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ABSTRACT: Mechanistic understanding of the effect bulk defects have on carrier
dynamics at the quantum level is crucial to suppress associated midgap mediated charge
recombination in semiconductors yet many questions remain unexplored. Here, by
employing ab initio quantum dynamics simulation and taking BiVO, with oxygen
vacancies (Ov) as a model system we demonstrate a spin protection mechanism for
suppressed charge recombination. The carrier lifetime is significantly improved in the
high spin defect system. The lifetime can be optimized by tuning the Ov concentration
to minimize the nonradiative relaxation. Our work addresses literature ambiguities and
contradictions about the role of bulk Ov in charge recombination and provides a route
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C arrier dynamics in semiconductors is central to many
solar energy conversion and optoelectronic technologies
and devices.'~'* Photoinduced charges generally should have
relatively long lifetimes, which demands perfect materials.""*
However, in practice thermodynamically stable defects are
prevalent in semiconductors and are hard to remove.'>'® Such
defects, especially in semiconductor bulk, introduce midgap
energy levels that mediate charge recombination and are very
effective lifetime killers.'””'® Therefore, semiconductor defects
need to be carefully designed and controlled to achieve desired
carrier dynamics performance by suppressing charge recombi-
nation.

Figure la summarizes the three common types of point
defects in semiconductors: interstitial defects, substitutional
defects, and vacancy defects. The presence of defects often
produces trap states in the band gap. According to the
Shockley—Read—Hall (SRH)" recombination model, photo-
generated electron and hole pairs (e-h) can recombine more
quickly via pathways 1 and 2 (by-defect recombination,
conduction band maximum (CBM)-trap-valence band max-
imum (VBM)) than pathway 3 (direct recombination, CBM-
VBM) (Figure 1b). As a result, a significant amount of photon
energy is converted into heat via rapid nonradiative
recombination, which greatly reduces the solar energy
conversion and optoelectronic efficiencies. Thus, Yang et
al.”® demonstrated that the number of defects should be
minimized in order to avert the formation of SRH
recombination centers. The authors doubled the device
performance by reducing the concentration of oxygen
vacancies (Ov) in BiVO,. However, other works demonstrate
that the introduction of abundant vacancy defects into
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semiconductors yield improved carrier dynamics.”'~>* Wang
et al.”® adjusted the concentration of Ov in BiVO, and found
that the carrier lifetime in the BiVO, system with a relatively
higher content of Ov was almost twice as long as that with a
relatively lower content which is a direct contradiction to the
SRH model. They suggested that Ov provide photoinduced
charge traps that promote charge separation and extend carrier
lifetime. This apparent contradiction regarding the influence of
defect density on the carrier lifetime may arise in part because
defect-induced spontaneous spin symmetry breaking of the
electronic structure is not considered. Few papers have studied
spin polarization of these materials, as most semiconductor
defects are traditionally considered spin symmetric. Pan et al.”*
enhanced the carrier lifetime in anatase TiO, by regulating the
density of Ti vacancies. Notably, the introduction of Ti
vacancies into anatase caused room-temperature paramagnet-
ism, and the carrier lifetime was proportional to the intensity of
spin polarization. The authors suggested that electrons may
lose the original spin direction during the electron transfer and
inhibit the recombination.”* Motivated by the conflicting
experimental evidence regarding the influence of Ov
concentration on the charge carrier lifetimes in BiVO, and
the experimental indication that spin polarization can have a
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Figure 1. Model of the defect-induced e-h recombination center via the Shockley—Read—Hall (SRH) process. (a) Three common defects are the
following: the interstitial defect is depicted in navy blue, the substitutional defect in yellow, and the vacancy defect in green. (b) Schematic of fast e-
h recombination via the SRH process. There are two pathways for the e-h recombination in the defective systems, and the by-defect recombination

(paths 1 and 2) dominates over the direct recombination (path 3).
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Figure 2. Ground state information on the 1-Ov BiVO, systems with different spin states. The defect states are all filled with electrons in both the
1-Ov-LS and 1-Ov-HS systems, hence they act as hole traps. (a) Atomic structure of the 1-Ov system. Green spheres indicate the defect location.
(b) Energy per atom of 1-Ov-LS (left) and 1-Ov-HS (right). The energy reference is the 1-Ov-LS system. The difference between the energies of
the simulation cell in the low and high spin states is 479.75 meV. The insets show orbital spatial distribution of Trap 1 for the two 1-Ov systems.
(c) Density of states for 1-Ov-LS. The trap states (Trap 1) are located in the middle of the gap. (d) Density of states for 1-Ov-HS. The trap states
(Trap 1 and Trap 2) are located near the VBM. The Fermi energy is set to 0.

significant influence on the carrier lifetime in defective TiO,,
we set out to consider explicitly spin polarization in the study
of carrier dynamics of defective semiconductors, focusing on
Ov in BiVO,. The common presence of Ov in metal-oxide
semiconductors makes them particularly pertinent for inves-
tigation as a general model.

In this work, using BiVO, with varying numbers of oxygen
vacancies as a model system and studying it using time-domain
ab initio nonadiabatic molecular dynamics, we demonstrate for
the first time a spin protection mechanism (SPM) based upon
enhanced spin polarization of defects to improve significantly
the carrier lifetime in BiVO,. Enhancing spin polarization not
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only transfers all the trap states to one spin channel but also
moves the trap states from the intermediate position to near
the valence band with both factors improving the carrier
lifetime. In addition, we find that competition between the
atom thermal motion-assisted electron—phonon coupling and
the overlap of the electron and hole states can be mediated by
adjusting the Ov concentration to maximize the SPM effect.
We first investigated two spin polarizations for 1-Ov (where
x in x-Ov is the number of oxygen atoms removed from the
pristine BiVO, supercell (2 X 2 X 1)) (Figure 2a) with
symmetric low spin states (1-Ov-LS) and asymmetric high spin
states (1-Ov-HS). Structure models were carried out using the
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Figure 3. Hole trapping and recombination dynamics in the spin-up channel for (a) 1-Ov-LS and (b) 1-Ov-HS. The VBM population decreases
due to hole trapping. Upon e-h recombination the hole reaches the CBM, and its population increases. Time evolution of the VBM, the CBM, and
the defect states in the spin-up channel for (c) 1-Ov-LS and (d) 1-Ov-HS. The colors of the state populations and energies match the colors of the
states on the diagrams in the insets. (e) Schematic of the e-h recombination process for the 1-Ov-LS and 1-Ov-HS systems.

Device Studio program.”” Generally, the charge state of the
oxygen vacancy depends on doping and applied fields. The
systems under investigation are neutral, and oxygen vacancy
levels are occupied. As shown in the histogram in Figure 2b,
the relative energy of 1-Ov-LS is higher than 1-Ov-HS,
consistent with Hund’s rule.”® The energy difference between
the low and high spin states is 479.75 eV per simulation cell
with one vacancy. This is about 19 times larger than kgT at
room temperature, indicating that over 99% of the vacancies
are in the high spin state in thermodynamic equilibrium. The
high spin configuration can be stabilized further by application
of an external magnetic field.” The relative stability of high
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and low spin states can be modified by introducing charges,
dopants, strain, and so forth.

The density of states (DOS) of 1-Ov-LS (Figure 2c) and 1-
Ov-HS (Figure 2d) shows that the main contributions to the
VBM and the CBM are O 2p and V 3d orbitals, respectively,
while the main contributions to the trap states are V 3d and O
2p. We define the defect state closest to the Fermi level as Trap
1. For 1-Ov-LS, the trap states are symmetric in the spin-up
and down channels and are located in the middle of the band
gap. These defect states can easily lead to the SRH
recombination of e-h pairs. For 1-Ov-HS, however, the defect
states are all in the spin-up channel and near the VBM.

https://doi.org/10.1021/acs.nanolett.2c02070
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Figure 4. Hole trapping and recombination dynamics in the spin-down channel for (a) 1-Ov-LS and (b) 1-Ov-HS. The VBM population (black)
decreases and the CBM population (blue) increase as the hole leaves the VBM and recombines with the electron in the CBM. (c) Root-mean-
square of the NAC between the VBM, the CBM, and the defect states in the spin-up channel for 1-Ov-LS (blue) and 1-Ov-HS (red). (d)
Schematic of the e-h recombination process for 1-Ov-LS (left) and 1-Ov-HS (right).

Because of the differing electronic structures of the two 1-Ov
systems, it is reasonable to expect that the carrier
recombination dynamics also are different. For clarity, we
describe the carrier dynamics of the spin-up channel and spin-
down channel of the two systems in turn. An oxygen vacancy
gives off two surplus electrons to the defect states, the defect
states are all filled with electrons in both 1-Ov-LS and 1-Ov-
HS systems. Because the defect levels are filled, the
photoexcited electrons in CBM cannot directly relax to the
trap level. Hence, the carrier dynamics discussed in this report
are hole dynamics. Here, for the direct recombination the holes
in the VBM recombine with electrons in the CBM. By-defect
recombination is a two-step process where, first, the holes relax
from the VBM to the trap states. Then, the holes of the trap
states recombine with electrons of the CBM, and the electronic
system returns to the ground state.

Figure 3 shows the hole trapping and recombination
dynamics information for 1-Ov-LS and 1-Ov-HS in the spin-
up channel (see Figures S1 and S2 for more information). The
insets in Figure 3a,b show the hole—electron recombination
pathways. The difference between the two systems is that for 1-
Ov-HS there is an additional trap in-band transition (Trap 2 to
Trap 1, path 4). The time of transition 4 is 0.189 ps which is
much faster compared with the other transitions due to the
small energy difference between the initial and final states
(Figure S2b). For 1-Ov-LS and 1-Ov-HS, the transition times
for path 1 are 0.425 ns and 16.498 ps, respectively, and for path
2 the transition times are 0.255 and 2.042 ns, respectively
(Table S1). In other words, for 1-Ov-HS the recombination
rate of path 1 is faster and of path 2 slower than 1-Ov-LS. The
result is that the e-h recombination in 1-Ov-LS is faster than in
1-Ov-HS by a factor of 3.4 (0.670 and 2.267 ns, respectively).
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This can be explained by the nonadiabatic coupling (NAC)
matrix (Figure S3a,b). NAC represents the inelastic electron-
vibrational scattering that determines the carrier dynamics, and
carrier lifetime decreases with increasing NAC.**™** According
to eq S1, the NAC value is correlated inversely with the energy
difference between the two states and is proportional to the
atomic velocity and the electron—phonon interaction matrix
element. More information on the factors influencing the NAC
is also shown in Figures S4—S6. In our case, the nuclear
velocity’® and the electrophonon coupling term®* are almost
unchanged (see Table S2 for details). NAC is therefore
decided by the energy difference term. As shown in the time
evolution patterns of the VBM, CBM, and trap states for 1-Ov-
LS and 1-Ov-HS in the spin-up channel (Figure 3c,d), the
energy difference between Trap 1 and the CBM is 1.61 eV in
1-Ov-HS, whereas it is only 0.81 eV in the 1-Ov-LS. The
resulting smaller NAC (Figure S3) restricts path 2 of the hole
recombination with electrons on the CBM, greatly improving
the hole relaxation time of 1-Ov-HS (Figure 3e).

Figure 4 shows the hole trapping and recombination
dynamics information in the spin-down channel. Because of
spin symmetry in the electronic structure, the hole
recombination dynamics of 1-Ov-LS are identical in the spin-
up and down channels. For 1-Ov-HS, however, there are no
defect states in the spin-down channel because both defects are
in the spin-up channel. Thus, there are two hole recombination
pathways for 1-Ov-LS (direct and by-defect recombination)
and only one pathway for 1-Ov-HS (direct recombination). As
shown in the hole recombination dynamics of 1-Ov-LS (Figure
4a) and 1-Ov-HS (Figure 4b), the e-h recombination is faster
by a factor of 8.4 in 1-Ov-LS compared to 1-OV-HS (0.670
and 5.606 ns, respectively). Figure 4c shows the NAC between

https://doi.org/10.1021/acs.nanolett.2c02070
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(a) Recombination dynamics. (b) Root-mean-square NAC between the VBM and CBM. (c) Electron—phonon coupling spectra. (d) Pure-

dephasing functions.

the key state pairs for 1-Ov-LS and 1-Ov-HS. The NAC
involving Trap 1 is absent for 1-Ov-HS because there is no
defect state, whereas the NACs between the VBM and the
CBM are approximately equal in the two systems. Thus, in
comparison to 1-Ov-LS the charge recombination of 1-Ov-HS
is greatly improved. Figure 4d shows a schematic of the e-h
recombination processes in the spin-down channel for 1-Ov-LS
and 1-Ov-HS. The existence of the trap states in 1-Ov-LS
means that the carriers easily recombine through the by-defect
pathway, but this is not possible for 1-OV-HS. BiVO, contains
heavy elements, in particular Bi, and therefore significant spin—
orbit interaction can be expected, leading to spin flips. Spin
flips will have no influence on the quantum dynamics in the
low spin state, because both channels have the same energy
levels, Figure 2c. In the high spin state, the spin-up channel has
two midgap states, while the other channel has no midgap
states, Figure 2d. By focusing on the channel with the midgap
states, we provided the lower bound on the recombination
time. Recombination in the other channel without the midgap
states is slower. Hence, spin flips caused by spin—orbit
coupling will introduce a slower charge recombination
component. The charge recombination dynamics of 1-Ov-HS
are better than 1-Ov-LS in both the spin-up and down
channels. Hence, the total carrier lifetime of 1-Ov-HS is
excellent compared to 1-Ov-LS, and we term this way of
improving carrier dynamics the SPM.

We hypothesize that the SPM also applies to systems with a
higher Ov concentration and therefore we study the e-h
recombination dynamics of the spin-polarized system with
different Ov concentrations. We focused on the spin-down
channel with no trap states to study the SPM with variable Ov
concentration; the carrier dynamics of the spin-up channel is
complicated by the introduction of multiple recombination
pathways with higher Ov concentrations (more information in
Figures S7 and S8). The e-h recombination information (Table
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S3) for the spin-down channel of the pristine, 1-Ov-HS, and 4-
Ov-HS BiVO, systems is shown in Figure 5. The shortest
carrier lifetime was observed for the 4-Ov system (2.132 ns) as
shown in Figure Sa. The average absolute NAC values of the
pristine, 1-Ov-HS, and 4-Ov-HS BiVO, systems are 4.25, 3.82,
and 4.36 meV, respectively, as shown in Figure Sb. Because of
minor changes in the reduced masses of the relevant
vibrational motions, the nuclear velocity term in eq S1 varies
little across the systems at a given temperature. Figure S9
shows the fluctuations of the VBM and CBM in the three
BiVO, systems. The average band gaps are nearly identical,
meaning that the band gap is not the crucial factor for variation
of the NAC. We note that the average band gap at 300 Kis 2.3
eV, compared with 2.4 eV for the optimized geometry at 0 K.
This change is caused by the temperature renormalization.***
The standard deviations (S in Figure S9) of the VBM and
CBM increase with the Ov concentration, as a result of more
broken bonds and more phonon modes contributing to the
electron—phonon couplings. As seen from Figure Sc, the
dominant phonon modes are low frequency in the pristine
system. In comparison, phonon modes around 700—800 cm ™"
appear with lower intensity in the 1-Ov system, while strong
signals in both low (30 cm™) and high frequency (750 cm™)
regions are present in the 4-Ov system. Both frequencies and
intensities in the electron—phonon coupling spectrum increase
with the number of broken bonds. Compared with the increase
in the phonon frequency and signal intensity, the reduction in
the wave function overlap between the VBM and the CBM is
insignificant. The pure-dephasing time®’ characterizes elastic
electron-vibrational scattering that is responsible for the
vibrationally induced loss of coherence within the electronic
subsystem. In Figure 5d, the pure-dephasing time of 1-Ov is
less than half of that for the pristine system, and only slightly
longer than for 4-Ov. The spin charge density confirms that the
difference is mainly due to the CBM charge density change
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(Figure S10). The CBM charge density is distributed primarily
on the V atoms, while the excess electrons contributed by the
oxygen vacancy are localized in the conduction orbitals of
several V atoms. However, the charge density of the CBM
changes little between the 1-Ov and 4-Ov systems.
Consequently, compared with the pristine system the
electron—phonon coupling term decreases for 1-Ov and
increases for 4-Ov. The data indicate the decreased wave
functions overlap does not neutralize the increased number of
modes contributing to the electron—phonon coupling term in
eq S1. The NAC can be minimized by adjusting the Ov
concentration to mediate competition between the number of
active phonon modes and the overlap of electron and hole
states.

The nonradiative e-h recombination dynamics are governed
by the nonadiabatic coupling, composed by the three terms
described in eq S1. This provides a theoretical rationale for
improving the carrier lifetime in materials. The results show,
first, that the high spin-polarized Ov system provides a new
SPM strategy for improving the e-h recombination dynamics of
solar energy conversion and optoelectronic materials by
minimizing the adverse effects of oxygen vacancies. Second,
the carrier lifetime of the BiVO, system can be optimized by
adjusting the Ov concentration to mediate competition
between the atom thermal motion-assisted electron—phonon
coupling and the overlap of electron and hole states to
minimize the nonadiabatic coupling. The tendency of the
carrier lifetime to vary demonstrates that both balancing the
optimum Ov concentration in BiVO, and minimizing the Ov
concentration are viable strategies for increasing the device
efficiency. We posit that this strategy can be applied to other
materials in which the impact of defects is tied to the spin
polarization.*®

The defect concentration used in the simulations is high due
to computational limitations on the size of the simulation cell.
Defect concentration is significantly lower in experiments, and
large regions of the material are bulklike. The SRH process of
defect-mediate recombination puts emphasis on defects
because charge trapping by defects is faster than bulklike
charge recombination. In our simulations, the charge trapping
occurs on 0.01—0.1 ns time scale, according to the rise of the
trap state populations (Figure 3a,b), whereas subsequent
recombination of the trapped charges takes around 1 ns. In
materials with large dielectric constants, ~86 for BiVO,,**
electron—hole interactions are screened, and charges are
separated and need to diffuse to each other in order to
recombine. Defect localizes one charge, and diffusion of only
the other charge toward the defect site is required. At low
charge concentrations, a free charge can find the trapped
charge more easily than another free charge, and defect-
mediated recombination is the dominant mechanism, as the
SRH statistics indicate.””

The influence of defects on nonradiative charge recombina-
tion in new classes of semiconductors is more complex than
suggested by the classic SRH model, as exemplified by metal
halide perovskites,”* and can be controlled by the spin state, as
demonstrated in the present work. Even though defects do not
always accelerate carrier recombination, they reduce charge
mobility due to enhancement in charge scattering and
trapping, undermine chemical stability, and so forth.'® At the
same time, the high chemical reactivity of defect sites forms the
basis for photo- and electro-catalysis in which long lifetimes of
defect states is particularly beneficial.
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To summarize, using time-dependent ab initio NAMD
simulations, we have investigated the e-h recombination
dynamics of different electronic spin structures and varying
concentrations of Ov in bulk BiVO,. Despite the identical
concentration of Ov in 1-Ov-LS and 1-Ov-HS, the high spin
polarization of the latter leads to superior carrier dynamics
with e-h recombination inhibited by the SPM. Moderating the
Ov concentration can maximize the SPM effect to suppress the
charge recombination by minimizing the electron—phonon
coupling arising from atomic thermal motions, and electron—
hole overlap. We propose that these conclusions are applicable
to other materials with triplet spin vacancies that, similar to
BiVO,, can be tuned in by controlling defect concentration and
electronic spin structure to reduce nonradiative charge
recombination and improve spin character.
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