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Abstract

Studying the charge dynamics of perovskite materials is a crucial step to understand the
outstanding performance of these materials in various fields. Herein, we utilize transient
absorption in the mid-infrared region, where solely electron signatures in the conduction bands
are monitored without external contributions from other dynamical species. Within the measured
range of 4000 nm to 6000 nm (2500-1666 cm™), the recombination and the trapping processes of
the excited carriers could be easily monitored. Moreover, we reveal that within this spectral
region the trapping process could be distinguished from recombination process, in which the
iodide-based films show more tendencies to trap the excited electrons in comparison to the
bromide-based derivatives. The trapping process was assigned due to the heat release in the mid-
infrared region, while the traditional band-gap recombination process did not show such process.
Various parameters have been tested such as film composition, excitation dependence and the
probing wavelength. This study open new frontiers for the transient mid-infrared absorption to
assign the trapping process in perovskite films both qualitatively and quantitatively.

Introduction:

Hybrid perovskite materials have recently attracted lots of attention due to their unique photo-
physical properties and their high performances in various applications such as solar cells and
light emitting diodes.™® However, still controlling the amount of traps present in these materials
especially upon making thin films relevant for various applications is a challenging procedure.**
> The presence of trap states either through structural defects or other types can quench the
charge carriers motilities inside the materials and thus reducing both the device’s performance
and its stability.® ** %8 various direct and indirect methods have been applied to track and
quantify trap states such as electrical or optical measurements, however, most of these still have
some drawbacks.® **® For instance, conductivity measurements have low time resolutions and

can’t distinguish between various carriers such as electrons and holes especially upon having
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close motilities.® Also, the most commonly used optical measurements such as time-resolved
photoluminescence or transient absorption in the visible range couldn’t afford direct spectral
signatures for trapping states except providing variations of multi-exponential Kinetic rates
between different samples according to the estimated traps present in the investigated samples.'?
7132123 Also, no direct spectral information could be drawn between the presence of trap states
and their influence on the charge mobility. Thus, still there is a need for a direct transient optical
method to track and quantify the trapping process in perovskite materials, and correlate their
presence directly on charge dynamics. For that sake, we utilized infrared probe to monitor the
charge dynamics of four different perovskite films. Following the charge dynamics using fs-TA

in the mid-IR has been used previously for several systems including metal complexes®*?,

283 metals®, and semiconductors'” % *_ Basically for semiconductors, the

organic dyes
electron’s absorption in the conduction band with high density of states has a broad spectral
signature extending from 3,333 nm (3000 cm™) to 11,111 nm (900 cm™), in which other
contributions from cationic or anionic molecular species present can be easily quantified.?* 2 2
2% The positive signature in the mid-IR upon photon excitation is ascribed to the presence of
intra-transition of free electrons in/into the conduction band of the semiconductor used.?* * The
transient mid-IR was used to follow trapped electrons at the mid-gap shallow states in the
platinized TiO, system, in which IR emission (heat) is evolved in the IR region as a result of
electron trapping process.® Recent mid-IR studies have been done on perovskite materials,
however in those studies the authors focused on following the NH vibrational modes, present in
the organic cationic part of the perovskites.’**" 2% 4% In contrast, in our selected mid-IR region,
we don’t have any contribution of the vibrational modes of the organic part, only transient signal

of electrons in the conduction band.

Herein, we propose using femtosecond transient absorption in the mid-infrared region (fs-TAIR)
as a sensitive tool to follow the presence of traps in hybrid perovskite films. In the current study,
various hybrid perovskite films have been synthesized and utilized to study the charge dynamics
in the mid-IR region extending from ca. 4000-6000 nm (2500-1666 cm™). It is worth mentioning
that in the current study the overall comparison between films is not valid and the same film
should be understood under the same measuring conditions. Also, the lifetimes are not the main

parameters herein to follow rather than the fundamental understandings for the nature of the



observed signals in this mid-IR region. Thus, we present the fs-TAIR as a potential transient

optical tool towards deeper understandings of charge dynamics in perovskite films.

Results and Discussions

The range of current mid-IR fs-measurements is between 2500-1660 cm™, and perovskite films
show no characteristic features in this range. Therefore, any signal for excited perovskite films
show represented by a positive transient absorption due to presence of electrons in the CB, as
mention earlier. Figure 1A shows the false 2-D plot fs-TA in the mid-IR region with a central
detection window of 5000 nm (2000 cm™) for MAPbBr; thin film using excitation wavelength of
530 nm. At time zero, an intense positive signal appears due to the population of electrons in the
conduction band. #* ?® 4! This transient positive signal decays exponentially towards zero within
few nanoseconds. However, the extracted spectra show negative features at longer time scale >
1.0 ns; see Figure 1B. Also, the extracted kinetic trace at 4900 nm shows a multi-exponential
decay for the positive signal with an average lifetime of 120 ps, followed by a small negative
feature beyond 2 ns; see Figure 1C. The same film was measured by fs-TA in the visible range,
and an extracted kinetic trace at 550 nm corresponding to the ground state bleach (GSA) is
compared with the extracted Kinetic trace at 4900 nm from the mid-IR region; see Figure 1D.
The comparison shows that both normalized kinetic traces from different spectral regions are
very similar, except the presence of a new feature at the extracted kinetic trace from the mid-IR
range; see Figure 1C-D. The similarity between the two Kinetic traces for MAPDbBr; film
confirms the validity of mid-IR signal to trace charge dynamics in perovskite films. However,
the charge dynamics at in the mid-IR region are not similar. For example, negative features at the
red-part of the false 2D plot in Figure 1A, appears differently than in the blue-part. Extracting a
kinetic trace at 5120 nm (1953 cm™) shows earlier conversion of positive to negative signals at
ca. 100 ps; see Figure 1C. Also, comparing this Kinetic trace with the one extracted from the
GSB in the visible region, shows different behavior than kinetic trace at 4900 nm; see Figure 1D.

This highlights the dependence of such negative feature on the probed window.
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Figure 1: (A) 2D-false color plot for fs-transient absorption in the mid-infrared regions for MAPbBr; film using 530
nm as an excitation source. (B) Extracted spectra for transient spectra in mid-infrared region, the spectra are
corrected for the wavelength scale. (C) Extracted kinetic trace at 4900 and 5120 nm with corresponding fitting,
green shaded area highlights the negative signal. (D) Comparison between normalized kinetic traces in the infrared
and visible ranges for MAPbBr; film.

Upon measuring the iodide-derivative, MAPDI; film, a detectable fs-TA mid-IR signal was also
found. However, interestingly, the transient mid-IR signal for MAPDI; film was changing during
measurements over minutes time scale; see Figure 2A. Thus, various kinetic traces were
extracted from each scan and compared to later scans. For instance, the fresh-irradiated film (0
min.), appositive signal was measured until ca. 100 ps, and then a small negative signal started to
emerge. The disappearance of the positive signal became faster with the longer the exposure

process associated with an increase of the signal at early times; see Figure 2A . For example, at



26 minute of irradiation, the positive signal converted into a negative signal within 10 ps; see
Figure 2A. Interestingly, this process is reversible, in which switching off the irradiation for
almost 8 minutes, and re-measure the dynamics again at the same irradiated spot (34 min. in the
figure), the dynamics slowly started to be similar to the 10 minutes measurements; see Figure
2A. Upon measuring the same film in the visible range, a strong GSB signal at ca. 760 hm was
observed overlapping with an ESA spectra extending from 650 to 850 nm. However, no change
in dynamics has been observed in the visible range similar to the shown data in the mid-IR range.
And upon comparing the extracted normalized visible Kinetic trace at 760 nm with the ones from
the mid-IR, it is evident the visible kinetic trace is similar to the one from mid-IR at 26 min only
at early times; see Figure 2B. However, still at later times, the mid-IR signal switches its sign,
but not the visible kinetic trace at 760 nm. The change of charge dynamics upon irradiation has
been assigned in iodide-rich perovskite materials to halide-defects assisted by the low energy
needed for defects formation.***® This highlights that this appearance of negative features is a
dynamical process. Additionally, the extracted kinetic trace at 4900 nm from the MAPbI; shows
stronger and earlier negative signal than in MAPbBr3;. Also, for further confirmation for the
working conditions, a reference of silicon wafer substrate was measured under the same
procedure, and no negative features have been detected. Thus, we assign these strong negative
signatures in the mid-IR for MAPDI; film to the trapping process, in which the mid-IR signal is
more sensitive than in the visible range. Several studies showed that iodide based perovskites are

more vulnerable for formation of more trap states than bromide ones. 142
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Figure 2: (A) Extracted kinetic trace at 4900 nm at different irradiation time shown in minutes for MAPDI; film,
using 520 nm with excitation power of 500 uW. (B) Comparison between normalized kinetic traces in the infrared
and visible ranges for MAPbI; film.

To scrutinize our interpretation about the sensitivity of mid-IR towards trapping process, we
performed the same measurements on other perovskite films including FAPbBr;, FAPbI; and
mixture of their halides. For FAPbBr;, the mid-IR signal shows primarily a strong negative
signal close to time zero converting into a positive signal with a lifetime of ca. 60 fs, which has
been assigned to the exciton thermalization’/dissociation process; see Figure 3A-B. In MAPbBTs,
exciton binding energy seems to be smaller, thus, no detection of exciton dissociation process
could be seen; see Figure 1. Then the charge recombination process has been fitted with multi
exponential behavior, giving an average lifetime is about 10 ps, see Figure 3B. For FAPbI; film,
similar observation was estimated for the lifetime needed for exciton dissociation in FAPDbI;
film; see Figure 3C-D. However, instead of charge recombination, the signal converted again to
a negative signal due to a trapping process of time component ca. 8.5 ps; see Figure 3D. Then the
trapped electrons recombine slowly with a lifetime higher than 1 ns. It is clear that this negative
signature in the mid-IR range is associated with the iodide derivative of hybrid perovskite films
due to the presence of trapping centers in the iodide perovskites more than in bromide

perovskites.
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Figure 3: (A) Extracted spectra for transient spectra in mid-infrared region for FAPbBr; film. (B) Extracted kinetic
trace at 4900 nm for FAPbBr; film. (C) Extracted spectra for transient spectra in mid-infrared region for FAPbI;
film. (B) Extracted kinetic trace at 4900 nm for FAPbI; film.

We also synthesized other set of various perovskite films of different ratios between the iodide
and bromide halides (MAPbIBrs.,) to investigate the effect of doping with Br ions on the
detection of trapping process, and the presence of such negative signal. Figure 4A shows the
normalized kinetic traces of mid-IR signals for four films of MAPDI,Brs.,, in which n varies
from 0 to 3. The Kinetics are similar till ca. 100 ps, then the negative signals appear depending on
the amount of iodide halide present. Figure 4B, shows a zoom scale on the negative signal, and it
can be shown that pure Br-perovskite has almost no negative signal, and the amplitude of the

negative signals are associated with the increase of iodide content.
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Figure 4: Dependence on chemical composition: Normalized Kinetic traces extracted form MAPbIBrs., films using
520 nm as excitation (A), zoomed area for the same plot showing the appearance of negative signals (B).
Dependence on mid-IR detection window: Normalized kinetic traces for MAPbI; film under excitation of 520 nm
and at different probing wavelengths (C), zoomed in area for the same plot showing the appearance of negative
signals (D)._Dependence on excitation wavelengths: Normalized kinetic traces for MAPbI; film under various
excitation wavelengths (E), zoomed in area for the same plot showing the appearance of negative signals (F).

To study the dependence of appearance of these negative signals that are associated with the
trapping process, we excited the MAPDI; film by the 520 nm (300 pW), and collected the mid-IR
signals at different wavelengths starting from 4000 nm to 6000 nm, as shown in Figure 4C-D.
Firstly, the signal is maximized at 4000 nm and gradually declining towards 6000 nm, indicating
that at least within our range, using 4000 nm is more appropriate to detect the electrons in the CB
for perovskite films; see Figure 4C. Secondly, the appearance of negative signal is faster as soon
as going from 4000 nm (2500 cm™) to 6000 nm (1666 cm™), in which the switching points
happen at ca. 500 ps when using 4000 nm and at ca. 20 ps upon using 6000 nm as a probing IR.
These data presents the influence of the energy carried by the probing photons to free the trapped
electrons. For instance, the probed pulse at 2500 cm™ can liberate the trapped electron more
efficient than 1666 cm™, and the appearance of negative signal upon using 4000 nm (2500 cm™)
will not appear unless the electron is deeply trapped. In the same way, the appearance of negative
signal at 6000 nm (1666 cm™) is much faster due to lower energy carried by the probe pulse to
liberate the trapped electron. These observations are consistent with a previously proposed
mechanism that trapped electrons can be excited thermally if the energy difference between the
trap state and the CB is small, < 50 meV.% This illustrates the incapability of visible probe light
to directly track the trapping process due the high energy carried by the photons used.

Furthermore, by changing the excitation wavelength from 410 nm to 520 nm for a new MAPDI3
film, the normalized kinetic traces at 4500 nm show a dependence of the kinetic decay and the
wavelength used; see Figure 4E. The appearance of negative signal is faster upon using 410 nm
then became slower with 440 nm. Using 470 nm and 520 nm excitation light show very weak
signature of negative signal, despite that higher power was used, almost 20 times higher (300
MW) than in 410 nm, that are reflected in faster decays observed upon using 470 and 520 nm; see
Figure 4E-F. These excitation dependence shows that the higher the electron can be promoted

the higher than chances to be trapped.

From the above transient measurements, the following mechanism can be drawn. From the

transient mid-IR data, the iodide perovskite films show more potential to form trap states than



the bromide derivatives, in which the iodide films show more negative IR signal due to the
evolved heat produce upon carrier trapping process. Upon using higher band-gap excitations, the
probability of electron trapping is increased despite the fluences used, matching with the
expected distribution for the states of trap-density present. More importantly, we show a relation
between the energy of the probed IR light and the evolution of the negative IR signal, in which
the smaller the energy of the probed mid-IR, the weaker the ability of the probed light to liberate
the trapped carriers, thus, producing more negative signals that were highlighted in the extracted
kinetic traces; see Figure 4 C-D. This result illustrates the incapability of transient absorption in
the visible region to detect such a trapping process due to the higher energy carried by the visible
probed light, that have the potential to liberate the trapped carriers into higher excited state,

producing undistinguishable signal for the trapping process in the visible region.

Conclusion

We show for the first time that transient absorption in the mid-IR region, where charge dynamics
of perovskite films can be solely monitored by following the electrons in the conduction band
without other contributions of other species. Significantly, the selected region of the mid-IR
spectrum can be utilized to follow the actual trapping process of electrons by detecting the
negative appearance of the transient signal. We also figure out that similar measurements in the
visible region could not be monitored due the energy of the probed light that can liberate the
trapped carriers into higher excitation levels, providing additional complexity to distinct between
tarped carriers and other species such as excitons and free carriers absorption.
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