect band
gap of 3.35 eV; Fig. 1(b) contains the path that shows both
of these direct and indirect gaps. These values are close to

—-- PBE
—— GoWo@QPBE
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FIG. 1. Electronic band structure of m-BiVO,. (a) PBE and
GoW,@PBE bands along high-symmetry paths as well as within
the patch in which the BSE is solved. (b) The same path as in
the green box in panel (a) shows the valence band maximum, di-
rect gap, and the conduction band minimum. In crystal coordinates,
the labeled points are k; = [1/24, —1/24, 9/32], ko = [!/6, —1/6, 1/8], and
k, = [/s, =5/24,3/32].

but slightly smaller than eigenvalues along the high-symmetry
paths. Our results indicate a direct-indirect gap difference of
0.10 eV, in agreement with the measured direct-indirect gap
difference of ~0.1-0.2 eV [37]. We also find this trend holds
when using local-density approximation [68,86] as a starting
point (Sec. S1.5 in the Supplemental Material [53]).

Next, we solve the ab initio BSE in a small volume, or
patch, in the BZ on a dense k grid centered at ko, the k point
with the smallest GoW, @PBE direct gap [85] [Fig. 1(b)], and
where the lowest-lying exciton wavefunction is centered in
reciprocal space. Initially neglecting K", i.e., the clamped-
ion limit, we find the lowest optical excitation energy €25
is 3.35 eV, implying Eg — Q5 =0.10eV, a value consistent
with prior work [16,19] and the same as our GoW,@PBE
direct-indirect gap difference. In this work, we define the ex-
citon binding energy as Ej = >, 15\ [*(Eck — Exx) — Q5,
following, e.g., Ref. [87], where, instead of referencing the
lowest direct gap, the reference is a weighted average of the
energy of each direct transition contributing to the exciton
wavefunction. This definition yields a larger binding energy
of 150 meV and is expected to be more representative of the
strength of the electron-hole interaction. We emphasize that
this definition of E has no effect on our computed linewidths.

Then, we consider the effects of phonon screening by in-
cluding KP". Our calculation of the orientationally averaged
static dielectric constant €, yields a large phonon contribution,
with €., = 7.2 and €y = 77. Following Refs. [41,42], the large
lattice contribution, combined with the clamped-ion exciton
binding energy and typical zone-center phonon frequencies in
range ~10-100 meV, suggests a large binding energy renor-
malization due to phonon screening. Indeed, after reevaluating
the BSE to include K" via Egs. (2) and (3), we obtain
an exciton energy of Re{Q2%} =3.31eV at zero temperature,
corresponding to a 0.04 eV (or a 27%) reduction in binding
energy versus the clamped-ion result. Figure 2 shows that this
phonon-induced screening becomes especially pronounced at
higher temperatures. Notably, at room temperature, Re{5}
increases by 117 meV relative to 23, indicating a substantial
~80% reduction of the exciton binding energy, and consistent
with polar phonons possessing energies low enough to be
activated with temperatures on the order of kg7 ~20meV.
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FIG. 2. Computed binding energies Ep of the first exciton vs
temperature. In blue is the ion-clamped ab intio BSE value. The
results from solving Eq. (3) are plotted in red; the linewidth from
the imaginary part of 5 is overlaid as well.

This large reduction also implies the exciton energy now lies
in the continuum above the direct gap, opening up the possi-
bility of direct gap (|q| ~ 0) emission-driven dissociation at
these temperatures, as shown in Sec. S5 in the Supplemental
Material [53].

The large reduction in Ep via phonon screening predicted
here can be rationalized by considering the relatively low
frequencies of many of the 15 zone-center polar phonons,
all of which are in the range 8—107 meV. In particular, the
lower frequency phonon modes contribute comparably with
the highest LO mode to the overall magnitude of the real part
of KPP (Sec. S6 in the Supplemental Material [53]). The large
impact of phonon screening on the exciton binding energy
is consistent with prior work demonstrating large electron-
phonon coupling and the concomitant significant reduction of
the fundamental band gap [16]. We also compute the electron-
phonon renormalization of the fundamental band gap to be
similarly large in Sec. S3.2 in the Supplemental Material [53].

B. Exciton lifetime

Figure 2 shows the results of our ab initio calculations of
the linewidth corresponding to phonon-driven exciton disso-
ciation into free electrons and holes for the first exciton; it
increases significantly with temperature, indicating a rapid de-
crease in the exciton lifetime. This trend is further illustrated
in Fig. 3 that plots the lifetime of the lowest-lying exciton as
a function of temperature. Remarkably, even at zero temper-
ature, the exciton has a finite and relatively short lifetime of
6 ps, a consequence of the favorable conditions for phonon
emission-driven exciton dissociation in m-BiVQy. This is in
contrast to direct gap semiconductors, where nonresonant ex-
citons can only dissociate at finite temperatures via phonon
absorption.

With increasing temperature, the dissociation lifetime de-
creases dramatically due to contributions from both phonon
emission and absorption processes. By 100 K, it falls below 1
ps, and beyond 200 K it reaches the single-digit femtosecond
regime with a computed room-temperature value of 3 fs. This
is markedly smaller than measured and computed dissocia-
tion lifetimes for other semiconductors such as GaN [42],
CH;NH;Pbl; [88], or GaSe [89], which range between ~50
and ~100 fs.

EM
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g 200 250 300
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FIG. 3. Computed lifetimes for the first exciton vs temperature.
At 0 K, the lifetime is entirely emission driven, and at finite temper-
atures the absorption channel becomes active.

For comparison, we estimate the timescales of two other
major exciton scattering processes that can compete with
exciton dissociation in m-BiVOQ,: the bulk radiative life-
time due to electron-hole recombination and phonon-driven
scattering between one bound exciton state and another. Fol-
lowing Ref. [43], we estimate the scattering rate of the lowest
lying exciton to other higher-lying exciton states via phonon
absorption and obtain a timescale at 300 K of 1 ps, a value
that is comparable to, if not somewhat larger than, exciton-
exciton scattering lifetimes computed for other systems in
literature [43,90-92]. Following Ref. [93], we also estimate
the radiative recombination lifetime of m-BiVO, at 300 K to
be 1 ns, a timescale that is much greater than both exciton scat-
tering and dissociation and in line with previously reported
measurements in bulk semiconductors at room temperature
[94,95]. Appendix C contains the details of these calculations.
Taken together, these results suggest that despite clamped-ion
calculations suggesting m-BiVO, has a strongly bound in-gap
exciton, once phonon screening is taken into account, this
binding energy becomes much smaller. Moreover, it strongly
suggests that the dissociation of photogenerated excitons into
free electrons and holes in m-BiVOy is a rapid and dominant
process at and below room temperatures.

C. Optical absorption spectrum

The effects of electron-phonon interactions in m-BiVOy
have a direct impact on its absorption spectrum. To obtain the
phonon-screened line shape of the first bright exciton—which
dominates the spectrum onset in the clamped-ion limit—we
solve Eq. (B1), including the off-diagonal elements of Kg;’,
for the lowest 70 clamped-ion § states. Appendix D discusses
the details of how this modifies the spectrum. In short, the
complex eigenvalues as well as the left and right eigenvectors
from diagonalizing the Hamiltonian in Eq. (B1) result in an
asymmetric Lorentzian line shape, a result originally estab-
lished by Toyozawa [96,97]. This new line shape, computed in
the patch, is then applied to the first bright peak in the full-grid
clamped-ion spectrum. Additionally, each BSE eigenvalue o3
is redshifted by Acissor = 0.633 eV; this correction combines
the finite-temperature electron-phonon correction to the direct
gap with an adjustment for the GoW,@PBE starting-point
error. In Fig. 4, we compare the directionally averaged optical
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FIG. 4. Computed optical absorption spectra with and without
K" with experiment [37] as reference. Corrections from K’ Ph reduce
the first exciton peak height and blueshift it, leading to an onset with
closer agreement to experiment.

absorption spectrum at 300 K computed with and without
phonon screening; for reference, we also include the exper-
imentally measured spectrum [37]. Relative to clamped-ion
calculations, KP" blueshifts the first exciton peak and reduces
its height by mixing its wavefunction with other states and
by increasing its broadening. Overall, these changes result in
a spectrum with an exciton peak more similar to experiment,
though further broadening from additional scattering channels
would likely bring the spectrum into even closer accord with
experiment.

IV. CONCLUSION

In summary, in this work we compute from first prin-
ciples the effects of phonon screening on the lowest-lying
excitons in the monoclinic phase of BiVOs. We find that
the binding energy of the lowest lying exciton is reduced by
27% at zero temperature and nearly 80% at room tempera-
ture. We also predict exciton dissociation into free carriers
on ultrafast timescales. At zero temperature, the lifetime due
solely to phonon emission is on the order of picoseconds,
while at room temperature the lifetime shortens to just a
few femtoseconds. These findings significantly reduce the
discrepancy between experiment and previous clamped-ion
calculations, which predict a relatively large exciton binding
energy. This rapid dissociation is estimated to outpace other
bulk scattering and recombination channels, facilitating effi-
cient free-carrier photogeneration in m-BiVO,. Additionally,
once phonon screening is accounted for, our calculated op-
tical absorption spectrum shows improved agreement with
experiment. We expect ultrafast low-temperature exciton
dissociation via phonon emission can be a general phe-
nomenon in indirect gap materials with strong electron-
phonon coupling, especially when the valence and/or con-
duction band extrema lie near the direct gap in the Brillouin
zone. Overall, these findings underscore the key role phonon
screening can play in accurate and predictive calculations of
the optical properties of complex semiconductors with strong
electron-phonon coupling.
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APPENDIX A: PHONON EMISSION-DRIVEN
DISSOCIATION

The basic conditions leading to a finite linewidth in Eq. (4)
are determined by considering the arguments of the delta
functions in the same expression. Focusing on the emis-
sion channel (—) of the first delta function, it must hold
that wg_k,, = QS — (Ex — Eyi). Because wk—x’,y 1s bounded
from below by 0 and from above by w[3*, there can only be
emission from this channel if w['§* = (Ecx — Eyi) — QS >o0.
In the case of a direct gap system, unless &5 lies above the di-
rect gap, Q5 — (Eg — Eyy) will always be negative, meaning
emission cannot occur as shown in Fig. 5(a).

If the band gap is indirect, however, phonon emission-
driven dissociation becomes possible even for states where
QS is below the direct gap since Q5 — (Ex — Eyx) can be
positive, as shown in Fig. 5(b). The minimal value of this
expression is Q¥ — E", where EJ" is the indirect band gap,
so as long as Q5 > Egi“d, dissociation via phonon emission is

allowed. When the difference between Q5 and E™ is small,
only low-energy phonons can be emitted, but as the difference
grows, the allowed phonon energies do as well.

It is worth noting that the above constraint is necessary
but not sufficient for emission-driven dissociation. Phonon
dispersions are not flat and they do not necessarily span the
entire energy range between 0 and o['J*. Ultimately, a careful
consideration of both energy and momentum conservation for
each state must be applied, motivating the utility of ab initio
calculations. We also note that the same logic as above can be
applied to analyze the other delta function in Eq. (4), and the
same constraints emerge.
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FIG. 5. Dissociation via phonon emission in (a) direct and (b)
indirect band gap systems.

APPENDIX B: S BASIS DIAGONAL APPROXIMATION

The resulting BSE with phonon screening can be expressed
in the clamped-ion exciton basis as

Y [@%6ss + KBy (Re{Q5}, T)]AS, = @AY,
S!

(BD)

Except when computing the optical absorption spectrum,
we use the diagonal approximation to Eq. (B1). In this ap-
proximation, we set Kg;,(Re{QS}, T)=0 for S#S’, yielding
Eq. (3). The validity of this approximation has been assessed
to be accurate for the first bright in-gap excitons of a number
of systems in prior work [42]. However, we also demon-
strate its validity for BiVO,4 by explicitly solving Eq. (B1) at
T =300K for the first 70 S states in the clamped-ion basis.
Figure 6 shows the results of solving this as the number
of nonzero nondiagonal S states Ns increases. The real and
imaginary parts of the renormalization of the new first exciton
energy vary by 6 and 4 meV, respectively, as Ny increases
from 1 to 70. Section S7 in the Supplemental Material [53]
also demonstrates that the exciton wavefunction itself for this
lowest-lying state converges around Ny = 50.

APPENDIX C: COMPETING DECAY PROCESSES

For comparison, we also compute the rate of radiative
recombination as well as the rate of scattering to other higher-
lying excitonic states via phonon absorption. We find both the
lifetimes associated with these processes to be significantly
greater than that of dissociation at room temperature. First,
we compute the finite-temperature radiative recombination
lifetime of the lowest exciton following Ref. [93] with the
expression for the radiative recombination rate (in atomic
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FIG. 6. Convergence of the real [panel (a)] and imaginary [panel
(b)] parts of the renormalization of the exciton energy vs the size of
the nondiagonal S basis (Ny) used to solve Eq. (B1) at 300 K.

units)

25 /1360 ds>  (Qa)?
3V, N @QMkgT)Y?*’

where e, is the clamped-ion macroscopic dielectric constant
(computed via DFPT), V is the unit cell volume, ds” is the
optical dipole matrix element (obtained by solving the BSE),
Ny is the number of k points used when solving the BSE, «
is the fine structure constant, and M = m, + m;, is the exciton
total effective mass (computed in Sec. S3.1 in the Supplemen-
tal Material [53]). The lifetime due to radiative recombination
is then simply the inverse rrfid = (yrid)’l. We note that this
expression assumes €., M, and d52 to be isotropic, which,
strictly speaking, is not the case for BiVO,. However, as an ap-
proximation, we directionally average each quantity when us-
ing Eq. (C1). At 300 K, this approach yields a lifetime of 1 ns.

Second, we compute the scattering rate of the lowest
Q=0, S=1 exciton into other states using the model dis-
cussed at length in Ref. [43]. Specifically, a generalized
Frohlich electron-phonon coupling [100] (assuming isotropic
LO-TO splitting) is used, namely,

i 21 W'y — why?
gl‘jq \/ LO TO , (Cz)

Yid = (€D

Tla NVew ol

with v indexing over each LO-TO splitting of polar phonon
modes, to construct the exciton-phonon coupling matrix el-
ement for an optically excited (effectively zero momentum)
exciton of state S [101]:

§ : S.q* ", '
GSS’V(O’ (l) = gfq Akq (Ai 0 - Ai-k(:])
k

(C3)

Here, Ai’q is the wavefunction of an exciton with center-of-
mass momentum q at the reciprocal lattice point k. Due to
the computational difficulty of calculating the finite center-of-
mass momentum exciton wavefunctions needed to construct
Gssy, we instead use hydrogenic wavefunctions for the 1s,
2s, 2p, and 3s excitons, with the effective Bohr radius agff
obtained by fitting the BSE exciton wavefunction for the low-
est excitation in Sec S3.1 in the Supplemental Material [53].
We also assume parabolic exciton dispersions using effective
masses obtained from fitting the bands at the direct gap as
done in Sec. S3.1 in the Supplemental Material [53]. The
scattering rate to other excitons is then calculated according to

Voo =27 Y 1Gssu(0, @)IP8(Q° — @ + o), (C4)
S'qv
with  the  corresponding  lifetime  obtained via

T3 o= (3 )7 At 300 K, we calculate this lifetime to

ex-ex —

be 1 ps.

APPENDIX D: ABSORPTION SPECTRUM
RENORMALIZATION

In order to obtain a renormalized optical absorption spec-
trum, we compute the complex eigenvalues and the left (Eg)
and right (A3) eigenvectors from the BSE Hamiltonian in

Eq. (B1), treating K 52 as nondiagonal for the first 70 clamped-
ion states (see Appendix B and Sec. S7 in the Supplemental
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Material [53] for convergence). For completeness, we also
show the left eigenvalue problem: Because the Hamiltonian
in Eq. (B1) is non-Hermitian, the left and right eigenvectors
are not Hermitian conjugates, but they are normalized to sat-
isfy biorthonormality (3 ¢ By A§ =3855). The square of the
clamped-ion dipole matrix element [49,50] along the polar-
ization direction i, ri = Y, (AS | )* (vK|ri|ck), is accordingly
transformed [47,50,91] to give

i ix £§ /S i
DS = E rgAs By rg.
ss'

D1

The renormalized optical spectrum with only broadening from
KP! dissociation channels is then
Re{DL} Im{5}

L o2
£2(w) =8m XS: (@ — Re[Q5))? + Im{S)2

Im{Di}(w — Re{Q5})
(w — Re{251)2 + Im{5)2"

(D2)

This asymmetric form of the spectrum coming from Im{Dg}
due to exciton-phonon coupling is rarely calculated ab initio
(to our knowledge, only Ref. [91] reports a comparable cal-
culation), but has been long established by Toyozawa [96,97].
This definition of &;(w) affects the strength of dipole matrix
elements, going beyond simply shifting the exciton energies
as is done in Ref. [99].

In practice, we add a uniform background width of
100 meV to the state-resolved linewidths from KP" in order
to account for residual scattering and finite k-point sampling.
We also apply an additional scissor shift Agger to all Qs

used to calculate &,(w). This shift contains two corrections.
The first is the renormalization of the lowest direct band gap
at 300 K due to electron-phonon coupling, as discussed in
Sec. S3.2 in the Supplemental Material [53]; this correction
is —0.933eV. The second correction accounts for the band
gap starting-point error of GoWy@PBE; as was shown in
Ref. [19], GyWj calculation in BiVOy that uses a nonempirical
optimally tuned hybrid functional [98] increases the band gap
by 0.30 eV relative to GoWy @PBE. Thus, in total, we apply a
redshift of Agissor =0.633 €V to our spectra.

In order to extend the spectrum computed in Eq. (D2) to
account for more than the first 70 states, we also plot the
conventional clamped-ion BSE spectrum,

eh(@) =812 Y |1 8w — @), (D3)

§>70

for the higher-lying states. In this case, the delta functions
are replaced with Lorentzian envelopes with broadening of
100 meV as above.

Finally, because the renormalized spectrum computed for
a BZ patch cannot be mapped unambiguously onto the full-
grid calculation, we confine our analysis of the effects of
KPM in Fig. 4 to the first bright exciton that dominates the
clamped-ion full-grid spectrum onset. We therefore only use
the spectrum from Eq. (D2) for this first bright peak and
then use Eq. (D3) for all the rest of the states. Consequently,
the redistribution of exciton oscillator strength to other states
in the full-grid calculation is neglected. However, this re-
distribution of weight is relatively uniform for states in the
patch.
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