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ABSTRACT: The polaron is an essential photoexcitation that governs the unique
optoelectronic properties of organic−inorganic hybrid halide perovskites, and it has been
subject to extensive spectroscopic and theoretical investigation over the past decade. A
crucial but underexplored question is how the nature of the photogenerated polarons is
impacted by the microscopic perovskite structure and what functional properties this
affects. To tackle this question, we chemically tuned the interactions between perovskite
quantum dots (QDs) to rationally manipulate the polaron properties. Through a suite of
time-resolved spectroscopies, we find that inter-QD interactions open an excited-state
channel to form large polaron species, which exhibit enhanced spatial diffusion, slower
hot polaron cooling, and a longer intrinsic lifetime. At the same time, polaronic excitons
are formed in competition via localized band-edge states, exhibiting strong photoluminescence but are limited by shorter
intrinsic lifetimes. This control of polaron type and function through tunable inter-QD interactions not only provides design
principles for QD-based materials but also experimentally disentangles polaronic species in hybrid perovskite materials.
KEYWORDS: perovskite quantum dots, quantum dot interaction, ultrafast spectroscopy, polaron dynamics, polaron (de)localization

INTRODUCTION
Organic−inorganic hybrid perovskites (OIHPs) have demon-
strated promising potential in applications spanning photo-
voltaics,1 light-emitting diodes,2 X-ray detectors,3 and lasers,4

thanks to their superior optoelectronic properties.5 Rational
application of these materials must be underpinned by a
detailed understanding of the nature and dynamics of the
principal excitations and how they are connected to the
material structure. In OIHPs, polarons are the essential
photoexcitation that governs their unique optoelectronic
properties, such as long (hot) carrier lifetime and moderate
carrier mobility.6,7 These are frequently discussed in terms of
Fröhlich polarons, in which the charge carriers are dressed with
nuclear polarization that arises via electron−phonon couplings
and the ferroelectric properties of OIHPs.8−13 Evidence of
polaronic species in OIHPs spanning a wide range of
dimensionalities and chemical compositions has been provided
by time-resolved X-ray, electron diffraction, and terahertz
spectroscopies which track time-dependent nuclear displace-
ments during the polaron formation.14−23 Complementary
insights into the underlying electron−phonon couplings that
drive polaron formation have been extracted from oscillatory
components in the temporal profiles of pump−probe and
multidimensional electronic spectroscopies.24−34

Despite their widespread observation, many questions
remain about the detailed nature of the photogenerated

polarons in OIHPs, including the role of functionally distinct
small and large polarons and polaron pair states including
bipolarons and polaronic excitons.34−39 In parallel to this
pursuit of fundamental photophysical understanding, various
low-dimensional forms of OIHPs have been fabricated for
practical photovoltaic applications, resulting in a library of
materials with distinct characteristic microscopic struc-
tures.40−43 A critical next step for the field is to develop a
deeper understanding of how these different microstructures
impact the nature and properties of photogenerated polarons.
Delocalization, mobility, and interactions between polarons are
crucial properties that should depend on microscopic
structures and directly affect polaron dynamics,44 but tackling
these systematically remains a challenge.
Quantum dots (QDs) offer a promising platform to study

polaron behaviors in OIHPs. The polaron behaviors in QDs
can be rationally designed by controlling the interactions
between the QDs for various applications. For example,
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photovoltaic devices require a reduction in the dielectric
barriers across QDs to facilitate charge dissociation and
transport,45 while in electroluminescent devices, the rational
design of type I core−shell structures and surface passivation
ligands both allows charge injection and maintains high
radiative efficiency.46 Similarly, by modulating the inter-QD
distances and hence the electronic properties in QD solids, the
properties of polarons in the OIHP can be revealed and
tailored. Recent work on lead chalcogenide QD thin films�in
which strong quantum confinement meant bound excitons
were the primary excitation�exploited this approach to
tunably induce ultrafast energy transport through control of
QD spacing.47

In this work, we apply this concept to the polaron dynamics
of formamidinium lead triiodide (FAPbI3), one of the most
widespread hybrid perovskite compositions where fundamental
insights into the polaron behavior are needed to guide practical
applications.48−50 In the FAPbI3 composition, the low exciton
binding energy (∼20 meV) ensures that photoexcitations are
efficiently converted to polarons at room temperature.51 We
prepare QDs with an average diameter of ∼13 nm, which is at
the border of the exciton Bohr radius in this material.52,53 We
deposit these into thin films from which we can chemically
remove the ligands in the solid phase. The result is two types
of QD films with subtly different electronic structure. We
detect clear hallmarks of polarons in both structures. Through
detailed time-resolved spectroscopic measurements, we reveal
how the interplay between tunable inter-QD coupling and
excitation energy gates the formation of large polarons versus
small polaronic excitons and, thus, significantly alters the
polaron lifetime, diffusivity, and carrier cooling dynamics.

RESULTS AND DISCUSSION
Synthesis of FAPbI3 QDs and Steady-State Spectros-

copy. The FAPbI3 QDs were synthesized according to our
reported methods with slight modification,54 yielding rec-
tangular-shaped QDs with an average edge length of 13.05 ±
1.79 nm (Figure S1a). Solid-state FAPbI3 QD films were
prepared by spin coating high concentration QD solutions
(∼60 mg/mL) onto substrates, which resulted in ∼70 nm
thick films, consisting of roughly 5−6 layers of QDs. These
films are hereafter termed Pristine QD. To better understand
the interactions without our QD films, we employed
transmission electron microscopy (TEM). We prepared
TEM samples using a more dilute QD solution in order to
achieve monolayer assembly, providing direct visualization of
the edge-to-edge separation between adjacent QDs in the
solid. As shown in Figure 1(a), the as-synthesized QDs tend to
assemble along the edges due to facet-to-facet interactions.
The average edge-to-edge distance was measured to be 2.49 ±
0.31 nm (Figure S1b). Since the as-synthesized QDs have
mixed ligand shells of insulating oleate and oleylammonium,
which impose high dielectric barriers for charge transport, the
charge carriers can move only between adjacent QDs via
tunneling. To reduce the dielectric barriers between QDs,
Pristine QD films were dipped into methyl acetate (MeOAc)
to remove the insulating organic ligands, and we refer to the
resulting films as Coupled QD. Upon dipping into MeOAc, the
ligands detach from the QD surfaces and dissolve into the
solution, leaving partially bare QD surfaces. The resulting high
surface energy drives adjacent QD facets to merge, as shown in
Figure 1(a), creating direct charge transport channels and
enhancing the electronic coupling between QDs.

Figure 1(b) shows the steady-state absorption and photo-
luminescence (PL) spectra of Pristine QD and Coupled QD.
To characterize the energy of band-edge states in the films, we
plot the second derivative of their absorption spectra (Figure
S2). Compared to Pristine QD, Coupled QD is red-shifted by
20 meV. The PL peak positions of both films are shifted
similarly, resulting in nearly identical Stokes shift in both films.
However, the PL line shape in Coupled QD following
broadband white-light excitation (350−600 nm) is distinctly
asymmetric, with a high-energy shoulder that points to the
presence of multiple emissive species. Below, we use time-
resolved PL measurements with tunable monochromatic
excitation to reveal the different populations that contribute
to the emission band. It is notable that the PL intensity is
significantly lower in Coupled QD (Figure S3). The loss in the
PL counts is due to the reduction of dielectric confinement
after ligand removal and points to the different excitation decay
pathways being available despite being based on similar QDs.

Femtosecond Transient Absorption Spectroscopy.
To understand the impact of the induced electronic coupling
between QDs, we investigated the electronic dynamics of both
QD films with femtosecond transient absorption spectroscopy
(fs-TA) as a function of pump photon energy and fluence (for
details on the calculations of <N0>, see Supplementary Note 1.
<N0> refers to the average number of electron−hole pairs per
QD upon photoexcitation). Three excitation wavelengths, 400,
520, and 780 nm, were selected, corresponding to 2xEg, 1.5xEg
and Eg, respectively. Representative TA spectra are shown in
Figures 2, 3, 5 and Figures S4−S8.
Upon above-bandgap excitation (Figures 2 and S4−S7), the

TA spectra of Pristine QD and Coupled QD manifest typical
spectral features of FAPbI3 and related compositions such as
MAPbI3 which we briefly review here.55,56 The initial TA
spectra (τdelay < 0.3 ps) show an asymmetric photobleaching
(PB) band (1.6−2.0 eV) and a photoinduced absorption
(PIA) band at slightly lower energies (∼1.55 eV). The
asymmetric PB line shape arises from phase-space filling of hot
polarons thermalized via carrier−carrier scattering (∼100 fs).57

Figure 1. FAPbI3 QD films. (a) Transmission electron microscopy
(TEM) images of Pristine QD (left) and Coupled QD (right). (b)
Steady-state absorption and PL spectra of Pristine QD (blue) and
Coupled QD (red).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c08748
ACS Nano 2023, 17, 23079−23093

23080

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08748/suppl_file/nn3c08748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08748/suppl_file/nn3c08748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08748/suppl_file/nn3c08748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08748/suppl_file/nn3c08748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08748/suppl_file/nn3c08748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08748/suppl_file/nn3c08748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08748/suppl_file/nn3c08748_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c08748/suppl_file/nn3c08748_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08748?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08748?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08748?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08748?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c08748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The low-energy PIA band has been attributed to bandgap
renormalization (BGR).58,59 By 1 ps delay, the hot polarons
dissipate excess energy to the lattice and become thermally
equilibrated with it.60−63 During this cooling process, the PB
band sharpens and gains intensity, while the BGR signature
vanishes.58 Beyond 1 ps, an additional PIA is evident at probe
energies above 1.75 eV. This feature has been assigned to a
range of effects, including photoinduced refractive index
change and weak polaron PIA.64 While these general features
of FAPbI3 are common to both films, we highlight that the PB
band maximum in Coupled QD is red-shifted compared to that
in Pristine QD, in accord with their static photoluminescence.
Moreover, there are important differences between the films in
the dynamics beyond the subpicosecond thermalization time
scale (Figure 2(b),(d)), which we address in detail below.

First, we establish the baseline behavior of these materials
using band-edge excitation (λexc = 780 nm, Figure 3). We find
that Pristine QD and Coupled QD behave similarly under this
condition. In the initial TA spectra, we observe no signature of
the BGR PIA band, and the PB is sharp and intense due to the
absence of hot polarons.58 We also detect an ultrafast process
(<0.5 ps) distinct from the thermalization above, during which
the PB subtly blueshifts and decreases in intensity. With the
assumption that the excited-state population remains constant
on this ultrafast time scale, this change in spectral shape
reflects a change in the nature of the excitations. Subtraction of
the TA spectra before and after this process reveals an identical
derivative line shape in both films (Figure 3(b),(d)). This basic
behavior is maintained as a function of excitation density
<N0>, with the TA kinetics of Pristine QD and Coupled QD

Figure 2. Polaron dynamics following 400 nm excitation. (a) fs-TA 2D contour map and (b) temporal profiles at the PB max and high energy
PB shoulder region of Pristine QD. (c) fs-TA 2D contour map and (d) temporal profiles at the PB max and high energy PB shoulder region
of Coupled QD. Excitation powers are indicated in terms of average number of photoexcitations per QD, <N0>.

Figure 3. Polaron dynamics following band-edge 780 nm excitation. (a) fs-TA 2D contour map and (b) TA spectral evolution up to 1 ps
(top) and temporal profiles at the PB max in the variance of pump fluence (bottom) of Pristine QD. (c) fs-TA 2D contour map and (d) TA
spectral evolution up to 1 ps (top) and temporal profiles at the PB max in the variance of pump fluence (bottom) of Coupled QD. TA signal
difference is obtained by subtracting TA spectrum at 0.2 ps from that at 1.0 ps. Excitation powers are indicated in terms of average number
of photoexcitations per QD, <N0>.
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nearly indistinguishable over the full measured fluence range
(Figure 4(a)). A similar comparison for excitation at 520 and
400 nm reveals that the films diverge specifically under above-
bandgap excitation, with Coupled QD yielding longer-lived
polarons with distinctly slower cooling dynamics up to ∼300
ps (Figure 4(b)).
To disentangle the impact of interactions between QDs and

the intrinsic processes within individual QDs, we further
compare the fs-TA results on Colloidal QD (Figures 4(c),
S8,S9). In the case of band-edge excitation (λexc = 780 nm), we
capture the same fast spectral evolution seen in the films,
resulting in derivative-like changes as shown in Figure 4(c).
These fast spectral changes are independent of the coupling
between QDs. We can rule out the possibility of surface traps
as the origin of this effect due to the presence of native ligands
at the surface of Colloidal QD. Indeed, equivalent experiments
on Coupled QD passivated with FAI show identical behavior
(Figure S10). The rapid evolution shown in Figures 3(b),
3(d), and 4(c) must thus reflect the same intrinsic, single-QD
process in all three samples. These measurements cannot
distinguish whether the dynamics occur within the QD core or
are linked to the deformable lattice near the QD surface. Such
effects should be constant across our samples, though, so the
distinction is not significant for our analysis. Following above-
bandgap excitation of Colloidal QD (λexc = 400 nm, Figures
S8), these intrinsic effects are obscured on <1 ps time scales by
the signatures of hot polaron generation and subsequent
cooling. In the picosecond time scale, the temporal profile at

low power (<N0> = 0.14) shows an additional relaxation up to
30 ps. These colloidal polaron generation and cooling
dynamics are in excellent agreement with those of Pristine
QD (Figure 4(b)), indicating that this film is likewise
dominated by single-QD processes. However, the carrier
relaxation on intermediate time scales is distinctly slower in
Coupled QD, lasting up to 300 ps. That is, the polaron
dynamics become increasingly sensitive to inter-QD inter-
actions upon above-bandgap excitation.
The distinction between single- and inter-QD processes is

carried into the polaron recombination dynamics over a range
of <N0> values. Under band-edge conditions, Pristine QD and
Coupled QD exhibit similar dynamics and no spectral
evolution during recombination (Figures 3, 4(a), and S11).
The dynamics can be well described with multiexponential
kinetics, including the fast single-QD (τPE) process related to
the derivative-like spectral evolution and a variable balance
between monomolecular (τmono) and bimolecular (τmany‑body)
polaron recombination processes (Table 1). We obtain
consistent values for the time constants τmany‑body and τmono
over the full range of <N0> explored: only the relative
amplitudes of these channels change (Figure S15). The
increase in the τmany‑body channel at higher powers links it to
decay via a many-body process, while the corresponding
decrease in τmono flags it as an intrinsic, geminate pathway.65,66

The recombination signatures following above-band gap
excitation are more involved (Figures 5 and S6−S7). We show
that Pristine QD exhibits a subtle redshift of the PB band

Figure 4. Pump-wavelength-dependent divergence in polaron dynamics. (a) Direct comparison of TA temporal profiles in the QD films upon
780, 520, and 400 nm excitations. (b) Direct comparison of hot polaron cooling dynamics in Colloidal QD, Pristine QD, and Coupled QD.
(c) TA spectral evolution up to 1 ps upon 780 nm excitation in Colloidal QD (left) and expected TA signal modulation via the Stark Effect in
the presence of polaronic exciton (right). TA signal difference is obtained by subtracting TA spectrum at 0.2 ps from that at 1.0 ps.
Excitation power is indicated in terms of average number of photoexcitations per QD, <N0>. All kinetics are extracted at the PB maximum.
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during population decay, whereas the peak position is constant
over time in Coupled QD. To better capture the spectral
evolution, we again directly subtract (normalized) TA spectra
at time delays chosen to exclude contributions from hot
polaron cooling (Figures 5(c) and S16−S19). For Pristine QD,
spectral subtraction once again shows a derivative line shape,
albeit of opposite sign to that from the early time evolution in
Figure 3(b). In contrast, the equivalent analysis of Coupled
QD does not exhibit any such derivative but instead exhibits a
small positive band at higher probe energy. The associated
kinetics are fitted well by four exponents (Figures S12 and
S13) representing biphasic carrier cooling dynamics and
monomolecular and bimolecular recombination processes.
The τmany‑body channel in Coupled QD shows a gradual
reduction in lifetime and increased fitting weight with
increasing <N0>, pointing to many-body processes that are
accelerated at high polaron density. The most notable
differences between films are the systematically longer decay

constants in Coupled QD, particularly the <N0>-independent
polaron lifetime τmono (Table 2).

Femtosecond Transient Absorption Spectroscopy at
140 K. The differences in spectral evolution and recombina-
tion dynamics between Pristine QD and Coupled QD suggest
the presence of distinct photoexcited species in the two films.
To verify their polaronic nature, we conducted fs-TA
measurements at a low temperature (140 K), where clear
oscillatory features in the kinetics (Figure S26) provide a direct
signature of electron−phonon couplings. At this temperature,
we observe the same phenomenology as a function of film type,
pump fluence, and pump photon energy described above,
including the derivative-like spectral shape changes on band-
edge excitation and the detection of an additional slow carrier
relaxation channel and enhanced τmono in Coupled QD
following the above-gap excitation (Figures S20−S25). In
short, we find no major alteration to the photophysical
pathways at 140 K and consider this regime representative of
the RT physics above.
We extracted the oscillatory component from the slowly

varying electronic kinetics and performed the fast Fourier
transform (FFT) at each probe energy. The resulting FFT
power maps in Figures 6 and S27 reveal a progression of well-
defined phonon modes. We focus initially on the modes
highlighted by PB, which should represent ground-state
electron−phonon coupling. The modes observed in Pristine
QD upon band-edge excitation (Figure 6(a)) closely match
previous reports.28 In Coupled QD we observe a systematic
increase in the phonon frequency consistent with the lattice
distortion induced by the introduction of inter-QD inter-
actions (Figure 6(b)). In comparison to this PB band, we see
in Figure 6 that in both films, the modes systematically shift to
higher frequencies in the spectral regions corresponding to PIA
and stimulated emission (SE). Moreover, the oscillations in
these bands are out of phase with those in the PB band (Figure
6(c),(d)). Together, these observations reveal that the PIA and
SE bands reflect excited-state electron−phonon couplings; that
is, the excited species observed on band-edge excitation are
fundamentally polaronic and the excitation of polarons induces

Table 1. Kinetic Parameters for Band-Edge Excitation
Resultsa

Pristine QD/780 nm exc. Coupled QD/780 nm exc.

τPE
(ps)

τmany‑body
(ps)

τmono
(ns)

τPE
(ps)

τmany‑body
(ps)

τmono
(ns)

<N0> =
0.14

<0.2 5.5 <0.2 5.0

<N0> =
0.28

<0.2 520 5.5 <0.2 440 5.0

<N0> =
0.56

<0.2 510 5.5 <0.2 450 5.0

<N0> =
1.12

<0.2 560 5.5 <0.2 490 5.0

<N0> =
2.24

<0.2 540 5.5 <0.2 460 5.0

aThree time constants were obtained from fs-TA decay profiles. The
rate constant of the fast single-QD process (τPE) is not precisely
assigned by our time resolution of fs-TA. Monomolecular lifetime is
fixed by the time constant obtained by ns-PL measurements.

Figure 5. Coupling-dependent polaron recombination dynamics. fs-TA 2D contour maps up to 6 ns of (a) Pristine QD and (b) Coupled QD
upon 400 nm excitation. (c) Two representative spectra at 500 ps and 5 ns and subtracted spectra (spectra at 500 ps − spectra at 5 ns) of
Pristine QD (top) and Coupled QD (bottom).
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some lattice deformation. Upon above-gap excitation, the
phonon mode spectrum is redistributed toward lower
frequencies with the appearance of a distinct node at the PB
band position (Figure S28), consistent with prior observa-
tions.24,26,30 Quantitative analysis of the detected modes is
complicated by a strong ground-state contribution from
modulation of the energy of the band-edge states.24 Never-
theless, we note that the phonon frequencies in Pristine QD in
this regime are similar to the excited-state (PIA and SE)
phonons following band-edge excitation. Moreover, whereas
the mode profiles in Pristine QD and Coupled QD are similar
following band-edge excitation, we detect a markedly broader
distribution of higher frequency modes in Coupled QD
following the above-gap excitation. This effect is consistent
with a different type of polaron forming in this sample.
Ultrafast Transient Absorption Spectroscopy. The fs-

TA results at RT and 140 K show clearly that primary
photoexcitations in QD films are polarons, and their polaron
dynamics diverge when excess photon energy is exerted. Our
observations indicate a difference in the nature of photo-
excitations in the two films, but on the time scales accessible in

our fs-TA experiment (instrument response 180 fs) the
spectral differences associated with these states are very subtle
(Figure 2). We thus extend our analysis into the thermalization
time scale using excitation with compressed broadband pulses
with sub-10 fs duration. The pulses spanned the range 520−
680 nm and thus provided above-gap excitation (see the
Method section for details).
The results for Pristine QD and Coupled QD are divided in

Figure 7 into sub-100 and 100 fs to 1 ps ranges. On the longer
time scale, both films reveal the typical spectral evolution
associated with subpicosecond cooling processes reported
above using fs-TA spectroscopy. Below 100 fs (Figure 7(a),
(c)) we detect a new kinetic component (70−80 fs) which
corresponds to the redistribution of PB band intensity during
charge carrier thermalization.57 In this regime, the spectral
evolutions in the two QD films are strikingly different. Given
their similar band structures in the range of the excitation pulse
(Figure 1), this difference is surprising: similarly hot carriers
are excited, and they should relax to equivalent distributions
near the band edge. Interestingly, we found that the spectral
difference can be precisely accounted for by the signature of

Table 2. Kinetic Parameters for above Bandgap Excitation Resultsa

Pristine QD/400 nm exc. Coupled QD/400 nm exc.

τcooling 1 (ps)/τcooling 2 (ps) τmany‑body (ps) τmono (ns) τcooling 1 (ps)/τcooling 2 (ps) τmany‑body (ns) τmono (ns)

<N0> = 0.14 0.30 3.0 5.5 0.32 36 11
<N0> = 0.28 0.32 3.1 550 5.5 0.30 38 4.3 11
<N0> = 0.56 0.28 3.8 560 5.5 0.31 35 2.1 11
<N0> = 1.12 0.29 3.6 520 5.5 0.29 33 1.2 11
<N0> = 2.24 0.31 3.2 450 5.5 0.30 30 0.83 11

aFour time constants obtained from fs-TA decay profiles. Monomolecular lifetime is fixed by the time constant obtained by ns-PL measurements.

Figure 6. Electron−phonon couplings in QD films. 2D contour plot of FFT spectrum and representative TA spectra of (a) Pristine QD and
(b) Coupled QD. Yellow “subtraction” spectra are obtained by subtracting the spectrum at 200 fs by the spectrum at 3 ps. 2D contour plot of
TA residuals after exponential fitting of (c) Pristine QD and (d) Coupled QD revealing phase differences in the three detection bands.
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single-QD processes identified above. We recall the derivative-
like line shape determined from spectral subtraction in Pristine
QD under band-edge conditions in fs-TA (Figures 3 and 4). If
we subtract this line shape from the Pristine QD spectrum at

100 fs, we obtain an excellent match to the equivalent
spectrum of Coupled QD (Figure 7(c)). This result reveals
that both films exhibit the same basic carrier thermalization
behavior (broad envelope in Coupled QD < 100 fs), but in

Figure 7. Ultrafast dynamics in QD films. Ultrafast TA spectra of Pristine QD and Coupled QD (a) up to 100 fs and (b) up to 1 ps. (c)
Derivative-like spectral evolutions in fs-TA (λexc = 780) and TA spectrum at 100 fs of Pristine QD are visualized together in the top panel.
The subtracted spectrum of Pristine QD (spectrum at 100 fs−derivative-like feature) is compared directly with the TA spectrum at 100 fs of
Coupled QD in the bottom panel. (d) Ultrafast TA temporal profiles of Pristine QD and Coupled QD are plotted.
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Pristine QD it competes with a distinct single-QD polaronic
process. Thus, despite their apparent similarity, the excitation
pathways in Pristine QD and Coupled QD diverge
fundamentally on ultrafast time scales, and this branching
defines all subsequent polaron behaviors. Indeed, our collected
observations suggest that most of the excited species in Pristine
QD evolve to the state signified by this derivative-like feature,
which we assign below to polaronic excitons.
Time Resolved and Spatially Resolved PL. To capture

how these different polaronic species behave on long time
scales, we turn to complementary time-resolved PL measure-
ments that more sensitively probe the monomolecular polaron
lifetime. Regardless of excitation wavelength, Pristine QD
shows nearly invariant PL decay profiles and consistent time-
integrated PL spectra up to 10 ns (Figure 8). The dynamics are
fitted by two exponents with lifetimes ∼1 and ∼5.5 ns,
attributed to many-body processes and the monomolecular
lifetime from comparison with our fs-TA kinetic analysis in
Figure S12. As above, we only observe an important variation
in Coupled QD excited above the bandgap. Nearly band-edge
pumping at 700 nm (chosen to minimize pump scatter) shows
a monomolecular lifetime of ∼5 ns, but 400 nm excitation
produces a long-lived polaron whose monomolecular lifetime
is ∼11 ns, in good agreement with the fs-TA results. The
magnitude of the long-lived polaron population, as inferred
from the relative weight of the long-lifetime component,
significantly increases with increasing excitation energy. These
effects are associated with slight spectral shifts (Figure 8(b)).
Upon 700 nm excitation, the time-integrated PL spectra of
Coupled QD match those of Pristine QD. As excitation energy

increases, the PL spectra progressively redshift. This
distribution of emitting states results in the asymmetric PL
line shape reported in Figure 1(b) under white-light
irradiation. To further explore whether the PL yield also
changes in accompanying the spectral changes observed, we
conduct steady-state PL measurements (Figure S29) with the
excitation wavelength spanning from 700 to 400 nm. In
contrast to the nearly constant intensities of the Pristine QD,
the Coupled QD exhibits a significant drop as the excitation
wavelength moves from 700 to 400 nm. These results again
imply that the polaronic species generated by the above-
bandgap excitation are qualitatively different between Coupled
QD and Pristine QD.
In a final demonstration of these differences, we explore the

spatial diffusion of the polaron populations using a PL
mapping technique (Figure S30). We used excitation at 400
nm, where the most pronounced photophysical differences
between Pristine QD and Coupled QD are observed. As shown
in Figure 8(c), Pristine QD shows a confined spatial diffusion
profile of polarons, with a σaverage of 6.28 μm, which is within
the same order of magnitude as the profile of the excitation
laser scatter (σaverage = 6.36 μm). In Coupled QD, the charge
carriers have a much longer diffusion length, with a σaverage of
8.36 μm. This dramatic increase is due to the different nature
of the polaronic species in the two films, which is itself
governed by the different nanostructures revealed in Figure 1.

Polaron Dynamics Tuned by Inter-QD Interactions.
We controlled the interactions between QDs by the removal of
the native ligands on QD surfaces, which completely eliminates
the edge-to-edge distance between QDs and brings QDs into

Figure 8. Long-time polaron recombination and transport via PL. (a) Time-resolved PL decay profiles of the two QD films depending on
photoexcitation wavelength. (b) Time-resolved PL spectra (averaged from 0 to 10 ns, lines) and overlaid steady-state PL spectra (dashed
and filled) of Pristine QD (left) and Coupled QD (right). (c) Spatial diffusion profile of Pristine QD, Coupled QD, and reference profile of
laser scatter.
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contact. While the QDs are in contact with each other, they are
not likely to grow into bulk crystals due to the absence of
excess energy for recrystallization. As shown in Figure 8(a),
Pristine QD and Coupled QD show identical PL peak
positions under band-edge excitation, suggesting that the
quantum confinement of the QD building block is preserved
after ligand removal. As shown in Figure 1(a), in Coupled QD,
the size of the QDs remains unchanged, and the QDs are
confined in at least one dimension. At the same time, after
ligand removal, the facet-to-facet interactions between QDs
drive them into a uniform orientation,54 potentially establish-
ing channels for carrier transport and enabling nuclear
polarization to extend across the QD boundaries to form
large polarons. As a result of these structural changes and the
subtle interaction between the neighboring QDs they
introduce, we observe fundamental photophysical distinctions
between these two types of film. Pristine QD has strong
dielectric barriers between QDs and is dominated by single-
QD processes. The signature of the Coupled QD is a
pronounced pump photon energy dependence, which can
result in longer-lived polarons that diffuse much further than
that in Pristine QD. We summarize the crucial polaron
dynamics in these materials in Scheme 1. The similarity of the
excited species in Pristine QD and Colloidal QD and our
observation of standard polaronic signatures in Figures 2(a)
and 3(a) indicate that Pristine QD hosts small polarons.44 In
contrast to bulk films (Figures S31−32) the carriers in Pristine
QD and Colloidal QD have no pathway for long-range
separation and instead remain confined in close proximity. The
resulting states could be either self-trapped excitons or
polaronic excitons.67−70 However, the self-trapped exciton
exhibits characteristic broad and featureless PL line shape due
to its optically dark nature,68−70 in contrast to the sharp PL we
observe here (Figure 8). Instead, we highlight the rapid (<0.5
ps) fs-TA spectral changes to the polaron population we
observe following band-edge excitation. These changes can be
captured as the growth of a derivative-like feature centered at
the band edge (Figure 3(b)). We consider this feature to be
evidence of a Coulombically bound polaron pair (polaronic
exciton) formation in a single QD.67 Such weakly bound

polaron pairs are well-known in organic semiconducting
materials and characterized by their optically induced Stark
effect.71,72 In perovskite materials, reports of the Stark effect
have centered around photon-dressed Floquet states and
external electric-field-induced modulations.73−77 The latter
induces a spectral redshift of the band-edge excitonic state that
produces similar lineshapes to what we have extracted from our
fs-TA measurements in Figure 4(c).76,77 Here, in contrast, the
Stark effect originates from the separated charges that
constitute the polaronic exciton. Though the state is neutral
overall, the local charge imbalance results in a local electric
field which perturbs the rest of the QD, causing a red-shift of
the band-edge excitonic transition as shown in Figure 3(b) and
Figure 4(c). The appearance of this Stark effect signature
reveals that the charges generated upon band-edge excitation
rapidly localize within the parent QD and form a polaronic
exciton, likely driven by the Raman modes coupled to the
excitonic transition.78 This small polaron description is
supported by the distinct increase in excited-state versus
ground-state phonon frequencies detected in our low-temper-
ature FFT analysis (Figure 6). Due to this localized character
and the use of a similar QD unit across all samples, we capture
nearly identical polaronic exciton behavior in Colloidal QD,
Pristine QD, and Coupled QD when excited at the band edge.
We observe a significant change in the polaron behavior only

in Coupled QD, and only following the generation of
nonequilibrium hot carriers through above-bandgap excitation.
We propose that the primary species generated in this regime
are large polarons. The inter-QD interactions in this sample
enable ultrafast transport of hot carriers, analogous to the
ballistic transport of nonequilibrium carriers reported in lead
halide perovskite bulk films,79 though Coupled QD is distinctly
intermediate between QD and bulk-like behavior. An
important parameter to understand transport phenomena in
QD-based materials is the degree of delocalization. Ligand
treatments on CdSe QDs enhance their electronic delocaliza-
tion, resulting in a 200% increase in exciton size.80 Since the
averaged size of FAPbI3 QDs in our samples is on the same
order as the exciton Bohr radius, we expect only a subtle
elongation of the electronic wave function over neighboring

Scheme 1. Schematic of Polaron Dynamics in QD-Based Films
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QDs. Thus, Coupled QD should exhibit reduced barriers for
charge transport and hence enhanced charge diffusion length,
as consistent with our PL mapping (Figure 8(c)).81 This
ultrafast transport of hot carriers is in direct competition with
nonadiabatic relaxation to the band-edge states to form
polaronic excitons. Upon sufficient spatial separation of
electron and hole, their Coulombic interactions become
negligible, facilitating long-range coupling with phonons to
form large polarons with different cooling and recombination
behavior.
This model would suggest that Coupled QD behaves as a

hybrid between the strongly localized FAPbI3 QD and bulk
FAPbI3. For comparison, we have prepared and performed
equivalent fs-TA analysis on a bulk FAPbI3 film (Figures S31−
S33). We detect none of the spectral signatures of polaronic
exciton formation, the hallmark of confined single-QD
processes, because the charged species formed in the bulk
are not spatially constrained (Figure S32). Indeed, the fs-TA
dynamics are nearly identical for the above bandgap and band-
edge excitation conditions, which suggests the excited-state
processes are dominated by free charges or polarons regardless
of pump photon energy. The principal difference from
Coupled QD films is that the many-body processes are
accelerated in the bulk film owing to enhanced diffusivity of
carriers or polarons, though they share analogous pump
fluence dependence. This similarity in behavior points to
common fundamental properties: the charge carriers in the
bulk film and large polarons in Coupled QD are diffusive, and
their many-body processes originate from nongeminate
encounters. Further discussion of the excited-state dynamics
of the bulk film is presented in the supplementary note.
Depending on the nature of the polaronic species formed in

the QD films, the cooling dynamics proceed through multiple
stages. Following above-bandgap excitation, hot polarons in
Colloidal QD, Pristine QD, and Coupled QD equilibrate with
the lattice with time constants of ∼300 fs (Figures 4(b) and
7(d)). Beyond this fast cooling process, we observe further
relaxation on picosecond time scales (Figure 2(b),(d)), during
which the PB band gains intensity and the high-energy
shoulder band is reduced. Shifts on these time scales could
potentially stem from relaxation through a disordered manifold
of QDs from high-bandgap to low-bandgap sites, but this
process should be accompanied by a shift of the PB peak which
we do not observe. Instead, we find that these features are most
consistent with a slower secondary cooling process that
dissipates residual thermal energy (Figure S34). The secondary
cooling processes are apparent in all of our FAPbI3 QD-based
materials from the lowest pump fluence (<N0 ≥ 0.14) for both
400 and 520 nm excitation and represent an intrinsic material
property. Proposed mechanisms of hot carrier cooling
processes include hot-phonon bottlenecks and large polaron
effects.82−85 In the latter case, nuclear polarization around the
large polaron contributes to the reduction of scattering events
with longitudinal optical phonon modes, which normally act as
an important heat reservoir to dissipate the excess energy of
hot polaron.85 From our comparison across QD samples, we
infer that the dominant contribution comes from such
suppression of optical phonon relaxation due to quantum
confinement in QDs, as reported for hot carrier cooling in
MAPbBr3 nanocrystals versus bulk film.84 The effect is most
prominent in the presence of large polarons in Coupled QD,
where the secondary cooling channel is an order of magnitude

slower than that in Pristine QD (τcooling 2 ∼ 40 ps versus
τcooling 2 ∼ 3 ps).
The ultimate charge-carrier lifetime likewise depends

strongly on the type of polaron present. In the case of band-
edge excitation, the polaronic excitons observed in both film
types exhibit comparable recombination time constants of
τmono ∼ 5.5 ns (Figures S12−S15), which we take as the
intrinsic lifetime. The faster decay channel (τmany‑body) active at
higher excitation densities can be attributed to bimolecular
annihilation. Regardless of the decay channel, we observe no
spectral evolution during the recombination of polaronic
excitons in either film, indicating a pure population that relaxes
to the ground state (Figure S11). That is no longer the case
following above-bandgap excitation. In Pristine QD, excitation
at 400 nm returns a similar polaron lifetime (τmono = 5.5 ns) to
the band-edge result. However, spectral evolution during
recombination points to an interplay between multiple species.
Using the spectral subtraction process in Figure 5(c), applied
before and after recombination, we recover a Stark-effect line
shape similar to that assigned to polaronic exciton formation in
Figure 3. However, the sign in this case is reversed, pointing to
the loss of polaronic exciton population. The residual polaron
signal is a signature of a small population of long-lived
polarons, which can form in a minority pathway through weak
inter-QD coupling. Coupled QD is instead dominated by a
large polaron population in excess-energy conditions (λexc =
400 and 520 nm), and we observe a distinctly longer intrinsic
lifetime of τmono ∼ 11 ns (Figure S13). This behavior reflects
that the large polaron is shielded by nuclear polarization via
long-range Coulombic coupling with phonons, which deters
radiative recombination and enhances its lifetime.86 As shown
in Figure 5, we can best capture the subtle spectral evolution
during recombination through spectral subtraction, and the
resulting difference spectrum is a manifestation of the Moss-
Burstein effect (Figure 5(c)).87 Following excitation at
intermediate energy (520 nm), we capture a small contribution
from the same reversed Stark-effect line shape seen in Pristine
QD. Thus, the intermediate excitation results in detectable
branching between large polarons and polaronic excitons
formed via nonadiabatic relaxation to the band-edge states
(Figure S7).

CONCLUSION
Through our combination of controlled inter-QD interactions
and thorough time-resolved spectroscopic measurements, we
demonstrated how to tune between small and large polaronic
species within one of the widespread hybrid perovskite
compositions. Both large polarons and small polaronic excitons
are intrinsic to these low bandgap perovskite materials, and
their balance is gated by a combination of inter-QD coupling
and excess pump energy to access more delocalized electronic
states. Once the polaronic species are formed following the
initial thermalization, they exhibit important differences in
their cooling and recombination pathways. The competition
we observe between the formation of large polarons and
polaronic excitons suggests that the detailed polaron dynamics
should be revisited in other bulk materials composed of
nanostructured components, as these may provide the subtle
confinement needed to bias one channel over the other. Richer
understanding of how to controllably form these species will
enhance the practical applications of perovskite materials: the
polaronic exciton provides a higher PL quantum yield despite
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its shorter lifetime, whereas large polarons afford much more
rapid transport, slow carrier cooling, and an lengthen lifetime.

METHODS
Chemicals. Oleylamine (OAm, 70%), oleic acid (OA, 90%), 1-

octadecene (ODE, 90%), octane (anhydrous, 99%), hexane (95%),
methyl acetate (MeOAc, anhydrous, 99.5%), and formamidinium
acetate (FAOAc, 99%) were purchased from Sigma-Aldrich (St.
Louis, Missouri). Lead(II) iodide (PbI2, 99.99%) was purchased from
TCI Chemicals. All of the chemicals were used as purchased without
purification.
FAPbI3 QD Synthesis. FAPbI3 QDs were synthesized following

our reported methods with some modifications.54 In a 50 mL three-
neck round-bottom flask, 521 mg of FAOAc and 10 mL of OA were
mixed and degassed under vacuum at 110 °C for 30 min. After a clear
solution was obtained, N2 was placed in the flask. The FA-oleate
solution was cooled to 80 °C and ready for injection. In another 100
mL three-neck round-bottom flask, 400 mg of PbI2, 20 mL of ODE, 3
mL of OA, and 3 mL of OAm were mixed and degassed under
vacuum at 120 °C for 30 min. After a clear solution was obtained, N2
was flowed into the flask and the PbI2 solution was cooled to 80 °C.
Then 5 mL of FA-oleate solution was swiftly injected into the PbI2
solution. After about 15 s, the reaction was quenched with an ice bath.
The crude product was mixed with 6 mL of MeOAc and centrifuged
at 8000 rpm for 10 min. The precipitated QDs were dispersed in 10
mL of hexane. The QDs were precipitated again with MeOAc
(MeOAc:hexane = 1:1) at 8000 rpm for 10 min. The resulting
precipitate was redispersed in octane at a concentration of 65 mg/mL
for spin coating.
FAPbI3 QD Film Preparation. The pristine QD films were

deposited by spin coating the QD solution (60 mg/mL in octane) at
2000 rpm for 25 s. This results in ∼70 nm thick films (roughly 5
monolayers of QDs). The coupled QD films were prepared by swiftly
dipping the pristine QD films into MeOAc for 5 s, rinsing with neat
MeOAc for 1 s, and blowing them dry with a stream of N2. All the
depositions were performed in ambient conditions with 30−40%
relative humidity.
Characterizations of QD Solutions and Films. Transmission

electron microscopic (TEM) images were acquired using an FEI
Tecnai 12 BioTwin TEM. Ultraviolet−visible (UV−vis) absorption
spectra were collected using an Agilent Cary 5000 UV−vis−NIR
spectrometer with diffuse reflectance accessories (DRA). The steady-
state photoluminescence spectra of QD films were recorded with a
home-built photoluminescence spectrometer based on an Avantes
miniature spectrometer (Avaspec-Mini-4096CL).
Time-Resolved Optical Spectroscopy. Transient absorption

measurements were conducted with an automated transient
absorption spectrometer (HELIOS, Ultrafast Systems) driven by
the Yb:KGW amplifier (PHAROS-SP, Light Conversion) operating at
8 kHz. An optical parametric amplifier (OPA) and its second
harmonic (SH) module (ORPHEUS and LYRA-SH, Light Con-
version), pumped by the same Yb:KGW amplifier, generated a 200 fs
narrowband pump pulse. A portion of the fundamental was separated
to generate a white light continuum probe pulse ranging from 2.53 to
1.35 eV by using a 1 cm YAG crystal. The beam diameters (1/e2
height) for pump and probe pulses at the sample position were 650
and 75 μm, respectively. TA spectra were collected with the magic
angle condition between pump and probe and in a shot-to-shot
fashion. Pump−probe time delay was set by a mechanical delay stage
from −3 to 7000 ps. For low temperature experiments (140 K), the
samples were cooled in a liquid nitrogen cryostat (Janis VPF-100,
Janis Research Company, LLC) under vacuum conditions. Time-
resolved PL measurements were performed using an ICCD detector
(PI-MAX4, Princeton Instruments) and the same OPA and SH
modules used in the transient absorption experiments (ORPHEUS
and LYRA-SH, Light Conversion) to generate tunable narrowband
excitation pulses (200 fs). For time-integrated PL spectra, the
repetitive mode with a 10 ns gate window was used, whereas for time-

resolved PL, the sequential mode with a 0.48 ns gate window was
utilized.

Ultrafast Transient Absorption Spectroscopy and Pulse
Characterization. All ultrafast transient absorption (TA) measure-
ments were performed using a home-built setup driven by the
Yb:KGW amplifier (PHAROS-SP, Light Conversion) operating at 8
kHz; 6 W of the output was directed into a commercially available
HIRO (Light Conversion) for frequency doubling (515 nm, 0.5 W)
and subsequent sum frequency generation (343 nm, 0.375 W). The
343 nm output was used as pump sources for noncollinear optical
parametric amplifiers (NOPA) that spanned the visible (520 nm−680
nm, VIS NOPA) wavelength ranges (Figure S36). 40−50 μW of the
fundamental was focused into 3 mm sapphire windows for white light
continuum (WLC) generation to be used as a seed. The pump and
seed were temporally and spatially overlapped in a 2 mm BBO crystal
(Eksma, θ = 31.5°, Type I). After amplification, pulses were directed
through a chopper (Thorlabs, MC2000B) and compressed using a
chirped mirror (Laser Quantum, DCM9, 20 bounces) and wedge
pairs (Newport, 23RQ12-02-M). They were then directed into either
the ultrafast TA setup or a second harmonic generation frequency
resolved optical gating (SHG-FROG) setup to measure the pulse
duration. The pulse duration was extracted by using FROG software
by Femtosoft Technologies, and the raw SHG-FOG traces and
intensity profiles are shown in Figure S36. Pulse durations were also
verified to resolve solvent oscillations in acetonitrile solvent in a
transient absorption measurement. To generate the probe used in
ultrafast TA measurements, a separate WLC was generated in
identical fashion to that implemented in the NOPA. This probe was
delayed relative to the NOPA using a piezo stage (Thorlabs, PDX1),
and the pulses were focused onto the sample by the same spherical
mirror. The probe was collected after transmission through the
sample and dispersed onto a CMOS detector (Stresing, 3010,
HA:S12198-1024). The pump and probe spot sizes were set to 300
and 80 μm, respectively. A step size of 5 fs was used during TA scans,
and 4000 pump on/off spectra were collected per time point in a shot-
to-shot fashion using custom LabVIEW software.

Photoluminescence Mapping. Spatial diffusion profiles were
measured on an inverted microscope (Olympus IX 81). Samples were
excited with the 400 nm 8 MHz repetition laser (Mai Tai Spectra-
Physics). The excitation beam is focused through a 100×, 1.4 NA oil
immersion objective (Olympus UPLSAPO), and photoluminescence
was collected through a 60×, 0.7 NA air objective (Olympus
LUCPlanFLN) which is placed on a piezo-nanopositioning stage (PI
P-733.3CD). The collected light is transferred through a combination
of 488 nm long pass filter and a 770 nm/50 nm bandpass filter and
then imaged onto a single-photon-counting avalanche photodiode
(single photon counting modules (SPCM) COUNT Photon Counter
from Laser Components). Data acquisition was performed with
SymPhoTime 64 software (PicoQuant, Germany).
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