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ABSTRACT: Methylammonium lead iodide (CH3NH3PbI3) hybrid perovskite in the
tetragonal and orthorhombic phases have different exciton binding energies and demonstrate
different excitation kinetics. Here, we explore the role that crystal structure plays in the
kinetics via fluence dependent transient absorption spectroscopy. We observe stronger
saturation of the free carrier concentration under high pump energy density in the
orthorhombic phase relative to the tetragonal phase. We attribute this phenomenon to small
dielectric constant, large exciton binding energy, and weak Coulomb screening, which results
in difficult exciton dissociation under high light intensity in the orthorhombic phase. At
higher excitation intensities, we observe a coherent phonon with an oscillation frequency of
23.4 cm−1 at 77 K, whose amplitude tracks the increase of the first-order lifetime.

The methylammonium lead iodide (CH3NH3PbI3) hybrid
perovskite has attracted tremendous attention in the

photovoltaic field. CH3NH3PbI3, when incorporated into solar
cells, has shown an efficiency of around 20%.1 The high
efficiency and interest in hybrid perovskites stem from their
unique mechanical, optical, and electronic properties. These
include small and tunable band gaps,2 broad light absorption
spectrum,3 crystal formation,4 exciton binding energy com-
parable to or smaller than thermal energy at room temper-
ature,5−7 high ambipolar charge transport mobility,8−11 limited
charge recombination,12−17 easy processability, and potential
low-cost fabrication.18 CH3NH3PbI3 hybrid perovskite under-
goes various structural phase transitions depending on the
tilting and rotation of the PbI6 polyhedra as well as the
orientation of methylammonium cation in the lattice upon the
introduction of an external perturbation such as temper-
ature.19,20 The disordered methylammonium cation in the
tetragonal phase and the ordered cation in an antiferroelectric
way in the orthorhombic phase lead to a variation of dielectric
constant,19 which results in different exciton binding energies21

in these two phases. In our previous work, we utilized
temperature dependent transient absorption spectroscopy to
find that the crystal structure of a CH3NH3PbI3 thin film affects
exciton and free carrier dynamics.22 The recovery of the ground
state bleach in the orthorhombic phase is faster than that of the
tetragonal phase,22 due to a larger fraction of excitons in the

orthorhombic phase. In addition to exciton and free carrier
dynamics, transient absorption spectroscopy and quantitative
analysis have revealed other aspects of the physics of the
excitations in CH3NH3PbI3.

13,15,23−26 The observed saturation
of free carrier concentration under high-intensity excitation and
the increase of the band edge transition energy with free carrier
concentration suggests the existence of a band filling effect.15

The emergence of a sub-band gap signal has been attributed to
band gap renormalization and hot carrier distribution.23,24 The
slow cooling of hot carriers in CH3NH3PbI3 has also been
observed via transient absorption spectroscopy.13,23−25

In this work, we study the role that crystal structure plays in
the kinetics via fluence dependent transient absorption
spectroscopy. By probing at the center of ground state bleach
and fitting the experimental data, we find stronger saturation of
free carrier concentration at high-intensity excitation in the
orthorhombic phase. At 77 K at higher fluencies, we observe an
oscillation with a frequency of 23.4 cm−1 due to a coherent
phonon, which may contribute to the increase of the first-order
decay lifetime.
Figure 1a displays transient absorption kinetic traces (a

semilog plot of ΔT/T as a function of delay time) at the band-
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edge transition (760 nm) for CH3NH3PbI3 in the tetragonal
phase at room temperature under various pump intensities
from 1.8 μJ/cm2 to 76.6 μJ/cm2 with an excitation wavelength
of 650 nm. The decay of the signal originates from the recovery
of the ground state bleach as well as the stimulated emission
due to radiative decay of excitons and from electron−hole
recombination. In order to understand the kinetic mechanism,
the traces are modeled by a generic rate equation, shown in eq
1.15,27 This equation describes the multiple-order processes of
the time evolution of exciton and free carrier density.
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where n is the density of free carriers or excitons, and t is the
pump probe delay time. A, B, and C are the coefficients for the
first-, second-, and third-order terms, respectively. The first-
order term may originate from trap state assisted recombination
or from exciton relaxation. The second-order term may
originate from free carrier recombination and from exciton−
exciton annihilation. The third-order term may originate from a
three body effect, Auger recombination (the energy released
from electron−hole recombination exciting a third carrier to a
higher energy state). As per eq 1, the form of the dynamics
should reflect the type of carrier recombination or exciton
relaxation. The solution for the first-, second-, and third-order
kinetics are shown in eqs 2.1, 2.2, and 2.3.
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where n(0) is the maximum carrier concentration intensity. A
linear relationship of ln(n(t)) as a function of delay time t
suggests a first-order kinetic mechanism for the decays of the
exciton or free carrier. A linear relationship of n(0)/n(t) as a
function of delay time t suggests a second-order kinetic

mechanism, while a linear relationship of [n(0)/n(t)]2 as a
function of delay time t suggests a third-order kinetic
mechanism.
We first used the above description to understand the

dynamics of CH3NH3PbI3 in the tetragonal phase (room
temperature) at different light intensities. The nonlinear
relationship at high light intensity of Figure 1a suggests the
kinetics is not solely governed by a first-order process. We then
plot n(0)/n(t) (inverse of normalized ΔT/T) versus delay time,
as shown in Figure 1b. The linear relationship at most light
intensities (shown by the dash-dot lines) indicates the second-
order exciton or carrier dynamics. Given that the exciton
binding energy for CH3NH3PbI3 at room temperature is
comparable to or much smaller than the thermal energy −kT,5,6
excitons can easily dissociate into free electrons and holes. The
second-order term therefore originates from electron−hole
recombination rather than exciton−exciton annihilation.
Finally, we plot [n(0)/n(t)]2 (inverse of the square of
normalized ΔT/T) versus delay time, as shown in Figure 1c.
We notice that, although the nonlinear relationship strongly
depends on the specific sample, the Auger recombination is
weak even at high intensity excitation. Consistent with previous
work, we observe that electron−hole recombination is the
dominant process in the tetragonal phase at room temperature.
We fit the experimental data at all pump intensities according
to the sum of eqs 2.1 and 2.2, the fit shown in the solid lines in
Figure 1a and fitting parameters listed in the Supporting
Information. For example, at the highest pump fluence (76.6
μJ/cm2), we extracted a lifetime 1/A from the first order fit to
be 55 ps with a weight percentage of 18% and the product of
the second-order recombination rate constant and initial free
carrier concentration intensity Bn(0) to be 0.0024 ps−1 with a
weight percentage of 82%. We used the analytical results for the
physical insight they provide. An extended study of the
excitation dynamics based on a more sophisticated theoretical
model will be presented in a future publication.
We then utilized a similar method to analyze the transient

absorption spectra of CH3NH3PbI3 thin films in the
orthorhombic phase. Figure 2a displays the semilog plot of
ΔT/T versus delay time for perovskite in the orthorhombic
phase at 77 K at the band edge transition (740 nm) under a
variety of pump energy densities from 1.8 μJ/cm2 to 76.6 μJ/
cm2. Figure 2b displays the magnification of Figure 2a from
−0.6 to +6 ps. The wavelength of the band-edge transition (740
nm) in the orthorhombic phase is smaller than that in the
tetragonal phase (760 nm), due to the smaller band gap in the
latter phase.2,20,22,28−30 Both near-infrared and visible probes in
transient absorption spectroscopy have shown that the exciton
lifetime is of the order of ps and the free carrier lifetime is of the
order of ns.31 The exciton has been observed in transient
absorption spectra at room temperature15,23−26 and in the
orthorhombic phase via ultraviolet−visible absorption spec-
troscopy.5 The obvious existence of two regimes, a fast and a
slow decay, likely can be attributed to exciton decay and free
carrier decay, respectively, given that the lifetime of excitons in
CH3NH3PbI3 is much shorter than that of the free carriers.22,31

The linear dependence of ΔT/T versus t for the fast decay
(∼1−6 ps at seven high light intensities above 14.9 μJ/cm2 and
<1 ps at five low light intensities below 7.3 μJ/cm2) shown in
Figure 2b suggests the relaxation of excitons. The trap density
has been generally accepted to be low,8 and carrier lifetime is
on the order of ns; we therefore expect that carrier trapping will
not make a significant contribution to the picosecond decay.

Figure 1. (a) ΔT/T plotted on a semilog scale. (b) Inverse of
normalized ΔT/T. (c) Inverse of square of normalized ΔT/T as a
function of delay time for perovskite in the tetragonal phase at room
temperature at various pump energy densities. The arrow indicates
increasing of pump energy density. The circles and solid lines
represent the experimental data and fit, respectively. The dash-dotted
lines in panels b and c are the linear fits. The pump and probe
wavelengths are 650 and 760 nm, respectively.
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The slow decay does not follow the linear relationship well.
The plot of n(0)/n(t) (inverse of normalized ΔT/T) versus
delay time shown by the dash-dotted lines in Figure 2c follows
a linear relationship, suggesting electron−hole recombination.
We did not observe a deviation of linear relationship in such a
plot, suggesting that Auger recombination is not prevalent in
the orthorhombic phase. By fitting the experimental data at the
highest pump energy density (76.6 μJ/cm2) according to the
sum of eqs 2.1 and 2.2, we extracted a lifetime 1/A from the
first-order component to be 3.6 ps with a weight percentage of
79% and the product of the second-order recombination rate
constant and initial free carrier concentration intensity Bn(0) to
be 0.0023 ps−1 with a weight percentage of 21%. The details of
the fitting parameters are listed in the Supporting Information.
In addition to the dynamics, we also studied the maximum

signal ΔT/T as a function of pump energy density, which
shows different trends in the tetragonal and orthorhombic
phases. Figure 3a displays the maximum ΔT/T for the
tetragonal phase as a function of pump energy density via
fitting the experimental data shown in Figure 1a. The maximum
ΔT/T follows a linear relationship with pump energy density in
the tetragonal phase, suggesting a linear dependence of free
carrier concentration on pump energy density. Figure 3b
displays the maximum ΔT/T as a function of the square root of
the pump energy density in the orthorhombic phase. In
contrast to the tetragonal phase, the maximum ΔT/T follows a
square root relationship with pump energy density in the
orthorhombic phase. Given that the signal ΔT/T can originate
from both excitons and free carriers for perovskite in the
orthorhombic phase, we decoupled the two contributions by
fitting the experimental data to the sum of eqs 2.1 and 2.2, the
fit shown in Figure 2a. Figures 3c and 3d display the maximum
ΔT/T as a function of pump energy density extracted from the
fast decay and slow decay, respectively. The fast decay (exciton
decay) follows a linear relationship. In contrast, the slow decay
(free carrier decay) follows a saturation trend with pump
energy density when pump energy density values are above
about 10 μJ/cm2, suggesting that higher pump energy densities
do not generate larger concentrations of free carriers. We

modeled the maximum of ΔT/T for the slow decay as a
function of the pump energy density according to the
phenomenological expression15 shown in eq 3.

=
+

I
aI
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where Ipump is the pump energy density in μJ/cm2, Imax is the
maximum ΔT/T, and a, b, and c are the floating parameters.
The fit gives a = 0.26, b = 61.4, and c = 1.31. The saturation of
free carrier concentration can be affected by both band filling
and the ease of exciton dissociation at high light intensity. The
band filling effect has been observed in semiconductors32 and in
CH3NH3PbI3 hybrid perovskites,15 in which the lowest energy
state in the conduction band is filled under high-intensity
excitation, which drives the nominal band gap to higher energy.
Band filling depends on the effective mass. When the effective
mass is small, it is easy to fill the band, resulting in a nominal
larger band gap, and free carrier saturation at high-intensity
excitation. Previous studies have demonstrated the effective
mass in the orthorhombic phase is comparable to or larger than
that in the tetragonal phase.33,34 Therefore, we suspect the band
filling caused by the effective mass cannot be the dominant
origin of the saturation effect. In the tetragonal phase, high
fluence excitation can create a large concentration of free
carriers due to the large dielectric constant and small exciton
binding energy. The quadratic relationship of maximum
fluorescence amplitude under high excitation intensity has
been suggested to indicate the nongeminate recombination of
free carriers at high light intensity at room temperature.35 The
large concentration of free carriers induces strong Coulomb
screening, which further increases the dielectric constant and
decreases the exciton binding energy.24 However, in the
orthorhombic phase, the dielectric constant is small and
exciton binding energy is large. The neutral exciton rather
than a positive or negative charge leads to weak Coulomb
screening even at high light intensity. We suggest that this weak
Coulomb screening at high light intensity is responsible for the
saturation of free carriers in the orthorhombic form, as this will

Figure 2. (a) ΔT/T plotted on a semilog scale. (b) Magnification of
panel a from −0.6 to +6 ps. (c) Inverse of normalized ΔT/T as a
function of delay time for perovskite in the orthorhombic phase at 77
K at various pump energy densities. The arrow indicates increasing of
pump energy density. The circles and solid lines represent the
experimental data and fit, respectively. The dash-dotted lines in panel c
are a linear fit. The pump and probe wavelengths are 650 and 740 nm,
respectively.

Figure 3. (a) Maximum transient absorption signal ΔT/T as a
function of pump energy density extracted from the perovskite in the
tetragonal phase at room temperature. (b) Maximum transient
absorption signal ΔT/T as a function of square root of pump energy
density in the orthorhombic phase at 77 K. Maximum ΔT/T as a
function of pump energy density extracted from the fit of (c) fast
decay and (d) slow decay for perovskite in the orthorhombic phase at
77 K. Blue circles andred dash-dotted lines represent the data and fit,
respectively.
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make it more difficult for excitons to dissociate into free
carriers.
Interestingly, we observe oscillatory behavior in the

orthorhombic phase at 77 K, especially at high pump
intensities, as shown in Figure 2b. Figure 4a displays a

representative decay trace probed at 740 nm for the
orthorhombic phase at 77 K with the pump energy density of
46.4 μJ/cm2. The oscillation is obvious. To improve the
resolution of the oscillations, we used a lock-in amplifier and
optical chopper to increase the signal-to-noise ratio in all the
measurements reported here. We have verified that this
oscillation is not from a satellite pulse by cross-correlation
and it is very reproducible. After fitting the experimental data
according to the sum of equations of 2.1 and 2.2, we extracted
the residual, shown in Figure 4b. Fourier transformation gives
an oscillation frequency of around 23.4 cm−1, corresponding to
0.70 THz. According to the terahertz spectroscopy, a peak
around 0.8 THz is associated with a phonon in the
orthorhombic phase.36 This phonon has been attributed to
the vibration of Pb−I bonds. Furthermore, via first-principles
lattice dynamics, the 1-THz phonon mode has been assigned to
the buckling of the Pb−I−Pb angles.37 Although coherent
phonons have been observed in inorganic perovskite
materials,38 so far as we know, this is the first observation of
a coherent phonon in CH3NH3PbI3. The relaxation of the
coherent phonon is determined by elastic and inelastic
scattering. The latter is typically the dominant process in a
dielectric material. A very interesting phenomenon is that when
the oscillation of the coherent phonon is prominent at seven
high light intensities (above 14.9 μJ/cm2), the exciton
relaxation time is long, shown in Figure 2b. The fit under
these high light intensities gives a first-order lifetime of 2.8 ±
0.5 ps. The fit at five low light intensities (below 7.3 μJ/cm2)
gives a first-order lifetime of 0.38 ± 0.03 ps. Figure 4d displays
the lifetime of first-order decay and maximum Fourier
transform power around 23.4 cm−1 at different pump energy
densities. The first-order decay time and the Fourier transform
power are clearly correlated. Whether there is a causal

connection between the two is not clear, but below we offer
some suggestions as to how coherent phonons could increase
the first order decay time. Coherent phonons can increase the
first-order lifetime by increasing the exciton lifetime and/or
slowing of the carrier cooling, which both happen on the order
of ps. For example, coherent phonons can directly increase the
exciton lifetime before relaxation by affecting the dielectric
constant or refractive index which ultimately influences the
exciton binding energy.38 The thermalization of free carriers has
been observed to be slow in CH3NH3PbI3 at room temperature
by frequency resolved transient absorption spectroscopy.23,24,39

Besides increasing the exciton lifetime, the carrier thermal-
ization may be slowed by the coherent phonons if they are
strongly mixed with the excitons. In order to disentangle the
contributions of coherent phonons to exciton and free carrier
decay at low temperature, frequency resolved transient
absorption spectroscopy with high signal-to-noise is planned.
Quantitative analysis and a theoretical model of the coherent
phonon is needed and will be addressed separately. Phonons
play significant roles in energy transport, carrier mobility, and
thermal properties. For example, the high mobility observed in
CH3NH3PbI3 may originate from the weak scattering of
phonons and slow thermalization of hot carriers.23,24,39 How
the coherent phonon affects energy transport, carrier mobility,
and thermal properties is a topic that merits further study.
In summary, we studied exciton and free carrier dynamics in

CH3NH3PbI3 perovskite thin films in the tetragonal and
orthorhombic phases using fluence dependent transient
absorption spectroscopy. We observe a saturation of free
carrier at high-intensity excitation in the orthorhombic phase,
which we attribute to the weak Coulomb screening. We also
observe a coherent phonon with an oscillation frequency of
23.4 cm−1 at 77 K. The existence of a coherent phonon is
correlated with an increase in the lifetime of the first-order
decay. Studying the coupling between phonons and excitons or
free carriers should increase our understanding of optoelec-
tronic and thermal properties of hybrid organic inorganic
perovskites.

■ EXPERIMENTAL METHODS
Fabrication of CH3NH3PbI3 Polycrystalline Thin Film. The
synthesis of methylammonium iodide (CH3NH3I) was
reported previously.22 The synthesized CH3NH3I and PbI2
(Alfa Aesar) were dissolved in anhydrous dimethylformamide
(Sigma-Aldrich) at 3:1 molar ratio with a total molar
concentration of 3.52 mol/L and the solution was stirred
overnight. The CH3NH3PbI3 film was formed by spin coating
the solution at 2000 rpm for 1 min onto a precleaned glass
substrate, followed by thermal annealing at 135 °C for 45 min
in air. The film thickness was 550 ± 20 nm, obtained by
profilometry. X-ray diffraction was utilized to check the
successful formation of a polycrystalline film, with an average
crystal size ∼37 nm, derived from Scherrer Equation. The laser
pump spot size diameter is ∼300 μm, much larger than the
crystal size. So we are averaging over quite a few grains and
grain boundaries.
Fluence-Dependent Transient Absorption Spectroscopy. Tran-

sient absorption spectra were collected in the pump probe
geometry based on an amplified Ti:sapphire laser with a
repetition rate of 250 kHz. The pump beam, generated by a
collinear optical parametric amplification of the 805 nm output,
was centered at 650 nm with a full width at half-maximum of 32
nm and of about 40 fs duration after compression by a pair of

Figure 4. (a) Representative transient absorption signal ΔT/T at 77 K
in the orthorhombic phase with a pump energy density of 46.4 μJ/cm2.
The red line and blue line represent the experimental data and fit,
respectively. (b) Residual (blue circle) of the transient absorption
signal obtained by the subtraction of the fit from the experimental
data. The red line is the interpolation of data every 50 fs from the
experimental data. (c) Fourier transformation of interpolated data. (d)
Lifetime of the fast decay (left y axis, blue) and maximum Fourier
transform power (right y axis, green) due to the coherent phonon as a
function of pump energy density.
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prisms. The pump beam was focused at the sample position
with a diameter of 300 μm. The pump beam was chopped with
an optical chopper and pump fluence was controlled by neutral
density filters. Data were acquired at 12 different pump energy
densities: 76.6, 58.1, 46.4, 36.9, 29.4, 18.8, 14.9, 7.3, 5.7, 4.6,
3.6, and 1.8 μJ/cm2. A white light supercontiunuum, created by
focusing 805 nm output onto a 1 mm-thick sapphire plate, was
used as the probe beam. The polarization angle between pump
and probe was set at 55°. The probe beam was spectrally
resolved by a spectrometer and detected by a Si photodiode
with a lock-in amplifier in all the transient absorption
spectroscopy measurements. The cross correlation between
pump and probe pulses was around 100 fs. The data were
acquired with pump−probe delay times from −600 to 3000 fs
with a step size of 20 fs, from 3.1 to 10 ps with a step size of 50
fs (at 77 K) or 100 fs (at room temperature), from 11 to 100 ps
with a step size of 1 ps, and from 110 to 800 ps with a step size
of 10 ps. The sample was placed in a vacuum chamber of an
Oxford Instruments liquid N2 cryostat, with a temperature of
77 K for the orthorhombic phase and 295 K for the tetragonal
phase. The sample was stored in vacuum. The sample was
exposed to air during spin coating and transport from sample
preparation site to the laser lab.
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