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Refractive index change dominates the transient
absorption response of metal halide perovskite
thin films in the near infrared†

Hannu P. Pasanen, *a Paola Vivo, a Laura Canil,b Antonio Abateb and
Nikolai Tkachenko *a

Perovskites have lately attracted a lot of attention as promising materials for the next-generation of

efficient, low-cost, and solution processable optoelectronics. Their complex transient photophysics, in

time scales ranging from femtoseconds to seconds, have been widely investigated. However, in most of

the reported works the spectral window of ultrafast transient absorption (TA) spectroscopy of perovskite

films is limited to the visible region, hence missing crucial information coming from the near-infrared

(NIR). Furthermore, the measured TA responses are affected by light interference in a thin perovskite

layer making data interpretation a challenge even in the visible part of the spectrum. Here, we

demonstrate a method that allows us to separately obtain the changes in absorption and refractive index

from conventional transmission and reflection pump–probe measurements. We show that the contribution

of the absorption change to the response of metal halide perovskite thin films in the NIR is much smaller

than that of the refractive index change. Furthermore, the spectral shape of TA responses in the NIR range

is predominantly determined by perovskite layer thickness and its refractive index. However, the time profile

of the responses bears important information on the carrier dynamics and makes the NIR a useful range to

study perovskite photophysics.

1 Introduction

Recently, metal halide perovskites have gained extensive interest
as wonder materials for photovoltaics due to the skyrocketing
enhancements in the power conversion efficiencies, up to 24.2%,
in just less than a decade.1–3 In addition, perovskites have proven
to be promising semiconductors for other applications as well,
and particularly for light-emitting diodes,4,5 lasers,6 and photo-
detectors.7,8 The remarkable performance of perovskite materials
in different optoelectronics applications is attributed to their
high absorption coefficient, low charge carrier recombination,
low exciton binding energy, high charge-carrier mobility, long
charge diffusion length for both electrons and holes, and tunable
bandgap in the visible range.9

The photophysical properties of perovskite complexes have
been extensively investigated by steady-state and time-resolved
absorption and photoluminescence spectroscopy in a broad time
domain ranging from femtoseconds to seconds.10–13 Ultrafast
transient absorption (TA) provides key information on the excited
state dynamics in perovskites, and particularly on the free carrier
dynamics, charge recombination, effective mass, and bandgap
renormalization.14–17 However, in most of the reported works the
spectral window of TA spectroscopy of perovskite films is limited
to the visible region, thus precluding crucial information coming
from the near-infrared (NIR).18 On the other hand, TA measure-
ments in the NIR are easy to conduct because relatively thick
samples can be utilized. A reason for the scarce investigation in
the NIR region can be an unusual spectral pattern that makes the
data interpretation challenging. Indeed, in both the visible and
NIR range, the transmission spectral shape is affected by the
overlapping of simultaneous changes in the absorption coefficient
(Da) and in the refractive index (Dn) because the change in the
refractive index manifests itself as the change in reflectance.
Lately, several methods to quantify the photoinduced refractive
index changes in metal halide perovskite films have been
proposed.14,19–22 Nevertheless, the approaches proposed so far
are either very difficult to implement experimentally or have
led to different interpretations of the importance and scale of
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the phenomena.21 Tamming et al. have modified a standard TA
setup with a white light pulse interferometer to probe the
refractive index changes on ultrafast time scales,14 but these
modifications severely limited the timescale and require further
updates, making it a difficult approach from a practical perspective.
Other groups have used Kramers–Kronig (KK) relations to calculate
Dn,19,22 but in order to use KK the change in the absorbance
coefficient must already be known or approximated in some
way. Hence for accurate results the two values, Dn and Da, must
be solved simultaneously.

Here, we demonstrate a method to obtain the changes in
absorption and in the refractive index from standard transmission
and reflectance pump–probe measurements of thin metal halide
perovskite films with homogeneous coverage. The method can be
applied to study photo-dynamics of any homogeneous layer with
uniform charge carrier distribution and thickness from sub- to few
microns, and is particularly useful for measurements in the
wavelength ranges outside of the layer absorption bands. In the
case of perovskite these are the wavelengths on the red side of
the band gap, typically 4800 nm. We found that for a roughly
500 nm thick perovskite layer the TA response in the NIR is
dominated by the refractive index change, which can be inter-
preted as the change of the medium polarizability and thus
reflects the carrier dynamics. However, this also means that
great care needs to be taken not to mischaracterize TA peaks
generated by refractive index change when using NIR to study
phenomena such as polarons23 or charge transfers from the
metal halide perovskite layer to other layers.24

2 Theory and data analysis

We want to account for the active film thickness which is
compatible with the monitoring light wavelength and results
in an interference pattern in the transmission and reflectance
spectra of the sample. For this purpose we will use a simplified
sample presentation assuming that our perovskite thin layer
has uniform thickness and it is deposited on a thick transparent
substrate such as a glass plate. The light propagation through
such a sample is schematically presented in Fig. 1.

When the thickness of the photo-active layer (metal halide
perovskite layer in our case) is comparable with the wavelength,
the interference of the waves reflected from the air–layer and layer–
glass interfaces affects the spectra of transmitted and reflected
light. We will use a theory/model developed by Barybin and

Shapovalov,25 and adapt it to the case of the transient absorption
measurements of a photo-active medium which is transparent
or slightly absorbing in the wavelength range of interest. In
application to the model presented in ref. 25 this means:

Medium 0 is air on one side of the layer of interest, it has
refractive index n0 = 1 (air), and monitoring (and excitation)
light propagates through the sample from this side;

Medium 1 is the photo-active layer of interest (metal halide
perovskite film in our case) that has complex refractive index
ñ1 = n1 + ik1, where the absorption coefficient is a1 = 2pk1/l. It is
a slightly absorbing medium, meaning n1

2
c k1

2; this layer is
responsible for the interference pattern and its photo-excitation
leads to a (small) change of both the real, Dn1, and imaginary,
Dk1, parts of the refractive index, thus contributing to the
transient absorption response of the sample;

Medium 2 is the substrate, it is thick (thickness c l)
meaning that it does not contribute to the interference pattern,
and it is a transparent medium ñ2 = n2 + ik2 = n2 (or k2 = 0);

Medium 3 is ‘‘air’’ after the sample, or n3 = 1.
In addition, we will consider only the case of normal light

incidence. Measurements were done with a small angle of
incidence (E81) in both reflectance and transmittance modes,
which produces negligible difference.

The reflectance (R) and transmittance (T) coefficients were
derived in ref. 25 (eqn (60) and (61)) and will be used here:

R ¼ L� þM cos 2b1d1 þ j�ð Þ
Lþ þM cos 2b1d1 þ jþ

� � (1)

T ¼
16 n1

2 þ k1
2

� �
n2

2

Lþ þM cos 2b1d1 þ jþ
� � (2)

where d1 is the medium 1 (perovskite layer) thickness, j is the
phase angle, L� are the loss parameters which depend on k1

(and a1, respectively), M is the modulation amplitude and

b1 ¼
2p
l
n1. The expressions for L� and M can be found in ESI.†

The pump–probe experiments are carried out with low
excitation density; therefore we can limit our consideration to
small changes of the real part of the refractive index n1(t) = n1 +
Dn1(t) and the imaginary part k1(t) = k1 + Dk1(t). Thus we can
expect only a small change in transmittance and reflectance,
and use the linear approximation

RðtÞ ’ R0 þ
dR

dn1
Dn1ðtÞ þ

dR

dk1
Dk1ðtÞ

¼ R0 þ Rn
0
Dn1ðtÞ þ Rk

0
Dk1ðtÞ

¼ R0 þ DRðtÞ

(3)

TðtÞ ’ T0 þ
dT

dn1
Dn1ðtÞ þ

dT

dk1
Dk1ðtÞ

¼ T0 þ Tn
0
Dn1ðtÞ þ Tk

0
Dk1ðtÞ

¼ T0 þ DTðtÞ

(4)

where Rn
0, Rk

0, Tn
0 and Tk

0 are derivatives of R and T over n1

and k1, respectively, and R0 and T0 are transmittance and
Fig. 1 The sample structure and important parameters (refractive
indexes) accounted for by the model.
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reflectance without excitation. Eqn (3) and (4) can be viewed as
a system of two linear equations

Rn
0
Dn1ðtÞ þ Rk

0
Dk1ðtÞ ¼ DRðtÞ

Tn
0
Dn1ðtÞ þ Tk

0
Dk1ðtÞ ¼ DTðtÞ

8<
: (5)

with two parameters of interest, Dn1(t) and Dk1(t), two values
which can be measured DR(t) and DT(t), and four constants Rn

0,
Rk
0, Tn

0 and Tk
0, which can be evaluated for known values of n1,

k1 and n2, as shown in ESI.†
The solutions for Dn1 and Dk1 are

Dn1 ¼
Tk
0
DR� Rk

0
DT

Rn
0
Tk
0 � Tn

0
Rk
0 (6)

Dk1 ¼
Rn
0
DT � Tn

0
DR

Rn
0
Tk
0 � Tn

0
Rk
0 (7)

Next we need to find connections between ‘‘standard’’
pump–probe measurements and DR and DT. The typical output
of pump–probe measurements is the photo-induced change of
optical density

DOD ¼ � log
I

I0

� �
¼ � log 1þ DI

I0

� �
(8)

where I0 is the probe light intensity after the non-excited
sample, I is the intensity after excitation and DI = I � I0. In
most cases spectra at a number of delay times are measured
meaning that DOD = DOD(t,l), DI = DI(t,l), and I0 = I0(l).

Standard pump–probe measurements are transmittance
mode measurements, and the monitoring intensity changes

as I ¼ IinðT þ DTÞ ¼ I0 þ IinDT ¼ I0 1þ DT
T

� �
. Therefore, the

relation between DOD and DT is

DODT ¼ � log 1þ DT
T

� �
(9)

If the detection is switched to measure probe light reflected
from the sample surface, the intensities I0 and I are intensities
of the reflected light without and with excitation, and the
measured value is

DODR ¼ � log 1þ DR
R

� �
(10)

which is the signal in reflectance mode. In both cases a relative
change of either transmittance or reflectance can be restored
from the measured data and known spectra R and T:

DRðtÞ ¼ R 10�DODRðtÞ � 1
� �

DTðtÞ ¼ T 10�DODTðtÞ � 1
� � (11)

In conclusion, the measurements and data analysis will be
carried out following the steps:

1. measure steady state absorption spectra and do initial
estimation of the sample thickness by fitting the transmission
spectrum provided by eqn (2) to the measured one,

2. carry out pump–probe measurements in transmittance
(DODT) and reflectance (DODR) modes in otherwise identical
conditions,

3. do necessary group velocity compensation to align in time
the measured spectra, and

4. use eqn (6) and (7) to calculate Dn1 and Dk1 at the delay
time and wavelength of interest or to obtain complete wave-
length–delay time dependence, Dn1(t,l) and Dk1(t,l).

In the last step attention needs to be paid to the determinant
of system (5), Rn

0Tk
0–Tn

0Rk
0, since it may approach zero as will

be discussed later.

3 Results and discussion

The measurements have been performed on metal halide
perovskite layers deposited on soda-lime glass through spin
coating, following the procedure described by Saliba et al. for
high efficiency perovskite solar cells.26 The composition is
FAMACs-perovskite, i.e. the so called ‘‘triple cation perovskite’’,
which is well known for giving solar cells with good stability
and efficiencies exceeding 20%.26–28

3.1 Steady state absorption and reflectance spectra

The measured spectrum of a sample prepared for transient
absorption studies is shown in Fig. 2. It has strong absorption
in the visible part, a sharp drop of the absorption at the
wavelength corresponding to the band gap, around 780 nm,
and a wavy shape absorption in the near infrared part of the
spectrum. The real absorption in the NIR is negligibly small as
the perceived absorption is almost entirely caused by reflectance
and this wavy shape is due to the interference of light reflected
from both sides of the thin perovskite layer. To model sample
transmittance T and reflectance R, the perovskite spectra n1(l) and
k1(l) reported by Phillips et al.29 were used. The k1(l) spectrum is
presented in Fig. 2. The glass substrate n2(l) spectrum was
modelled using the Sellmeier equation with coefficients provided

Fig. 2 Measured (OD, meas.) and modelled (OD, calc.) absorption spectrum
of the perovskite sample, together with the k1 perovskite spectrum used for
modelling and modelled transmittance and reflectance spectra. Modelled
spectra were calculated for sample thickness d = 524 nm.
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for BK7 glass (see ESI†). The model absorbance spectrum
(OD calc.) was obtained by using eqn (2) and converting it to
OD = log(�T). To achieve a reasonable agreement of calculated
OD with the measured one, the spectra n1(l) and k1(l) were
shifted by �9 nm to match the band gap and the thickness of
the perovskite layer d was set to 524 nm. This gave a good match
of the wavy shapes of the measured and modelled spectra in the
NIR range and rather good agreement of absorption values at
the band gap at 725 nm. The model transmittance (T) and
reflectance (R) are also shown in Fig. 2 for reference.

3.2 Transient absorption responses in transmittance and
reflectance modes

‘‘Standard’’ pump–probe measurements of the sample with
reasonably low excitation density (see ESI,† Fig. S2 for the excitation
density dependence measurements) resulted in a rather simple
response as presented in Fig. 3. The main signal is a bleaching
signal at the edge of the band gap close to 750 nm. There is a slight
change in the transient absorption spectrum shape in a few
hundreds of femtoseconds usually attributed to thermal relaxation
of the photo-generated carriers to the bottom of the conduction
band. However, from 1 ps till 1 ns the response remains virtually
unchanged. This is a very typical behaviour of this type of metal
halide perovskite film.

NIR pump–probe responses bring a surprise in transmit-
tance mode – we see a negative signal in the range where the
sample has no ground state absorption nor emission (Fig. 4).

Otherwise similarly to the visible part of the spectrum the TA
signal is formed almost instantly and there is virtually no
change till 1 ns delay time.

The ‘‘negative’’ absorption in the 1000–1100 nm range cannot
be explained by the change in absorption since this wavelength
range is below the band gap. It is also important to recall the wavy
shape of the absorption spectrum in this region and notice that
the ‘‘wave’’ in the transient absorption is shifted relative to that in
the steady state.

The most reasonable explanation of the observed phenomenon
is change of reflectance caused by the photo-induced change of the
refractive index. To check this hypothesis the measurements were
repeated with detection of the reflected light instead of trans-
mitted. The results of the measurements are shown in Fig. 4.
The response spectrum shape is also ‘‘wavy’’ and to some extent
it is complementary to that obtained in transmittance mode,
as expected.

3.3 Calculations of refractive index change (real and
imaginary parts)

The spectra Dn1(l) and Dk1(l) at a given delay time t can be
calculated using eqn (6) and (7). The input parameters for the
calculations are the pair of corresponding measured spectra
DODT(l) and DODR(l) (Fig. 4), model spectra n1(l), k1(l) and
n2(l), and perovskite layer thickness d. In our calculations we
used d as a fit parameter to obtain continuous spectra Dn1(l)
and Dk1(l). The results of calculations for data at 100 ps delay
time are presented in Fig. 5, for which the best thickness d was

Fig. 3 Time resolved transient absorption spectra of the perovskite layer
measured in the band gap wavelength region in transmittance (top) and
reflectance (bottom) modes. Delay times are indicated in the plots, and the
spectrum at 100 ps delay is used for further analysis.

Fig. 4 Time resolved transient absorption spectra of the perovskite layer
in the NIR part of the spectrum obtained in transmittance (top) and
reflectance (bottom) modes. The delay times are indicated in the plots.
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set to 522.4 and 520.6 nm for the visible and NIR parts of the
spectrum, respectively. It has to be noted that Dk1 is a dimensionless
value and the absorption coefficient change can be calculated as
a1 = 2pk1/l, and Da1 = 2pDk1/l, respectively.

First of all, the calculations show only a small increase in
absorption (Dk1) in the NIR part, as can be expected. Secondly,
the transient response in the NIR is mostly determined by the
change in the refractive index, which is at the level Dn1 E 0.003 at
the excitation density used. The contribution of the absorption
change is rather minor, Dk1 E 0.0002, which corresponds to the
absorption coefficient change of Da1 E 0.001 m�1, or the sample
absorbs E0.05% more light in the excited state than in the
ground state.

In the visible part calculations bring no surprises as well.
Both Dk1(l) and Dn1(l) spectra agree well with previously
published results14,19,21 and point to a significant contribution
of the refractive index change to the experimentally measured
probe light intensity change, as was also noted previously.30

The calculated Dk1 in the NIR is fairly small, E0.0002, and
satisfies well the assumption of a slightly absorbing medium,
n1

2
c k1

2. In the visible part the relation is also satisfied for the
spectral range used, l 4 600 nm, with k1

2 being a hundred
times smaller than n1

2. However at shorter wavelengths the
approximation of a slightly absorbing medium is ill justified.

The Dn1(l) spectrum has three wavelengths with highest
‘‘distortions’’ in the NIR at roughly 840, 945 and 1185 nm and

two wavelengths, 670 and 715 nm, in the visible region (Fig. 5).
These are roughly the wavelengths at which the transient reflectance
(TR) spectra cross the zero line in the NIR. Inspection of the data
revealed that these are the wavelengths at which the determinant for
solving eqn (3) and (4) is close to zero and solutions are the least
accurate. A solution to the problem can be an approximation of the
Dn1 and Dk1 spectra at such wavelengths using the data from nearby
wavelengths. Alternatively, one may use a more physically mean-
ingful approach to gather data at these wavelengths, such as using
Kramers–Kronig relations which rely on the knowledge of Dn1 and
Dk1 outside the wavelengths in question. Since the distortions affect
the Dn1 plot more than the Dk1 plot, Dk1 can be used with Kramers–
Kronig relations to estimate Dn1 at the distorted wavelengths. The
sample thickness d was optimized to reduce distortion at 945 nm in
the NIR, though a small variation of d within 1 nm can reduce
distortion at 840 or 1185 nm at the expense of larger distortions at
other wavelengths. We can also notice that the ‘‘optimum’’ sample
thickness, d, used in the NIR and visible region is slightly different,
520.6 and 522.4 nm, respectively. The most probable reason for this
is a mismatch between the real spectra of n1(l) and n2(l) and the
tabular values used for the modelling.

The distortions were smoothed manually to yield spectra
shown in Fig. 5 by solid lines. It is interesting to notice that the
Dn1(l) spectrum is much more distorted than Dk1(l). The
corrected (smoothed) spectra Dncorr and Dkcorr in Fig. 5 were
used to calculate expected responses (DODT and DODT) using
the same eqn (5). The results of the calculations are presented
in Fig. 6 together with the measured data. The correction has

Fig. 5 The photo-induced change of n1 and k1 at 100 ps delay time. The
spectra calculated directly from the experimental results are shown by
symbols connected by fine dashed lines, and smoothed spectra used for
further modelling (see text for details) are shown by solid lines with fine
marks.

Fig. 6 Measured DODT and DODR spectra (symbols) and the spectra
calculated after smoothing n1 and k1 (lines) as presented in Fig. 5. Experi-
mental data at 100 ps delay time were used.
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only a minor effect on the DODT and DODT spectra, and the
difference between the measured and corrected spectra seems
to be within experimental error.

It has to be noted that, for non-corrected Dn1 and Dk1, back
calculations to DODT and DODT reproduce the measured values
exactly since eqn (5) is the exact mathematical conversion from
Dn1 and Dk1 to DODT and DODT and back. In order to better
compare our calculations to work previously done by others, we
also simulated DODT and DODT spectra with the standard
Fresnel-equation based transfer matrix method31 which is a
common method for simulating thin film reflectance and
transmittance (see ESI† for details). Fig. 7 shows that thus
calculated Dn1 and Dk1 (with smoothing) reproduce the experi-
mental data with reasonable accuracy also in this simulation.

Our model is limited by the sample structure presented in
Fig. 1. We assume here that (1) the photo-active layer, metal
halide perovskite, is flat and uniform, and (2) the change in both
Dn1 and Dk1 is homogeneous through the hole sample thickness.
The latter means that the model is limited to equilibrium photo-
carrier distribution through the sample, which is definitely not
the case at short delay times and for samples with high optical
densities at the excitation wavelength. This was the reason to use
an excitation wavelength close to the band-gap and 100 ps delay
time in the above analysis as it is believed that at this delay time
the carriers are distributed homogeneously enough through
the sample to not impact the signal in any significant way.

Without these precautions the reflectance may be affected by
the non-uniform charge carrier distribution.

The problem of the sample (surface) roughness can be
accounted for by splitting the perovskite layer into few layers
such as the top rough part and the homogeneous bulk sample.
Actually the same approach can be used to account for carrier
distribution across the sample created in the samples with high
absorbance. This, however, would make the analysis much
more complicated and hardly possible if more layers need to
be taken into account. The problem is that we need analytical

expressions for R and T to calculate derivatives Rn1

0
; Rn2

0
and so

on. The transfer matrix method can be used to simulate the
effect of surface roughness on TA and TR responses by splitting
the perovskite layer into multiple layers with appropriate n and k.
In our simulations we did not find significant difference from
having a roughness layer compared to the simple flat layer.
Scattering is another problem: although scattering usually doesn’t
change upon excitation, it does influence the steady-state measure-
ments and hence makes modelling more difficult.

In application to metal halide perovskite layers, our results
show that if only the dynamics of carrier relaxation is of interest,
one can do standard measurements in the NIR, select the
wavelength of the strongest signal and focus on the time profile
of the response. The spectrum of the response is determined by
the static refractive index n1 and the sample thickness d, which
are not parameters of interest in the case of time resolved
measurements. But the signal intensity is proportional to the
change of the refractive index which depends on the sample
polarizability or the density of free carriers, and thus can be
used as a measure of the density of free carriers. An advantage of
using NIR monitoring is that there is next to no sample ground
state absorption and samples with high absorption in the visible
can be studied equally well. However, if one wants to study the
absorbance response from a more complex sample than just
perovskite, such as electron or hole transport layers (ETL and
HTL), then the number of parameters affecting the measurements
(refractive indexes and absorption coefficient of other layers)
is greater than two and all unknown parameters cannot be
extracted from two independent measurements (reflectance
and transmittance).

Switching to the reflectance measurement mode had an
effect of stronger response and better signal-to-noise ratio in
our case. This requires very minor modification of a standard
pump–probe instrument. We used a slightly tilted sample and a
mirror in front of the sample, which directed the reflected
probe light to the detection system. Otherwise the measurement
procedure was exactly the same as for the standard pump–probe
in transmission mode.

4 Conclusions

Herein we propose an approach which allows us to extract the
change in absorption and refractive index from standard transient
absorption and reflectance measurements. The method can be
applied to any semitransparent photo-active layer with thickness

Fig. 7 Fresnel-equation based simulation of TA and TR spectra in the
visible range (top) and near-infrared (bottom). In the bottom figure DODT

was multiplied by 4 for clarity.
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comparable to the wavelength and it accounts for interference of
the probe light reflected from two sides of the layer. To apply the
method one needs to obtain spectra of the refractive indexes of
the studied layer and supporting substrate, and the absorption
coefficient of the layer in addition to transient measurements.

We applied this technique to study a metal halide perovskite
layer for which a few groups have reported recently on the
necessity to account for the change in the refractive index when
analyzing transient absorption measurements in the band
gap wavelength range. Our results support this notion, but we
extended the spectral range to the near infrared (NIR) and show
that in this range the transient response is determined pre-
dominantly by the photo-induced change of the refractive index.
After excitation the refractive index decreases and it has mostly
a flat spectrum in the range 850–1250 nm. The refractive index
depends on the medium polarizability, and its change should
follow the change of free carriers in the sample. Therefore
transient absorption measurements in the NIR range can be
useful to study carrier dynamics, but the spectral features of the
response in the NIR are primarily caused by light interference in
the thin metal halide perovskite layer.

5 Experimental

FAMACs-perovskite was deposited on soda-lime glass sub-
strates through spin coating.

Soda-lime glass substrates (Thermo Scientifict) were washed
by sonication for 15 min with Mucasol solution 2% in water,
isopropanol and acetone respectively. After 15 min of O3 and
ultraviolet (UV) treatment, the samples were taken to a N2-filled
glovebox for perovskite spin coating. Regarding the FAMACs-
perovskite solution, stock solutions of PbI2 (1.5 M, TCI) and
PbBr2 (1.5 M, TCI) in anhydrous dimethylformamide (DMF)/
dimethyl sulfoxide (DMSO) = 4 : 1 (v:v, Sigma-Aldrich) were
previously prepared and heated overnight at 60 1C in a thermo-
shaker before use. Methylammonium (MA) bromide and formami-
dinium (FA) iodide powders (dyenamo) were weighed out in two
separate vials and then the suitable volume of PbI2 (PbBr2) stock
solutions was calculated and added to the vials containing the FAI
(MABr) powder to get a stoichiometry of FAI : PbI2 (MABr : PbBr2) of
1 : 1.09. Before deposition, the solutions were mixed as follows:
FAPbI3 : MAPbBr3 = 85 : 15 (v:v). Further CsI (1.5 M, Sigma-Aldrich)
from a stock solution in DMSO was eventually added to the
precursor solution to produce a final composition with the stoichio-
metry (CsI)0.05[((MAPbBr3)0.15(FAPbI3)0.85)]0.95. 80 mL of perovskite
solution was then drop-cast on the 2.5� 2.5 cm2 substrate and spin
coated in a two-step program at 1000 rpm for 10 s and 6000 rpm for
20 s. 5 s prior to the end of the program, 100 mL of anhydrous
chlorobenzene was poured on the spinning substrate. Subsequently,
the sample was annealed at 100 1C for 1 h.

Ultrafast transient absorption and reflectance responses of
the samples were measured in ambient conditions using a
pump–probe system described previously.32,33 Briefly, the samples
were excited by laser pulses at 600 or 700 nm (Libra F, Coherent
Inc., coupled with Topas C, Light Conversion Ltd). A white

continuum generator (sapphire crystal) was used to produce the
probe beam. The TA responses were measured using an ExciPro
TA spectrometer (CDP, Inc.) equipped with a CCD array for the
visible spectral range (460–770 nm), and an InGa diode array for
the near-infrared wavelengths (measured in two ranges 840–1050
and 1050–1260 nm). The pulse repetition rate of the laser system
was 1 kHz and the spectra were typically acquired by averaging
over 5 s. Typical time resolution of the instrument was 100 fs.
The sample was tilted slightly (roughly 8 degrees) to allow both
transmittance and reflectance mode measurements. The trans-
mittance mode measurements were acquired by detecting the
probe passing the sample. In the reflectance mode the probe
light reflected from the sample was directed to the detection
system by a mirror placed in front of the sample. Data collected
in the three wavelength ranges were fitted globally to a sum of
exponential functions. The fit program accounted for the instru-
ment response (through a de-convolution process) and did the
group velocity dispersion compensation.
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