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ABSTRACT: Controlling the photoexcited properties and behavior of hybrid perovskites by ~Methyl Ammonlum Pb Br; CL,

halide doping has the potential to impact a wide range of emerging technologies, including
solar cells and radiation detectors. Crystalline samples of methylammonium lead bromide
substituted with chlorine (MAPbBr;_,Cl,) were examined by transient reflectivity spectroscopy
and nonadiabatic molecular dynamics simulations. At picosecond time scales, the addition of
chlorine to the perovskite crystal increased the observed rate of hot carrier cooling and the
calculated electron—phonon coupling constants. Chlorine-doped samples also exhibit a slower

surface recombination velocity and a smaller ambipolar mobility.

ybrid organic—inorganic perovskites (HOIP) have

emerged as a potential rival to silicon as the semi-
conductor of choice in optoelectronic applications.' > HOIP
rose to prominence due to their rapidly improving perform-
ance as photovoltaic solar cells, demonstrating similar
efficiencies to conventional Si and GaAs semiconductors.'
Currently, hybrid perovskites are in the early stages of
development for other possible uses such as thin film
transistors, photodetectors,6 radiation detectors,”® optical
gain media,” and light emitting devices.'™*? Improving and
optimizing HOIP to efficiently control energy and charge
generation and transfer for technological applications requires
a detailed understanding of the interplay between chemical
composition, electronic structure, and optical properties.

The most common HOIPs are methylammonium lead
halides (MAPbX,), which are formed by a lead halide anion
[PbXs]* (X = Cl, Br, or I) placed in an octahedral network
stabilized by a methylammonium (MA) cation [CH,NH;]*
the center of the octahedra.'”'* MAPbX; is a direct gap
semiconductor that exhibits sharp band edge absorption and
strong photoluminescence. Halide substitution or alloying has
a significant impact on the electronic structure and photo-
physical properties,'>'® as these ions make a large contribution
to the valence band structure.”'® For example, chlorine
doping in MAPDbBr; during testing of y-radiation detectors
shows improvement in the sensitivity and spectral resolution of
y-ray detection.'” The mechanisms of this enhancement are
still poorly understood, despite their importance for the
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development of y-ray detectors with enhanced performance
and reduced cost.

Here, we investigate the hot carrier cooling and surface
single crystals.
These processes are critical in enabling the enhanced
electronic transport and charge collection found in photo-
voltaic devices based on these materials. Rapid hot carrier
cooling, mediated by electron—phonon coupling, prevents

recombination dynamics of MAPbBr;_ Cl,

carrier trapping and promotes radiative relaxation and has been
shown to improve performance in light emitting devices.”®
High surface carrier recombination rates lead to unfavorable
performance in many HOIP devices, as the photocarriers are
In this
work, we combine ultrafast optical measurements with first-

quenched before they can be separated and collected.”’

principles calculations to demonstrate that a small percentage
of Cl substitution in MAPbBr; crystals leads to significantly
faster carrier cooling dynamics and lower surface recombina-
tion rates, which may be responsible for the observed
improvement in the performance of high-energy radiation
detectors and other optoelectronic devices.
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Figure 1. (A) Pictures of MAPbBr;_,Cl, single crystals, where x = 0, 0.06, 0.1S, 0.30, 0.60. (B) X-ray powder diffraction results. Vertical dashed
lines are a guide to illustrate the slight peak shift to large angles for increased doping.

MAPDbBr;_,Cl, single crystals were grown using the inverse
temperature crystallization growth method.”” Crystals were
doped with CI with x = 0 (0%), 0.06 (2%), 0.15 (5%), 0.30
(10%), and 0.60 (20%) and grown to about 5 X § X 2 mm?>, as
shown in Figure 1A. Powder X-ray diffraction patterns for each
composition are shown in Figure 1B. We observe a slight shift
in peak position toward larger angles showing a decrease in the
lattice parameter when increasing the doping amount of CL
The calculated lattice parameter decreases from 5.92 A in
MAPDbBr; to 5.85 A in MAPbBr, ,Clys, (20%) as expected
when the smaller CI are substituted. In previous work, we have
deeply investigated absorption and photoluminescence char-
acterizations of Cl-doped MAPbBr;."” Absorption and photo-
luminescence spectra of MAPDbBr;_,Cl, samples show the
onset of absorption increasing in photon energy as the doping
percentage is increased similar to MAPbI,_Br,."” The band
gaps are 2.14, 2.17, and 2.19 eV for the undoped, 2% Cl, and
5% Cl doped samples, respectively. Higher percentages of Cl
doping, which could not be measured by pump—probe
spectroscopy due to increased nonuniformity and light
scattering, further raise the band gap to 2.25 and 2.34 eV at
10% and 20% Cl, respectively. Computational results for the
mixed anion perovskites match reasonably well to the
experimental band gap measurements (Figure S1). MAPbBr,
is a direct gap semiconductor where the valence band is mainly
composed of halide p orbitals with small contributions from
the Pb 6s orbitals and the conduction band is mostly
composed of nonbonding Pb 6p orbitals with small
contributions from the halide p orbitals (Figure §2).!718

To observe the effects of Cl doping on the photodynamics of
MAPDbBr;_,Cl, the transient reflectivities of three samples, x =
0 (0%), 0.06 (2%), and 0.15 (5%), were measured using
femtosecond (fs) degenerate pump—probe spectroscopy at
400 nm (10 nm fwhm). All single crystals demonstrated an
increase in reflectivity immediately after the pump pulse, due
to the pump induced change in the refractive index as electrons
that are excited into the conduction band decrease the
absorption coefficient.”" Figure 2 shows measured reflectivity
transients (AR/R) from our samples, with an initial ultrafast
rise over the first few picoseconds, followed by a long decay
which persists past our measurement limit of 1 ns. The pristine
sample has a longer initial rise (Figure 2B) and faster decay
dynamics (Figure 2A) than that of the 2% and 5% Cl-doped
samples.

Reflectivity transients do not show any significant pump
fluence dependence between 19 and 39 uJ/cm® besides the
expected linear change of the total signal amplitude (Figure
2C), as similarly observed by Beard and co-workers with
undoped MAPbBr; crystals.”' The rising component is
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Figure 2. Measured reflectivity transients. Normalized and averaged
transients (symbols) with exponential fits (lines) show the pristine
sample has the fastest decay dynamics (A) while those in the doped
samples are slower and are very similar to one another. In contrast,
the pristine sample has the slowest rise dynamics, while the 5% Cl
sample has the fastest (B). Energy fluence-dependent measurements
(C) of the 0% sample. Doping dependence of the rise time, 7 o), from
exponential fits (D) of reflectivity transients with the average (over all
energy fluences), 7., shown by the dotted line. There is no clear
excitation fluence dependence of 7., for each Cl doping level
Increases in Cl doping percentage are concomitant to decreases in

Teool*

attributed to a hot carrier cooling process that occurs after
the dissociation of excitons and formation of free carriers in
~100 fs.”> The reflectivity increases as the hot electrons relax
to the bottom of the conduction band nonradiatively by
scattering and thermalization with phonons.”* The decaying
component is attributed to surface recombination of the
excited electrons back to the valence band and diffusion of the
carriers out of the probe volume (30 ym diameter with ~100
nm penetration depth) and into the bulk.”' Radiative first-
order recombination effects are not considered here because
phcz)foluminescence occurs on a much longer time scale of ~30
ns.

Reflectivity transients were first fitted with an exponential
model incorporating a rising component and three decaying
components (Supporting Information, Eq 1). Figure 2D shows
the comparison of the time constant, 7., for the rising
component at different pump fluences. The general trend is
toward faster cooling with increased Cl doping. The rising
component, 7, for pristine MAPbBr; is 2.1 + 0.15 ps, 1.6 +
0.2 ps for MAPbLClj 4Bry o4 and 1.3 + 0.2 ps for
MAPDCl sBr,g5. Cooling of hot carriers in MAPbBr;_,Cl,
perovskites, 7., & 1.5 ps, is a few times slower than that of

https://dx.doi.org/10.1021/acs.jpclett.0c02243
J. Phys. Chem. Lett. 2020, 11, 8430—8436


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c02243?ref=pdf

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
1 . T T . 1 -
c (A) — - MAPbBr, H :!',: 3.0 (C)
2os -~ MAPDBr, Cl o 18 osh p
'_; == MAPDbBr,,.Cl, 5 4 g 2.5
a o -
Sos 1% osf P
s £ MAPbB = 2.0
=4 ° - Ta <€ 2.
5 04 1 204 ~ - MAPbBr, Cl, 4
kT i =l B
w - - - MAPDBr,,Cl, . g
5 02 . %0.2 1w 1.5
I o -
(& -]
0 L 0 1 " I
0 0.5 1 15 2 25 0 1 2 3 4 MAPbBr; MAPbBr,,sClo.s MAPbBr;5Clo7s
Time (ps) Time (ps)

Figure 3. Simulated temporal evolution of (A) hot electron populations in CBM+7 and in the (B) band edge states, CBM and CBM+1, (see
Supporting Information section S1 for details) of MAPbBrs, MAPbBr, sCl, 5, and MAPbBr, ,5Cly 7s. Solid lines represent the fitted time evolution of
the populations, according to Supporting Information Eqs 3 and S. The faster increase in the cooled electron population for MAPbBr;_,Cl, lattices
indicates faster electron cooling with anion mixing. (C) Calculated hot electron lifetimes of MAPbBr;_,Cl,, as detailed in section S2, Supporting
Information. The lifetime decreases with Cl doping in bromide perovskites.

GaAs, T & 0.5 ps,”> slower than MAPbI, nanocrystals, 7.
~ 0.5 ps,26 and slower than MaPbl, thin films, 7., =~ 0.6 ps.27
The cause of the slower cooling rate compared to MAPDI;
experiments is a matter for future investigation. An initial
hypothesis is that fewer defects present in the single crystals
used in these experiments versus thin films and nanocrystals,
would affect the rate as these faster rates were proscribed to the
activation of traps when carriers are far above the band gap.*
Further experiments with improved white light probing or a
three-pulse pump—push—probe sequence could provide
increased accuracy to the hot carrier cooling rates. The exact
details of carrier cooling in MAPbBr;_,Cl, are under
continuing investigation, but faster carrier cooling with
substitution of a lighter halide agrees with calculations
(discussed below) and previous studies of the all-inorganic
perovskite CsPbBr;.”

The observed rise times do not display a clear dependence
on the pump fluence (Figure 2D), and the variation in 7 ., can
be attributed to small sample inhomogeneity as the crystal is
moved to a new spot for each fluence measurement. A phonon
bottleneck limiting the decay from optical phonons into
acoustic phonons has been shown to slow carrier cooling in
MAPDI;, with 7, & 75 ps, under intense excitation as carrier
density increases. No observed fluence dependence indicates
that the hot carrier phonon bottleneck effect in single crystal
MAPDBTr; is either not present or much smaller than observed
in MAPbI, thin films.>

To deepen the understanding of the influence of Cl doping
on carrier cooling, we performed Nonadiabatic Molecular
Dynamics (NAMD) simulations on MAPbBr; and
MAPbBr,_,Cl, (x = 0.50, 0.75) lattices (Supporting
Information section S1B). To model the hot carrier cooling
processes, we studied the relaxation of both types of carriers:
electrons relaxing to the conduction band minimum (CBM)
and holes relaxing to the valence band maximum (VBM). We
calculated the populations of carriers in the initially excited
states and band edge states. The dynamical population and
depopulation rates of these states are directly related to the
carrier relaxation processes after excitation. The decreased
population of the initially excited state and increased
population at the band edges over the simulation times
demonstrate the carrier cooling from high energy states to the
VBM/CBM following photoexcitation. A faster decrease in the
population of the excited state or a faster increase of the
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population of the VBM/CBM corresponds to a faster carrier
cooling process.

To model the hot-electron cooling process, we initially
populate the seventh electronic state above the CBM, or CBM
+7, which is ~3.1 €V above the VBM, to mimic the 3.1 eV
pump laser in the transient reflectivity experiments (Support-
ing Information section S1B). Within hundreds of femto-
seconds the hot electrons depopulate the highest excited state
(Figure 3A) and start accumulating in the conduction band
edge states (Figure 3B). In pristine MAPbBr;, half of the
excited electron population has relaxed to the band edge states
within the first 1.86 ps (Figure 3B). The hot-electron
relaxation from the highest excited state to the conduction
band edge becomes faster with Cl incorporation in
MAPDbBr;_,Cl,. Half of the excited electron population has
relaxed to the band edge within the first 1.39 and 1.11 ps for
MAPDBr, Clys and MAPDBr,,;Clys, respectively. Almost
100% of hot electrons in mixed halide perovskites cool down
to the conduction band edge states within the considered time
scale, 4 ps. However, for pristine MAPDbBr;, a fraction of hot
electrons (~8%) still remain in the excited states after 4 ps,
depicting a slower cooling process compared to mixed halide
samples.

Fitting the population curves with a sum of exponential and
Gaussian functions™ (Supporting Information section S2), we
estimate the hot electron lifetime for MAPbBr; to be 3.0 ps,
which reduces to 1.62 and 1.44 ps for MAPbBr,;Cl,s and
MAPDBr, ,sClys, respectively (Figure 3C and Table S1).
Within the Cl doping limit considered here, we find up to ~2
times faster hot electron cooling in MAPbBr;_,Cl, compared
to MAPbBr;. Additionally, the decrease in the electron
population at the highest excited state (Figure 3A, dashed
and solid red lines) shows faster decay of hot carriers with
anion mixing. This further supports the quicker carrier cooling
process in MAPbBr;_,Cl, lattices. Note that we cannot
quantitatively compare the relative change in the computed
carrier lifetimes with the experimentally calculated rise times,
as the Cl doping concentrations are much higher for
computational models compared to experimental samples.
Nevertheless, the trend of hot electron lifetimes is consistent
for both theoretical and experimental investigations.

We also calculated the relaxation of the excess electron
energy (~0.9 eV) deposited by photoexcitation above the
conduction band edge. All the systems considered here have a
similar distribution of energy states in the conduction and

https://dx.doi.org/10.1021/acs.jpclett.0c02243
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perovskite lattices.

valence bands (Figure S3). The excess energy dissipates faster
(Figure S4) in MAPbBr;_,Cl, compared to MAPbBI;,
supporting the hot electron cooling trend. As the number of
involved electronic states in the cooling process is the same for
pristine and mixed-anion perovskites (Figure S3), we under-
stand that the faster cooling in MAPbBr;_,Cl, originates from
the stronger effective electron—phonon interaction in doped
lattices.

We further model the relaxation of hot holes that are created
deep in the valence band to the VBM. Simulated hot hole
dynamics reveal that these carriers decay at a much faster rate
than hot electrons (Figure SS). Half of the excited holes had
relaxed to the valence band edge within ~0.66—0.75 ps
following the excitation (Figure SS) in MAPbBr;_,Cl,. Fast
cooling of hot holes make these carriers less important for hot
carrier harvesting in halide perovskites.

To understand the influence of anions on the carrier cooling
rates in MAPbBr;_,Cl, at the microscopic level, we calculate
the nonadiabatic couplings (NACs) between the participating
electronic states in both valence and conduction bands. Higher
NAC values mean stronger hot carrier—phonon interactions,
leading to faster cooling of the carriers. We plot the absolute
NAC values averaged over 4 ps of ab initio molecular dynamics
trajectories in Figure 4A—C. The higher coupling values along
the subdiagonal line indicate that energetically adjacent
electronic states dominate the nonradiative transitions during
the carrier cooling process. Direct multiphonon transitions
between energetically nonadjacent states are possible due to
nonzero NAC values, the purple halo around the strong
diagonals; however, these transitions are much weaker
compared to sequential transfers between energetically
adjacent states.

The NAC values in the valence bands (i < 0, Figure 4A—C)
are considerably higher compared to the coupling values for
the conduction band states (i > 1, Figure 4A—C). This
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explains the faster cooling of hot holes compared to hot
electrons in all the MAPbBr;_,Cl,. The much higher density of
states (DOS) in the valence bands gives rise to the stronger
NAC values compared to that in the conduction bands (Figure
S2). The average NAC values for electrons between states near
the conduction band edges are 6.9, 7.8, and 8.4 meV for
MAPDbBr;, MAPbBr, ;Cly 5, and MAPDbBr, ,5Cl, /5, respectively.
Holes at the valence band edges follow the same trend, with
average NAC values of 8.6, 9.7, and 10.0 meV for MAPbBr;,
MAPDBr, ;Clys, and MAPDbBr, ,5Cl, 5, respectively. Thus, Cl
doping increases the strength of the NACs in both conduction
and valence bands near the band edges (Figure 4B,C) and
causes the accelerated hot electron cooling in Br-based
perovskites (Figures 2 and 3). As the wave functions of states
near the band edges are localized on the inorganic framework
(Figure S1), changes in their structural dynamics influence the
carrier cooling process by modifying the hot carrier—phonon
interaction. More structural fluctuations generally give rise to
higher NACs.

To find out the effects of Cl doping on structural dynamics
at ambient conditions, we calculate the root-mean-square
fluctuations (RMSF) of the atomic positions from ab initio
molecular dynamics trajectories (Figure 4D). The heavy Pb
fluctuates much less compared to Br/Cl atoms. Due to the
lighter weight, the RMSFs of Cl are higher, ~0.64 A compared
to ~0.60 A for Br. Further, increased fluctuations at the halide
sites make the entire inorganic framework more dynamically
active in anion mixed perovskites. Thus, incorporation of Cl
atoms induces more structural fluctuations in MAPbBr;_,Cl, at
room temperature than in pristine samples. Enhanced
structural dynamics strengthens the phonon—carrier inter-
action, consequently producing higher NACs in
MAPbBr;_,Cl,. Thus, stronger lattice fluctuations make hot
carrier relaxation quicker in mixed halide perovskites. It is not
obvious that the NAC values follow the same increasing trend

https://dx.doi.org/10.1021/acs.jpclett.0c02243
J. Phys. Chem. Lett. 2020, 11, 8430—8436


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02243/suppl_file/jz0c02243_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02243?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c02243?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

for both valence and conduction bands with anion mixing in
MAPDbBr;_,Cl,, as the valence band is mainly composed of
halide p orbitals and the conduction band is mostly composed
of nonbonding Pb 6p orbitals. For valence band states, the
relevant atomic sites are halides, and higher NAC values arise
due to the stronger lattice fluctuations in these Br/Cl sites. For
conduction bands, states formed mostly by Pb orbitals become
slightly more dynamic with CI incorporation in the lattice, as
we find from the RMSF plot (Figure 4D). This higher
fluctuation of Pb atoms results in increased NAC values in the
conduction bands with increased Cl concentration.

Both our calculations and our pump—probe measurements
show that at early times in the photodynamics of
MAPDbBr;_,Cl, perovskites, Cl doping increases the hot carrier
cooling rates and the electron—phonon coupling. Cl doping
leads to band gap broadening, altering the electron and
phonon states, and introducing larger structural fluctuations.
More structural fluctuations in turn increase the carrier-
phonon NAC in both the valence and conduction bands,
which ultimately result in the observed faster hot carrier
cooling.

In addition to the increase in carrier-phonon NAC with CI
doping, carrier—carrier interactions could influence the hot
electron cooling rates; however, there is little evidence these
processes are significant contributors in these experiments.
Previous experiments on thin films of MAPbI,” and the
inorganic perovskite CsPbBr;”" illustrate that cooling rates
depend on the carrier concentration with higher carrier
densities, leading to faster cooling. In a mixed halide perovskite
ion segregation could lead to locations with higher carrier
densities and thus faster cooling. Transient reflectivity
measurements at different locations on the crystal and different
pump fluences (Figure 2D) do not show a noticeable
dependence of 7., on fluence or location that we would
expect if ion segregation or carrier—carrier interactions were
prominent. Carrier—carrier interactions in these measurements
of large single crystals at ~30 uJ/cm?® are possibly a minor
secondary effect and the primary driver of the faster carrier
cooling rates is the increased carrier—phonon NAC with Cl
doping.

To understand the long time decay of the observed transient
reflectivity (Figure 2A) and the carrier recombination
dynamics, we used a model that relates the reflectivity signal
that is proportional to carrier density to the surface
recombination velocity and the diffusion velocity (Supporting
Information Eq 4).”' Because the penetration depth into
MAPDBr; of 400 nm light is ~100 nm in transient reflectivity
experiments, our signal decay is primarily the result of surface
recombination and carriers diffusing away from the surface and
out of the probe volume. Carriers that diffuse into the bulk and
then recombine using the slower bulk recombination or
fluorescence pathways, are not relevant to our signal, as these
processes occur outside of our probe volume and at much
slower rates than the 1 ns time window of our experiment.
Without an applied bias the electrons will diffuse faster than
the holes allowing us to neglect the hole diffusion to a
reasonable aIpproximation, so only a single diffusion rate is
included.*"*" This model was previously used by Beard and
co-workers in similar transient reflectivity measurements on
undoped MAPbBr; crystals.”"

Fits of the pure MAPbBr, sample yield S = (2.0 + 0.4) X 10*
cm/s and D = 0.16 + 0.01 cm?/s (Table 1). In line with the
slower decay in the raw data, the doped samples have fitting
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Table 1. Surface Carrier Recombination and Diffusion
Model Fit Parameters

doping surface diffusion ambipolar
percentage of recombination coefficient D mobility
Cl (%) velocity S (cm s™*) (em? s71) (em> V171
0 (20 £ 04) X 10*  0.16 + 0.01 623
2 (12 £ 02) x 10* 0.15 + 0.03 5.84
5 (14 + 0.3) x 10* 0.12 + 0.05 4.67

parameters with a slower recombination velocity, where S =
(1.2 +£0.2) x 10* and (1.4 + 0.3) X 10* cm/s and D = 0.15 +
0.03 and 0.12 + 0.05 cm?/s for 2% Cl and 5% Cl, respectively.
The ambipolar mobility calculated with the Einstein relation is
6.2 cm® V! 57! for pure MAPbBr;, 5.8 cm® V™! 57! for 2% CI,
and 4.7 cm®* V™' 7! for 5% CL

Our doped perovskite samples have surface recombination
velocities (~1.5 X 10* cm s7', Table 1) of up to 2 orders of
magnitude slower than that of typical inorganic semi-
conductors before passivation: GaAs (8.5 X 10° cm s7'),*
GaP (2 x 10° cm s71),*® p-Si (2.4 X 10° cm s7!), and n-Si (1.2
X 10° cm s71).>* This value is also an order of magnitude lower
than that observed previously for pure MAPbBr, (3.4 X 10° cm
s™')*" using transient reflection spectroscopy with multiple
excitation wavelengths and white light probing. Surface
recombination is mediated by states formed in the band gap
by surface defects in the crystalline lattice. Previous
calculations by Yan and co-workers® predict that the defects
present in MAPbX; materials form fewer midgap states than in
inorganic semiconductors, which may explain the low surface
recombination velocities here. The introduction of Cl into
MAPDBr; further slows the surface recombination velocity,
implying fewer midgap states.’® Slow recombination rates are
excellent properties for photovoltaic and detector applications,
as carriers are able to diffuse and be collected by the electrodes
before recombination. Any carrier that recombines is not
contributing charge to the detector or solar cell, thus reducing
the device efficiency. We believe that the slower surface
recombination velocity of Cl-doped perovskite is mainly
responsible for their improved performance as radiation
detectors."”

The diffusion coefficient (0.15 cm?® s™, Table 1) and the
ambipolar mobility (~5 cm® V™! s7!, Table 1) observed in our
experiments are smaller than that extracted from time-of-flight
measurements (~115 cm?> V™' s71)*" from Hall effect
measurements (20 cm? V™' s71),*” and from the work of
Beard and co-workers (10.8 cm® V™' s7!).*' Ambipolar
mobility for typical inorganic semiconductors are also 4
times larger, e.g., 20 cm? V' s7!in GaAs®® and 19 ecm? V7! s7!
in @-Si.”” The introduction of Cl into the crystal lattice further
impedes the diffusion of carriers (Table 1) by introducing trap
states in the conduction band. These trap states must be
formed above the band gap and inside the conduction band,
since if they were within the gap the recombination rates
would increase. Decreased diffusion coefficients are a detri-
ment to photovoltaic and detector performance, as the carriers
cannot travel to the collecting electrodes as fast and may be
lost due to recombination. However, this effect can be
balanced or overcome by slower recombination rates or by
macroscopic means, such as placing the collection electrodes
closer together.

To conclude, similar to common inorganic semiconductors,
we have shown that doping single crystals of hybrid inorganic
MAPDBr; perovskites with Cl can be used to control their
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properties, such as diffusion and hot carrier cooling rates.
Transient reflectivity experiments demonstrate that increased
Cl doping enhances hot carrier cooling rates, decreases surface
recombination rates, and decreases the ambipolar mobility.
Calculations rationalize and support experimental transient
reflectivity results, predicting that increased levels of Cl doping
strengthen nonadiabatic electron—phonon coupling constants
which increase the observed hot carrier cooling rates. Our
results have implications for continued improvements of
MAPbX; HOIP through controlled tuning of chemical doping
parameters in order to enhance various photophysical
properties related to performance in light emitting diodes,
photovoltaics, and radiation detectors.
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