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Accelerated polaron formation in perovskite
quantum dots monitored via picosecond infrared
spectroscopyf
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The formation and nature of polarons in perovskite quantum dots (QDs) are still unclear. Due to the very
limited crystal size and quantum confinement, influences on the polaron stabilization dynamics could be
expected. Here, we investigate the coupling of photoexcited charges to vibrational modes in mixed
cation lead halide CsgFAq gPbBrs QDs via picosecond mid-infrared spectroscopy in comparison to the
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bulk film. We find additional processes occurring in an infrared activated vibrational (IRAV) mode
compared to the ground-state bleaching and screened carrier background signal. Using that mode as a
DOI: 10.1039/d2tc04519b proxy for the charge-molecular bond coupling, we interpret additional time constant as a polaron

stabilization time. With the confinement effects present in the QDs, this time shortens from tens of
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Introduction

Constraining the dimensionality of optoelectronic materials
leads to a plethora of new effects and changes in optical
properties. In particular, for perovskites, the reduction of the
sample dimension, be it to 2D layers in the form of Ruddle-
sden-Popper systems or as a nanoparticle restricting the overall
size of the crystal, has been employed for many applications.">
Perovskite nanocrystals show a high defect tolerance® in their
bright luminescence®® and have demonstrated high power
conversion efficiencies in solar cells.>” Although the adaptabil-
ity of the electronic properties of the perovskite material might

@ Lehrstuhl fiir Laser- und Rontgenphysik, Physik-Department, TUM School of
Natural Sciences, Technische Universitdt Miinchen, James-Franck-Str. 1, 85748
Garching, Germany. E-mail: higlev@ph.tum.de

b Centre for Disruptive Photonic Technologies, The Photonics Institute, Nanyang
Technological University, 21 Nanyang Link, 637371, Singapore

¢ Interdisciplinary Graduate School, Energy Research Institute @NTU (ERI@N),
Nanyang Technological University, 50 Nanyang Drive, 637553, Singapore

4 Centre for Disruptive Photonic Technologies, The Photonics Institute, Nanyang
Technological University, 21 Nanyang Link, 637371, Singapore

¢ Division of Physics and Applied Physics, School of Physical and Mathematical
Sciences, Nanyang Technological University, 21 Nanyang Link, 637371, Singapore.
E-mail: csoci@ntu.edu.sg

f Department of Applied Physics, The Hong Kong Polytechnic University, Kowloon
999077, Hong Kong, P. R. China

1 Electronic supplementary information (ESI) available: Experimental methods;

sample preparation; DFT-spectra and methods; and additional TCSPC data

showing bimolecular effects on ns time scales. See DOI: https://doi.org/10.1039/
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picoseconds in the bulk to only a few picoseconds.

be the most prominent effect of the reduction in dimension, it
also affects the susceptibility to degradation processes induced
by water or oxygen.®

Focusing on perovskite nanocrystals, one can distinguish
between larger nanocrystals (NCs), in which the electronic
properties of the perovskite material are relatively unperturbed,
and quantum dots (QDs), in which quantum confinement
effects play a relevant role.” In the latter, emission and absorp-
tion features of the perovskite generally blue-shift with decreas-
ing system size.'® A particular popular perovskite quantum dot
system is CsPbBrj;, together with its organic homologues such
as the formamidinium-based FAPbBr;. For both systems, a
high stability and a widely tunable band gap, and thereby
emission energy have been reported.’™'> For most applications
in which QDs are envisioned, the charge carrier dynamics and
interactions after photoexcitation are of high relevance. A first
key aspect when discussing the dynamics of charge carriers
concerns the initial charge carrier density, in this case in the
form of the average number of charges within one NC. If this
value is well below one, no non-geminate processes are possible
and therefore recombination on the nanosecond time-scale
dominates."® Exceeding this value, as in the experiments dis-
cussed here, leads to the interaction of multiple charge carriers
confined within the NC.

The dynamics and nature of the photoexcited charge carriers
in CsPbBr; and FAPbBr; QDs and NCs have been explored in
the literature. Li et al.** described how the bimolecular recom-
bination rate in confined QDs is size-dependent with the decay
times rising as the QD size increases. They reported this effect
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to be very similar for the inorganic cesium cation and the
organic formamidinium cation. Although polaron formation is
generally considered to be a key factor in three-dimensional
perovskites, for quantum confined systems, a different charge-
lattice interaction could be imagined. In some publications,"***
the charge carriers are, indeed, described to be of excitonic nature.
Nevertheless, Kaur et al. demonstrated in their articles,"”>"” using
visible transient absorption spectroscopy, how polarons form in
NCs within the first picosecond and argue that their size consider-
ably exceeds the lattice parameter of the perovskite crystal. In
similar experiments, Sonnichsen et al'® reported a smaller
polaron size and described them as quantum confined exciton
polarons. With time-resolved X-ray absorption spectroscopy, more
focused on the structural effect of polaron formation, Cannelli
et al."® monitored the structural polaron signal in 10 nm QDs.

Albeit the literature already offers insight into the general
polaron properties of perovskite QDs, a comprehensive under-
standing of the specific interaction of the photoexcited charge
carriers and the crystal structure is still lacking. In particular, a
deeper knowledge of the coupling of polarons to vibrational
bonds and the influence of the restricted size in the quantum-
confined QDs might offer new paths for sample optimization
and application in combination with other emerging materials.

In this article, we investigate the coupling of polarons to an
organic CN mode of the formamidinium cation in mixed cation
lead halide Cs, ,FA, gPbBr; perovskite QDs in comparison with
the bulk film by mlIR transient absorption spectroscopy.
Thereby, we are particularly sensitive to polaron formation
and screening processes.’ We observe a broad transient elec-
tronic polaron absorption overlayed by a transient ground-state
bleaching and infrared activated mode signal at the vibrational
mode of the organic cation. From an analysis of the dynamics
of these characteristic signals, we find that the vibration-related
signal has a different dynamic than the excited population
associated background at early delay times. We associate that
difference with the occurrence of a polaron screening process.
The confinement in the QDs leads to a shortening of that
additional process, indicating a faster polaron formation time.
Our findings add to the ongoing debate on the polaron proper-
ties in perovskite NCs and QDs.

Results and discussion

Perovskite nanocrystals and quantum dots are often produced
by the ligand-assisted reprecipitation method.>" Here, we used
oleylamine and oleic acid to form quantum dots in a DMF
solution. The bulk film samples were produced by spin-coating
(more details for both samples, and for the experimental
methods in general, can be found in the ESIt). As the size
and size distribution of perovskite nanocrystals strongly
depends on the fabrication method,*” a thorough characteriza-
tion is required. In addition to spectroscopic analysis that will
be discussed below, transmission electron microscopy (TEM)
allows imaging of the quantum dots fabricated and thereby
directly measuring their size, shape and size distribution. In
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Fig. 1 (a) TEM image of the Csg,FAggPbBrs perovskite QDs. Size dis-
tribution of Csg,FAqgPbBrs perovskite QDs as determined from TEM
analysis.

Fig. 1a, part of a TEM image is depicted with the distribution of
nanocrystal sizes shown in Fig. 1b. We find that the rectangular
NCs have a size of (11 + 1) nm.

Apart from the reduction in the crystal size, leading to a
limited space for diffusion, crystals with size small enough to
induce quantum confinement effects experience changes in their
electronic properties reflected by the absorption and photolumi-
nescence (PL) spectrum. Thereby, a distinction between nanocrys-
tals in general and quantum dots can be made from spectroscopy.

In Fig. 2a and b, the absorbance and PL signal of the
Csg,FA, sPbBr; perovskite QDs and the Csg,FA, gPbBr; bulk
film are shown. One can clearly see that both, the symmetric PL
spectra as well as the absorbance signal with a characteristic
band-gap onset, are blue-shifted upon quantum confinement.
From the PL spectra, this effect can be quantified to approxi-
mately 40 meV. We can therefore conclude that the 11 nm-size
nanocrystals employed here can be considered as quantum
dots and are subject to quantum confinement effects which can
also be seen in their single photon emission characteristics
published elsewhere.>?

As we are using time-resolved vibrational spectroscopy to
examine the excited perovskite samples, an infrared ground-
state characterization of the samples is required. In Fig. 2c,
FTIR spectra of the QDs and the bulk film can be seen. Due to
the restricted probe range of the transient set-up, but also of
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Fig. 2 (a) and (b): Normalized absorbance (in black) and photolumines-

cence (in red) spectra of Csg,FAqggPbBrs perovskite QDs (a) and
Csp.2FAp.gPbBr3 bulk film (b). (c) Normalized FTIR spectra of both samples
with the inset showing the vibrational mode at 1717 cm™" in more detail.
For the QDs, modes originating from oleylamine ligand are indicated.
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standard FTIR devices, employed, only vibrational modes of
organic components, in this case the organic formamidinium
cation, can be monitored. Vibrational modes of the inorganic
parts of the perovskite crystal would be expected at consider-
ably lower energies.>*** The spectra are dominated by a single
comparatively sharp and isolated mode at 1717 cm ™. From the
DFT-calculations performed (more on the computational meth-
ods employed can be found in the ESI,{ including the spectrum
in Fig. S1, ESI and the visualized modes in Fig. S2, ESIT) as
well as from the literature,>**®>” we can assign this mode to a
C=N stretching mode. In the transient spectra below, we
employ this mode as an indicator for the vibrational reaction
of the perovskite crystal after charge carrier generation and
polaron formation. A series of FTIR-measurements over a wide
temperature range shows that there is only a very limited blue-
shift upon heating the samples (see the ESI} for more details
including Fig. S3). In addition to the dominating mode at
1717 em™?, vibrational signals can be found as NH, modes at
lower frequencies (a detailed discussion and mode assignment
can be found in the ESIt). Although most spectral features are
very similar for the bulk film and the QDs, we find that the
mode around 1390 cm™' is suppressed for the quantum
confined crystal. Comparing with the spectra from the
literature,>*® albeit not explicitly mentioned there, this effect
appears to be a reproducible feature. As our focus in this article
is on time-resolved spectra in proximity of another vibrational
mode, a detailed analysis of this effect is beyond the scope of
our work here.

To obtain transient spectra and investigate their dynamics,
we excited both samples with ultrashort pulses of 525 nm. A
delayed mid-infrared (mIR) probe pulse then resolves transient
changes in the mIR absorption of the samples. The best time-
resolution is on the order of 0.5 ps with a maximum time delay
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of 2 ns (more details on the experimental set-up can be found in
the ESIt). In general, two features can be expected in transient
mIR spectra. Firstly, electronic absorption of screened carriers,
often described as polarons, lead to very broad and unstruc-
tured transient absorption features.”® These signals can be
used as a proxy for the overall polaron population. Secondly,
specific vibrational signals, originating from the molecular
bonds of the material investigated, offer insight into structural
rearrangements upon photoexcitation. These vibrational sig-
nals can occur in a plethora of forms, including the bleaching
of the ground-state, red- or blue-shifts of a mode or the rise of
an infrared activated vibration and excited state vibrations.
They can elucidate the charge distribution processes in the
excited state®® as well as polaron formation and evolution.?®>*
In Fig. 3, transient infrared spectra are shown for selected delay
times. As described above, both a broad background as well as a
specific vibrational response can be observed for both samples
investigated. At early delay times, the vibrational signal resem-
bles a ground state mode blue-shifting with its characteristic
“valley-peak” signature. At later delay times though, the nega-
tive absorbance change signal vanishes earlier than the excited
state absorption (see Fig. 3d and e for normalized background-
subtracted spectra) which we associate with an infrared acti-
vated vibration (IRAV) mode. The IRAV mode is split for the
bulk film sample, a feature that is not present in the QDs. A
comparison with temperature-resolved FTIR spectra (see Fig. S3
in the ESIt) ensures that a temperature-induced shift in the
vibrational frequency is not plausible.

To discuss the different signals in more detail, in Fig. 4, the
dynamics of the background-subtracted IRAV mode, the
background-subtracted bleaching signal and the background
signal at one of the edge pixels of the detector are depicted with
suitable y-axes and for different excitation densities. We can
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(a and b) Transient spectra of the Csg »FA gPbBrs bulk film and QDs at selected delay times. (c) FTIR spectrum as a reference. (d and e) Normalized
(to the peak of the IRAV mode) background-subtracted spectra of Csg2FAg gPbBrs bulk film and QDs.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. C, 2023, 11, 3581-3587

3583


https://doi.org/10.1039/d2tc04519b

Paper

Csg,FA, ¢PbBr,-Films

- 1
o - -4
2Fa —'“‘-s‘ 4 3

385 pJiem?

s nnaaul

PRI |

PREETETTTY - O

LN E L L

T T Ty

Absorbance change (mOD)

o N A2 OO O = N W s
- e

— 1727 cm’’
— 1713cm” -8

\\? Background 4
: 4 -4

-,

o L

1000

PR ETTT BT |

1 10 100
Time (ps)

View Article Online

Journal of Materials Chemistry C

Csy ,FA, sPbBr,-QDs

0|
3
2
1
0
3+
2
1
0
— 1727 cm’’
4 — 1714 cm”
r ~— Background
2
0|
1 10 100 1000
Time (ps)

Fig. 4 Dynamics of characteristic spectral features in Csq 2FAg gPbBrs perovskite bulk films (a—c) and Csg 2FAq gPbBrs; QDs (d—f) with different excitation
densities. The signal at 1727 cm™? refers to the IRAV mode, the signal at 1713/1714 cm ™ to the ground-state bleaching and the background dynamics is

evaluated at 1612 cm™2.

clearly see that for the bulk film sample, the background signal
and the ground-state bleaching signal share exactly the same
dynamics while the IRAV mode increases in intensity for the
first few picoseconds and has a different dynamic for the first
hundred picoseconds. We find that although the background
and bleaching signal exhibit some excitation-density depen-
dence that originates from multiple carrier interactions (see
also time-resolved PL measurements in the ESIt), the time from
which IRAV mode and the other spectral components share the
same recombination dynamics appears to be independent of
the initial charge-carrier density, implying a monomolecular
process. Looking at the QDs, two key differences in the
dynamics can be observed. Firstly, the point in time from
which on the different spectral features share the same
dynamics is far earlier, at a few picoseconds. Secondly, at these
early delay times, all three features, the polaronic background,
the ground-state bleaching signal and the IRAV mode experi-
ence different signal dynamics. In particular, the vibrational
ground-state bleaching shows the strongest relative early decay,
followed by the background signal and the IRAV mode. Con-
sidering the ground-state bleaching signal as a proxy for a large
variety of possible photoexcitations, be it excitons or screened
polaronic carriers, and the electronic background signal as an
indicator for polarons, the difference in weight for the earliest
few ps process points towards a relevant portion of charge
carriers that are not screened in QDs and have a very fast decay
mechanism. In the literature, polaron formation in perovskites
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is generally considered to be advantageous for the carrier
lifetimes.*”

For a more detailed discussion of our main finding, the vast
difference dynamics between the IRAV mode and the ground-
state bleaching or background signal, a closer look at the
interactions leading to IRAV modes is required. In the litera-
ture, these modes have been associated with polarons in both

3033 as well as in perovskites.>*** Albeit

organic semiconductors
there is no definite explanation for IRAV modes yet and the
term might be used as an umbrella term for different physical
interactions, they are regularly associated with a change in the
vibrational bond they are based upon. A first concept views
IRAV modes to be a result of an activation of Raman-modes that
are not present in the molecules ground-state IR spectrum but
that become so due to a charge redistribution in the excited
state.*® In a second concept, IRAV modes are ascribed to the very
similar energy between an electronic transition and a vibrational
mode, as well as a strong coupling of the charge redistribution to
nuclear motion.>” That is reflected in an enhancement of IR
mode intensity. For both approaches, a strong interaction
between the photoinduced structural changes that accompany
a polaron formation and the IRAV mode strength can be con-
cluded. Therefore, the IRAV mode signal can be used as an
indicator to monitor the polaron formation and development
in our samples. In very similar systems, excited state absorptions
akin to the signal described here have been reported in the
literature. Taylor et al.* reported a transient infrared mode of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 This scheme shows the charge carrier dynamics that we associate
with the observed pump—probe transients. The material is excited by the
pump pulse and the excited state undergoes several transitions by struc-
tural arrangements of the lattice. Recombination returns the system to its
ground state.

same C-N vibration blue-shifted to the ground-state mode in
FAPDI; and associated that signal with an IRAV mode due to an
enhanced vibrational transition dipole moment. Guo et al.*® also
reported similar effects after photoexcitation. In a recent study,
Nishida et al.*® also described a blue-shifted transient vibrational
response overlaying a broad polaronic background.
Considering the close relation between the IRAV mode and
the formation of polarons in a sample, as discussed above, the
additional dynamics at early delay times can be interpreted as a
time constant in the polaron evolution. With the first screening
process occurring within our temporal resolution of approxi-
mately 0.5 ps, as indicated by the immediate rise of the
screened carrier background signal, the interactions present
in our measurements can be conceptualized with a stabili-
zation and consolidation of the polaron. The time scales we
observe here, a few ps for the QDs and few tens of ps for bulk
films, coincide with structural rearrangement processes due to
polaron formation proposed in the literature.”>*® As at later
delay times, the IRAV mode, and thereby the interaction
strength of the polaron and the CN vibrational mode, share
the same dynamics as the overall screened carrier population
and the ground-state bleaching the coupling of the photoex-
cited charge carriers can be assumed to be concluded. Later
effects can thus be related to charge recombination processes
that both lead to a vanishing polaron signal in the background
and the IRAV mode as well as a filling-up of the ground state.
With the QDs showing a considerably faster polaron stabili-
zation process than the bulk films with an “infinite” lattice, we
can reason that confinement effects influence the coupling of a
polaron and a vibrational mode relevantly. Apparently, in
perovskite QDs, that process is finished approximately an order
of magnitude faster than in the bulk film of the same material.
Fig. 5 summarizes our proposed model for polaron formation
and stabilization. Immediately after excitation we observe a spec-
trally broad signal that can be associated with free carriers or
polarons (state S;). Limited by the temporal resolution in our
experiments we cannot make further statements about the nature

This journal is © The Royal Society of Chemistry 2023
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of Sp, which is most likely an excitonic state. Because of the
sensitivity of the IRAV mode at 1727 cm " we can track the
structural re-arrangement induced by the photoexcited charge
carriers. This transition to a strongly localized carrier (state S,) is
size dependent with approximate time constants of 5 and 30 ps for
Cs.2FAq gPbBr; QDs and bulk films, respectively. Over the span of
hundreds of ps, nanoseconds and microseconds we find radiative
recombination by which the system returns to its ground state.
Since this process requires two carriers, an electron and a hole, the
recombination rate and lifetime are highly carrier density depen-
dent. In contrast, the polaron stabilization time in our experiments
was found to be constant under a magnitude of excitation
intensities and is therefore linked to carrier-lattice coupling.

Conclusions

Using transient mIR spectroscopy, we exploit the difference in
signal dynamics between a blue-shifted polaron-associated
IRAV mode at an organic cationic vibration, the ground-state
bleaching signal of that mode and a wide electronic back-
ground associated with screened carriers. Thereby, we find
polaron formation processes reflected in an additional early
delay mechanism which we associate with polaron evolution
and stabilization. That process is around an order of magnitude
faster in Cs, ,FA, sPbBr; perovskite QDs than in Csg ,FA, sPbBr;
bulk films. Our findings broaden the knowledge of the specific
polaron properties in confined perovskite nanocrystals and
might provide new directions for further experiments on the
structural dynamics and conductivity effects of polaron for-
mation in nanocrystals.
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