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a b s t r a c t

Perovskite has been considered as promising material for solar cell application. Understanding the carrier
dynamics in perovskite material plays a vital role for further improvement of the power conversion
efficiency of solar cells. In this article, carrier dynamics of MAPbI3 under different pump powers have
been investigated by ultrafast pump-probe transient absorption spectroscopy. Complete processes of
carrier cooling and recombination under different pump powers have been characterized and compared
carefully. It is found that a significant carrier band filling happened during cooling process under high
pump power, which results in a strong excited state absorption at the photon energy of 2.353 eV. High
carrier density induced strong Auger effect appears not only in the band edge but also the higher con-
duction band. And subsequently, a large part of carriers keeps hot for more than 5 ns indicating that
MAPbI3 is meaningful for hot carrier extraction in solar cells. A critical carrier concentration of
9.32 � 1017 cm�3 has been determined at which Auger effect starts to work. It could provide some
guidance for perovskite solar cell application.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Lead iodide perovskite material has been regarded as the
promising candidate for solar cell because of its extraordinary
physical properties such as long carrier lifetime [1,2], large diffusion
coefficient [3,4], and strong light absorption. At present, the
perovskite solar cell possesses a power conversion efficiency (PCE)
above 23% which is close to that (26.6%) of silicon-based solar cells
[5e8]. Hot carrier-based perovskite solar cell is expected to break
the Shockley-Queisser limit existed in conventional single junction
photovoltaic device by extracting hot carriers from perovskite light
absorber before they cool to band edge [9e13]. Intrinsic photo-
physical properties of carrier dynamics, such as carrier thermali-
zation, carrier cooling, band filling, and bandgap renormalization,
have been intensively investigated to improve the overall PCE of the
solar cell [14e17]. Pump power shows a significant influence on the
carrier dynamics, which is usually characterized by ultrafast pump-
probe transient absorption spectra and exhibits different cooling
ier Ltd. This is an open access artic
and recombination mechanisms [18e22]. Previous researches
mainly focus on the carrier dynamics at the bandgap and usually
performed under moderate pump power to avoid sample damage.
However, lots of hot carriers will be generated under higher pump
power and subsequently result in a hot phonon bottleneck, which
will slow down the carrier cooling rate inside the perovskite ma-
terial [23,24]. Unfortunately, investigation of the carrier dynamics
in perovskite material under high pump power is still scarce.

In this article, the carrier dynamics of MAPbI3 under high pump
power have been investigated. Complete processes of carrier ther-
malization, carrier cooling, and carrier recombination under
different pump powers have been characterized and compared.
Ultrafast transient absorption spectra of MAPbI3 show significant
differences under low and high power excitation. There is a strong
excited state absorption at 2.353 eV under high pump power, which
could be attributed to the large amounts of carriers accumulated at
the conduction band. Seldom previous researches have paid
attention to this peak. Hot phonon bottleneck effect plays an
important role in decelerating hot carrier cooling rate in this pro-
cess. The high energy side of the photobleaching peak at 2.490 eV is
found to have a close relationship with the carrier concentration
and carrier cooling rate. It only appears in the first 100 fs after the
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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arrival of the 442 nm fs pump pulse laser and then quickly disap-
pears within 5 ps under high pump power. Under low pump power,
however, no such bleaching peak can be found. While the high
energy side photobleaching peak is decreasing, the ground state
photobleaching peak at 1.634 eV and excited state absorption
gradually increase until high energy side photobleaching peak
disappears at 5 ps. An energy transfer is adopted to interpret the
phenomenon observed herein. It is noted that large amounts of hot
carriers induce significant Auger effect at not only the bandgap but
also the higher conduction band, which keeps the carriers hot for
more than 5 ns.

2. Materials and methods

2.1. Sample preparation

High-purity (99.99%) PbI2 was purchased from Alfa Chemical
Group, and methylammonium iodide (MAI) with a purity of more
than 99.5% were purchased from Luminescence Technology Corp.
To prepare MAPbI3 solutions with a concentration of 1mol= L, MAI
powders with the corresponding molar ratios, together with PbI2,
were added to dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO), which had a volume ratio of 7:3. Quantity of all these re-
agents is not hard to calculate. Then, all solutions were stirred at the
rate of 300 rpm and heated at 60�C for 2 h. Before spin coating on
quartz substrates, the solution was filtered with 0.22 mm
polytetrafluoroethylene filters. Finally, thin films of about 250 nm
were prepared, which had been estimated by transmission electron
microscopy through the intramolecular exchange method. In
addition, another quartz substrate was used to capsulate the thin
film to avoid the degradation of sample. The films prepared by the
above method are dense and uniform, which makes the structural
and optical analyses of these samples meaningful.

2.2. Optical measurement

In the experiment, the 442 nm pump laser is generated in an
ultrafast parametric amplifier (Coherent OperA Solo) by 800 nm fs
laser of 1 kHz frequency and 93 fs pulse width from Astrella ul-
trafast Ti:sapphire laser device. The white laser which is used to
measure the absorption of the sample is generated in CaF2 crystal.
The transient absorption spectra are measured by the ExciPro
femtosecond pump-probe spectrometer (CDP Systems Corp.). An
optical delay line is used to change the delay time between the
pump and probe pulses. During the experiment, there are a little
difference between the reflectance and transmittance of the quartz
surface considering the human operating error and the power
meter error. Therefore, we took the average reflectance 14.918% and
average transmittance 2.875% for the relevant calculation process.
In determining the pump power, the reflected pump light was
subtracted to obtain more accurate carrier concentration calcula-
tion. The thickness of sample is about 250 nm, and the spot size of
pump pulse and probe pulse are7:85� 10�3cm2and 1:77�
10�4cm2, respectively.

3. Results and discussion

3.1. Carrier cooling

MAPbI3 film spin-coated on a quartz substrate has been used to
investigate the carrier dynamics in our experiment. The sample is
pumped with 442 nm laser pulse of 92 fs and probed with a con-
tinuumwhite light generated by 800 nm laser pulse on CaF2 crystal.
Fig. 1 shows the transient absorption spectra of MAPbI3 under low
pump power (0.05 mW) and high pump power (1 mW), with
carrier concentration corresponds to 4.66 � 1017 and
9.32 � 1018 cm�3, respectively. The carrier concentration at the
highest pump power is one order of magnitude higher than the
previous research, which is 4 � 1017 cm�3 [17]. During our mea-
surement, no damage of the sample has been observed, which
demonstrates the good stability of our samples. The calculation of
carrier concentration can be found in other research work [13].
There is only one ground state bleaching peak at 1.652 eV under the
pump power of 0.05 mW, whereas two bleaching peaks at 1.646
and 2.516 eV can be found under the pump power of 1 mW. The
dual peaks nature has been reported in many other works, but the
origin is still under controversial discussion [25e27]. From Fig. 1(a)
and (b), it can be seen that the ground state bleaching peak in-
creases to a maximum at around 3 ps and then declines to almost
zero at around 5 ns. In comparison, transient absorption spectra
under the pump power of 1 mWexhibits different trends as shown
in Fig. 1(c) and (d). In the first 100 fs, there is one photobleaching
peak at 2.516 eV accompanied with positive signal at all other en-
ergy positions. This is because of the strong electron scattering at
the energy position of 2.516 eV induced by the high concentration
of electrons.

To explain clearly, a possible schematic energy band structure is
adopted here as shown in Fig. 2(a) [28,29]. Electron transition be-
tween two valence bands and lower conduction band proposed in
other work are inappropriate here [26]. As depicted in Fig. 2(a),
solid yellow circles are electrons in the conduction band, whereas
open white circles are holes in the valence band. Two conduction
bands are denoted as conduction band 1 and conduction band 2.
The transition of electrons from valence band to the conduction
band 1 is indicated by black arrows and the transition of electrons
from the conduction band 1 to the conduction band 2 is shown as
red arrows. These two transitions are ascribed to ground state
bleaching and excited states absorption, respectively. The electron
scattering originated from the energy position of 2.516 eV is too fast
to resolve in the experiment because the scattering time is less than
100 fs as seen in Fig. 1(c), whereas the laser pulse duration is 92 fs.
This electron scattering process could also be named as carrier
thermalization, during which electrons will be scattered into a
Maxwell-Boltzmann distribution and then cool to the bottom of the
conduction band 1. As the delay time increases to more than 100 fs,
the photobleaching peak at 2.516 eV decreases. At the same time,
ground state bleaching peak at 1.646 eV and excited state absorp-
tion at 2.353 eV start to increase. This excited state absorption has
not drawn enough attention before because it only appears under
much higher pump power. There are only a few papers that
observed similar signal; however, no detail analysis has been car-
ried out [30]. Peaks at the energy position around 1.5 eV come from
the 800 nm laser pulse and will not be considered herein. Fig. 1(a)
and (c) plot the carrier cooling process under low and high pump
power, respectively. The reasonwhy the photobleaching peak exists
on the high energy side under high pump power (while it is absent
for low pump power) is that the electron concentration is too high
in the first situation to inhibit the electron cooling. Carriers could
stay at the energy position of 2.516 eV for a long time and subse-
quently, induce a bleaching peak. The carrier recombination ap-
pears after the carrier cooling, and it still shows huge difference
under low and high pump power. The ground state bleaching peak
under the pump power of 0.05mWdeclines to almost zerowithin 5
ns. In the case of 1 mW, not only the ground state bleaching peak
but also the excited state absorption peak persist a considerable
value when the delay time is 5 ns. The trend would last for a much
longer time which exceeds the delay range in our experiment. The
detail carrier recombination process will be discussed in the
following section. Transient absorption spectra under different
pump powers are shown in Fig. S1. With the increase of pump



Fig. 1. Transient absorption spectra of MAPbI3 under pump power of 0.05 mW and 1 mW, correspond to carrier concentration of 4.66 � 1017 cm�3 and 9.32 � 1018 cm�3,
respectively. (a) Pump power: 0.05 mW, delay time range: 0e3 ps. (b) Pump power: 0.05 mW, delay time range: 3e5000 ps. (c) Pump power: 1 mW, delay time range: 0e5 ps. (d)
Pump power: 1 mW, delay time range: 5e5000 ps.

Fig. 2. (a) Schematic of the energy band structure and electron transition of MAPbI3 under the excitation of 442 nm laser pulse with a duration of 92 fs. (b) Transient absorption
spectra of MAPbI3 under different excitation power at the time the carrier cooling completes.
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power, the ground state bleaching peaks become wider, and the
photobleaching peaks gradually appear around 2.516 eV. The in-
crease of the peak width can be attributed to the Burstein-Moss
shift [16]. On the other hand, excited state absorption peaks exist
with intensity increasing simultaneously. Fig. S2 shows the
normalized decay curves in the first 10 ps of MAPbI3 at 1.652 eV
under different pump powers. It can be seen clearly that the signal
increase to the maximum when the delay time is around 3 ps. For
the situation of high pump power, the decay time is about 5 ps,
which is a little bit longer than the others. This implies that the
carrier cooling time is between 3 and 5 ps in the material and after
this time scale, carriers start to recombine. During the carrier
cooling process, the ground state bleaching peak position varies
with the delay time. The peak shifting can be ascribed to the
Burstein-Moss effect and bandgap renormalization, which results
in a blue-shift and red-shift, respectively [31e33].
Fig. 2(b) shows the transient absorption spectra of MAPbI3 un-
der different pump powers when the ground state bleaching signal
reaches the maximum, at which the carrier cooling process
finished. It can be seen obviously that only ground state bleaching
peaks appear under low pump power (0.01, 0.03, 0.05 and 0.1 mW).
When the pump power exceeds 0.1 mW, another photobleaching
peak appears around 2.5 eV because of the strong carrier scattering
induced by the high concentration of carriers at this energy posi-
tion. The excited state absorption around 2.353 eV starts to domi-
nate the transient absorption. Meanwhile, the amplitude of the
photobleaching peak located at the low energy side decreases
significantly.

It has been discussed that there is an energy transfer under high
pump power. To show this process clearly, normalized decay curves
at the photon energy 1.634, 2.353, and 2.490 eV under different
pump powers have been plotted in Fig. 3. Energy transfer happens



Fig. 3. (a)e(c) Normalized decay curves in the range of 0e10 ps at photon energy of 1.634, 2.353, and 2.490 eV under the pump power of 0.3, 0.5 and 1 mW, respectively. (d)e(f)
Normalized decay curves in the range of 0e10 ps under pump power of 0.3, 0.5, and 1 mW at photon energy of 1.634, 2.353, and 2.490 eV, respectively.
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in the carrier cooling process, and therefore, the early 10 ps period
is selected for comparison here. As shown in Fig. 3(a), it can be seen
that after the arrival of the pump laser pulse, the amplitude of high
energy side bleaching increases most quickly and begin to decrease
at the delay time of 200 fs. At the same time, the ground state
bleaching and the excited state absorption peaks increase. Obvi-
ously, the energy transfer, that is, the electrons cooling happens
from the high energy position to the bottom of the conduction band
1. The situation under the pump power of 0.5 mW is similar to that
of 0.3 mW. Carrier cooling time is a little longer when the pump
power is higher because the low energy side photobleaching peak
increases for a longer time under the pump power of 0.5 mW. Hot
phonon bottle effect is considered to contribute to this phenome-
non. Decay curves under the pump power of 1mW show significant
differences. As shown in Fig. 3(c), the excited state absorption peak
shows an increase at first and then decreases with time. The early
process is very fast and only lasts for 500 fs. Then, it decreases
slowly until almost 10 ps. Ground state bleaching peak is different
from that under lower pump power. The amplitude of the peak
decreases to negative values firstly and then increases. Here, it is
needed to emphasize that we have normalized the minus value of
the ground state bleaching signal in Fig. 3(c) for easier comparison.
It is interesting to find that the decrease time of the ground state
bleaching is the same as that of the fast increase of the excited state
absorption peak. This implies that the two processes must derivate
from the same mechanism. As shown in Fig. 1(c), the strong carrier
scattering will lead to a rapidly rising of wide-band excited state
absorption after optical pumping, as indicated by the red arrows in
Fig. 2(a). During this period, the blocking of carrier transition from
valence band to conduction band 1 will generate the negative
ground state bleaching signal, as indicated by the black arrow in
Fig. 2(a). The excited carriers gradually relax to the bottom of
conduction band 1, which leads to the narrowing of the excited
state absorption signal. Owing to the overlapping of the strong and
wide positive excited state absorption, the negative ground state
bleaching signal is lifted. This is why the ground state bleaching
signal remains positive at the very beginning, as shown in Fig. 1(c).
For longer time region as shown in Fig. 1(d), the influence of excited
state absorption can be ignored because of its narrowing. Then, the
ground state bleaching signal will maintain at negative value. As
discussed above, the physical mechanism of this phenomenon
should be attributed to the carrier scattering induced by the high
concentration of electrons at the energy position of 2.490 eV.
Actually, this process is the carrier thermalization which has been
mentioned in other work [17]. Fig. 3(d) and (f) show three decay
curves under different pump powers. The carrier dynamics is
almost the same under the pump power of 0.3 and 0.5 mW, which
can be identified by the overlapping of two curves. Decay curves
under the pump power of 1 mW are different because the carrier
scattering plays an important role in the first 500 fs induced by the
high concentration of electrons.

To characterize the carrier cooling, the carrier temperature Tc is
extracted by fitting the high energy tail of the transient absorption
spectra above the band edge [34e36]. When pumped by the
femtosecond pulse laser, carriers inside the sample satisfy a
Maxwell-Boltzmann distribution characterized by Equation (1)
[10], where DA is the transient absorption amplitude, C is con-
stant, hv is the photon energy, and kb is the Boltzmann constant.
The red lines in Fig. 4(a) are the fitting results of the transient ab-
sorption spectra under pump power of 0.1 mW.

DA¼Ce�hv=kbTc (1)

The carrier temperature Tc under other pump powers have also
be extracted as shown in Fig. 4(b). Carrier temperature under pump
power of 0.5 and 1 mW is not shown here because the excited state
absorption signal is so strong that the high energy tail is not a
Maxwell-Boltzmann distribution as shown in Fig.1(c) and (d). From
Fig. 4(b), it can be seen that the initial carrier temperature become
higher with the increase of pump power. This implies that carriers
take longer time to cool down from initial temperature to ambient
temperature under high pump power. Hot phonon bottle effect
should be responsible for this phenomenon. Besides, the cooling
process could be divided into two stages, as reported before [9]. The
first stage is dominated by the interaction between electron and
longitudinal optical phonon [37], whereas the second corresponds
to a hot phonon bottleneck effect. Previous researches usually focus
on the band filling at the band gap caused by either carrier cooling
or ground state bleaching [9,13,38]. It has been intensively inves-
tigated that the Burstein-Moss shift is related to the band gap



Fig. 4. (a) Fitting of transient absorption spectra tails of MAbI3 under the pump power of 0.1 mW to extract carrier temperature Tc at different delay times. (b) Fitting curves of
carrier temperature Tc under different pump powers. (c) Peak position of the low energy side photobleaching peak under high pump power of 0.3, 0.5, and 1 mW as delay time
increases. (d) Peak position of the excited state absorption under high pump power of 0.3, 0.5, and 1 mW as delay time increases.
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because of the band filling. In this work, it has been found that the
carrier cooling induced the band filling effect influences not only
the ground state bleaching but also the excited state absorption, as
shown in Fig. 4(c) and (d), which plot the peak evolution of the
ground state bleaching and excited state absorption, respectively.
The ground state bleaching peak firstly moves to the high energy
side within around 1 ps. This implies the carrier cooling and then
the cooled electrons accumulate at the bottom of the conduction
band 1. Excess electrons cooled from the high energy band later
have to occupy higher energy state at the bottom of the lower
conduction band because of the Pauli Exclusion Principle. After
around 1 ps, the ground state bleaching peak starts to shift to lower
energy side, and this could be attributed to carrier recombination
or band depletion. Carriers accumulate not only at the bottom of
the conduction band 1 but also the bottom of conduction band 2, as
shown in Fig. 2(a). In the first 5 ps, the peak position nearly keeps
identical. This corresponds to the carrier cooling to the bottom of
the conduction band 1. The amplitude of excited state absorption is
proportional to the concentration of electrons at the bottom of the
conduction band 1. The more electrons at the bottom of the con-
duction band 1, the more electrons at the bottom of the conduction
band 2. Around 5 ps later, the peak of the excited state absorption
shifts to higher energy side. This phenomenon should be caused by
carrier recombination, which takes more energy for electrons to
transit from the conduction band 1 to the conduction band 2. This
trend corresponds to the peak shift of the ground state bleaching
very well. The band filling and band depletion discussed here only
appear under the high pump power, and therefore, the high con-
centration of carriers accumulated in the bottom of conduction
band 1 should be an important factor. A significant Auger effect
happens here, which slows down the carrier transition between
two conduction bands and the recombination between the con-
duction band 1 and valence band.
3.2. Carrier recombination

Auger effect is a result of the high concentration of carriers
under high pump power. It has a significant influence on the carrier
recombination and therefore is crucial for carrier extraction in hot
carrier device. To investigate the recombination mechanism inside
the MAPbI3 under different pump powers, several recombination
theories have been adopted to fit the decay curves, as shown in
Fig. 5. Fig. 5(a) shows the decay curves at the bandgap under pump
power of 0.01e0.3 mW, which is regarded as lower pump power
regime. Decay curves under the pump power of 0.5 and 1 mW,
which are regarded as high pump power here, are shown in
Fig. 4(b). Recombination kinetics under different pump powers is
different. Equation (2) indicates the recombination dynamics is
closely related to carrier concentration. Here n is the carrier con-
centration, and A, B, and C are coefficients of the first order, the
second order, and the third order recombination, respectively. For
MAPbI3, free electrons and holes are the main carriers at room
temperature. Therefore, the first order is mainly the defects
mediated recombination, whereas the second order is free
electron-hole recombination, and the third order is Auger
recombination.

�dn
dt

¼ Anþ Bn2 þ Cn3 (2)

Under lower pump power, as shown in Fig. 5(a), recombination
regimes after 2000 ps is almost the same as the decay curves
overlap with each other. The carrier concentration at this time is



Fig. 5. (a) Normalized decay curves and the corresponding fitting curves of MAPbI3 under different excitation powers. (b) Normalized decay curve and corresponding fitting curves
of MAPbI3 under the high excitation power of 0.5 and 1 mW. (c) 1/nt, where nt is the carrier concentration, as a function of delay time under different excitation powers. Inset is the
fitting curve under the excitation power of 0.01 mW. (d) (1/nt e 1) as a function of delay time under different excitation powers and corresponding fitting curves. For 0.3 mW, the
curve deviates from other situations and is not fitted.
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very low, and the recombination here is mainly mediated by de-
fects. Before the delay time of 2000 ps, the recombination kinetics
is obviously different. The recombination rate increases with the
increase of the pump power. To make sure that the first two com-
ponents work in the recombination process, the coefficient C in
Equation (2) is set to be zero, that is, only the defects-mediated
recombination and free electron-hole recombination are consid-
ered. And then, Equation (2) can be rewritten as Equation (3).

�dn
dt

¼ Anþ Bn2 (3)

Integrate Equation (3), we can get

1
nt

¼
�
1
n0

þ B
A

�
eAt � B

A
(4)

Here nt is the carrier concentration related to the ground state
bleaching at the delay time t, and n0 is the carrier concentration at
the initial time. Fig. 5(c) shows 1/nt as a function of delay time. It
can be seen that the variation of 1/nt under the pump power of
0.3 mW is different from that under the lower pump power. The
inset of Fig. 5(c) shows the well-fitting of the data for the case of
Table 1
Fitting results of the whole delay time range using Equation (4).

Pump Power (mW) 0.01 0.03 0.05 0.10

n0 (cm�3) 9.32 � 1016 2.79 � 1017 4.66 � 1017 9.32 � 1017

A (s�1) 2.52 � 108 2.46 � 108 1.54 � 108 1.02 � 108

B (cm3s�1) 4.50 � 10�8 3.69 � 10�8 3.87 � 10�8 3.08 � 10�8

n0B (s�1) 4.19 � 109 1.03 � 1010 1.80 � 1010 2.87 � 1010
0.01 mW, which indicating that the carrier recombination dy-
namics consists of two components discussed above. Situations
about 0.03, 0.05, and 0.1 mWare similar to that of 0.01mW, and the
fitting curves are shown in Fig. S3. The fitting result is listed in
Table 1, where it can be seen that the average defects-mediated
recombination rate A is around 1.879 � 108 s�1, and the second
order recombination coefficient B is around 3.785 � 10�8 cm3s�1.
Although there are some differences of these values for different
pump powers, the magnitude is the same, and it is the inner
property of MAPbI3. The unit of n0B is s�1, represents the second
order recombination rate and is of the magnitude of 1010 s�1.

To investigate the recombination regime of the first period, the
first 1200 ps of the whole process has been extracted as shown in
Fig. 5(d). During this period, the (n0/nt-1)~ t curves from 0.01 to
0.1 mW display a linear trend corresponding to the second order
recombination [14]. To clarify this point, only the second order
recombination rate in Equation (2) is considered for this period. So,
the Equation (2) can be rewritten as Equation (5).

�dn
dt

¼ Bn2 (5)

Integrate Equation (5), we can get

n0
n1

�1 ¼ n0Bt (6)

Therefore, (n0/nt-1) is linearly dependent on the delay time t,
and n0B is the slope of these curves. By fitting the data based on
Equation (6), the average value of the second order recombination
coefficient B is determined to be 3.65 � 10�8 cm3s�1 for different
pump powers, which is in the same magnitude of that in Table 1,
implying the analysis above is reasonable. It is needed to mention



Table 3
Fitting results of the ground state bleaching decay curves using Equation (7).

Pump Power (mW) A1 t1 (ps) A2 t2 (ps) A3 t3 (ps)

0.01 e e 0.29 263.50 0.67 1266.29
0.03 e e 0.31 152.30 0.61 1206.34
0.05 e e 0.36 160.51 0.57 1159.01
0.10 0.12 10.63 0.41 158.16 0.46 1247.96
0.30 0.24 17.52 0.39 163.04 0.32 1174.45
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that the coefficients determined above are meaningful. The specific
fitting values can be found in Table 2. The value of n0B determined
here is also of the 1010 s�1 magnitude, which is the same as that in
the global range fitting for MAPbI3. When the pump power be-
comes higher, the second order recombination rate is larger. The
term (n0/nt-1) under pump power of 0.3 mW deviates from the
linear trend because the carrier concentration is too high, and there
must be additional recombination regimes such as Auger recom-
bination. To prove this point, decay curves under different pump
powers have been fitted by exponential functions as shown in
Fig. 5(a) and (b) using Equation (7). Fitting results are shown in
Table 3.

y¼A1e
�x=t1 þ A2e

�x=t2 þ A3e
�x=t3 (7)

From Table 3, it can be seen that for low pump power from 0.01
to 0.05 mW, only two exponential terms fit the decay curves well,
whereas under the pump power of 0.1 and 0.3 mW, three expo-
nential terms are needed. Pump power of 0.1 mW is a critical value
where three exponential terms are able to fit the decay curve well
instead of two. This means that under low pump power, there is no
Auger recombination until the pump power increase up to 0.1 mW
with a carrier concentration of 9.32 � 1017 cm�3. The time con-
stants t3 for different pump powers is the same with a value of
around 1200 ps. It corresponds to the Fig. 5(a) verywell because the
tails of decay curves overlap with each other except that of 0.3 mW,
and t3 is actually the time constants for defect-mediated recombi-
nation. Besides, the start point of the tails is almost the samewhich
indicates that the recombination activity is carrier-concentration
dependent. Carriers recombine in a specific manner at the spe-
cific concentration. What is more, the time constants t2 which
corresponds to the free electron-hole recombination for pump
power from 0.03 to 0.3 mWare about 160 ps. The time constants t2
for the situation of 0.01 mW is longer with a value of 263.50 ps
because the recombination rate is too slowly. Nevertheless, these
time constants are of the samemagnitude and reasonable.With the
further increase of pump power up to 0.1 mW, the Auger recom-
bination appears, and the time constant t1 for this period is 10.63
ps. The time constant t1 becomes longer when the pump power
increases to 0.3 mW.

Auger recombination is stronger when the pump power is
higher as shown in Fig. 5(b). The specific time constants cannot be
decided because the curve tail possesses a large value. More time
beyond the time range in the experiment is needed to wait for the
transient absorption signal decrease to zero. When the pump po-
wer is high enough such as 1 mW as shown in Fig. 5(b), carriers
keep hot for more than 6 ns obviously. A high concentration of
carriers under this condition accumulates at the bottom of the
conduction band, and the recombination is slowed down because
of the Auger effect. A lot of carriers on the high energy level can be
rapidly extracted, and therefore, the PCE can be further improved
under high pump power. This is crucial for hot carrier devices. Both
hot phonon bottleneck effect and Auger recombination are mean-
ingful for the hot carrier electronics. And the pump power is crucial
to generate lots of hot carriers. In MAPbI3, the existence of the two
effects derived from its unique structure. The two-conduction-band
structure provides more energy states for electrons to accumulate.
Table 2
Fitting results of the second order recombination using Equation (6).

Pump Power (mW) 0.01 0.03 0.05 0.1

n0 (cm�3) 9.32 � 1016 2.79 � 1017 4.66 � 1017 9.32 � 1017

B (cm3s�1) 3.94 � 10�8 3.68 � 10�8 3.50 � 10�8 3.50 � 10�8

n0B (s�1) 3.67 � 109 1.03 � 1010 1.63 � 1010 3.26 � 1010
Under high pump power, high concentration of electrons will be
generated and subsequently induce significant Auger effect at two
conduction bands. For the conduction band 2, that is, the excited
state absorption, Auger effect mainly inhibits the intraband relax-
ation. Therefore, a lot of hot carriers accumulate at the high energy
level and the excited state absorption persist a considerable value.
The Auger effect also happens at the bottom of conduction band 1
and then slow down the recombination between electrons and
holes at valence band. This is also meaningful for the hot carriers
extraction as long as the extraction time is less than the carrier
lifetime.
4. Conclusion

MAPbI3 exhibits unique transient absorption properties under
high pump power. The energy structurewith two conduction bands
is proposed here. The appearance of the high energy side bleaching
peak at 2.353 eV can be attribute to the energy transfer from high
energy level to the bottom of the conduction band 1, and a strong
carrier-band filling effect happens during the energy transfer time.
The unique and significant excited state absorption is observed
under high pump power, which is ascribed to the high concentra-
tion of carriers at the conduction band 1. This is a strong evidence
for the two-conduction band structure of MAPbI3. Carriers keep
hot, that is, stay at the high energy level for more than 5 ns, and this
could be explained by Auger effect. Surprisingly, Auger effect exists
not only at the conduction band 1 but also the conduction band 2.
Subsequently, the excited state absorption and the ground state
bleaching signals persist for more than 5 ns. A critical carrier con-
centration of 9.32 � 1017 cm�3 is determined for this effect to
happen. The result is meaningful for further understanding of
carrier dynamics of perovskite materials and its application in op-
toelectronic devices.
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