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ABSTRACT: Organic—inorganic lead-halide perovskites have received a
revival of interest in the past few years as a promising class of materials for
photovoltaic applications. Despite recent extensive research, the role of
cations in defining the high photovoltaic performance of these materials is not
fully understood. Here, we conduct nonadiabatic molecular dynamics
simulations to study and compare nonradiative hot carrier relaxation in

L £ -
three lead-halide perovskite materials: CH;NH;Pbl;, HC(NH,),PbL;, and
CsPbl;. It is found that the relaxation of hot carriers to the band edges occurs
on the ultrafast time scale and displays a strong quantitative dependence on

the nature of the cations. The obtained results are explained in terms of
electron—phonon couplings, which are strongly affected by the atomic
displacements in the Pb—I framework triggered by the cation dynamics.

Recently, organometallic lead-halide-based perovskites have density functional theory (DFT). In order to identify the role

attracted a lot of attention as promising solar harvesting played by the cations during the cooling process, we considered

materials with the efficiency already exceeding 22%" (see refs 2 three different halide perovskites in their cubic crystalline
and 3 for reviews). Such a high performance of perovskite solar phases: CH;NH;Pbl; (MAPbL;), HC(NH,),Pbl, (FAPbL;),
cells is related to favorable electronic, optical, and transport and CsPbl;. We found that for most of the excitation energies,
properties. These properties can be further refined by chemical both hot electrons and holes relax slower in CsPbl; as
engineering, e.g,, through mixing of halogen atoms.*™° Organic compared to the other two systems. This is explained in terms
cations also play an important role in determining the of the reduced electron—phonon couplings in the all-inorganic
photoconversion performance of perovskite-based solar system due to reduced interaction between the Cs cations and
cells.”~"® Photoexcited state properties of hybrid perovskite the Pbly inorganic framework. To stress the effect of cations
materials have also been the subject of recent extensive dynamics on the cooling process, we conducted simulations for
theoretical and experimental investigations.m_20 It is known MAPbI; system by freezing the methylammonium (MA)
that the hot carrier cooling process depends on both sample molecules. Significant enhancement of the relaxation time is
properties and external conditions such as excitation energy or obtained in the latter system, which also emphasizes the
photon fluence (i.e., carrier density). Recent experiments show profound role of cation dynamics in hot carrier dynamics in
the possibility of increasing the cooling time of hot carriers by lead halide perovskites.
almost 1 order of magnitude by increasing the excitation pump Figure 1 depicts a schematic of the hot charge carrier
fluence.”' ™ Yang et al>* reported a further increase of the relaxation processes. The relaxation dynamics of hot electrons
relaxation time at higher carrier densities which was related to is investigated by exciting the electrons from the valence band
the hot phonon bottleneck effect. maximum (VBM) to the conduction band states with an excess

Despite recent progress in hybrid perovskite solar cell energy AE, above the conduction band minimum (CBM) (see
development, a little attention has been paid to the effect of the Figure 1). In this scenario only hot electrons are formed, and
cations on hot carrier relaxation dynamics. On the other hand, the holes will always be in the lowest energy state. Similarly, the
fundamental understanding of the excited-state properties and cooling of the hot holes is studied by promoting electrons from
charge carrier dynamics in these materials is essential for the states with an excess energy AE; below VBM to the CBM.
improving the photovoltaic performance of solar cell devices.
Therefore, in this work, we investigated hot carrier cooling in Received: July 6, 2017
perovskite materials using nonadiabatic molecular-dynamics Accepted: September 1, 2017
(NAMD) simulations in combination with time-dependent Published: September 1, 2017
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Figure 1. Schematic diagram representing hot carrier relaxation
dynamics in the system.

Thus, the dynamics of hot electrons and hot holes is studied
separately. The cooling processes are driven mainly by the
carrier—carrier and carrier—phonon interactions. The last
interactions drive the hot carriers to relax by transferring
their energy to the lattice. The carrier—carrier interaction was
identified to be the dominant process in the first step of the
buildup of a thermal Boltzmann distribution (after optical
excitation of the perovskite material).”> Depending on the
carrier density, the time for this thermal distribution was
reported to be in the range from 8 to 85 fs.”” Because the
electron—hole interaction is neglected in our approach, which is
in part justified by the small exciton binding energy in these
perovskite materials,”*>’ the cooling of hot carriers occurs
because of the interaction between charge carriers of the same
type and carrier—phonon interactions. We describe the
relaxation process using NAMD in combination with Tully’s
surface hopping method.”

Figure 2 illustrates the computed dynamics of charge carrier
relaxation in three materials. To facilitate the comparison, we
consider the comparable amounts of the excess energy in all of
them. Figure 2a shows the relaxation kinetics of the hot
electrons for the excitation energies AE, ~ 0.31 eV (CBM + 2),
AE, ~ 0.31 eV (CBM + 4), and AE, ~ 0.27 eV (CBM + 3),
respectively, for MAPbI,;, FAPbL;, and CsPbl; samples. It is
seen from this figure that the fastest relaxation of hot electrons
occurs in FAPbI; (blue curve), whereas much slower cooling is
obtained in CsPbl; (black curve). Similar results are obtained
for hot hole cooling processes (see Figure 2b): the slowest
nonradiative relaxation is obtained for the fully inorganic
system, whereas hot holes relax to the lowest energy states
much faster in the two hybrid perovskites.

Figure 3a,b shows the population decay of hot electrons (a)
and hot holes (b) promoted to different excited states with
similar excess energies AE (see preceding paragraph for the
values of AE, and AE,). Hot electrons in FAPbI; completely
relax to the lower energy states already after 1 ps (blue curve in
Figure 3a). This process is 2-fold slower in the MAPbI; system
(red curve in Figure 3a). The slowest relaxation of hot electrons
is obtained for the fully inorganic system: less than 80% of the
electronic population is transferred to lower states after 2 ps of
time (black curve in Figure 3a). Similar results are obtained for
hot hole population decay: hot holes relax to the lowest energy
state in hybrid systems almost 4 times faster as compared to the
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Figure 2. Time evolution of the Kohn—Sham population-weighted
energies of (a) hot electrons (with excess energies AE, ~ 0.31 eV, AE,
~ 0.31, and AE, = 0.27 eV for MAPbI;, FAPbI;, and CsPbl; samples,
respectively) and (b) hot holes (with excess energy AE, = 0.28 eV for
all three systems). AE is calculated with respect to the CBM and VBM
for hot electrons and hot holes, respectively.

case of the CsPbl; sample (Figure 3b). In order to quantify the
cooling time of hot charge carriers, we fitted the population
decay curves by the sum of an exponential plus a Gaussian
function:*’

f(t) = a4 (1 - a)e(—(t/rz)z) (1)
Then, the cooling time for hot charge carriers is calculated as”’

)

Tables 1 summarizes the values of the fitting parameter a and
relaxation times for hot electrons and hot holes (see Figures
§3—S5 in the Supporting Information for the fitted curves and
cooling times of the charge carriers excited to different energy
states). For the considered excitation energies, the shortest
relaxation time of hot electrons is found for FAPbI, system (z,
=179.0 fs), whereas the CsPbl; sample gives almost 1 order of
magnitude longer cooling time (7, = 1294.5 fs). In addition, the
electron population relaxation curve in FAPbI; is fully
exponential (ie, a = 1), whereas for thte CsPbl, system, we
obtained an exponential plus Gaussian relaxation curve (i.e., a <
1). For the MAPbI; system, we also obtained a biexponential
curve (a = 0.568) with relaxation time 7, = 617.4 fs. The largest
hot hole relaxation time was also obtained for the fully
inorganic system (ry, = 762.8 fs), as compared to the other

t=ar + (1 - a)g,
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Figure 3. Population dynamics of hot electrons (a) and hot holes (b)
excited to different energy states with similar excess energies.

Table 1. Parameters of the Exponential Plus Gaussian Fit to
Hot Electron and Hot Hole Population Decays As Shown in
Figure 3

FAPbL, MAPbI, CsPbI,
a, 1.00 0.568 0421
7, (fs) 179.0 6174 1294.5
ay 1.0 0.78 0.67
7 (fs) 203.1 146.2 762.8

hybrid systems. However, hole relaxation curves follow an
exponential behavior (ie, a = 1).

To understand the difference in the relaxation process of hot
charge carriers in the considered perovskite systems, we
computed the carrier—phonon nonadiabatic couplings
(NACs) between states in both the valence and conduction
bands. Figure 4 shows the NAC absolute value averaged over
3.5 ps molecular dynamics (MD) trajectories, where i = 0
means the VBM state and i = 1 is the CBM state. In all cases,
the coupling along the subdiagonal lines are strong, indicating
that nonradiative transitions are most likely to occur between
adjacent states (for more details see Table S2). Small NAC is
obtained between the states separated by a large gap. This
behavior is expected, knowing the fact that the strength of the
NAC is inversely proportional to the difference between the
energy levels.>*! However, direct population transfer between
the initial state and the lower excited states (band edges) is also
possible because of the nonvanishing NAC between these two
states. This indicates that the mechanism of carrier relaxation
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Figure 4. Average magnitude of the carrier—phonon nonadiabatic
couplings (in units of millielectronvolts) for the three perovskites
systems: FAPbL; (a), MAPbI; (b), and CsPbl; (c). Here, i = 0 means
the VBM state and i = 1 is the CBM state; other states are assigned
indices based on these two reference points.

goes beyond the sequential stepwise fashion and may include
several relaxation channels activated in parallel. Clearly, NAC
between the states in the valence band (negative Kohn—Sham
indices) is significantly larger as compared to the NAC in the
conduction band (positive Kohn—Sham indices) (see also
Table S2). The reason for such stronger coupling is the larger
density of states (DOS) in the valence band as compared to the
DOS in the conduction band (see Figure S2). Notice also that
the NAC becomes smaller between states close to the VB or
CB edges. The largest NACs are found for the FAPDI;, which
might explain the faster relaxation of hot charge carriers in this
material. The analysis of the partial DOS shows a notable
fraction of the FA cation states mixing into the CB and VB.
Consequently, the motion of the FA cation will cause larger
changes of the wave functions leading to larger couplings. The
smallest NAC is obtained for the CsPbl; system as compared to
the other systems, which explains the slowest relaxation of the
hot carriers in the former system.

Analysis of the partial DOS (Figure S2) shows that the VB
states of all studied perovskite systems consist mainly of the I
Sp orbitals that overlap with the Pb 6p and Pb 6s positioned
closely to the band edges. The CB states close to the edge are
dominated by Pb 6p orbitals. Consequently, for small excess
energies, the hot electrons relax mainly via the motion of Pb
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atoms and the hot holes via the motion of both I and Pb atoms.
For states close to the CBM, and for an excess energy up to 1
eV, the contribution of the cation to the DOS is not significant
and the main contribution to the DOS comes from Pb 6p (see
Figure S2). This indicates that only high-energy photons can
excite the electronic states localized within the MA, FA, and Cs
cations. It is worth noting that the states of the FA cation are
well mixed into the CB and VB, whereas for states of the MA
and Cs, cations mix only in the VB states. As already
mentioned, the orbitals near the conduction band edge mostly
consist of contributions from the Pb p orbitals; consequently,
the NAC between electronic states should be highly sensitive to
the displacements of the Pb atoms. Similarly, the NAC between
hole states should be sensitive to the motion of both I and Pb
atoms. To quantify the effect of the cationic motion on the
dynamics of the P—I framework, we have computed the
magnitude of atomic fluctuations using the ensemble-averaged

standard deviation 6, = +/(r*)—(r,)*, following the approach
previously applied to black phosphorus.”* The values obtained
for Pb atoms are oy, = 0.098, 0.117, and 0.131 A for CsPbl,,
MAPbI;, and FAPDI;, respectively, showing that Pb atoms in
the CsPbl; are less mobile than in the other two systems.
Consequently, the smaller average displacement of the Pb
atoms results in weaker NACs.

Figure S illustrates the dependence of the electron (a) and
hole (b) relaxation times as a function of excess energies AE,
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Figure 5. Cooling time of hot electrons (a) and hot holes (b) as a
function of excess energies in CsPbl; (solid circles), FAPbI; (blue
squares), and MAPbI; (red triangles) perovskite systems.
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Figure 6. Relaxation time of hot electrons as a function of excitation

energy in MAPbI; when MA molecules are free to move (black circles)
and when they are frozen (red squares).

and AE, for all three considered systems. As a general trend,
the relaxation time decreases with increasing the excitation
energy for both electrons and holes. Also seen from this figure
is a clear and strong increase in the carrier cooling time for
small excess energies. For the MAPbI; and FAPDI; systems, a
saturation can be observed for the excess energies starting from
0.3 eV. In most of the cases, the relaxation time of electrons is
longer than the one of the holes for a given value of the excess
energy. As we have mentioned above, much slower cooling
dynamics of charge carriers is obtained in the case of all-
inorganic perovskite CsPbl; as compared to the other two
organic—inorganic perovskite systems. In fact, the relaxation
time of the hot carriers can be more than three times greater in
the latter system. This indicates the profound role of the
cations on the cooling process of the charge carriers in lead-
halide perovskites. Note that in the present study, only carrier—
phonon interaction contributes to hot carrier relaxation
dynamics. Further studies are needed to investigate and identify
the effect of carrier—carrier interaction on the nonradiative
relaxation dynamics of hot carriers.

Next, we compare our computational findings on the
relaxation time of hot carriers with the experimental results.
Recently, Piatkowski et al.”’ experimentally estimated the
cooling time for hot hole in FAPbI; to be 300 fs. Niesner et
al.** reported that hot electrons in MAPbI, with excess energy
~1 eV above the CBM cool initially in about 280 fs, leaving an
electron excess energy ~0.25 eV which in turn decays in very
slow regime with a time scale of about ~100 ps. Mondal and
Samanta” studied the charge carrier dynamics in all-inorganic
perovskite nanocrystals CsPbl; and estimated the hot electron
cooling time to be in the range of 0.5—1 ps depending on the
excitation energy. Our computed values for the cooling time of
hot charge carriers are in good agreement with these
experimental results. In other recent experiments an eflicient
slowing of the hot carrier cooling has been re-
ported, *"***>353¢ yhich was attributed to a hot phonon
bottleneck effect that results in carrier reheating by
reabsorption of the optical phonons. Our results are in good
agreement with experimental values for low excitation pump
fluences.”"***> Note that our model does not quantitatively
capture the cooling time for hot carriers with excess energies
less than 0.25 eV for which the formation of large polarons is
possible.”* In addition, we use only I' point Brillouin zone
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Figure 7. Carrier—phonon nonadiabatic couplings (in millielectronvolts) for MAPbI; when the MA molecules are free to move (a) and when they
are frozen (b). The same index notations for the couplings are used as in Figure 4.

sampling during the excited-state dynamics (ie, I valley
cooling), which does not allow us to account for relaxations of
charge carriers between different symmetry points in the energy
band structure (i.e., transition between M and I points*°). This
requires further research to identify the effect of valley-specific
transitions on the cooling process of hot charge carriers. It is
worth mentioning that the hydrogen bonding interactions®”**
between the organic cations and the inorganic framework may
also contribute to the charge carrier dynamics. However,
further investigations are needed to identify the effect of
hydrogen bonding interactions on the hot carrier cooling
process.

To emphasize the importance of the cation nature on the
relaxation process of hot charge carriers, we artificially
constrained the cation motion in the MAPDI; system. This
resulted in an increase of hot electron cooling time by a factor
of 3 for all values of AE, (Figure 6). This can be explained in
terms of the strongly reduced NACs in the latter systems, as
shown in Figure 7. The reduction in the NACs are obtained for
both valence and conduction bands and can be related to
smaller vibrations of the Pb—I framework. The calculated o
values for Pb(I) atoms is 0.108(0.151) A and 0.117(0.161) A
for frozen and mobile MA systems, respectively. Thus, the
magnitude of the cation motion can impact significantly the hot
carrier cooling process. This sheds light on the cation mixing
and engineering strategies in order to slow the carrier cooling
process and to enable their collection before the excess energy
dissipates to the lattice.

In summary, the nonradiative relaxation dynamics of hot
carriers in FAPbI;, MAPbI;, and CsPbl; perovskites has been
studied using NAMD simulations in combination with time-
dependent DFT. The ultrafast relaxation of hot carriers to the
band edges is obtained, which is in good agreement with recent
experiments conducted at low excitation pump fluences. Our
study reveals that the cooling of hot carriers is mediated by the
strength of the displacements of I and Pb atoms due to the
electron—phonon couplings. Interestingly, the cations play a
major role in the hot carrier cooling dynamics. For example, the
motion of MA and FA organic cations enhances electron—
phonon couplings compared to inorganic Cs cations, therefore
leading to a faster cooling dynamics. Considerable increase in
the relaxation time was also obtained when the MA molecules
in MAPDI; were artificially frozen. Our findings reveal that the
cation motion has a strong impact on the hot carrier cooling
process. Therefore, cation mixing and engineering could be
possible strategies leading to a slowing of the cooling process.
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B COMPUTATIONAL METHODS

The carrier relaxation dynamics is studied using NAMD
simulations implemented in the PYthon eXtension for Ab
Initio Dynamics (PYXAID)*~*' package. The computational
approach is based on a combination of the fewest-switches
surface hopping approach®® and Kohn—Sham single-particle
description within the so-called neglect of back-reaction
approximation (NBRA). The coordinates of the initial
structures were optimized using the Vienna ab initio simulation
package (VASP).*”*’ The generalized gradient approximation
(GGA) of Perdew—Burke—Ernzerhof (PBE)** was used to
represent the exchange-correlation functional. Electronic
structure calculations and adiabatic molecular dynamics are
carried out using the Quantum Espresso (QE) code.”
Dispersion correction vdW-DF-obk8*® implemented in QE
was used to account for van der Waals interactions. More
details about the simulation and the NAMD methodology can
be found in refs 39—41 and in theSupporting Information. Our
model systems consist of 2 X 2 X 2 unit cells of MAPDI;,
FAPDI;, and CsPbl; cubic phase perovskites for which the band
gaps are along the I' point (see Figure S1). Therefore, the
excited-state calculations are performed using I" point Brillouin
zone integration. Ground-state molecular dynamics trajectories
are sampled from the NVT ensemble utilizing the velocity
Verlet scheme®” combined with the Andersen thermostat.*
The 7 ps trajectories are obtained with the integration time step
of 1 fs and the Andersen thermostat collision frequency of 0.05
fs.. The initial 1 ps of the trajectory were used for nuclear
subsystem thermalization (equilibration). The subsequent 6 ps
were used for the NAMD simulations and for the analysis. The
hot carrier relaxation processes is studied by choosing a
minimal basis of adiabatic excited states represented by excited
Slater determinants constructed from the Kohn—Sham
orbitals.*” In order to get reliable statistics, the results are
averaged over 1000 stochastic realizations of the surface
hopping algorithms and over 20 starting geometries. The hot
carrier relaxation dynamics is investigated by computing the
average energy and population of several excited charge carrier
states.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.7b01732.

Lattice parameters used in the simulations; averaged
values of NACs; electronic band structures; density of
states; electronic population dynamics in FAPbI;,
MAPbL, and CsPbl, (PDF)

DOI: 10.1021/acs jpclett.7b01732
J. Phys. Chem. Lett. 2017, 8, 4439—4445


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01732/suppl_file/jz7b01732_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01732/suppl_file/jz7b01732_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.7b01732
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.7b01732/suppl_file/jz7b01732_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.7b01732

The Journal of Physical Chemistry Letters

B AUTHOR INFORMATION

Corresponding Author

*E-mail: mmadjet@hbku.edu.qa.

ORCID

Mohamed E. Madjet: 0000-0002-8910-2278
Golibjon R. Berdiyorov: 0000-0003-4483-4800
Alexey V. Akimov: 0000-0002-7815-3731

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Dr. M. Carignano and Dr. A. Belaidi from QEERI,
Qatar for useful discussions and Dr. R. Hoehn for his critical
reading of the manuscript. S.K. and F.H.A acknowledge QNRF
Grant No. NPRP 7-317-1-055. Computational resources have
been provided by the research computing center at Texas A&M
University in Qatar. A.V.A. acknowledges the financial support
from the University at Buffalo, The State University of New
York startup package.

B REFERENCES

(1) National Renewable Energy Laboratory. Research Cell Record
Efficiency Chart. https://www.nrel.gov/pv/assets/images/efficiency-
chart.png (accessed June 2, 2017).

(2) Green, M. A; Ho-Baillie, A;; Snaith, H. J. The emergence of
perovskite solar cells. Nat. Photonics 2014, 8, S06—514.

(3) Hsiao, Y. C; Wu, T.,; Li, M; Liu, Q; Qin, W,; Hu, B.
Fundamental physics behind high-effciency organo-metal halide
perovskite solar cells. . Mater. Chem. A 20185, 3, 15372—15385.

(4) Amat, A; Mosconi, E.; Ronca, E; Quarti C; Umari, P,
Nazeeruddin, M. K; Gritzel, M.; De Angelis, F. Cation-induced band-
gap tuning in organohalide perovskites: Interplay of Spin-Orbit
Coupling and Octahedra Tilting. Nano Lett. 2014, 14, 3608—3616.

(5) Jeon, N. J.; Noh, J. H,; Yang, W. S; Kim, Y. C,; Ry, S.; Seo, J;
Seok, S. Compositional engineering of perovskite materials for high-
performance solar cells. Nature 2015, 517, 476—480.

(6) Berdiyorov, G. R; Madjet, M. E; El-Mellouhi, F.; Kais, S.;
Peeters, F. M. Effect of halide-mixing on the electronic transport in
organometallic perovskite CH;NH;Pbl;. Sol. Energy Mater. Sol. Cells
2016, 148, 2—10.

(7) Mosconi, E.; Amat, A,; Nazeeruddin, Md. K; Gritzel, M; De
Angelis, F. First-principles modeling of mixed halide organometal
perovskites for photovoltaic applications. J. Phys. Chem. C 2013, 117,
13902—-13913.

(8) Motta, C.; El-Mellouhi, F.; Kais, S.; Tabet, N.; Alharbi, F.;
Sanvito, S. Revealing the role of organic cations in hybrid halide
perovskite CH;NH;PbI;. Nat. Commun. 2018, 6, 7026.

(9) Berdiyorov, G. R; Carignano, M. A.; El-Mellouhi, F.; Kachmar,
A.; Madjet, M. E. Role of cations on the electronic transport and
optical properties of lead-iodide perovskite. J. Phys. Chem. C 2016, 120,
16259—16270.

(10) Leguy, A. M. A;; et al. The dynamics of methylammonium ions
in hybrid organic-inorganic perovskite solar cells. Nat. Commun. 20185,
6, 7124.

(11) Manser, J. S.; Kamat, P. V. Band filling with free charge carriers
in organometal halide perovskites. Nat. Photonics 2014, 8, 737—743.

(12) Sheng, C. X; Zhang, C.; Zhai, Y.; Mielczarek, K.; Wang, W.; Ma,
W.; Zakhidov, A.; Vardeny, Z. V. Exciton versus free carrier
photogeneration in organometal trihalide perovskites probed by
broadband ultrafast polarization memory dynamics. Phys. Rev. Lett.
2015, 114, 116601.

(13) Even, J.; Pedesseau, L.; Katan, C. Analysis of multivalley and
multibandgap absorption and enhancement of free carriers related to
exciton screening in hybrid perovskites. J. Phys. Chem. C 2014, 118,
11566—11572.

4444

(14) Liu, J.; Prezhdo, O. V. Chlorine doping reduces electron-hole
recombination in lead iodide perovskites: time-domain Ab Initio
analysis. J. Phys. Chem. Lett. 2015, 6, 4463—4469.

(15) Ponseca, C. S., Jr.; Hutter, E. M.; Piatkowski, P.; Cohen, B.;
Pascher, T.; Douhal, A; Yartsev, A,; Sundstrém, V.; Savenije, T. J.
Mechanism of charge transfer and recombination dynamics in organo
metal halide perovskites and organic electrodes, PCBM, and spiro-
OMeTAD: role of dark carriers. J. Am. Chem. Soc. 2015, 137, 16043—
16048.

(16) Piatkowski, P.; Cohen, B.; Ponseca, C. S., Jr.; Salado, M.; Kazim,
S.; Ahmad, S.; Sundstrém, V.; Douhal, A. Unraveling charge carriers
generation, diffusion, and recombination in formamidinium lead
triiodide perovskite polycrystalline thin film. J. Phys. Chem. Lett. 2016,
7, 204—210.

(17) Nguyen, T. S.; Parkhill, J. Nonradiative relaxation in real-time
electronic dynamics OSCF2: organolead triiodide perovskite. J. Phys.
Chem. A 2016, 120, 6880—6887.

(18) Wright, A. D.; Verdi, C; Milot, R. L.; Eperon, G. E.; Pérez-
Osorio, M. A.; Snaith, H. J.; Giustino, F.; Johnston, M. B.; Herz, L. M.
Electron-phonon coupling in hybrid lead halide perovskites. Nat.
Commun. 2016, 7, 1175S.

(19) Yang, J.; Wen, X.; Xia, H.; Sheng, R.; Ma, Q.; Kim, J.; Tapping,
P.; Harada, T. L; Kee, T. W.; Huang, F.; et al. Acoustic-optical phonon
up-conversion and hot-phonon bottleneck in lead-halide perovskites.
Nat. Commun. 2017, 8, 14120.

(20) Mondal, N.; Samanta, A. Complete ultrafast charge carrier
dynamics in photo-excited all-inorganic perovskite nanocrystals
(CsPbX;). Nanoscale 2017, 9, 1878—1885.

(21) Price, M. B.; Butkus, J.; Jellicoe, T. C.; Sadhanala, A.; Briane, A.;
Halpert, J. E,; Broch, K; Hodgkiss, J. M.; Friend, R. H.; Deschler, F.
Hot-carrier cooling and photoinduced refractive index changes in
organic-inorganic lead halide perovskites. Nat. Commun. 2015, 6, 8420.

(22) Li, M; Bhaumik, S.; Goh, T. W.; Kumar, M. S.; Yantara, N.;
Gritzel, M.; Mhaisalkar, S.; Mathews, N.; Sum, T. C. Slow cooling and
highly efficient extraction of hot carriers in colloidal perovskite
nanocrystals. Nat. Commun. 2017, 8, 14350.

(23) Xing, G.; Mathews, N.; Sun, S.; Lim, S. S.; Lam, Y. M.; Gritzel,
M.,; Mhaisalkar, S.; Sum, T. C. Long-range balanced electron- and
hole-transport lengths in organic-inorganic CH3;NH;Pbl;. Science
2013, 342, 344—347.

(24) Yang, Y.; Ostrowski, D. P.; France, R. M.; Zhu, K; van de
Lagemaat, J.; Luther, J. M.; Beard, M. C. Observation of a hot-phonon
bottleneck in lead-iodide perovskites. Nat. Photonics 2016, 10, 53—59.

(25) Richter, J. M.; Branchi, F.; de Almeida Camargo, F. V.; Zhao, B.;
Friend, R. H.; Cerullo, G.; Deschler, F. Ultrafast carrier thermalization
in lead iodide perovskite probed with two-dimensional electronic
spectroscopy. Nat. Commun. 2017, 8, 376.

(26) Galkowski, K.; Mitioglu, A.; Miyata, A.; Plochocka, P.; Portugall,
O.; Eperon, G. E.;; Wang, J. T.-W.; Stergiopoulos, T.; Stranks, S. D;
Snaith, H. J; Nicholas, R. J. Determination of the exciton binding
energy and effective masses for methylammonium and formamidinium
lead tri-halide perovskite semiconductors. Energy Environ. Sci. 2016, 9,
962—970.

(27) Herz, L. M. Charge-carrier dynamics in organic-inorganic metal
halide perovskites. Annu. Rev. Phys. Chem. 2016, 67, 65—89.

(28) Tully, J. C. Molecular dynamics with electronic transitions. J.
Chem. Phys. 1990, 93, 1061.

(29) Fischer, S. A.; Lingerfelt, D. B.; May, J. W.; Li, X. Non-adiabatic
molecular dynamics investigation of photoionization state formation
and lifetime in Mn**-doped ZnO quantum dots. Phys. Chem. Chem.
Phys. 2014, 16, 17507—17514.

(30) Tavernelli, 1; Tapavicza, E.; Rothlisberger, U. Nonadiabatic
coupling vectors within linear response time-dependent density
functional theory. J. Chem. Phys. 2009, 130, 124107.

(31) Lin, Y.; Akimov, A. V. Dependence of nonadiabatic couplings
with Kohn-Sham orbitals on the choice of density functional: pure vs
hybrid. J. Phys. Chem. A 2016, 120, 9028—9041.

(32) Long, R; Fang, W.; Akimov, A. V. Nonradiative electron-hole
recombination rate is greatly reduced by defects in monolayer black

DOI: 10.1021/acs jpclett.7b01732
J. Phys. Chem. Lett. 2017, 8, 4439—4445


mailto:mmadjet@hbku.edu.qa
http://orcid.org/0000-0002-8910-2278
http://orcid.org/0000-0003-4483-4800
http://orcid.org/0000-0002-7815-3731
https://www.nrel.gov/pv/assets/images/efficiency-chart.png
https://www.nrel.gov/pv/assets/images/efficiency-chart.png
http://dx.doi.org/10.1021/acs.jpclett.7b01732

The Journal of Physical Chemistry Letters

phosphorus: Ab Initio time domain study. J. Phys. Chem. Lett. 2016, 7,
653—659.

(33) Piatkowski, P.; Cohen, B,; Kazim, S.; Ahmad, S.; Douhal, A.
How photon pump fluence changes the charge carrier relaxation
mechanism in an organic-inorganic hybrid lead triiodide perovskite.
Phys. Chem. Chem. Phys. 2016, 18, 27090.

(34) Niesner, D.; Zhu, H.; Miyata, K.; Joshi, P. P.; Evans, T. J. S,;
Kudisch, B. J.; Trinh, M. T.; Marks, M.; Zhu, X.-Y. Persistent energetic
electrons in methylammonium lead iodide perovskite thin films. J. Am.
Chem. Soc. 2016, 138, 15717—15726.

(35) Bretschneider, S. A,; Laquai, F.; Bonn, M. Trap-free hot carrier
relaxation in lead-halide perovskite films. J. Phys. Chem. C 2017, 121,
11201-11206.

(36) Monahan, D. M,; Guo, L;; Lin, J.; Doy, L.; Yang, P.; Fleming, G.
R. Room-temperature coherent optical phonon in 2D electronic
spectra of CH;NH;Pbl; perovskite as a possible cooling bottleneck. J.
Phys. Chem. Lett. 2017, 8, 3211-3215.

(37) El-Mellouhi, F.; Marzouk, A.; Bentria, E.; Rashkeev, S. N.; Kais,
S.; Alharbi, F. H. Hydrogen bonding and stability of hybrid organic-
inorganic perovskites. ChemSusChem 2016, 9, 2648.

(38) Weller, M. T.; Weber, O. J.; Frost, J. M.; Walsh, A. Cubic
perovskite structure of black formamidinium lead iodide, a-[HC-
(NH,),]Pbl, at 298 K. J. Phys. Chem. Lett. 2015, 6, 3209—3212.

(39) Akimov, A. V.; Prezhdo, O. V. The PYXAID program for non-
adiabatic molecular dynamics in condensed matter systems. J. Chem.
Theory Comput. 2013, 9, 4959—4972.

(40) Akimov, A. V.; Prezhdo, O. V. Advanced capabilities of the
PYXAID program: integration schemes, decoherence effects, multi-
excitonic states, and field-matter interaction. J. Chem. Theory Comput.
2014, 10, 789—804.

(41) Madjet, M. E.; Akimov, A. V.; El-Mellouhi, F.; Berdiyorov, G. R;
Ashhab, S.; Tabet, N.; Kais, S. Enhancing the carrier thermalization
time in organometallic perovskites by halide mixing. Phys. Chem. Chem.
Phys. 2016, 18, 5219—5231.

(42) Kresse, G.; Furthmuller, J. Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 1996, 6, 15—50.

(43) Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B: Condens. Matter
Mater. Phys. 1999, 59, 1758—1775.

(44) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(45) Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R;
Cavazzoni, C.; Ceresoli, D.; Chiarotti, G. L.; Cococcioni, M.; Dabo, L;
et al. QUANTUM ESPRESSO: a modular and open-source software
project for quantum simulations of materials. J. Phys.: Condens. Matter
2009, 21, 395592.

(46) Klimes, J.; Bowler, D. R;; Michaelides, A. Chemical accuracy for
the van der Waals density functional. J. Phys.: Condens. Matter 2010,
22, 022201-022206.

(47) Verlet, L. Computer "Experiments” on classical fluids. I
thermodynamical properties of lennard-jones molecules. Phys. Rev.
1967, 159, 98—103.

(48) Andersen, H. C. Molecular dynamics simulations at constant
pressure and/or temperature. J. Chem. Phys. 1980, 72, 2384—2393.

(49) Craig, C.; Duncan, W.; Prezhdo, O. Trajectory surface hopping
in the time-dependent Kohn-Sham approach for electron-nuclear
dynamics. Phys. Rev. Lett. 2005, 95, 163001.

4445

DOI: 10.1021/acs jpclett.7b01732
J. Phys. Chem. Lett. 2017, 8, 4439—4445


http://dx.doi.org/10.1021/acs.jpclett.7b01732

