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ABSTRACT: Microscopic dielectric structures can leverage geometry
and photophysics to confine light, acting as microresonators. However,
the use of light to reversibly manipulate the spectral pattern of photonic
resonances on ultrafast time scales has hardly been explored. Here, we
use femtosecond light pulses to drive reversible changes in the photonic
resonances of optical microresonators over a broad spectral range. We
employ pump−probe microscopy to investigate the dynamic modu-
lation of the photonic response of whispering-gallery microresonator
superparticles self-assembled from colloidal quantum dots. Our findings
provide crucial insight into the photophysics of semiconductor
superstructures, paving the way to their prospective application as
ultrafast optical switches for photonics, optoelectronics, and commu-
nication technologies. In particular, we demonstrate that ultrafast
photoexcitation can initiate ultrafast excitation transfer between neighboring superparticles, forming a dimer, and induce
electronically and thermally driven changes in the refractive index of individual superparticles, dynamically modulating their
resonances on distinctive time scales.
KEYWORDS: Nanocrystals, Superparticles, Whispering Gallery Modes, Microresonator, Ultrafast, Transient Absorption Microscopy

The organized assembly of nanocrystals into mesoscopic
structures introduces new properties stemming from

interactions between constituents.1,2 The observation of these
effects has been facilitated by recent advancements in synthetic
methods enabling the synthesis of near-monodisperse nano-
crystals and their self-organization into controlled three-
dimensional structures with crystalline, quasi-crystalline, or
amorphous organization, denominated superparticles (SPs).3,4

Notable examples include perovskite supercubes,5,6 quantum
dot (QD) superspheres,7,8 faceted plasmonic nanoparticle
supercrystals,9,10 and hollow metal nanocluster superspheres.11

Indeed, any type of nanoparticle, such as metal chalcogenide7

or perovskite5 QDs and nanorods,12 nanometals,9 magnetite
nanocubes,13 and branched colloidal nanocrystals,14 can serve
as functional building blocks of artificial solids displaying novel
properties like exciton delocalization and band-like trans-
port,15−18 collective plasmonic responses,9,19,20 ultraefficient
surface-enhanced Raman scattering,21,22 superfluores-
cence,5,23,24 long-range charge or energy transport,25−28

photonic and excitonic coupling,17,18,29 or aggregation-induced
photoluminescence.11 Notably, circularly symmetric SPs can
support whispering gallery modes (WGMs), sharp optical
resonances due to quasi-total internal reflection of light within
a round dielectric cavity, strongly influenced by the SP’s radius

and refractive index.30−32 SPs whose light absorption and/or
emission spectrally matches the resonator modes behave as
active microresonators, a novel class of systems showing great
promise for applications such as fine-tunable microlasers33−36

and anticounterfeiting microlabels.37 Although these artificial
solids have the potential to result in real-world applications in
photonics and optoelectronics, their fundamental physical
understanding remains at an early stage. Besides, existing
studies have scarcely addressed how light can induce ultrafast
reversible changes in the wide-band optical response of SPs, a
concept that may enable a wide range of new applications in
photonics.

Addressing the functional optical response of SPs requires
experimental methods capable of spatial resolution comparable
to the SP size (μm) and of resolving the dynamics initiated by
photon absorption down to the pico- and femtosecond time
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scale. These are both the typical time scale of semiconductor
QD relaxations38,39 and of relevant cross-talk and collective
phenomena involving the whole SP, such as long-range
excitation migration or light propagation over micrometer
distances. Indeed, previous studies40,41 on the optical
modulation of microresonators were typically limited in
temporal and spectral resolution.

To meet such demands for high spatial and temporal
resolution, we employed ultrafast pump−probe microscopy
(μPP),42,43 a recently developed technique able to provide
unique insight into the photophysics of SPs. Indeed, in a
typical pump−probe transient absorption experiment, the
sample is excited by a femtosecond pulsed optical beam
(pump), and its photoinduced differential absorption is
measured by another delayed pulsed beam (probe), whereas
μPP augments transient absorption measurements by adding
optical microscopy.44 We achieve μPP by tightly focusing the
pump and probe pulses on the sample and collecting the
transmitted probe through a microscope objective, gaining
spatially resolved insight into the ultrafast photodynamics.
Recently, μPP was used to address nanostructured systems
such as perovskite45,46 and metal chalcogenide QD47,48 films
and organic−inorganic heterostructures.49 However, broad-
band, femtosecond-resolved μPP has not yet been used to
probe the photoinduced changes in optical microresonators,

despite its potential to provide key insight into their optical
response and functional photonic behavior.

Figure 1a illustrates the concept of this work. We study
quasi-monodisperse spherical SPs, assembled from semi-
conductor QDs via a synthetic approach recently demonstrated
by some of the authors.7 These SPs behave as active
microresonators with the QD superstructure serving as both
active medium and resonator cavity.34 We use μPP to
photoexcite and interrogate individual SPs, allowing to track
WGM modulation effects with simultaneously high temporal
(≃50 fs), spectral (≃0.5 nm), and spatial (≃2.0 μm)
resolutions (Paragraph 1.7 of the SI, Figure S3). Thus, we
fully reconstruct how the whole spectral pattern of the
microresonator dynamically evolves on ultrafast time scales
and gain key insight into the optical response and functional
photonic behavior of the SPs. Our approach allows to unravel
the fundamental electronic and thermal effects behind the
photoinduced dynamic variations of SP resonator modes,
which may allow using SPs as ultrafast, reversible light-driven
microswitches. We also observe in real-time the ultrafast
energy transfer between neighboring SPs forming a dimer,
opening exciting perspectives to applications of SPs at a higher
hierarchical degree of assembly.

Figure 1b shows a TEM micrograph of the oleate-capped,
10.3 nm CdSe/CdS core/shell QDs (core diameter 3.5 nm)

Figure 1. (a) Schematic representation of μPP measurements performed on individual QD SPs. A single SP is excited by pulses with 50 fs duration,
a wavelength of either 400 or 550 nm, and a spot size ranging from 2.0 to 15 μm. The excited SP is then probed by a tightly focused white-light
femtosecond probe beam (2.0−2.5 μm fwhm diameter) aligned at the center and subsequently collected via a microscope objective. (b) TEM
image of the CdSe/CdS core/shell QDs. The inset shows an HRTEM image of a single QD. (c) SEM image of a group of QD SPs, highlighting
their accurate spherical shape and very low polydispersity. (d) UV−vis spectrum of a colloidal dispersion of QDs. (e) μ-UV−vis absorption
spectrum of a single SP obtained via integrating sphere microscopy, as described in the SI (Paragraph 1.4) and ref 50. (f) Steady-state
photoluminescence of a colloidal dispersion of QDs. (g) Steady-state photoluminescence of QD SPs at the ensemble level, where the vertical
dotted lines highlight the shift with respect to the QDs’ emission. (h) μPL spectrum of a single SP, displaying whispering gallery mode resonances.
The inset shows a fluorescence micrograph of an individual SP.
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constituting the SPs, while Figure 1c reports a typical SEM
image of the highly monodispersed SPs, 10.8 ± 0.1 μm in
diameter, each containing more than 108 QDs. Figure 1
compares steady-state optical measurements on the QDs
(Figures 1d and 1f) and their SPs (Figures 1e, 1g, and 1h).
The QDs (Figure 1d) strongly absorb light with wavelengths λ
< 520 nm due to their thick CdS shell (bandgap = 2.42 eV =
512 nm), while the much weaker absorption at λ > 520 nm
stems from the quantum-confined CdSe core. The assembly of
QDs into SPs significantly increases light scattering, making a
traditional absorption measurement impossible. Thus, we used
an integrating sphere-based microabsorption method50 to
remove the scattering contribution from the extinction
spectrum of a single SP. Figure 1e displays one such
measurement (see Figure S1 for additional spectra). The
absorption cross-section of SPs shows saturation at short
wavelengths (λ < 520 nm), a behavior already observed by
some of the authors.17 This was previously attributed to the
strong photonic coupling between QDs allowing the SP to
reach an absorption cross-section σ comparable to the
geometrical cross-section πa2, in contrast to individual QDs,
for which σ ≪ πa2.

Thanks to the strongly confined CdSe core, both QDs and
SPs are highly photoluminescent, with comparable quantum
yields of ≃90%. Ensemble measurements of well-dispersed
QDs and SPs show smooth emission spectra differentiated by a
5 nm shift (Figures 1f and 1g). Microphotoluminescence
measurements of individual SPs reveal their light-coupling
properties (Figure 1h and Figure S2). Regular, narrow peaks
appear on top of the broad fluorescence envelope due to the
microresonator SP selectively enhancing emission rates at its
resonance frequencies.51 The modulations appear more intense
on the red side of the envelope, likely because of increasing
optical losses on the blue side.33,52 A direct comparison of
several SPs (Figure S2b) shows that the position and relative
intensities of the modulations are unique to each SP, owing to
the strong dependence of WGMs on the size and shape
variations among SPs. This causes the WGM features (Figure
1h) to average out in an ensemble spectrum (Figure 1g).
WGMs should also appear in microabsorption spectra (Figure
1e). However, these measurements mainly cover the region of
high light absorption, where the quality factor of WGMs is low
and the instrument’s spectral resolution (3 nm) is insufficient.

In light of the intriguing steady-state properties of our SPs,
we proceeded to use μPP to explore their time-dependent
excitation and relaxation. Contrary to traditional pump−probe
spectroscopy, μPP allows isolating genuine absorption
variations from scattering contributions (as discussed in
Paragraph 1.9 of the SI) and revealing photoinduced WGMs
changes by probing single SPs rather than an ensemble.

Figure 2 summarizes the typical relaxation behavior of a
single SP, as revealed by μPP measurements. The SP,
deposited on a glass substrate, was excited with 0.3 mJ/cm2,
50 fs light pulses at 400 nm and probed in the range 440−680
nm at several time delays from photoexcitation. In this case we
employed a 14.0 μm FHWM pump to ensure that the SP is
uniformly illuminated, and a much smaller (<2.5 μm FHWM)
probe, aligned at the center of the SP. Differential μPP
absorption spectra at varying pump−probe delays are
displayed in Figure 2a as a heat map. From this map, we
extract spectra at specific delays (Figure 2b) and kinetic traces
(Figure 2c) by vertical and horizontal cuts, respectively. The
inset in Figure 2b shows that the μPP spectra display regular

modulations over the broad signal envelope. This intriguing
aspect will be thoroughly discussed after analyzing the
underlying broader spectral shape.

So-called state-filling effects53 dominate the photoinduced
dynamics of our SPs, leading to ground state bleaching (GSB)
features appearing at the position of allowed optical transitions.
Indeed, the μPP spectra of Figure 2b display GSB peaks at
≃615 nm (2.02 eV), ≃580 nm (2.16 eV), and ≃545 nm (2.28
eV), coherently with known excitonic transitions for CdSe
QDs,53 namely 1S [1S(e)−1S3/2(h)], 2S [1S(e)−2S3/2(h)],
and 1P [1P(e)−1P3/2(h)]. Interestingly, the overall shape of
this μPP signal differs significantly from that of a drop-casted
colloidal solution of QDs (Figure S5), where the GSB signals
are shifted and have different intensity ratios. The signals rise
in ≃3 ps, because of the relaxation of charge carriers from
highly excited states down to the band edges driven by
electron−phonon scattering. We also observe a short-lived
photoinduced absorption around 540 nm (2.30 eV). The
whole signal partially decays on a time scale of hundreds of
picoseconds due to radiative and nonradiative depopulation of

Figure 2. μPP measurements on a single QD superparticle (SP). (a)
Two-dimensional time-wavelength plot of the pump−probe signal of
the single SP shown in the inset and (b) μPP spectra at fixed pump−
probe delays extracted from vertical cuts of panel (a). The labels 1S,
2S, and 1P indicate GSB signals corresponding to known transitions
of CdSe QDs (see details in the text), while the inset highlights the
presence of modulations over the envelope of the pump−probe signal.
(c) Kinetic traces extracted as horizontal cuts of panel (a) at fixed
wavelengths.
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the lowest excited state. Furthermore, the signal at λ < 520 nm
is zero at all delays (Figure 2c), despite probe light in that
spectral range still partially penetrating the SP (Figure S6).
This expands on the saturation effect observed in micro-OA
(Figure 1e), highlighting that the saturated absorption cross-
section is unaffected by photoexcitation.

We explored the variability among different SPs by
comparing their μPP signals obtained under identical
experimental conditions (0.3 mJ/cm2 pump pulses at 400
nm). While the main μPP spectral features are always present,
their intensity ratios and exact spectral positions differ. For
example (Figure 3b), the lowest-energy 1S bleach peak at short
delays is located at 614, 604, and 606 nm for the three SPs.
This result emphasizes the need to study the SPs individually,
as their absorption fingerprint is a unique and collective
property of each SP, conditioned by minute changes in their
size (1% polydispersity), shape, and refractive index. Despite
these differences, the kinetic traces extracted at the GSB
positions are identical (Figure S10), suggesting a common
relaxation pathway following photoexcitation.

We now focus on the most peculiar feature of these μPP
signals: a complex modulation structure appearing over the
broad signal envelope (inset of Figure 2b and Figures S7 and
S9). To study the nature of the modulations, we isolate them
from the signal envelope by subtracting, at each pump−probe
delay, a smoothed version of the signal (Figures 3d and 3e),
obtaining the residual signals shown in Figure 3f.

The coarse structure of these spectral modulations is a
progression of negative and positive lobes in close succession.
Considering the nature of our SPs as microresonators, we link
these modulations with the microresonator modes, known to
be extremely sensitive to the refractive index and radius of the
resonator.54 This link is more subtle than it seems: because of

the differential nature of the μPP technique, any signal results
from a change between the photoexcited and the nonexcited
state of the system. Therefore, we conclude that these transient
modulations arise from a modification of the WGM
resonances, which can only be due to a photoinduced change
Δ(an) of the refractive index n and/or the radius a of the SP.
Thus, μPP is successful in interrogating and probing the
photoinduced changes in the frequency structure of the
microresonator.

Several observations corroborate our interpretation. First,
the precise spectral positions and amplitudes of these
modulations vary between SPs (Figure S8), consistently with
the changes in WGM progression observed in the micro-
photoluminescence spectra (Figure S2b). Second, the
modulations observed in μPP become less intense in the
blue and disappear entirely below ≃530 nm, coherently with
the decreasing quality factor of WGM resonances due to
increasing optical losses (Paragraph 2.1 of the SI). Third and
most important, if WGMs are altered by photoexcitation, we
should observe negative (bleach) and positive peaks in the
differential signal, located spectrally close to the original and
shifted positions of the WGMs, respectively. Figure S11 shows
a linear fit of the progression of negative peaks from Figure 3e.
Consistently with our interpretations, the result matches very
well with the first-approximation theoretical expression for the
frequencies of WGMs of a spherical resonator ( cl

l
an2

,
where c is the speed of light, a is the average radius of our SPs,
and l is an integer mode index), allowing the estimation of the
real part of the average refractive index as navg = 2.19 ± 0.02
(Paragraph 2.2 of the SI).

As detailed in Paragraph 2.3 of the SI, from the average
distance between a given negative peak and its nearest positive

Figure 3. Unraveling the photonic properties of single SPs via μPP: (a) optical microscopy images of three distinct SPs (SP#1, SP#2, and SP#3) on
the same substrate; (b and c) normalized μPP spectra of SP#1, SP#2, and SP#3 at 0.3 ps (b) and 30 ps (c) delays, highlighting the different
modulations and their time evolution; (d and e) exemplification of the analysis procedure used to extract the modulations; (f) modulations of
SP#1, SP#2, and SP#3 at 1 ps delay, extracted as shown in (d) and (e); and (g) time evolution of the overall modulation amplitude for all three
SPs. The vertical dashed lines separate the three phases of the dynamics, as indicated by the labels I−II−III.
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counterpart shown in Figure 3e, we can estimate that the
quantity an varies by (0.34 ± 0.13)%. If we assume that no
radius variation Δa occurs, then this corresponds to a
photoinduced refractive index variation of Δn = 0.007 ± 0.002.

To obtain further insight into the origin of these effects, we
correlate the time dependence of the modulations to the
known dynamics of QD relaxation.53 The spectrally integrated
absolute value of the modulation amplitude Am (λ), given by
∫ λdin

λfin|Am(λ)|dλ (where λin and λfin indicate the limits of the
probed range), is plotted in Figure 3g and Figure S12 as a
function of delay. This shows that the modulations appear
within the cross-correlation time of the excitation pulse (phase
I), already rising to ≃40% of their maximum amplitude within
0.15 ps. The modulations rise further on a time scale of ≃1 ps
(phase II), concurrently with state filling dynamics (Figure 2c),
and slowly decay (phase III) over hundreds of picoseconds,
although faster than the overall μPP signal (Figure S12). The
quasi-instantaneous appearance of the modulations in phase I,
that is, much faster than electron−phonon scattering,53

strongly hints at a purely electronic effect, namely the variation
of the refractive index Δnel caused by the impulsive
redistribution of electrons upon photoexcitation. Indeed, no
change in radius Δa could occur before electrons have
transferred energy to the lattice. Conversely, we propose that
the further rise of the modulations upon electron−phonon
scattering (phase II) is thermal in origin, as the macroscopic
SP temperature rise, through redistribution of energy from
electrons to phonons, is expected to induce an additional
contribution Δnth and possibly also a change of the radius Δath
due to the thermal expansion of the SP.

Following these considerations and the short penetration of
400 nm photons within the SP (≃100 nm), we calculate the
near-surface temperature rise upon photoexcitation to be ≃7K
(see SI Paragraph 2.4 for calculation details) and the resulting
Δnth to be ≃0.003. This sizeable portion of the overall
variation calculated above confirms its partial thermal origin.
Moreover, because the combination of Δnel and Δnth accounts
for most of the estimated total variation Δ(an), we infer that
the effects of Δath are minor, as also confirmed by a order-of-
magnitude estimate based on known thermal expansion
coefficients (SI Paragraph 2.4).

These results confirm our attribution of the modulations
observed in the μPP signal to photoinduced modification of
the WGMs of the SP microresonator. Photoexcitation acts as
an all-optical switch55 capable of modulating the micro-
resonator on ultrafast time scales, conceptually akin to an
acousto-optic modulator, or a variable impedance element in a
radiofrequency device. Alternatively, we can picture the
photoexcited SP as an ultrafast photonic device, encoding its
unique spectral signature into the probe beam, ultimately
transmitting this spectral “key” to the detector. Once scalability
and other practical issues are overcome, this paradigm might
lead to applications in various fields, such as remote
recognition, ultrafast telecommunication, or information
processing.

Notably, the μPP signal obtained by exciting an SP at 550
nm does not show modulations (Figure S14). While, at 400
nm, the penetration depth (≃100 nm) is comparable to the
radial extent of WGMs, at 550 nm, the whole SP is
photoexcited. Because the photoexcited QDs are now
distributed over the entire volume rather than in the volume
probed by the WGMs, we expect both purely electronic and

thermal effects to decrease substantially when exciting at 550
nm.

As a final step of our experiment, we push the capabilities of
μPP to explore the possibility of cross-talk between
neighboring SPs. The deposition of SPs on a glass substrate
causes the formation of multimers following Poissonian
statistics (Figure S15).7 We expect these multimers to support
light propagation only through resonator modes that are
common to all neighboring SPs. We explore this possibility in a
SP dimer by using μPP. First, we focus the pump beam tightly
(3 μm fwhm, 4 mJ/cm2) to excite only one of the two SPs (site
I in Figure 4a). Then, we align the probe with the center of the

other SP (site II). This configuration monitors exclusively the
transfer of optical excitation through the dimer from one SP to
the other. We perform a control experiment on the same SP
dimer by exciting and probing site II (Figure 4b). The results
shown in Figure 4c confirm the occurrence of excitation
transfer: following the photoexcitation of the first SP, we
observe a signal from the second SP. Interestingly, this signal is
delayed by τD = 140 fs with respect to the case of direct
excitation (Figure 4b and the associated fit in Figure S16).
This delay is consistent with the propagation of light in a
medium with navg = 2.19 across a distance of about 21 μm.
Importantly, this propagation length is about twice as large as
the 10.8 μm center-to-center distance between the SPs
(corresponding to the distance between pump and probe
spots), suggesting that light propagates via the perimeter of the
SPs through WGMs. Excitation transfer is further confirmed in
images of the scattered pump (inset of Figure 4c), showing
that a small (2.5%) portion of the pump is transferred from the
initially excited SP to its neighbor. A further extension of these
studies to more complex multimer geometries may establish
the grounds to use SPs as fundamental building blocks of all-
optical circuits.

In summary, we demonstrated that ultrashort light pulses
can drive reversible changes in the microresonator response of
QD superparticles and that the combined temporal and spatial
resolution of μPP can provide key information on the
fundamental underlying mechanisms, disentangling electronic
and thermal effects. Furthermore, our experiment allows one to

Figure 4. Unraveling the photonic coupling in SP dimers. (a and b)
Optical micrograph of a SP dimer: the SPs are labeled “site I” and
“site II”, while the blue and green arrows show the position of the
pump and probe, respectively, in the case of indirect (a) and direct
(b) pumping. (c) Kinetic traces of the μPP signal at 615 nm in the
indirect (orange curve, multiplied by 40) and direct (purple curve)
pumping regimes. The inset shows a false-color micrograph of the
scattered pump beam, highlighting the partial excitation transfer from
site I to site II. The two kinetics are normalized to the same intensity
at a delay of 3.0 ps.
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directly track in real-time the ultrafast excitation transfer
through common WGMs within an SP dimer. While still far
from practical implementation, these findings provide the
foundation for a future application of QD SPs as optical
metamaterials for photonics and optoelectronics. A more
comprehensive theory will be needed to predict new photonic
effects to target experimentally and expedite future techno-
logical developments.
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