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ABSTRACT: In conventional semiconductor solar cells, carriers are
extracted at the band edges and the excess electronic energy (E*) is lost as
heat. If E* is harvested, power conversion efficiency can be as high as twice
the Shockley−Queisser limit. To date, materials suitable for hot carrier solar
cells have not been found due to efficient electron/optical-phonon scattering
in most semiconductors, but our recent experiments revealed long-lived hot
carriers in single-crystal hybrid lead bromide perovskites. Here we turn to
polycrystalline methylammonium lead iodide perovskite, which has emerged
as the material for highly efficient solar cells. We observe energetic electrons
with excess energy ⟨E*⟩ ≈ 0.25 eV above the conduction band minimum and
with lifetime as long as ∼100 ps, which is 2−3 orders of magnitude longer
than those in conventional semiconductors. The energetic carriers also give
rise to hot fluorescence emission with pseudo-electronic temperatures as high
as 1900 K. These findings point to a suppression of hot carrier scattering with optical phonons in methylammonium lead iodide
perovskite. We address mechanistic origins of this suppression and, in particular, the correlation of this suppression with dynamic
disorder. We discuss potential harvesting of energetic carriers for solar energy conversion.

1. INTRODUCTION

The loss of excess electronic energy (E*) as heat in
conventional semiconductor solar cells is partially responsible
for the Shockley−Queisser limit of ∼33% in power conversion
efficiency (η).1 If E* is harvested, η can be as high as 66% in the
so-called hot carrier solar cell.2−4 However, the search for hot
carrier absorbers has not been successful because E* is typically
lost to longitudinal optical (LO) phonons within 1 ps in most
semiconductors.5 Take GaAs as an example.6 For electronic
temperatures (kTe) above the LO-phonon energy of 36 meV,
the electronic energy loss rate ⟨dE/dt⟩ is on the order of 1 eV/
ps. ⟨dE/dt⟩ is slowed down only when E* is well below the
energy of LO-phonons and scattering with acoustic phonons
due to the deformation potential becomes dominant. In the
case of GaAs at kTe < 10 meV, the hot electron cooling rate
decreases by 3−4 orders of magnitude to ⟨dE/dt⟩ ≈ 0.1 meV/
ps at kTe = 4 meV. At higher excess energies, hot electron
cooling is only slowed down by the so-called “phonon
bottleneck” at high excitation densities when hot LO-phonons
are not cooled down fast enough and reheat the electrons,7,8 as
seen for CH3NH3PbI3 thin films at high excitation densities
(≥1018/cm3).9−11

The so-called Fröhlich scattering of electrons with polar LO-
phonons results from the ubiquitous Coulomb potential.5,6 For
hot electrons above the LO-phonon energy in a polar
semiconductor and at low excitation densities, this scattering
rate can be reduced when the Coulomb potential is dynamically
screened on the time scale of scattering. This intriguing

possibility was demonstrated recently in hybrid lead bromide
perovskites, APbBr3 (A = CH3NH3

+ or CH(CH2)2
+).12 We

found that long-lived hot fluorescence emission from energetic
carriers with ∼100 ps lifetimes in CH3NH3PbBr3 or CH-
(NH2)2PbBr3, but not in CsPbBr3 at room temperature. The
hot fluorescence is correlated with liquid-like dynamic
responses observed in optical Kerr-effect spectroscopy,
suggesting that energetic carriers are screened on time scales
competitive with LO-phonon scattering. Hybrid lead bromide
perovskites are not suitable for solar energy harvesting due to
the large bandgap, but their iodide counterparts, in particular
methylammonium lead iodide perovskite (CH3NH3PbI3)
polycrystalline thin films, are the materials of choice for
efficient solar cells.13−16 Here we probe hot electron cooling
dynamics using time-resolved two-photon photoelectron (TR-
2PPE) and photoluminescence (PL) spectroscopies. For
photoexcitation with excess energy of ∼1 eV above the
bandgap, we find that energetic electrons cool down initially
with a time constant of 0.28 ± 0.05 ps, but the cooling rate
decreases drastically with time. The slowed cooling leaves
excess electron energy ⟨E*⟩ ≈ 0.25 eV above the conduction
band minimum (CBM) on the time scale of ∼100 ps and with
an energy relaxation rate as low as 0.3−0.5 meV/ps. We detect
hot fluorescence emission from the energetic carriers, with
pseudo-electronic temperatures as high as 1900 K. Contrary to
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the hot “phonon bottleneck” in which hot carrier lifetime
increases with excitation density, as seen for CH3NH3PbI3 thin
films at high excitation densities (≥1018/cm3),9−11 we observe a
decrease in electronic temperature with increasing density at
low excitation densities (1016−1017 cm−3), and we take this as
an indication for screening as being responsible for reduced
cooling by LO-phonons. The slow cooling rate of energetic
electrons observed here for polycrystalline CH3NH3PbI3 thin
films is in excellent agreement with that in hybrid lead bromide
single crystals;12 both are ∼103 times slower than those in
conventional semiconductors,5,6 thus suggesting the intriguing
possibility of building hot carrier solar cells from hybrid lead
halide perovskites.

2. EXPERIMENTAL SECTION
We grew thin films of CH3NH3PbI3 perovskite with a thickness of 35
nm onto native-oxide terminated Si(111), in situ cleaved PbSe, or
crystalline sapphire substrates in high vacuum (base pressure <10−6

Pa) by coevaporation of PbCl2 and methylammonium iodide,15 as
detailed previously17 and in Supporting Information. The vapor
deposition process gave highly crystalline thin films with the c-axis
oriented along the surface normal, with no measurable PbI2 impurities,
as confirmed by X-ray diffraction (see Supporting Information, Figure
S1). Atomic force microscopy imaging (Figure S2) revealed perovskite
crystallites with random lateral orientation on SiO2 but rectangular and
aligned crystallites on PbSe(001). Optical absorption spectrum (Figure
S3) showed the known direct optical gap at 1.63 ± 0.01 eV, in
agreement with previous reports.18,19 Transport measurements based
on photoconductivity and Hall effect revealed little charge carrier
trapping in these vapor grown CH3NH3PbI3 thin films.20

The freshly grown CH3NH3PbI3 perovskite thin films were
transferred in situ to an ultrahigh vacuum chamber (base pressure
∼10−8 Pa) for characterization by angle-resolved photoemission
spectroscopy (ARPES) and TR-2PPE spectroscopy. We carry out
ARPES measurement using He−I (hν = 21.2 eV) radiation from a
helium discharge lamp and a hemispherical electron energy analyzer
equipped with a 2D delay line detector (SPECS Phoibos-100). The
energy and angular resolutions of the analyzer were set at 40 meV and
0.2°, respectively. A bias voltage of −1.0 V was applied to the sample
during ARPES measurement. The sample temperature was 190 K, as
controlled by liquid nitrogen cooling and resistive heating.
We carried out TR-2PPE measurements using the same electron

energy analyzer as used for ARPES. The second harmonics of two
noncollinear optical parametric amplifiers (NOPAs) served as pump
and probe laser pulses. The NOPAs were pumped by the second and
third harmonic of a Yb-doped fiber laser (Clark-MXR Impulse)
operated at 760 kHz. The center wavelengths of the visible pump and
UV probe pulses were in the range of 450−465 nm or 520−530 nm
and 262−300 nm, respectively. Pulse energies were typically 3 nJ and
0.3 nJ for the pump and probe, respectively. The two lasers were
focused on the sample surface at 45° from surface normal to spot sizes
of 250−280 μm, as determined by the knife-edge method. The
temporal width of the cross-correlation traces was ∼250 fs (full width
at half-maximum). We carried out all TR-2PPE measurements at
temperatures of 190 and 90 K to minimize loss of methylamine and
sample damage due to laser heating. At these sample temperatures,
there was negligible change to 2PPE spectra with measurement time
(hours). For comparison, measurements carried out at room
temperature (≥295 K) showed sample degradation on the tens of
minutes to hour(s) time scale under laser irradiation, in agreement
with the observed degradation of CH3NH3PbI3 nanowires at similar
laser excitation densities and in room temperature lasing experiments
without cooling.21

The vapor grown CH3NH3PbI3 perovskite thin films were
transferred through air to a vacuum cryostat (base pressure 10−4 Pa)
for PL measurements. We recorded time-resolved PL spectra using a
home-built setup based on an inverted microscope (Olympus, IX73).
The excitation light of different wavelengths was generated from a

regenerative amplifier (Coherent RegA amplifier seeded by Coherent
Mira oscillator, 100 fs) and optical parameter amplifier (Coherent
OPA 9450). The excitation light, after passing through a lens and a
50×, NA = 0.5, objective, was expanded onto the sample surface (with
beam diameter ∼30 μm), and the emission light was collected by the
same objective, sent through a monochromator (Newport Corner-
stone 130), and focused onto a single-photon avalanche photodiode
detector (IDQ, id100-50). We collected TR-PL decay kinetic traces for
each wavelength (600−825 nm, 3 nm interval) using a time-correlated
single photon counting module (B&H, SPC130) and reconstructed
time-resolved PL spectra after correcting the system collection
efficiency at each wavelength with a calibrated quartz tungsten
halogen lamp. We determined the instrument response function (IRF)
of the whole system by collecting scattered pump light, and the full
width at hall maximum (fwhm) of IRF was determined to be 90 ps.
This gave an effective time resolution of ∼20 ps.

3. RESULTS
3.1. Electronic Structure of the CH3NH3PbI3 Thin Film.

We use a combination of ARPES and TR-2PPE spectroscopy to
determine the energetic positions of the valence and
conduction band edges, respectively, as illustrated in Figure
1C. ARPES of CH3NH3PbI3 on SiO2/Si, Figure 1A, reveals

dispersion of valence bands, consistent with the oriented nature
(c-axis along surface normal) of the polycrystalline thin films.
The alignment of ARPES data with the calculated band
structures22 (orange curves) allows us to determine the valence
band maximum (VBM) at −1.55 ± 0.10 eV (referenced to the
Fermi level, EF). The angle-integrated ARPES spectrum, also
called ultraviolet photoemission spectrum (UPS) (gray curves
in Figure 1B), is in excellent agreement with previous
photoemission measurements.23,24 The 2PPE spectrum (see
below) for this sample gives a conduction band minimum
(CBM) at 0.00 ± 0.05 eV. Our measurements give a bandgap

Figure 1. Valence band structure from photoemission. (A) 2D gray
scale (intensity) of ARPES (hν = 21.2 eV) from CH3NH3PbI3/SiO2.
Intensity in the blue box is multiplied by a factor of 5. The orange
curves are reproduced from band structure calculations in ref 22. (B)
Angle-integrated spectrum (gray curve) in the valence region, along
with a two-photon photoemission spectrum (blue, hν1 = 2.68 eV; hν2
= 4.43 eV). (C) Schematics of one photon photoemission spectros-
copy (UPS, hν = 21.2 eV) and two-photon photoemission
spectroscopy (2PPE).
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of Eg = 1.55 ± 0.10 eV, in agreement with the optical gap
(Figure S3). We find that the vacuum deposition process results
in CH3NH3PbI3 thin films with different levels of n-type doping
and work function, with the position of the CBM varying from
∼0.00 to ∼0.15 eV (see Figures S4 for comparison of samples).
3.2. Initial Cooling of Energetic Electrons (<1 ps). We

probe the dynamics of photoexcited electrons using TR-2PPE.
In this approach (illustrated in Figure 1C), electrons are excited
across the band gap by the first laser pulse (hν1) and, after a
controlled time delay, extracted from the conduction band by
the second laser pulse (hν2). Photoelectrons are detected with
energy and momentum resolution. Figure 2A shows a 2D
representation of 2PPE spectra: normalized intensity (color) vs
electron energy (referenced to EF) and pump−probe delay
(Δt) for the CH3NH3PbI3 thin film on SiO2/Si. The CBM of
this sample is close to the Fermi level. Initial photon absorption
creates a broad distribution of excited electrons with energies
extending to 1.1 eV above CBM. We can obtain electron
energies in CBM from vertical transitions at 2.68 eV (sticks on
top of the spectra in Figure 2C, see Figure S6 for details) using
calculated band structure along the direction of the surface
normal,25 in excellent agreement with experimental TR-2PPE
spectrum at Δt = 0.1 ps. Note that all 2PPE spectra presented
here correspond to pump-induced changes, that is, with
background signal at negative time-delay subtracted. Due to
the high laser repetition rate (760 kHz) and long carrier
lifetime (∼102 ns), there is a steady-state accumulation of
electron population at the CBM (see Figure S5 for 2PPE
spectra without background subtraction). In the presence of
pump light, scattering between thermalized electrons at the

CBM and photoexcited ones may lead to increased population
and electronic temperature just above the CBM.
The excited electrons within the initial broad distribution

relax in <1 ps, as most evident in Figure 2B, which shows the
average energy (blue dots) of the high energy electron peak
(E*) as a function of pump−probe delay. The relaxation
dynamics clearly features two regions: the initial fast decay from
⟨E*⟩ ≈ 0.55 eV, which can be approximately fit by a single
exponential decay (green curve) with a time constant of τC =
0.28 ± 0.05 ps. Beyond this initial decay, the energetic electrons
retain an excess energy of ⟨E*⟩ ≈ 0.25 eV on longer time scales.
The total photoemission yield (gray dots) decreases by 1 order
of magnitude on the same time, as shown by the single
exponential fit (red curve) with the same lifetime of τC = 0.25 ±
0.05 ps. Photophysical studies have shown that populations of
photoexcited electrons and holes in hybrid perovskite decay on
much longer time scales (>1 ns).18,26 For Δt < 2.5 ps in Figure
2B, the photoexcited carrier populations should remain
constant. The order-of-magnitude decay in intensity must be
attributed to a decrease in photoionization cross section,
suggesting that the physical nature of the charge carrier might
be changing on the 0.25 ps time scale.
We can remove the time-dependent change in photo-

ionization cross section in this short time window by
normalizing each 2PPE spectrum by the total 2PPE intensity.
The normalized 2PPE spectra, Figure 2C, reveal that the initial
energy relaxation dynamics are characterized by the gradual
transfer of population of higher energy states to lower ones. For
Δt ≥ 1 ps, further changes to both high-energy (E*) and near
CBM (E°) electron distributions are much slower, as we will
focus on later in Figure 3. Another way of visualizing energy

Figure 2. Initial electron cooling dynamics on the picosecond time scale. (A) Pseudocolor plot (intensity) of TR-2PPE spectra as a function of
energy (above EF) and pump−probe delay (Δt) for CH3NH3PbI3 thin films (35 nm) on SiO2/Si(111). (B) Energy integrated photoelectron
intensity (gray dots, left axis) and average electron energy of the high energy E* 2PPE peak (blue dots, right axis) as a function of pump−probe
delay. The red and green curves are single exponential fits with time constant τC = 0.28 ± 0.05 ps. (C) Intensity normalized TR-2PPE spectra at the
selected pump−probe delays (0.1−2.0 ps). The black sticks above the spectra are theoretical predicted positions of photoelectrons (see Figure S6).
(D) Kinetic profiles of normalized intensity at the indicated electron energies (from top to bottom, 0.1−1.0 eV). The pump and probe photon
energies are hν1 = 2.68 eV and hν2 = 4.43 eV, respectively. The laser pulse energy densities are 5.4 ± 0.5 μJ/cm2 for the pump (excitation density 1 ×
1018 cm−3) and 0.54 ± 0.05 μJ/cm2 for probe. All measurements were carried out at sample temperatures of 190 K. On the short time scale when the
pump and probe pulses overlap (−100 to 100 fs), there is contribution to 2PPE signal from UV pump and visible probe. To minimize this
interference, we analyze data only at Δt ≥ 100 fs.
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relaxation dynamics is to take horizontal cuts of the 2D plot in
Figure 2A. After normalization, each time profile in Figure 2D
represents relative population rise and decay dynamics at a
specific electron energy. At the high-energy end (1.0 eV), we
see only a simple exponential decay, with a time constant of
∼0.1 ps. At lower electron energies, we also see rising
components at shorter times. The rising components extend
to longer times at lower electron energies, as expected from the
transfer of populations from higher electron energies to lower
ones being a cascading process. At the lower energy end (0.1
eV) near the CBM, we only see a rise in electron population
with time.
The TR-2PPE results in Figure 2 represent a direct time-

domain view of the initial electron relaxation dynamics
following optical excitation, in excellent agreement with other
indirect spectroscopic measurements.10,11,27,28 At the excitation
density (∼1 × 1018 cm−3) used here, transient absorption
studies9,10,27 reported carrier relaxation time constants of ∼0.25
ps, which is identical to τC measured here. Time-resolved
photoluminescence (PL) measurements11,28 also showed
subpicosecond carrier cooling time. However, unlike the hot-
phonon bottleneck observed only at high excitation densities
(>1 × 1018 cm−3),9−11 our direct measurement by TR-2PPE in
Figure 1 reveals that there exist long-lived-energetic electrons,
with average energy ∼0.25 eV above CBM and with lifetime
≫1 ps at low excitation densities (≤1 × 1018 cm−3), in
agreement with observation on hybrid lead bromide perovskite
single crystals.12 We now turn to the slow cooling of energetic
electrons with remaining excess energy.

3.3. Slow Cooling of Energetic Electrons on the 100
ps Time Scale. The energetic electron distribution persists in
the entire time window (Δt ≤ 60 ps) probed in our experiment,
as shown by TR-2PPE spectra in Figure 3A. Vertical cuts at
selected pump−probe delays (Δt = 1, 2.5, 10, and 50 ps, Figure
3B) give electron energy distributions. For each spectrum at a
particular Δt, we separate the high-energy electron distribution
(E*) from the quasi-thermalized electrons at the CBM (E°), as
illustrated by the two red-dashed curves in Figure 3B for Δt = 1
ps. Here, each fit function is a Gaussian convoluted by an
exponential function, exp[(E − CBM/(kBTe))]. This spectral
shape is qualitatively reproduced by calculations at the HSE29

and the GW30 level including spin−orbit coupling. These
calculations show a discrete peak in the DOS close to the CBM,
followed by a local minimum before the DOS increases steeply
at 0.2 and 0.45 eV above the first peak in the cubic and
tetragonal phases, respectively. Fits of the calculated DOS,
which is well parametrized by a series of Gaussian peaks, to the
2PPE data are given in Figures S7 and S8. The results are
consistent with the ones presented in the main manuscript
based on our phenomenological DOS consisting of two peaks.
While the total electron distribution is clearly not thermalized,
the exponential nature of each of the two peaks on the high-
energy side agrees with a Maxwell−Boltzmann-like distribution
with a pseudo-electronic temperature, “Te”, shown in Figure 3C
as a function of pump−probe delay. The lower energy electron
distribution starts at kTe° = 60 ± 10 meV at ∼1 ps, and its
cooling can be described by an exponential function (blue
curve) with a time constant of 23 ± 5 ps. The relaxation of the

Figure 3. Slow cooling of energetic electrons. (A) Pseudocolor plot of TR-2PPE spectra for a CH3NH3PbI3 thin films (35 nm) on SiO2/Si(111). (B)
Vertical cuts of the 2D plot at selected pump−probe delays (1, 2.5, 10, 50 ps). The solid black curve is fit to the spectrum at Δt = 1.0 ps, and the red-
dashed curves are the two components of the fit. (C) Pseudo-electronic temperatures (open circles) for the high energy peak (E*) and that near
CBM (E°) as a function of pump−probe delay. The solid curves are double-exponential (red) and single-exponential (blue) fits, respectively. (D)
Integrated 2PPE intensities from panel A for the E* (red dots) and E° (blue dots) peaks, along with single exponential fits (solid lines) with lifetime
of τ = 110 ± 20 ps. The orange (E°) and green (E*) dots are integrated intensities from a CH3NH3PbI3 thin film (40 nm) on PbSe(001). The
intensity from E* is scaled to match that from E°. The intensities from both peaks at Δt ≤ 10 ps can be fit by single exponential decay (gray line)
with a lifetime of τ = 8 ± 2 ps. All measurements were carried out at sample temperatures of 190 K.
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high-energy distribution, with kTe* = 153 ± 10 meV at 1 ps, can
be fit by a biexponential function (red curve) with equal
contributions from a fast component of τ1 = 2.7 ± 0.5 ps and a
slower one of τ2 = 100 ± 20 ps. The average energy cooling
rate between 10 and 60 ps is 0.5 meV/ps. This cooling rate is
similar to that in hybrid lead bromide single crystals probed by
time-resolved fluorescence.12 Another view of electron
relaxation dynamics is shown in Figure 3D, where the
integrated intensities (dots) in the regions of E* (red) and
E° (blue), respectively, are plotted as a function of Δt. The
decay in E* population corresponds to the rise in the E°
population with a lifetime of τe*−e = 110 ± 20 ps (single-
exponential fits as solid blue and red lines). The decay in CBM
population is not observed on the time scale shown here, as
band edge carriers are much longer-lived (>1 ns) in hybrid lead
iodide perovskites.18,26

The excited electron lifetime is much shorter for the
CH3NH3PbI3 thin film on the PbSe substrate (with a narrow
bandgap of 0.26 eV31) as compared to that on SiO2, Figure 3D.
The lifetimes of both E° (orange dots) and E* (green dots) are
decreased to τ = 8 ± 2 ps on the PbSe substrate, suggesting
efficient diffusive transport of electrons through the
CH3NH3PbI3 thin film and transfer to PbSe at the interface
(see Figure S4 for TR-2PPE spectra from hybrid perovskites on
PbSe).
The above results are for hybrid perovskite in the room

temperature tetragonal phase (160−315 K).32 In a previous
report, we demonstrated that the presence of long-lived hot
photoluminescence from APbBr3 (A = CH3NH3

+ or CH-
(NH2)2

+) is correlated with the liquid-like polarization

environment in the tetragonal or cubic phases, but not in the
low-temperature orthorhombic phase with much suppressed
dynamic disorder.12 We now compare the energetic electron
cooling dynamics in the tetragonal and orthorhombic phases
for the CH3NH3PbI3 thin film. Figure 4A shows a set of TR-
2PPE spectra taken with hν1 = 2.31 eV and hν2 = 4.68 eV at
190 K for a CH3NH3PbI3/SiO2 sample. The CBM of this
sample is at 0.1 eV. The excitation photon energy in Figure 4 is
lower than that used in Figure 2 or Figure 3, and, as a result we
observe a narrower distribution of the initially excited electrons
(Δt = 0.1 ps), in agreement with prediction by the optical
transitions (sticks above the 2PPE spectra, see Figure S6).
Similar to the results in Figures 2 and 3, the initial electron
distribution in Figure 4A relaxes on the picosecond time scale
to two features, one close to the CBM (E) and a high-energy
one (E*) at ∼0.3 eV above CBM. Selected kinetic profiles in
Figure 3B (≤50 ps) show the monotonic population decay at
higher energy (red, 0.58 eV above CBM), a fast picosecond rise
followed by monotonic decay at intermediate energy (purple,
0.38 eV above CBM), and monotonic rise at lower energy
(blue, 0.18 eV above CBM). The kinetic profile (gray dots in
Figure 4C) for the high-energy peak at ∼0.3 eV on a longer
time scale (0−300 ps) can be described by a single exponential
fit (black curve), with a time constant of 100 ± 20 ps.
When the same sample is cooled down to the orthorhombic

phase at 90 K, we find that the CBM is shifted up by 0.08 to 0.2
eV above EF. Except for the slight cooling on the subpicosecond
time scale, the 2PPE spectrum features a single peak, with no
change in peak shape for Δt ≥ 1 ps. Kinetic profiles at the peak
position, Figure 3E, also show nearly constant intensity within

Figure 4. Comparison of electron cooling dynamics in tetragonal and orthorhombic phases for CH3NH3PbI3. (A) TR-2PPE spectra at the indicated
pump−probe delays (from top to bottom, Δt = 0.1, 5, 10, 20, and 50 ps) for a CH3NH3PbI3 thin film (35 nm) on SiO2/Si(111) at 190 K. The CBM
is at 0.12 ± 0.01 eV above EF for this sample. (B) 2PPE intensity as a function of Δt for the indicated energies (above CBM) from the measurement
at 190 K. (C) 2PPE intensity (dots) as a function of Δt at E − CBM = 0.3 eV for the measurement at 190 K. The solid curve is an exponential fit,
which gives a time constant of 100 ± 20 ps. (D) TR-2PPE spectra at the indicated pump−probe delays (from top to bottom, Δt = 0.1, 1.0, 5.0, and
20 ps) for the same sample as in panel A but at a sample temperature of 90 K. (E) 2PPE intensity as a function of Δt at E − CBM = 0.2 eV from the
measurement at 90 K.
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the 50 ps time window. The electron temperature stays around
90 meV showing no significant cooling in the observed time
window (see Supporting Information, Figure S9). We conclude
that there are no long-lived energetic electrons in the low-
temperature orthorhombic phase.
As an additional control, we carry out TR-2PPE measure-

ment on PbI2. For excitation of a PbI2 thin films at hν1 = 2.68
eV, which is above the optical gap of ∼2.5 eV,33 TR-2PPE
spectra (Figure S16) show a distinct peak at 0.95 eV (above EF)
from the CBM and a shoulder feature at ∼0.7 eV attributable to
the self-trapped exciton.33 Except for the slight initial relaxation
of excess electron energy within ∼0.3 ps, the shape of the TR-
2PPE spectrum remains constant for Δt ≥ 0.5 ps, verifying the
absence of energy relaxation dynamics on longer time scales.
3.4. Hot PL from Long-Lived Energetic Carriers. To

establish that the persistence of excess electronic energy is not
unique to the surface of the CH3NH3PbI3 thin film due to the
surface sensitivity of the 2PPE technique, we turn to time-
resolved photoluminescence (TR-PL). The information depth
of this technique is given by the extinction coefficient in the
visible spectral range, which significantly exceeds the thickness
of our thin-film samples. Figure 5A shows a pseudocolor
(logarithm of intensity) plot of PL spectra from TCSPC for
optical excitation at hν1 = 2.48 eV, an excitation energy density
of 3.5 μJ·cm−2, and a sample temperature of 294 K, with a few
PL spectra at indicated delay times shown in Figure 5B. Each
TR-PL spectrum features a broad high-energy tail at early time,
which is attributed to the radiative recombination of high-
energy carriers. Similar to 2PPE spectra in Figure 3B, the high-
energy tail in PL spectrum in the semilogarithmic plot (Figure

5B) is linear and can again be approximated by a pseudo-
temperature, Te*, shown in Figure 5C as a function of delay
time. The energetic carriers decay, mostly within the first 200
ps, with an average energy relaxation rate (from linear fit, red
line) of 0.3 meV/ps, which is similar to the slow component of
electron relaxation observed in TR-2PPE for the CH3NH3PbI3
thin film (Figure 3C). We have also made similar observations
from TR-PL measurement in CH3NH3PbBr3 single crystals.12

The shape of the PL spectrum remains almost constant for
delay time ≥300 ps. The broad steady state PL spectrum has
been attributed to vibronic coupling.34 The slow decay of
energetic carriers is also reflected in the different integrated PL
decay dynamics at high (>1.85 eV, yellow triangles) and low
(<1.65 eV, red circles) photon energies, Figure 3D. The former
can be well described by a single exponential lifetime of τ* = 80
± 20 ps, which is close to the population decay constant from
E* to E° seen in TR-2PPE (Figure 2D). The PL intensity at
lower photon energies (<1.65 eV) decays with a time constant
>1 ns, as expected from radiative recombination of band edge
carriers. Additional temperature dependent measurements
show similar results at a lower temperature of 197 K (Figure
S10), where CH3NH3PbI3 perovskite remains in the tetragonal
phase. Unfortunately, we are not able to carry out measure-
ments at even lower temperatures for the orthorhombic phase
due to the coexistence of both tetragonal and orthorhombic
phases and the interphase energy transfer process,35 which
prohibited the quantitative extraction of pseudo-electronic
temperatures.
We probe the dependence of pseudo-electronic temperatures

on excitation photon energy and density. Figure 6A,B shows PL

Figure 5. Hot photoluminescence from energetic carriers in CH3NH3PbI3. (A) Pseudocolor (logarithmic intensity) plot of TR-PL spectra for a
CH3NH3PbI3 thin film (35 nm thickness) on sapphire, at hν1 = 2.48 eV and an excitation energy density of 3.5 μJ·cm−2. (B) PL spectra (horizontal
cuts from panel A) at the indicated delay times (50 ps to 1 ns). (C) Pseudo-electronic temperature (kTe, open squares) obtained from the slope of
high energy tail in each PL spectrum as a function of delay time. The red line is a linear fit to the fast decay section, which gives a slope of −0.30 ±
0.05 meV/ps. (D) Integrated PL intensities: total (gray squares), hν < 1.65 eV (red circles), and hν > 1.85 eV (yellow triangles). The solid curves are
exponential fits. The sample temperature was 294 K during measurements.
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spectra at peak electronic energy and cooling dynamics at
different excitation photon energies but similar carrier density
(∼1 × 1017/cm3). For hν1 = 2.15, 2.48, and 3.06 eV, both PL
spectra and kTe* decay dynamics are almost the same within
experimental uncertainty. The peak kTe* value is 0.16 eV, nearly
independent of the excess excitation energies (Eexc, above
bandgap) of Eexc = 0.5, 0.8, and 1.4 eV for hν1 = 2.15, 2.48, and
3.06 eV, respectively. Thus, for Eexc exceeding 0.5 eV, part of
the excess carrier energy is lost before the slow cooling process
begins. When the excitation photon energy is further decreased
to hν1 = 1.75 eV, corresponding to Eexc = 0.1 eV, the initial kTe*
decreases to 0.1 eV.
As compared to the hot phonon bottleneck effect, which

leads to a positive correlation between hot carrier energy and
excitation density,9−11 our observation of long-lived energetic
carriers at lower carrier densities show the opposite trend. As
shown in Figure 6C for hν1 = 3.06 eV, the high-energy tail of
the PL spectra at peak carrier temperature reveals a decreasing
kTe* with increasing excitation density. This observation is
general for all excitation photon energies and excitation
densities investigated, as summarized in Figure 6D (see Figures
S11−S14 for power-dependent spectra and cooling dynamics at
all photon energies). The inverse dependence of pseudo-
electronic temperature on excitation density contradicts the
two- or three-temperature model commonly used to describe
free carrier thermalization. This finding supports our hypothesis
of protected energetic carriers via large polaron formation, as
detailed below.

4. DISCUSSION

The observation of energetic electrons with excess energy of
∼0.25 eV and with lifetime on the ∼100 ps time scale is
unprecedented in bulk semiconductors. This is distinctly
different from the hot phonon bottleneck,7,8 seen also in
CH3NH3PbI3 thin films at high excitation densities (≥1018/
cm3).9−11 The phonon bottleneck results from the equilibration
of hot carriers with the hot phonon bath that is not cooled
down fast enough; in this mechanism, electronic temperature
increases with increasing excitation density. In contrast, we are
probing the excitation density region (1016−1018/cm3) below
the threshold for the phonon bottleneck and increasing
interparticle scattering at high densities actually decreases the
pseudo-electronic temperature. The latter suggests that long-
lived energetic electrons observed here at low densities are in
the single (quasi) particle region, and interparticle scattering
actually accelerates its cooling. Before addressing the reason for
the long-lived energetic electrons, we discuss the apparent
differences in the energetic electron distribution from TR-2PPE
and TR-PL measurements. In TR-2PPE (Figures 2-4), we
observe two distributions, one near the CBM and the other
described by a pseudo-electronic temperature as high as kTe* =
153 meV (at 1 ps). In TR-PL, the high-energy tail can be
described by similar electronic temperature, but the two
distributions are not resolvable. The difference between these
two sets of data could lie in the difference in cross sections. In
TR-2PPE, the high energy electron distribution could be
enhanced by resonant conditions in the photoionization step
(by hν2). Hot carriers could be underestimated in PL
measurement because radiative recombination cross sections
from energetic carriers are lower than that from band-edge

Figure 6. Dependences of hot PL on excitation photon energy and density. (A) Initial peak PL spectra (normalized) for a CH3NH3PbI3 thin film
(35 nm) on sapphire, with excitation photon energies of hν1 = 1.75−3.06 eV and a common excitation density of ∼1 × 1017/cm3. (B) Electronic
temperature (kTe) as a function of delay time for hν1 = 1.75−3.06 eV and a common excitation density of ∼1 × 1017/cm3. (C) Initial peak PL
spectra (normalized) with an excitation photon energy of hν1 = 3.06 eV and different pulse energy densities: 0.5−4.9 μJ/cm2. (D) Peak electronic
temperatures (kTe) as a function of initial excitation density from PL at three excitation photon energies, hν1 = 3.06 (blue), 2.48 (green), and 2.15
(orange) eV. The gray curve is an exponential fit to the data points.
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carriers,11 and hot PL could also be reabsorbed preferentially
over band-edge PL light.36,37

A density-of-state (DOS) argument38 has been used to
explain the 0.4 ps population decay time constant of energetic
holes,26 and for an excess energy of 0.3 eV, this calculation
predicts hot-hole lifetime reaching ∼100 ps. The dispersion and
DOS of the conduction band are more complex than those of
the valence band because of the strong spin−orbit coupling in
the constituting Pb 6p orbitals.30 Calculations at the HSE level
including spin−orbit coupling29 show a minimum in the DOS
around 0.3 eV above the CBM, in qualitative agreement with
our 2PPE data, see Figure 3B. This minimum is absent in
earlier calculations neglecting spin−orbit coupling.39 The
minimum in the DOS, or the maximum near the CBM,
respectively, may thus be attributed to an effective reduction in
dimensionality at the minimum of the spin-split band40,41 Being
broader than the LO frequency,29 the minimum in the CB DOS
can act as a bottleneck for electron−LO-phonon scattering,
similar to the low DOS at the VBM.38 This kind of bottleneck
slows down the energetic relaxation of carriers at higher
energies at carrier density low enough for electron−phonon
scattering to be dominant over electron−electron scattering.
Noteworthy, the minimum in the CB DOS is not observed to
the same degree in optical spectroscopies, which typically probe
the joint DOS of transitions between the CB and the VB, the
latter exhibiting a monotonously increasing DOS with
increasing energy of the hole29,30 Moreover, ARPES measure-
ments on related (CH3NH3)PbBr3 indicate a stronger spin-
splitting of the VB in the room-temperature phase than in the
orthorhombic low-temperature phase,42 in line with our 2PPE
data from the CB. While this mechanism is in line with our
experimental findings, it cannot explain the observed differ-
ences between the tetragonal and orthorhombic phases of
CH3NH3PbI3. The DOS argument fails similarly to account for
the observation of long-lived hot carriers in single crystal hybrid
CH3NH3PbBr3 or CH(CH2)2PbBr3 perovskite but not in the
all-inorganic CsPbBr3 perovskite at room temperature.12 Note
that at room temperature, CH3NH3PbBr3 and CH-
(CH2)2

+PbBr3 are in the dynamically disordered cubic phase,
while CsPbBr3 is in the more ordered orthorhombic phase.
The correlation between long-lived energetic carriers and the

presence of a high degree of dynamic disorder (e.g., in the
tetragonal or cubic phase) suggests the role of screening in
reducing the rate of electron−LO phonon scattering. Dynamic
disorder and screening are emerging as hallmarks of lead halide
perovskites that are responsible for their remarkable transport
properties. Screening of a charge carrier in a polar and
dynamically disordered environment can effectively reduce the
scattering of a charge carrier with charged defects, with LO
phonons, and with each other.20,43,44 Zhu and Podzorov43

proposed that such screening results in the formation of a large
polaron,45 with the size of the polarization cloud larger than the
unit cell dimension. The coherent motion of the large polaron
in hybrid lead halide perovskites may explain their charge
carrier properties, particularly low trapping rate to defects and
inverse temperature dependence in charge carrier mobility that
resembles defect-free and nonpolar semiconductors.43

We hypothesize that large polaron formation resulting from
dynamic screening may provide the necessary “protective
shield” for hot electrons, thus minimizing their interaction with
other high-energy phonons and drastically slowing down
further cooling. The key to this “protective shield” is the
reduction in Coulomb potential responsible for electron−LO

phonon scattering. The time-scale for initial electron relaxation,
τC = 0.25 ± 0.05 ps, is consistent with the ∼0.3 ps frustrated
rotation (wobbling) time of the methylammonium cation46 and
is also likely the time scale for initial large polaron formation.
While large polaron formation in hybrid perovskites can occur
on broad time scales due to the fast motion of the
methylammonium cation as well as slower motions of the
lead halide framework,44,47−50 it is the former that is
competitive with the time scale for LO phonon scattering,
thus leading to the partial preservation of excess electronic
energy on the 100 ps time scale. In addition to reducing
Coulomb potential for scattering with LO-phonons, the
reduced local symmetry of a large polaron, as compared to
that of the neutral lattice, can enhance Rashba splitting. Rashba
splitting is one proposed mechanism behind the long carrier
lifetimes in lead halide perovskites.51−54 Calculations have
shown that the interplay of spin-splitting and polaron formation
gives rise to rich physics55−59 that deviate qualitatively from the
ones in the original Fröhlich model of polaron formation in the
absence of spin−orbit coupling. In addition to this screening,
cooperative reorientation of either organic dipoles or perhaps
inorganic octahedrals can form a locally stabilized potential
minimum with energetic electrons. This dynamic formation of
an energetic electron sink may account for observed 3-orders of
magnitude long-lived energetic electrons. This hypothesis is
consistent with our earlier discovery of the correlation between
long-lived hot carrier and organic cation induced liquid-like
structural flexibility in (CH3NH3)PbBr3 or CH(CH2)2PbBr3,
but not in CsPbBr3.

12

There is a dynamic competition between large polaron
formation and initial energy relaxation. A “bare” electron (not
dressed by the nuclear polarization) relaxes initially via efficient
scattering with optical phonons and, at the same time, localizes
into a large polaron. Since the initial energy relaxation rate
increases with the excess energy of the electron,5 large polaron
formation may not be competitive with relaxation for very high
E* and may explain the apparent saturation of kTe* for hν ≥
2.15 eV (Figure 6A,B). When the fast orientational motion of
methylammonium cations is frozen in the low-temperature
orthorhombic phase, the formation of large polarons is no
longer competitive with cooling dynamics, and there is no
evidence for slow relaxation of energetic electrons beyond ∼1
ps (Figure 4D,E). Large polarons can be destabilized at high
densities due to the mutual repulsion of polarization clouds.45

Such destabilization increasingly weakens the protective large
polaron shield and may explain the unusual excitation density
dependence of kTe* (Figure 6D), which is the opposite of what is
expected from the phonon bottleneck. Note that at high
excitation densities (>1018 cm−3) the destabilization of large
polarons may return the situation to more of a conventional
phonon bottleneck.9−11

One of the spectroscopic signatures of a large polaron is
absorption at three times the total energy of the large
polaron.45 The factor three gives the energy gain of only the
electron, whereas the energetic cost associated with interactions
within the lattice, which is twice the polaron energy, remains in
the system upon photoionization. Our transient absorption
measurement (Figure S17) revealed an absorption onset at
∼0.23 eV, which coincides with ∼3× the activation energy (75
meV) in radiative recombination reported by Savenije and co-
workers.60,61 The rapid formation of large polarons from the
initial free carriers is in agreement with the absence of
dispersions observed in angle-resolved TR-2PPE (Figure

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b08880
J. Am. Chem. Soc. 2016, 138, 15717−15726

15724

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08880/suppl_file/ja6b08880_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08880/suppl_file/ja6b08880_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b08880


S4c,d), where a large polaron should be localized to a
momentum range given by the inverse of its radius. Note
that ARPES in Figure 1A shows the dispersion of valence bands
for free electrons, before they are subject to large polaron
formation. In TR-2PPE beyond ∼1 ps, localized large polarons
are already formed.
The observation of slow energetic electron relaxation on the

100 ps time scale at low excitation densities (≤1017/cm3) may
be relevant to E* harvesting. Our experiments demonstrate that
the lower the excitation density, the more excess energy can be
stored. Our 2PPE and TR-PL data recorded at excitation
densities of around 1018 and 1017 cm−3 thus give a lower limit
for the long-lived excess energy under solar flux, around 1016

cm−3. If the excess energy stored in these protected energetic
electrons can be used to do work (and assuming the same for
energetic holes), we estimate that solar energy conversion
efficiency can be as high as ∼38% under solar radiation (see
Supporting Information, Figures S18 and S19). For compar-
ison, the Shockley−Queisser limit at the band gap of 1.55 eV is
∼30%. Indeed, the observation of much decreased lifetimes of
both high- and low-energy electrons for the 35 nm perovskite
thin film on the low bandgap substrate of PbSe (Figure 3D)
illustrates this efficient harvesting. Our findings should motivate
future efforts in their efficient harvesting to realize solar energy
conversion with efficiency exceeding the Shockley−Queisser
limit.

5. CONCLUSION

We probe hot electron relaxation dynamics in polycrystalline
CH3NH3PbI3 perovskite thin films using time-resolved two-
photon photoemission and time-resolved photoluminescence
spectroscopies. We observe energetic electrons with ∼0.25 eV
excess energy and corresponding hot fluorescence emission on
the long time scale of 100 ps, in agreement with observations
on single crystal APbBr3 [A = CH3NH3

+ or CH(CH2)2
+]. The

lifetime of energetic carriers in hybrid lead halide perovskite is
2−3 orders of magnitude longer than those in conventional
semiconductors. We attribute the suppression of carrier
scattering with optical phonons to the formation of large
polarons in these dynamically disordered materials.
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