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ABSTRACT: Hot carriers (HCs) in lead halide perovskites are
prone to rapidly relax at the band edge and waste plentiful photon
energy, severely limiting their conversion efficiency as HC
photovoltaic devices. Here, the HC cooling dynamics of MAPbI;
perovskite with common vacancy point defects (e.g, MA," and 1,7)
and an interstitial point defect (e.g, L) is elucidated, and the
underlying physics is explicated using ab initio nonadiabatic
molecular dynamics. Contrary to vacancy point defects, the
interstitial point defect reduces the band degeneracy, decreases
the HC —phonon interaction, weakens the nonadiabatic coupling,
and ultimately slows down hot electron cooling by a factor of 1.5—
2. Furthermore, the band-by-band relaxation pathway and direct
relaxation pathway are uncovered for hot electron cooling and hot
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hole cooling, respectively, explaining why hot electrons can store more energy than hot holes during the cooling process. Besides,
oxygen molecules interacting with I;” sharply accelerate the hot electron cooling, making it even faster than that of the pristine
system and revealing the detrimental effect of oxygen on HC cooling. This work provides significant insights into the defect-
dependent HC cooling dynamics and suggests a new strategy to design high-efficiency HC photovoltaic devices.

Bl INTRODUCTION

Hybrid lead halide perovskites (LHPs) are thrust into the
limelight of solar cells due to the phenomenal rise in their
photovoltaic efficiencies. This advance is driven by the unique
combination of perovskite’s optoelectronic properties such as
high optical absorption coefficient," long diffusion length and
carrier lifetime,”> as well as defect tolerance.” However, further
improvements to the power conversion efficiency (PCE) of
perovskite solar cells have been sluggish. The certified highest
efficiency is only surpassing 25%,” which is still below the
Shockley—Queisser thermodynamic limit of ~33% for a single-
junction device.® The remaining photon energy is always lost
via various ways. In particular, the excess energy carried by hot
carriers (HCs) is dissipated to heat and cannot be utilized
effectively. The underlying origin is that the HC cooling is
usually much faster than the charge extraction at the contact.
In theory, the PCE of solar cells can be much higher and even
reach around 66% under 1 sun AM 1.5 illumination if this
energy loss is mitigated.”® Establishing how to slow down HC
cooling in LHPs and elucidating the fundamental mechanism
of this process are thus of great importance for exploring novel
perovskite solar cells.

Since the first report of HC cooling in CH;NH;Pbl,
(MAPbL;) polycrystalline thin films,” a series of impressive
advances in slowing down HC cooling of LHPs have been
reported.'’~"> For instance, Li et al. successfully slowed down
the cooling by 2 orders of magnitude in MAPbBr; nanocrystals
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(~30 ps) at high pump fluence and demonstrated efficient
(~83%) extraction of HC with an energy-selective organic
layer.'® Wang et al. demonstrated that addition of alkali cations
(Cs*, Rb*, and K*) in (MAFA)Pb(Brl); markedly slowed
down HC relaxation over 10 ps time scale and enhanced
transport over a 100 nm length scale."” Yin et al. proposed that
the Rashba band splitting induced by controlling organic
ligands in two-dimensional Dion—Jacobson perovskites can
effectively slow down HC cooling.'> To better understand
these novel experimental phenomena, various well-accepted
origins and mechanisms have been discussed, such as the
formation of large polarons,"*™*° hot phonon bottleneck,”!
%> and the Rashba band splitting effect.”

. . . 16
Although success has been achieved in exploring size-,
10,24

Auger heating,

cation-, and excitation intensity-dependent**° slowing
down of the HC relaxation and efficient HC extraction, the
role of intrinsic point defects, especially their impact on HC
cooling dynamics, has not been studied in detail sufficiently.
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Figure 1. Band structure of pristine and defective MAPbL,: (a) pristine, (b) MA,", (c) 1,7, and (d) I;". The black dots show the key energy levels at
the I' point during HC relaxation. The insets show the corresponding optimized structures, and the circles indicate the defect location.

Intrinsic point defects are unavoidable in solution-processed
LHPs, which have been a widespread concern in recent years.
The defects are believed to be caused by structural instability
in the case of exposure to light, heat, and humidity.”’
Numerous experiments have demonstrated the positive and
negative effects of intrinsic point defects on the photovoltaic
performance of LHPs, and the commonly accepted mecha-
nisms have been uncovered theoretically as well.”*™>° Some
vacancies (e.g, MA,, I, and Pb,) and interstitial (e.g.,, I, and
MA,) defects possess relatively shallow defect states in MAPbI,
and hence are electronically benign when carrier recombina-
tion is concerned.’® The deep defect states induced by antisite
defects (e.g., Iyias Ipy, and Pb;) form the carrier recombination
center in the band gap and consequently reduce the PCE via
the Shockley—Read—Hall recombination process.”” Different
from the carrier recombination, HC cooling shows more
complicated nonradiative relaxation. HCs can relax through
various pathways due to the intricate distribution of band
levels. Meanwhile, various interactions, for example, electron—
optical phonon scatting (Frohlich interactions), polaron
interaction, carrier—acoustic phonon interaction, and carrier—
carrier interaction and scatting, can contribute to the HC
cooling processes.”*~** Thus, exploring the defect-dependent
HC cooling and understanding the fundamental physics
behind the HC cooling dynamics in LHPs are critical to

realizing their applications in new photovoltaic devices, for
example, HC solar cells.

In this work, we perform first-principles calculations and ab
initio nonadiabatic molecular dynamics (NAMD) simulations
to elucidate the HC cooling dynamics in pristine MAPbI; and
in MAPDI; containing three common point defects: MA cation
vacancy (MA,"), iodine anion vacancy (I,”), and iodine anion
interstitial (I,7). The simulations show that I,” reduces the
band degeneracy, enlarges the energy difference between
energy levels in the conduction band (CB), decreases the
nonadiabatic coupling (NAC), and thus efficiently slows down
the hot electron cooling by a factor of 1.5—2 within an excess
energy (AE) of ~0.5 eV compared to pristine MAPDI,.
Meanwhile, hot hole cooling has no obvious acceleration in the
I;” system in spite of the negative effect of dense energy levels
in the valence band (VB). This can be attributed to the
decisive impact of weak HC—phonon interaction induced by
the [Pbls]*” octahedron. In addition, we observe that a hot
electron exhibits a slower cooling compared with that of a hot
hole for MAPbI; with and without point defects. The
difference is rationalized by the fact that hot electron cooling
proceeds through band-by-band relaxation, instead of direct
relaxation seen in the hot hole cooling process. Meanwhile,
oxygen molecules interacting with I significantly accelerate
the hot electron cooling, revealing the detrimental effect of
oxygen on hot electron lifetime. These results indicate that the
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Figure 2. (a) Schematic diagram of HC relaxation processes in LHPs. (b—g) Time evolution of state population of HC relaxation in pristine and
defective MAPbI,. (h,i) HC relaxation times of pristine and defective MAPbI,. Hot electron cooling in the I;” system is slowed down below CBM +

5, while hot hole cooling is similar in the pristine, MA,*, and 1,~

systems.

synthesis of perovskite materials should be carefully controlled
to promote the formation of iodine interstitial defects and
avoid the presence of oxygen, aiming to develop high-efliciency
perovskite solar cells.

B RESULTS AND DISCUSSION

Before evaluating the dynamics of HC cooling, it is instructive
to investigate the electronic structure of pristine and various
defective perovskite systems. Previous work has shown that
MA, 1,7, and I have relatively lower formation energies
among vacancy and interstitial pomt defects, respectively, and
thus are abundant during synthe51s As a result, we focus our
study on these three common intrinsic point defects, as
illustrated in Figure 1. We observe that the CB and VB are
mainly contributed by Pb orbitals and I orbitals, respectively,
for the four perovskite systems. Since the MA cation and the
Pb—I lattice have a weak electrostatic interaction instead of
chemical bonding, introducing MA," has no apparent impact
on the band structure in comparison to pristine MAPbDI;.
However, I,” and I;” reduce the band degeneracy and increase
the energy gap between each band in the CB. An explanation
for this variation can be found in defect-induced changes in the
Pb—I bond length and bond angle, which modulate the orbital
energy levels of Pb and I. Furthermore, I~ significantly
increases the density of states and narrows the energy gap
between energy levels in the VB. Due to the excess iodine
anion, on the one hand, it introduces more electrons into the
bonding between Pb and I, and on the other hand, it causes a
slight distortion of the [Pbls]*~ octahedron, which effectively
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localizes the spatial distribution of VB (see the inset panel of
Figure 1d). A similar phenomenon also appears in excess alkali
metal-doped FAPbI, perovskite.”” In that case, we believe that
the HC cooling dynamics processes will be significantly
affected by point defects as well. Considering the energy range
of sunlight (1.6—3.1 €V) and the band gap of the four
perovskite systems (~1.5 eV), we take the energy levels of
CBM + i (i =2—8) and VBM — j (j = 1—4) at the I" point as
examples to simulate the HC cooling processes.

HCs with excess energies AE are created by solar irradiation
when photons possess energy greater than the semiconductor
band gap. These HCs then rapidly relax at the band edge by
losing their excess energies to phonons (i.e., as heat) via
various quantum interactions. The overall HC relaxation
process can be divided into two parts: carrier thermalization
and HC cooling. The former process usually occurs much
faster than the latter one.”®*” The HC relaxation dynamics
starting at CBM + i (i = 2—8) and VBM —j (j = 1—4) for the
four perovskite systems is depicted in Figures 2b—g and SI,
respectively. The corresponding HC relaxation times are
obtained by fitting with f(f) = exp (—t/7) and are shown in
Figure 2h,i. We observe that the hot electron (hole) relaxation
time depends on the initial energy. The relaxation is faster for
higher initial energies, above CBM + S (below VBM — 3), than
lower initial energies, below CBM + S (above VBM — 3).
These results yield good agreement with two basic photo-
physical processes of HC cooling in LHPs. Nevertheless, since
multiparticle interactions are not taken into account in this
work, carrier thermalization through carrier—carrier scattering

https://doi.org/10.1021/jacs.2c08487
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Figure 3. (a—d) Averaged absolute NACs between energy levels ranging from VBM — 3 to CBM + S for pristine, I,", MA,", and I, perovskites,
respectively. (e) Spectral densities of four perovskite systems at CBM + 2 and VBM — 1.

cannot be accurately described. More advanced NA—MD
techniques are required for this purpose.”*™*’ Thus, the HC
cooling below CBM + S (above VBM — 3) is taken into
account in the following discussion (Figure 2a). Considering
the impact of defects, only I,” shows outstanding performance
in slowing down the hot electron cooling before CBM + 5 (AE
~ 0.54 eV) compared with MA,* and I,”. The cooling time
(~4.6 ps) at CBM + 2 (AE = 0.31 eV) reaches the maximum
value, twice longer than that (~1.9 ps) of the pristine system,
revealing the positive effect of I~ in slowing down the HC
cooling of LHPs. Such dynamics results are consistent with the
hypothesis that increased energy gaps in the CB favor slower
hot electron relaxation. Note that the hot hole cooling in the
I system is similar to that in the pristine, MA,", and I~
systems, occurring within 2 ps, even if its energy level
distribution in VB is denser (Figure 1d). This implies that HC
cooling dynamics cannot be determined by judging the defect-
induced energy level distribution in CB and VB and that other
factors should also be considered. Previous works have
demonstrated that defects in LHPs will affect both electronic
structure and electron—phonon scatting, revealing various
novel photoexcited carrier dynamics processes.* " Thus, a
detailed underlying physics of defect-dependent HC cooling
should be further discussed.

To further reveal the factors contributing to the HC cooling
dynamics in the considered perovskite systems, we calculate
the averaged absolute values of the NAC matrix elements
between different states involved in the HC cooling process, as
shown in Fiﬁure 3a—d. As has been discussed in the previous
works,'»***" the HC cooling rate is explicitly dependent on
the NAC, which can be expressed as

Here, H is the Kohn—Sham Hamiltonian, ¢ and € are the
wave function and eigenvalue, respectively, R is the velocity of
nucleus, and k and j represent different electronic states.’”
Generally, the smaller the NAC, the slower the HC cooling. It
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can be seen that hot electron cooling has smaller NAC values
in the I;” system as compared with the pristine, MA,*, and I~
systems. The difference rationalizes why hot electron cooling is
only suppressed in the I;” system, as inferred from Figure 2h.
Note that the NAC values for hot hole cooling in the I~
system are similar to those of other considered perovskites
despite the small energy gaps between energy levels (Figure
1d), suggesting that the energy gap is not the dominant factor
in controlling hot hole cooling. According to formula 1, the
NAC value depends on the energy difference & — ¢, the
electron—phonon (e—ph) coupling term (gojlvRH lp, ), and the
nuclear velocity term R. Thus, we hypothesize that some other
potential factors can determine the HC cooling dynamics, for
example, e—ph interaction induced by lattice thermal
fluctuation. In general, the effects of lattice thermal fluctuations
among different systems can be assessed by comparing the
frequencies of the phonon mode participating in the excited-
state dynamics process. The lower the frequency of the
phonon mode, the slower the atomic fluctuations, and the
smaller the R vector in NAC. Besides, quantum decoherence
can also play an important role in charge carrier dynamics since
quantum decoherence takes place on a time scale ranging from
a few femtoseconds to hundreds of femtoseconds, which is
much faster than quantum transition, leading to carrier
recombination and exciton annihilation, occurring within
hundreds of picoseconds to nanoseconds. However, in this
work, the decoherence effect can be ignored owing to the rapid
cooling along the quasi-continuous manifold of excited
electronic states.”**

For further understanding of carrier interaction with lattice
thermal fluctuations and their effect on HC cooling processes,
we take CBM + 2 and VBM — 1 levels as examples and plot
their Fourier transform spectra in the four perovskite systems,
Figure 3e. The peaks around and below 100 cm™}, at 130—170
cm™}, and around 200 cm™! can be attributed to the I-Pb
stretching and bendingg’motions, organic cation librations, and
torsion, respectively.””* In Figure 3e, the dominant peak in
hot electron cooling of the I;” system shows a lower frequency
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Figure 4. (a,d) Population of key states of hot electron and hot hole cooling for pristine MAPbI,. The red curvy arrows in the insets represent the
corresponding HC cooling dynamics pathways. (b,e) Time domain average energy relaxation of hot electron and hot hole in each state of pristine
MAPDI,. After 2 ps, the hot electron and hole lost 0.12 and 0.22 eV of energy, respectively. (c,f) HC cooling time of pristine, I,”, and IO, systems.
10,7, marked in the inset of panel (f), significantly accelerates the hot electron cooling while having a negligible effect on hot hole cooling.

(below 100 cm™) compared with that in the pristine, MA,",
and I,” systems (top plane in Figure 3e). This lower frequency
vibration mode creates the majority of NA e—ph coupling,57
which originated from the heavy Pb and I atoms that have
small nuclear velocities. Such small nuclear velocities tend to
result in a small NAC value and, ultimately, slow down hot
electron cooling."*" The spectral density of the hot hole
cooling process in the I~ system is dominated by two low-
frequency peaks at 40.76 and 122.02 cm™' (bottom panel in
Figure 3e). These modes rationalize the reduced NAC of hot
hole cooling and reveal its steady cooling rate, even when the
energy difference between energy levels is small. Visualization
of the corresponding vibration vectors is given in Figure S2.
The modes contributing most to the HC cooling processes
originate from thermal fluctuations of both the I-Pb inorganic
lattice and the organic cations. In particular, [PbI4]*"
octahedron vibrations significantly participate in the HC
cooling dynamics of the I~ system. This is consistent with
the results of the Fourier transform and reveals that I,” induces
the vibration mode with a weak e—ph interaction and thus has
a positive effect on HC cooling.

As discussed above, the weak e—ph interaction induced by
the specific defect significantly affects the HC cooling
dynamics. Moreover, the hot electron exhibits a slower cooling
rate than the hot hole in all systems, both pristine and defective
(Figure 2). To understand this fact in more detail, the
populations of the key states involved in HC cooling are shown
in Figures 4 and S3. It is found that hot electron tends to relax
from the initial CBM + 3 to the adjacent CBM + 2 or CBM +
1 and that the direct relaxation between CBM + 3 and CBM is
less favorable. On the contrary, the major hot hole relaxation
occurs directly from the initial VBM — 3 to VBM rather than

through VBM — 2 or VBM — 1. This means that hot electrons
can store more energy than hot holes during the cooling
process. As a result, extracting hot electrons can be predicted
to maximize the utilization of solar energy and improve the
PCE of the perovskite. To further estimate the energy loss
during the HC cooling process, the time evolution of the
average energy of HCs and the populations on each key energy
level for the four MAPDI; systems are shown in Figures 4b,e
and S4. For pristine MAPDI;, the energy of hot electron resides
in CBM + 1 and CBM + 2 with an energy loss of 0.12 eV,
whereas the energy associated with hot hole cooling is
primarily distributed in the VBM with an energy loss of 0.22
eV within 2 ps. Meanwhile, the energy levels in the VB exhibit
larger fluctuations in comparison with those in the CB. Such
large oscillatory behavior also favors energy loss during the hot
hole cooling due to the small energy gap between energy levels
in VB at some moments. Consequently, we conclude that the
hot electron and hole will cool along the band-by-band
relaxation pathway and direct relaxation pathway, respectively,
leading to a twice smaller energy loss for the former compared
to that for the latter.

So far, we have demonstrated that the I,;” defect works best
for slowing down the hot electron cooling and enhancing the
performance of perovskites. Previous work reports that O, will
likely interact with the electron-rich I;” and form a
thermodynamically stable 10, species.”® Here, we consider
the effect of O, on the HC cooling dynamics and calculate the
HC cooling time to further explore the performance of the I;”
system exposed to O,, as shown in Figures 4c,f and SS. After
oxygen passivation, the hot hole cooling time of I~ has
negligible change, while the hot electron cooling time
decreases significantly and is even smaller than that of pristine
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perovskite, revealing the detrimental effect of oxygen on
suppressing hot electron cooling. The Fourier transform
spectral densities of I;” and IO;~ at CBM + 2 and VBM — 1
are shown in Figure S6 to reveal the effect of e—ph interaction
on HC cooling dynamics. In the IO;™ system, the dominant
vibration modes for both hot electron and hot hole cooling
show blue shifts, as compared to the I;” system. In particular,
more peaks at higher frequencies appear in the hot electron
cooling process. Such high-frequency phonon modes increase
the e—ph interaction and HC relaxation probability. That is
why the HC cooling dynamics are significantly accelerated
after oxygen passivation. Therefore, we suggest that oxygen
should be strongly avoided if I~ is utilized to improve the
photovoltaic performance of hot electrons.

B CONCLUSIONS

In summary, we have systematically investigated the influence
of three common intrinsic point defects (MA,*, 1,7, and ;") on
the HC cooling dynamics in LHPs by performing DFT and
NAMD simulations. Our results show that only I;” efficiently
slows down hot electron cooling by a factor of 1.5—2 and
simultaneously avoids acceleration of hot hole cooling,
revealing the defect-dependent HC cooling dynamics behavior
in LHPs. This important phenomenon is primarily attributed
to the favorable modulation of the synergism between the
HC—phonon interaction and energy-level distribution upon
introduction of I;”. Further, we demonstrate the band-by-band
relaxation pathway for hot electrons and the direct relaxation
pathway for hot holes, rationalizing the faster energy loss for
hot hole cooling. In addition, the IO;~ species formed by the
interaction of oxygen and I;” induce high-frequency phonon
modes participating in the hot electron cooling process and
significantly decrease the hot electron relaxation time. In view
of the practical synthesis of LHPs, we suggest that introducing
interstitial point defects I~ while simultaneously avoiding
oxygen can slow down HC cooling and decrease energy loss.
Our simulations suggest a new strategy to slow down HC
cooling in LHPs and will be of interest in designing novel HC
photovoltaic devices.

B COMPUTATIONAL DETAILS

In this work, the geometry optimization, static electronic
structure, and ab initio molecular dynamics (AIMD)
calculations were implemented through the Vienna Ab initio
Simulation Package (VASP).>%° The exchange—correlation
interaction was treated with the Perdew—Burke—Ernzerhof
(PBE) functional in the framework of the generalized gradient
approximation.”’ The projector-augmented wave method was
adopted to describe the electron—ion interaction.”” A kinetic
cutoff of 500 eV and a Monkhorst—Pack 5 X 5 X S k-mesh grid
were adopted for geometry optimization and electronic
structure calculations. The lattice constants and atomic
positions were fully relaxed until the atomic forces were
smaller than 0.02 eV A™". The electron relaxation convergence
criterion was 107° eV. The weak van der Waals interaction was
considered using the Grimme DFT-D3 method.”*

The photoexcited HC cooling dynamics were modeled by
NAMD simulations, implemented in the PYXAID code.”***
All the AIMD and NAMD calculations were carried out at the
I' point due to the expensive computational cost in a supercell
with 96 atoms. After the geometry optimization, the relaxed
structures were warmed up to 300 K during 2 ps in the
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canonical ensemble (NVT) through repeated velocity
rescaling. Then, a 4 ps AIMD trajectory was generated in
the microcanonical ensemble (NVE) with a time step of 1 fs,
and the NAC elements were obtained from these trajectories.
Two hundred initial configurations were selected randomly in
the first 2 ps AIMD trajectory, and 3000 surface hopping
trajectories were adopted for each chosen initial structure.
Then, the photoexcited HC cooling dynamics simulations were
carried out for 2 ps. More computational details are given in
the Supporting Information.

Note that we do not employ a hybrid functional (HF) in the
electronic structure calculations since HF always gives an
energy gap much larger than the experimental values.”> To
obtain an accurate energy gap, HF should be combined with
spin—orbit coupling (SOC) to cancel the band gap error.*®
However, HF calculations are too expensive to be used in the
quantum dynamics simulations on systems of the current size,
and SOC increases the computational cost further. In contrast,
the PBE functional has been identified to give a good
description of the electronic properties of MAPDbI;. The
previous study has examined that the band gap and location of
the trap state at the PBE level remain largely unchanged
compared with those at the HSE06 + SOC level for MAPbI,
with an antisite defect.®” Therefore, to maintain computational
efficiency, we use the PBE functional in the present work.

SOC is important in MAPDI; because of the strong
relativistic effect of Pb. Considering the SOC effect in
combination with the PBE functional will lead to under-
estimation of the band gap and generate a Rashba splitting in
MAPbI,.***° However, the band gap value has little influence
on the intraband relaxation of HCs. Similarly, the Rashba
splitting tends to occur at the band edge, having little influence
on HC relaxation. Therefore, SOC was not considered in our
calculations.
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