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Abstract 

Lead halide perovskite is emerging as a promising semiconductor material for thin film solar 

cells. Despite a large number of recent photophysical studies, the nature of photo-excitation in 

lead halide perovskite remains a subject of debate. Here we use transient absorption spectroscopy 

to re-examine lead halide perovskite thin films that have been reported to give the highest solar 

cell efficiencies. We focus on many-body interactions that are manifested in (1) the transient 

Stark effect exerted by hot carriers on subsequent e-h pair generation; and (2) the Auger 

recombination due to three-body carrier-carrier interactions. These observations establish the 

dominance of free carriers from above band-gap excitation in lead halide perovskite. We also 

suggest the effective dynamic screening of charge carriers, likely due to orientational freedom of 

methylamine cations in the perovskite lattice, and the presence of negligible charge carrier 

trapping in lead halide perovskite thin films grown in the presence of chloride precursors. 
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Lead iodide perovskite is emerging as a star material for low-cost photovoltaics,
1-7

 thanks to 

the large optical absorption cross sections,
8
 long electron-hole diffusion lengths,

9,10 
and high 

carrier mobilities.
11 , 12

 Such remarkable properties have motivated a large number of 

photophysical studies on lead halide perovskites, but the nature of photo-excitation across the 

bandgap remains a subject of debate.
9-18

 Support for the excitonic nature of excitation comes 

from exciton binding energy at or above thermal energy at room temperature
13,15,19,20

 and reports 

of high photoluminescence quantum yield and lasing in perovskites.
8, 21 - 24

 In contrast, 

experiments based on terahertz spectroscopy,
12

 time-resolved photoluminescence,
17, 25

and 

transient absorption spectroscopy
14,21 

suggest the free carrier nature. There are also reports on the 

dual nature of both free charge carriers and excitons.
13,15

 These debates have concerned mostly 

with band-gap excitations; even less is known about optical excitations with excess energy above 

the bandgap, i.e., “hot” excitations. Here we use femtosecond transient absorption (TA) 

spectroscopy to investigate many-body carrier-carrier interactions in lead iodide perovskites. We 

show that excitation above the bandgap results in free hot carriers that exert a transient Stark 

effect on subsequent optical excitations. Following the ultrafast cooling of hot carriers in ≤ 1 ps, 

we find the formation of predominantly band-edge carriers as population decay follows a third-

order dependence on excitation density, in agreement with Auger recombination of free charge 

carriers, not excitons. 

The samples used in this study were CH3NH3PbI3 perovskite thin films obtained from dual 

source thermal evaporation in vacuum from CH3NH3I and PbCl2 precursors;
4
 details including 

X-ray diffraction analysis (Figure S1) can be found in supporting information (SI). Note that thin 

films grown from PbCl2 have been called mixed halide perovskite, CH3NH3PbI3-xClx, but a 
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consensus arising from most recent experiments is that lead halide perovskites grown from both 

PbI2 and PbCl2 precursors possess similar structure and stoichiometry.
26,27

  

Figures 1A-C show pseudo-color (-∆T/T) representation of TA spectra as a function of probe 

wavelength and pump-probe delay with increasing excitation photon energy, hν1 = (A) 1.82 eV, 

(B) 2.95 eV, and (C) 3.88 eV. We observe two pronounced bleaching features at the optical 

bandgap of ~1.66 eV and at a higher energy of ~2.6 eV due to state-filling,
9 

and broad induced 

absorption in the range of 1.8-2.4 eV. In addition, there is a weak induced absorption feature at < 

1.5 eV (obtained with an IR detector), as shown in Figure 1D for TA spectra at selected pump-

probe delays. The decay of the induced absorption in the near-IR region corresponds to the rise 

in the visible induced absorption; both well described by single-exponential lifetimes of τ = 0.25 

± 0.06 ps, Figure 1E. This time constant is in excellent agreement with the hot carrier cooling 

time of τ = 0.24±0.02 ps obtained from the growth of ground state bleaching at the same 

excitation energy, Figure 1F (detailed below). We assign the induced absorptions in the near-IR 

and visible ranges to intraband transitions from hot carriers and band-edge carriers, respectively. 

We also take the broad intraband absorption features as one of the evidences for free carrier 

characteristics,
28

 not the discrete transitions expected from intraband excitonic transitions. 

Supporting evidences for free carriers come from the Stark effect and third-order Auger 

recombination rates, as detailed below. 

We probe hot carrier cooling dynamics by varying the excitation photon energy and, thus, the 

initial excess carrier energy. The hot-carrier cooling rate can be calculated from the buildup of 

ground state bleaching probed at the bandgap energy. In order to remove the effect of red-shift 

(see below) on the buildup dynamics, we take integration over the spectral window (1.54-1.8 eV) 

covering the derivative peak around the bandgap.
29

 The resulting buildup dynamics of the ground 
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state bleaching (normalized) at different excitation photon energies are shown in Figure 1F. The 

carrier cooling time (or band-edge population buildup time) is found to increase with pump 

photon energy, as expected from the transfer of more excess energy to the phonon bath at a 

higher excitation energy. In the measurement based on ground state bleaching, we cannot 

distinguish the cooling of the hot electron from that of the hot hole and obtained only an average 

rate. Given the similar effective masses of the electron and the hole in lead iodide perovskite
30

 

we expect that they possess similar cooling rates. We obtain hot carrier cooling time constants 

from single exponential fits to ground state recovery dynamics in Figure 1F. The resulting time 

constants are τ = 0.03±0.01, 0.18±0.02, 0.24±0.02, 0.44±0.04 ps, for hν1 = 1.82, 2.25, 2.95, and 

3.88 eV, respectively. The carrier cooling time is linearly related to the excess excitation energy 

(hν1 - Eg), with an energy-loss rate, dE/dt, of 5.0 ± 0.4 eV/ps (Figure S2) for the dissipation of 

excess carrier energy to the phonon bath.  

We now turn to a key feature in transient absorption spectra (Figures 1A-D) on the short time 

scale: the appearance of positive signal on the lower energy side of the band gap; this, along with 

the negative signal on the higher energy side, gives rise to a derivative peak shape at the band 

gap. The short-lived (< 1 ps) derivative peak is more obvious at higher photon energies (Figures 

1A-C) and its dynamics correlate with that of hot carrier cooling, as shown by quantitative 

analysis below. A similar red-shift of the higher-lying band-band transition ~2.6 eV also gives 

rise to a derivative peak shape on the < 1 ps time scale.  We assign these derivative features to 

spectral shifts in band-to-band transitions in the presence of hot carriers. In order to quantify 

spectral shift induced by the hot electron-hole pair, we carry out global fitting of transient 

absorption spectra, assuming that the band-edge absorption is described by a Gaussian function 

peaked at 1.656 eV as determined by the second derivative of the linear absorption spectrum (see 
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Figure S3). To minimize the number of variables, we restrain the width of the Gaussian peak as a 

global parameter. We perform global fits to TA spectra at various pump-probe delay times for 

hν1 = 1.82 and 3.88 eV. Figure 2A shows three representative fits for ∆t = 0.1, 0.6, and 3 ps at hν 

= 3.88 eV. These fits yield spectral position as functions of ∆t and hν. Figure 2B shows the 

magnitude of spectral red-shift in the presence of (hot) e-h at the two excitation photon energies, 

hν = 1.82 and 3.88 eV. The red-shift is the largest at the shortest time (higher excess energy) and 

amounts to 24 ± 2 meV for hν1 = 3.88 eV, and 6 ± 1 meV for hν1 = 1.82 eV. For both excitation 

energies, the red-shift decreases with increasing pump-probe delay and reaches an stable value of 

3 ± 1 meV for ∆t > 1 ps, as hot electrons/holes are cooled to the band-edges. The red-shifts decay 

on the sub-ps time scale, consistent with the hot carrier cooling times obtained from the growth 

of ground state bleaching (Figure 1F).   

Further insight into the nature of spectral red-shifts comes from pump power dependence. As 

shown in Figure 3 for TA spectra at a pump-probe delay of 0.04 ps and different excitation laser 

power densities (0.8-10.8 µJ/cm
2
), the magnitudes of the red-shift for both band-gap and the 

higher energy transitions are independent of excitation power density. This result indicates that 

the red-shift comes from two-body interactions between a photo-excited carrier with a transition 

generated by the probe pulse. Note that the pump power density used here is in the linear 

excitation region, as shown by the linear power dependence of total bleach signal for the band-

gap excitation (averaged between 1.54 and 1.80 eV) for a pump-probe delay time of 2 ps, inset in 

Figure 3.   

Optical excitation in semiconductors usually leads to a blue-shift in subsequent band-gap 

transitions. The blue-shift can result from band-filling (also called the Burstein-Moss 

effect)
14,31,32

 and screening of the excitonic resonance by existing carriers or excitons;
33-35

 all 
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these blue-shifts scale positively with excitation density,
14,33-35

 in contrast to the excitation power 

independent red-shift observed here during the lifetime of hot carriers. The observed red-shift in 

lead iodide perovskite can be understood as resulting from a transient Stark effect due to electric 

field from hot carriers. A bound Mott-Wannier exciton has no dipole moment and introduces no 

electric field, but a free carrier (electron or hole) does.
29,36 ,37

 For a dipole allowed optical 

transition, the shift in transition frequency, ∆�, due to an electric field,	��, is given by
38

  

∆� = −Δ	 ∙����� �� −
�


Δα ∙ |��| (1) 

where Δ	� and Δα are the changes in dipole moment and polarizability between the ground state 

and excited state of the material, respectively. The first term in equation (1) should result in a 

broadening in line shape due to the random orientation of Δ	� with respect to ��. The second term 

in equation (1) gives rise to a shift in the transition energy, with the sign of the shift given by the 

sign of Δα. A red-shift in absorption means that the change in polarizability is positive, i.e. the 

excited state has higher polarizability than that of the ground state does. As shown in Figure 2B, 

the magnitude of red-shift scales with the excess energy of the photo-excited hot carrier and 

decreases with time as the hot carriers cool down, indicating that a carrier with more excess 

energy introduces higher electric field strength. This can be understood from the dynamic 

screening of the charge carrier. Given the ionic nature of the lead iodide crystal, particularly the 

freedom of motion of the methylamine cations, the local electric field produced by a free electron 

or hole can be effectively screened by the movements of ions.
28,39- 41 

As a hot carrier cools, it is 

more effectively screened and becomes more “localized”, and therefore, the magnitude of Stark 

effect decreases; this can explain the scaling of observed red-shift with excess carrier energy, 

Figure 2B. Together with the broad induced absorption by hot carrier above, we conclude that 

photo excitation above the band-gap leads to the formation of free hot carriers. 
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Having addressed the role of hot carriers, we now turn to many-body interactions of band-

edge carriers. For a semiconductor with sufficiently high excitation densities, non-radiative 

Auger recombination sets in. Auger recombination refers to the process in which an electron-

hole pair across the band gap recombines non-radiatively by transferring the energy to a third 

particle, which can be an electron in the conduction band, a hole in the valence band, or an 

exciton.
42

 If the Auger process occurs between two excitons (also called exciton-exciton 

annihilation), the decay rate is given by: 

��

��
= −��� − ���

 (2) 

where N is the number density of excitons; k1 is the first-order rate constant for exciton 

recombination and kA is the second-order rate constant for Auger recombination. 

If the electrons and holes involved are treated as free carriers, the Auger recombination 

process follows a three-body collision model, i.e., electron-electron-hole or electron-hole-hole 

interaction. The rate equation can be written as:
43,44

  

��

��
= −��� − ��

 − ���
� (3) 

where N is the number density of electrons or holes (N = Ne = Nh); k1 is the first-order rate 

constant for single carrier trapping; k2 is the second-order rate constant for radiative 

recombination; kA is the third-order rate constant for Auger recombination. We note that equation 

(3) becomes indistinguishable from equation (2) when the Auger recombination channel is 

negligible.  

Figure 4 shows the decay of ground state bleaching, integrated in the energy range of 1.54-

1.8 eV, corresponding to the population decay of band-edge carriers or excitons. These band-
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edge carriers or excitons are formed following picosecond relaxation of hot carriers from 

excitation at hν = 2.95 eV (see Figure 1E). The five sets of data span the range of 0.8-10.8 

µJ/cm
2
 in excitation power density. While the initial signal (at ∆t = 2 ps) scales linearly with 

excitation power density (see inset in Figure 3), the signal decay rate does not. The band-edge 

exciton/carrier decay dynamics can be described by the third order equation (equation 3) with 

universal kinetic parameters for all excitation laser power densities in the complete time window 

probed here, as shown by the good agreement between experimental data and fits in upper panel 

of Figure 4. In contrast, fits to the second order equation (equation 2) can only describe the 

population decay at the two lowest excitation densities, but clearly fails at high excitation power 

densities, lower panel in Figure 4.  

The quantitative agreement between the excitation power-dependent decay dynamics and 

equation (3) establishes the predominantly free carrier nature of excited states in the lead iodide 

perovskite thin film. The discrepancy between equation (2) and experimental data in the lower 

panel of figure 4 becomes evident for a pump intensity of 3.2 µJ/cm
2
, corresponding to an 

absorbed photon density of 1.1×10
18

 cm
-3

 (see section 5 in Supporting Information). The Auger 

recombination process, therefore, becomes competitive with radiative recombination only for 

charge carrier density >10
18

 cm
-3

. The global fitting based on free carrier model yields a set of 

universal rate constants: k1 = 0, k2 = 1.1×10
-9
 cm

3
s

-1
, and kA = 3.8×10

-28
 cm

6
s

-1
.  The zero k1 

value reveals that single carrier trapping in the perovskite thin film grown from the PbCl2 

precursor is negligible. This result is in agreement with our recent spectroscopic study revealing 

negligible trap state density in this thin film
45

 and previous reports of high solar cell 

performance.
12, 46, 47

 The second-order radiative recombination and the third-order Auger rate 

constants are in good agreement with the values reported by Saba et al.
17

 from a quantitative 
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analysis of photoluminescence decay dynamics and Wehrenfenning et al.
12

 from THz 

spectroscopy.  

The results and analysis presented here reveal two-types of many-body interactions in photo-

excited lead iodide perovskite: (1) a Stark effect exerted by hot carriers on other across band-gap 

excitations; and (2) an Auger recombination process for band edge carriers at sufficiently high 

densities (>10
18

/cm
3
). In the former, we find that the transient electric field (and the associated 

Stark effect) almost vanishes as the hot carrier cools down (in ~ 1ps); this is consistent with the 

effective screening due to the orientational freedom of methylamine cations in the perovskite 

lattice. In the latter, we show that the decay of band-edge carriers can be quantitatively 

accounted for by second-order radiative recombination and third-order Auger recombination, 

with negligible first-order trapping to bandgap states.  
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Figure 1. Pseudo-color (-∆T/T) representation of TA spectra at three excitation photon energies, 

hν1: (A) 1.82 eV, (B) 2.95 eV, and (C) 3.88 eV. (D) Transient absorption spectra for hν1 = 2.95 

eV in the near IR (x10) and visible regions at short delay times (red: 0.1 ps; green: 0.4 ps; blue: 

1.0 ps). Also shown in panel (D) is a linear absorption spectrum (grey). (E) Normalized TA 

signals probed below (1.35 eV) and above (2 eV) bandgap as a function of pump-probe delay. 

(F) Normalized buildup of bleaching signal for different excitation energies hν1 = 3.88 eV (blue), 

2.95 eV (light blue), 2.25 eV (green), and 1.82 eV (red). In each case, the signal (color symbols) 

was integrated in a probe photon energy window of 1.54-1.80 eV. The solid lines are single-

exponential fits (convoluted with laser pulses). All measurements were performed at room 

temperature. 
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Figure 2. (A) Global fits to transient absorption spectra at different delay times for 3.88 eV 

excitation, for clarity only three curves are shown. The excitation density is 1.9 µJ/cm
2
 (B) 

Energy red-shifts as a function of pump-probe delay obtained from global fits for two excitation 

photon energies.  
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Figure 3. Transient absorption spectra at a pump-probe delay of 0.04 ps for different excitation 

laser pulse energy densities (0.8-10.8 µJ/cm
2
) at an excitation photon energy of hν1 = 2.95 eV. 

The inset shows the bandgap bleaching signal (dots, integrated in the probe photon energy 

window of 1.54-1.80 eV) as a function of excitation laser pulse energy density (P, µJ/cm
2
). The 

solid line is a linear fit. 
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Figure 4. Band-edge bleaching dynamics at different excitation densities (dots) and global fits 

(solid lines) based on the 3-body Auger model (upper panel) and the 2-body exciton Auger 

model (lower panel). The data traces (dots) are averaged in the probe window of 1.54-1.8 eV. All 

measurements at room temperature. 
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