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SOLAR CELLS

Long-range hot-carrier transport
in hybrid perovskites visualized by
ultrafast microscopy

Zhi Guo,' Yan Wan,' Mengjin Yang,? Jordan Snaider," Kai Zhu,? Libai Huang'*

The Shockley-Queisser limit for solar cell efficiency can be overcome if hot carriers can be
harvested before they thermalize. Recently, carrier cooling time up to 100 picoseconds
was observed in hybrid perovskites, but it is unclear whether these long-lived hot carriers
can migrate long distance for efficient collection. We report direct visualization of
hot-carrier migration in methylammonium lead iodide (CH3zNH3Pbl3) thin films by ultrafast
transient absorption microscopy, demonstrating three distinct transport regimes.
Quasiballistic transport was observed to correlate with excess kinetic energy, resulting in
up to 230 nanometers transport distance that could overcome grain boundaries. The
nonequilibrium transport persisted over tens of picoseconds and ~600 nanometers before
reaching the diffusive transport limit. These results suggest potential applications of
hot-carrier devices based on hybrid perovskites.

ot (nonequilibrium) carrier thermaliza-

tion is one of the major sources for ef-

ficiency loss in solar cells (7). Such loss can

be reverted if the hot carriers can be har-

vested before they equilibrate with the
lattice, and the ultimate thermodynamic limit on
conversion efficiency can be increased from the
Shockley-Queisser limit of 33% to about 66% (1, 2).
The main challenge for harvesting hot carriers is
the relatively short distance they travel before
losing their excess energy to the lattice, typical-
ly on the picosecond time scale (3-8). Hybrid
organic-inorganic metal halide perovskites, such
as CH3NH;Pbl;, have emerged to be a class of
highly efficient solar cell materials with remarkable
charge transport properties, achieving efficiency
above 20% (9-13). Recently, ultrafast spectro-
scopic measurements have revealed surprisingly
long-lived hot carriers on the order of 100 ps in
these hybrid perovskites (14-18).

The remarkably long hot-carrier lifetime in the
hybrid perovskites, about two to three orders of
magnitude longer than in conventional semicon-
ductors, raises the question of whether hot carriers
can be harvested to overcome the Shockley-
Queisser limit. However, the current understand-
ing on hot-carrier transport in hybrid perovskites
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is limited, despite efforts that have been devoted
to studying carrier cooling dynamics (14-21). In
particular, the crucial parameter of hot-carrier
transport length must be comparable to the thick-
ness necessary for photon absorbance.

To correctly evaluate the potential of hot-carrier
perovskite solar cells, measurements to provide
quantitative results on the length scales of hot-
carrier transport in relation to carrier cooling
time scales are necessary. Combining microscopy
techniques with ultrafast optical pumping can be
an effective solution for achieving simultaneous
temporal and spatial resolutions of carrier dynam-
ics (22-25). Here, we report on a direct visualization
of hot-carrier transport in CH3NH3Pbl; thin films
using ultrafast transient absorption microscopy
(TAM) with 50-nm spatial precision and 300-fs
temporal resolution. These experiments revealed
three distinct transport regimes, specifically, quasi-
ballistic transport for the initial hot carriers,
nonequilibrium transport for the protected long-
lived hot carriers, and diffusive transport for the
cooled carriers.

We performed measurements on a uniform and
highly crystalline CH;NH;PbI; perovskite thin
film deposited on a SiO, substrate, and a scan-
ning electron microscopy (SEM) image is shown
in fig. S1 of the supplementary materials (SM) (26).
Solar cell efficiencies of ~18% have been achieved
by using films fabricated with the same proce-
dure (27). The absorption and photolumines-

cence spectra of the thin film investigated are
shown in fig. S2 (26).

We first carried out ensemble transient ab-
sorption measurements to establish spectroscop-
ie signatures for hot carriers (Fig. 1). Immediately
after photoexcitation, a photoinduced absorption
(PIA, negative change of transmission A7/7T) band
centered at 1.58 eV was observed whose ampli-
tude (|AT/T)) increased as the pump photon en-
ergy increased (Fig. 1A). Global analysis (Fig. 1B)
indicates that this PIA band is associated with a
broadened ground-state bleach (GSB, positive
AT/T) band with a high-energy tail consistent
with Fermi-Dirac distribution at high carrier tem-
perature. The PIA band resulted from the shifting
of the band-gap energy AF,, which was a com-
bination of band-gap renormalization effect (nar-
rowing the band gap by AEpgy) and Burstein-Moss
effect (or band-filling, widening the band gap by
AEnm), as described by AEg = AEpm - AERGN (28).
Because AEyy would not take effect until the hot
carriers relax to the band edge, the red-shifted
PIA band at 1.58 eV at 0 ps was due to AEpgy
predominantly. The amplitude of the PIA band
increased as the pump photon energy increased,
which could be explained by the decreased occu-
pation of the states near the band edge leading to
a decreased AEgy;. Once carriers cooled down and
AEg), settled in, the PIA band at 1.58 eV decayed
and a blue-shifted PIA band was observed (fig. S3)
(26). Based on these observations, we assigned the
PIA band at 1.58 eV to hot carriers, in agreement
with previous reports (29, 30).

AT/T of the PIA band had a different depen-
dence on carrier density n than that of the GSB
band when probed at 1.58 eV (Fig. 1C). AT/T of
the GSB band scaled linearly with 7, whereas AT/T
of the PIA band was proportional to /2. Because
A T/T of the PIA band scaled linearly with AEpgy
as empirically shown in (14), this observation
indicated that AEggy < 2%, An'” dependence
for AEpgy is generally expected when carriers
are weakly interacting, but an 2"/? term must be
included when carrier-carrier interactions be-
come more important (28, 3I). For instance,
the 7"/? dependence becomes dominant at n >
10" em™ for GaAs (31). The n? dependence
observed here implies that carrier-carrier inter-
actions are not negligible for CH;NH;PbI.

The PIA band decayed with a ~400-fs time
constant when excited at 3.14 eV (Fig. 1B), which
has been assigned to the emission of the longi-
tudinal optical phonons (14, 21, 32). The lifetime
for the PIA band shortened to ~280 fs when
the pump photon energy was reduced to 1.97 eV
(fig. S4)) (26). The decay of the PIA band was
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accompanied by the growth of the GSB band
at the band edge (Fig. 1D). Also shown in Fig.
1D is a second and slower cooling process
with a time constant of ~78 ps. The much
slower cooling phase has been aseribed to the
protection of the energetic carriers by the
formation of large polarons (15, 16), hot phonon
effects (carrier density > 10'® em™) (I4), and
optical-acoustic phonon scattering (17).

We imaged hot-carrier transport initiated by
two different pump photon energies: 3.14 eV
(149 eV above band gap) and 1.97 eV (0. 32 eV
above band gap) with a probe photon energy of
1.58 eV. The pump beam was held at a fixed po-
sition while the probe beam was scanned relative
to the pump with a pair of galvanometer scan-
ners to form an image (see more details in the
SM, fig. S5) (23, 26, 33). The precision in deter-
mining carrier propagation distance was dictated
by the smallest measurable change in the excited
state population profiles and not directly by the
diffraction limit (34). This limit is ~50 nm for the
current experimental conditions, as discussed in
the SM (26). The carrier density for these mea-
surements was ~4 x 10 em ™, where Auger recom-
bination and hot phonon effect were negligible
(fig. S6) (16, 26, 33).

The initial population was created by a Gaussian
pump beam at position (a2, ¥), with a pulse du-
ration of ~300 fs. We defined an instrument re-
sponse function (IRF) = /o2 (pump) + o (probe)
that described the response of a pump-probe mi-
croscope to a point object, where o (pump)and
o (probe) were the variance of the Gaussian pump
and probe beams. The IRF was determined to be
260 + 5 nm (Fig. 2C) by measuring a tetracene sin-
gle crystal under similar experimental conditions
at 0 ps because exciton transport within the pulse
width for tetracene is negligible (23).

At 0-ps time delay, carrier distribution should
be equal to the convolution of the probe and
probe beams if no transport occurs within the
pulse width. Only negative AT (PIA) was ob-
served at 0-ps delay, indicating that the initially
created carriers were out of equilibrium for both
pump photon energies. Because the ATy, is pro-
portional to #"/2, the carrier distribution can be
obtained by n(a,y,0)o [ATpa (2, ¥, 0)]*. For
314 eV photon excitation, the 0-ps image showed
morphology-dependent structures that were not
easily described by a Gaussian function (Fig. 2A).
To average out the morphological effects, we in-
terpolated [ATpia (@, 7, 0)]* onto a polar coordi-
nate, summed over all angles, and plotted it as a
function of radial distance (Fig. 2C). Carrier dis-
tribution at 0 ps was fitted by a Gaussian func-
tion with a variance of of 350 + 10 nm, much
larger than that of the IRF (Fig. 2C). Thus, hot-
carrier transport must have occurred within the
pulse duration. The transport distance within
the pulse width was calculated as /o3 —IRF? =
230 + 16 nm. In contrast, when the pump photon
energy was reduced to 1.97 eV (Fig. 2B), negli-
gible carrier transport within the pulse width
was observed and the initial hot-carrier pop-
ulation distribution was similar to the IRF (fig.

S7) (26).
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Fig. 1. Spectral signatures of the hot carriers. (A) Ensemble transient absorption spectra taken at
200-fs delay with different pump photon energies and change of transmission AT/T was plotted. The
pump fluences were calibrated to the same carrier density of 10" em™, (B) Decay-associated spectra
(DAS) for a pump photon energy of 3.14 eV obtained by performing global analysis on the transient
spectra. (C) Carrier density dependence of AT/T of the PIA band (taken at maximum value) and that of
the GSB band (taken at 4-ps time delay) for a pump photon energy of 3.14 eV and a probe energy of 1.58 eV.
(D) Hot-carrier cooling kinetics obtained by subtracting the carrier relaxation kinetics driven by 3.14-eV
photon excitation from those induced by 1.68-eV excitation plotted along with a biexponential fit.
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Fig. 2. Hot-carrier transport within the first picosecond. TAM images probing at 1.58 eV with two
pump photon energies—(A) 3.14 eV and (B) 1.97 eV—at different pump-probe delay times, as labeled.
Scale bars, 1 um. (C) Hot-carrier distribution at O-ps delay for 3.14-eV excitation over a radial
distance obtained by averaging all angles compared to the IRF, as defined in the text. Solid lines are
Gaussian fits. (D) One-dimensional TAM image profile at 1.2 ps for 3.14-eV pump excitation. The red
solid line is fit as described in the text. The red dashed line in (A) indicates where the 1D distribution
was obtained in (D).
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Fig. 3. Nonequilibrium to diffusive transport transition. (A) 0}2 plotted as a function of pump-probe
delay time up to 6 ns for 1.97-eV and 3.14-eV pump photon energies. Linear fits are shown in dashed red
lines to indicate diffusive transport. (B) Zoomed-in view of (A) for the first 100 ps pump-probe delay. (C) TAM
images at 2 ps and 100 ps for 3.14-eV and 1.97-eV pump photon energies. Scale bars, 1 um.
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Fig. 4. Time dependence of carrier transport. (A) Effective diffusion constant calculated as D(t) as a
function of delay time for 3.14-eV photon excitation. The red solid line is the fit to a biexponential decay
function. (B) Kinetics probed at pump-probe distances as labeled for pump photon energy of 3.14 eV.

The excess energy-dependent carrier transport
distance within the pulse width indicated that
ballistic carrier transport played a role. When pro-
moting carriers from the valance band to the
conduction band, the excess energy above the
band gap manifested as kinetic energy and dis-
tributed among the electrons and holes inversely
prgponioalal to their respective effective masses,
m, and m,, (2), which for CH;NH4PbI; both have
a value of ~0.2 my, the free electron mass (35, 36).
The bal]isﬁc*velociw of the carriers v, is given by
Koy = 3m,, 0%, leading to a value of 1.6 x 10°
and 0.7 x 10° ms™ for 314 eV and 197 pump
photon energies, respectively. For 3.14- €V excita-
tion, the expansion of the width of the TAM image
within the pulse width gave a velocity of 230 nm/
300 fs = 0.8 x 10° ms™, on the same order as ¢,z
indicating that the carrier motion was quasibal-
listic. Our time resolution was unable to resolve
ballistic transport directly. Intriguingly, very little
quasiballistic transport was observed for 1.97 eV

SCIENCE sciencemag.org

excitation, which was probably limited by grain
boundaries. There could be additional potential
barriers at interfaces or “dynamic” barriers created
by the fluctuating energy landscape that could
also require excess kinetic energy to overcome
(37). The larger initial kinetic energies of the hot
carriers created by 3.14 eV pump allowed more
carriers to overcome grain boundaries, as shown
in the 0-ps image in Fig. 2A.

Carrier cooling was also visualized by TAM,
manifested as the negative AT signal (PIA) turning
into the positive AT signal (GSB). The GSB sig-
nal appeared sooner for the 1.97 eV pump (after
300 fs) than for the 3.14 eV pump (after 1 ps), con-
sistent with less excess energy to lose to the phonons.
The GSB signal presented initially only in the
center of TAM images, which can be explained
by the PIA and the GSB AT having opposite signs
and different carrier density dependence—i.e.,
AT (2, y, t)<=n(z, v, t)"* and ATggs (0, ¥, £) <
n(a,y,t). The TAM profiles were then fitted

using two-dimensional (2D) Gaussian functions
for n(x,y,t), with variances ofc;, and o , as
detailed in the SM (26). Fits along one dimension
for 1.2-ps pump-probe delay is shown in Fig. 2D
(data for 100-ps delay shown in fig. S8) (26).
Because the carrier transport was isotropic—i.e.,
o we reduced the problem to 1D and
a2, +o?
2

e = Oy
defined o} = - to average out morpholog-

2
we

ical effects and plotted it as a function of pump-
probe delay time in Fig. 3, A and B.

Carriers continued to move more rapidly for
3.14 eV excitation than 1.97 eV excitation on the
10s of picosecond time scale (Fig. 3, B and C), as
the second and slower phase of carrier cooling
set in (15-17). For 1.97 eV pump, o"f grew linearly
as a function of delay time for > 1 ps, indicative of
diffusive transport as described by a?-o2 = 2Dt
(D is the diffusion coefficient, 0.7 + 0.1 cm® s™)
(34). This large D value is consistent with the high
crystallinity of our sample (38). Diffusive trans-
port indicated that thermal equilibrium with
the lattice was reached. However, for the 3.14-eV
excitation, diffusive transport was not observed
until after 30 ps, and hot carriers migrated ~600 nm
before reaching thermal equilibrium with the
lattice. The diffusion coefficient was identical
for 3.14-eV and 1.97-eV excitation after 100 ps.
Recently, Li et. al. (18) estimated almost an order
of magnitude shorter hot-carrier transport dis-
tance of 16 to 90 nm for films of CH;NH3PbBr;
nanoparticles, despite the fact that hot-carrier
cooling times were two orders of magnitude
slower in these nanoparticles than in bulk films.
Thus, our results suggest that slow carrier cool-
ing alone does not necessary lead to long-range
transport, and morphology is also a critical factor.

We calculated the effective diffusion constant
as D(t) = 5—;‘%‘,—” for the 3.14-eV excitation. D(£) de-
creased from an initial value of 450 + 10 em® s at
1ps to the equilibrium value of 0.7 + 0.1 cm* s and
could be fitted to a biexponential decay function
with decay constants of 3 + 1 ps and 20 + 5 ps,
respectively (Fig. 4A). The decay-time constants
agreed overall with carrier cooling time. The fast
decay-time constant (3 ps) was slower than that
determined from the ensemble transient absorp-
tion measurements (400 fs), which can be un-
derstood as that the ensemble measurements
integrating over a large area underestimated the
cooling time because the PIA and GSB signals
canceled each other out. Time-dependent carrier
transport behavior was also observed directly in
the corresponding carrier dynamics when prob-
ing away from the pump beam center with a
3.14-eV pump (Fig. 4B). The rapid growth of hot-
carrier population (negative AT signal) when
probing 1 pum and 1.5 um away from the pump
center persisted up to ~3 ps in good agreement
with the initial fast transport, and the growth
slowed down on the 10s of picosecond time scale.
The fast growth was absent when probing 2 pm
away because the initial fast transport did not
reach that distance.

To understand the factors contributing to the
extraordinary long-range hot-carrier transport, we
compared CH3NH3PbI; to other conventional
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inorganic semiconductors. CH;NH,PbI, has
comparable electron effective mass as Si (39),
and the ballistic velocity on the order of 10° ms™
is also consistent with recent calculation for Si
(6). The quasiballistic transport length of ~230 nm
in 300 fs for CH3NH3Pbls, however, is much
longer than that of ~85 nm for GaAs (40), ~20 nm
for Si (6), and ~14 nm for GaN (41) and can be
explained by slower momentum relaxation in
CHzNHgPbI; than in conventional semiconduc-
tors, ~100 fs as predicted by first principle cal-
culations for hot carriers with excess energy of
1 eV (32). In comparison, relaxation times of 10
to 20 fs were found for hot carriers with excess
energy > 0.3 eV for Si (6).

The nonequilibrium transport behavior of car-
riers in CHsNH3PbI; over 10s of picoseconds also
deviates from conventional semiconductors such
as Si and Gaas, for which equilibrium with the
lattice is achieved in a few picoseconds (5, 42).
Interestingly, nonequilibrium carrier transport
on the picosecond time scale was not observed
when pump photon energy is reduced to 1.97 eV.
An energetic E* state with an energy of ~0.3 eV
above the band edge has been observed to form at
~1ps by two-photon photon emission spectroscopy
and is also confirmed by density-of-state calcula-
tion (75, 16). This E* state probably could not be
created by 1.97 eV (0.32 eV above band edge)
photon excitation because of insufficient excess
energy. Based on these observations, we attributed
the nonequilibrium transport over 10s of pico-
seconds to hot carriers associated with the ener-
getic E* state. The E* state is accompanied by the
formation of large polarons occurring on the ~1-ps
time scale (16). The long-lived and nondiffusive
transport observed is also consistent with the
large polaron picture, because the slow decay
constant for D agrees well with the slow cooling
of hot polarons by acoustic phonon scattering
(16). These polarons are “heavier” than the bare
carriers with nonparabolic dispersion (37), which
could explain a lower diffusion coefficient on the
10s of picosecond time scale. The long-range
hot-carrier transport is most likely not limited
to CH3NH3PbI;, because many hybrid organic-
inorganic metal halide perovskites share similar
carrier relaxation characteristics. The long-range
motion associated with slow carrier cooling
processes makes hybrid perovskites potential mate-
rials for hot-carrier devices.
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POLYMERS

High-performance vitrimers from
commodity thermoplastics through
dioxaborolane metathesis

Max Rottger, Trystan Domenech, Rob van der Weegen, Antoine Breuillac,

Renaud Nicolay,* Ludwik Leibler*

Windmills, cars, and dental restoration demand polymer materials and composites that
are easy to process, assemble, and recycle while exhibiting outstanding mechanical,
thermal, and chemical resistance. Vitrimers, which are polymer networks able to shuffle
chemical bonds through exchange reactions, could address these demands if they were
prepared from existing plastics and processed with fast production rates and current
equipment. We report the metathesis of dioxaborolanes, which is rapid and thermally
robust, and use it to prepare vitrimers from polymers as different as poly(methyl
methacrylate), polystyrene, and high-density polyethylene that, although permanently
cross-linked, can be processed multiple times by means of extrusion or injection molding.
They show superior chemical resistance and dimensional stability and can be efficiently
assembled. The strategy is applicable to polymers with backbones made of carbon-carbon

single bonds.

hermoplastics are light, tough, and easy
to process but are limited by their lower
strength, structural stability at high tem-
perature, abrasion, and solvent resistances.
Cross-linking could be the solution to im-
prove these properties but reduces the ability of
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thermoplastics to flow when heated. As a result,
the synthesis, processing, and recycling of cross-
linked polymers, called thermosets, are complex
and costly, if not impossible. Environmental aware-
ness and industrial competitiveness cripple the
introduction and development of cross-linked
polymer materials.

Vitrimers (7, 2) behave like permanently cross-
linked materials at service temperatures, are in-
soluble at all temperatures, but can still flow when
heated. Vitrimers consist of a polymer network
that is able to change its topology without
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