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Understanding and controlling carrier dynamics in colloidal quantum dot (CQD) solids
is crucial for unlocking their full potential for optoelectronic applications. The recent
development of solution-processing methods to incorporate CQDs into high-mobility
semiconducting matrices opens new routes to control simultaneously electronic coupling
and packing uniformity in CQD solids. However, the fundamental nature of carrier
transport in such systems remains elusive. Here we report the direct visualisation of
carrier propagation in metal-halide exchanged PbS CQD solids and quantum-dot-in-
perovskite (QDiP) heterostructures via transient absorption microscopy. We reveal three
distinct transport regimes: an initial band-like transport persisting over hundreds of
femtoseconds, an Auger-assisted sub-diffusive transport before thermal equilibrium is
achieved, and a final hopping regime at longer times. The band-like transport was
observed to correlate strongly with the extent of carrier delocalisation and the degree of
energetic disorder. By tailoring the perovskite content in heterostructures, we obtained a
band-like transport length of 90 nm at room temperature and an equivalent diffusivity of
up to 106 cm? s! — which is four orders of magnitude higher than the steady-state values
obtained for PbS CQD solids. These findings not only shed light on the non-equilibrium
dynamics in CQD solids and their influence on carrier transport, but also introduce
promising strategies to harness non-equilibrium transport phenomena for more efficient

optoelectronic devices.
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Quantum dot and quantum well architectures, which exhibit tunable optical transitions
through the confinement of carriers at the nanoscale, are attractive building blocks for infrared
optoelectronics. They have been widely explored for photodetection and light emission. The
operation of these devices is fundamentally governed by the charge and exciton dynamics
within the active material. To achieve high performance metrics, high mobilities and minimised
trap state densities are necessary; this has thus far restricted the implementation of quantum

heterostructures to materials fabricated via high-temperature epitaxial methods.

The emergence of colloidal quantum dots (CQDs) — semiconductor nanocrystals that
benefit from solution processing at low temperatures — shows promise for the scalable
manufacturing of large-area devices, compatibility with flexible substrates, and standard
integrated circuits’2. Rapid advances in materials processing have driven impressive
performance progress, but challenges remain to achieve full control over electronic properties.
Carrier mobilities in CQDs are typically low (~103-102 ¢cm? V! )3, Improved coupling
between individual CQDs - often through partial fusion - can increase the mobility by two to
three orders of magnitude (up to ~20 cm? V-! s71), however, at the expense of discrete energy
levels*. Moreover, disorder and defects — consequences of low-temperature solution
processing — are inevitably present in CQD ensembles, in which their abundance results in an
inhomogeneous energy landscape and carrier losses®’. It has been shown that coherent
transport is theoretically possible in epitaxially connected CQD arrays®, while disorder,
including the size polydispersity of CQDs and the variation of inter-dot spacing, can lead to
localisation and elimination of delocalised states®!?. These intrinsic drawbacks in disordered
semiconductors affect the transport of excitons and charges and, therefore, limit device

performance.
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A novel type of heterostructure, one that integrates colloidal nanocrystals epitaxially into
a perovskite matrix, offers an additional degree of freedom to control charge transport and
recombination for more efficient optoelectronic devices'!"'2. The quantum-dot-in-perovskite
(QDiP) materials take advantage of the compelling carrier transport properties of metal-halide
perovskites as well as the wide spectral tunability of quantum dots!®. They exhibit electronic
and transport properties programmed at the nanoscale. By engineering the composition and
microscopic structure, QDiP materials can be tailored to deliver improved carrier mobility or
enhanced radiative recombination'#!>, These open up new possibilities for photonic and
optoelectronic devices!>!¢, Further optimisation of these novel QDIiP systems requires an in-
depth understanding of the mechanisms of carrier transport through them. It is unclear whether
the electronic coupling strength is sufficient to overcome disorder and generate electronic

bands, and how the fluctuating energy landscape influences the transport mechanism.

Recent advances have been made towards understanding exciton and charge dynamics
via optical techniques. Unlike device-level electrical methods that rely on charge injection to
fill shallow traps, optical techniques provide direct contactless means to fully account for the
influence of defects and polydispersity on transport. The charge transfer in halide-passivated
PbS CQDs has been studied via a donor-acceptor method using transient absorption
spectroscopy, demonstrating a spatially averaged mobility below 0.1 cm? V! s! and an inter-
dot hopping time of ~ 8 ps for 3.2 nm dots (ref.!”). Time-resolved photoluminescence (PL)
microscopy measurement has been applied to probe exciton transport in CQD solids on
nanosecond timescales and reveal the exciton hopping mechanism with a time-dependent
diffusivity due to downhill energy migration'®. These methods, however, cannot visualise the

ultrafast spatial dynamics due to the lack of suitable combinations of spatial precision and
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temporal resolution. Thus, the non-equilibrium dynamics of CQD and QDiP solids remains

unexamined.

Here we report a direct visualisation of carrier transport in CQD and QDIiP solids using
ultrafast transient absorption microscopy (TAM) with 10 fs temporal resolution and 10 nm
spatial precision (Figure 1a), and reveal a multi-stage transport mechanism. At early times
following photoexcitation band-like transport was observed to correlate with inter-particle
spacing and the degree of energetic disorder, resulting in significant diffusivities of up to 106
cm? s71. Over tens of picoseconds, an Auger-assisted transport for hot carriers takes place,
which is then followed by a slower sub-diffusive transport for thermally relaxed carriers. These
insights suggest a direct route to optimise the design of heterostructures and improve the

performance of CQD-based optoelectronics.

We focused our investigation on the ultrafast spatio-temporal dynamics of densely
packed CQD solids and the recently introduced QDIiP system (Figure 1b). The PbS quantum
dots were synthesised and pre-exchanged with halide ligands as reported previously and the
size of CQDs tuned to yield an exciton peak at ~905nm in films (see Methods)!*. The
perovskite matrix consists of CsPbBr2l, where the bromide and iodide ratio has been optimised
to achieve an ideal lattice matching with embedded PbS CQDs (Supplementary Fig.1),

resulting in epitaxially-aligned interfaces and excellent passivation.

By tuning the concentration of perovskite, we are able to tailor the average dot-to-dot
separation length (Figure 2a). The ground-state absorption spectra for QDiP heterostructures
show clear signatures corresponding to each constituent (Figure 2b). Without the introduction

of perovskite matrix, halide-capped PbS CQDs form randomly-packed ensembles with a high
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packing density of ~64% (ref.!?) and a tiny inter-dot separation (I = 2 — 4 A)2. The exciton
absorption peak of CQD film is red-shifted by 91 meV compared with that of colloidal solution,
indicating the partial relaxation of quantum confinement due to strong electronic coupling
among dots. At low perovskite concentration (< 36% volume percentage), the matrix fills in
the voids among CQDs without noticeably separating the dots, evidenced by a negligible shift
of the exciton peak. As the perovskite ratio increases, larger inter-dot spacing is achieved,
resulting in reduced electronic coupling and, therefore, a blue-shift of PbS exciton absorption

peak in comparison to pure CQD films.

The two-dimensional transient absorption maps of QDiP heterostructures show the
ground-state bleach (GSB) bands of perovskite and CQDs — centred at 565 nm and 905 nm,
respectively — as well as a broad photoinduced absorption (PIA) band centred at 670 nm, which
is assigned to the intraband transitions of excited electrons or holes in CQDs — in particular the
transitions associated with 1P states?!?> (Figure 2c, Supplementary Fig. 2). We emphasise
specific observations that are important for the interpretation of time-resolved microscopy
measurements. Upon photoexcitation above the bandgap of perovskite, carriers are generated
in both constituents. Within a few picoseconds excited carriers inject from the perovskite to
CQDs, as evidenced by the observation of identical time constants between the decay of GSB
band of perovskite and the rise of GSB band of CQDs (Figure 2¢, Supplementary Fig. 3). On
the other hand, the corresponding rise components are absent in the kinetic profile for the PIA
band at 670 nm, indicating clearly that the observed PIA band is insensitive to the injected
carriers. This enables us to track, by probing at the PIA band, the motion of carriers that are
solely generated within and transport through CQDs, ruling out the carrier movement taking

place in perovskite.
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Besides, the excited carriers in CQDs move energetically downhill to the lowest-energy
sites, resulting in a red-shift of the CQD bleach peak. The width of shift is determined by the
degree of energetic disorder — which can be quantified by the width of inhomogeneous
broadening of site energy, 0;,, — and the available thermal activation in the system, given by

3 2
Oinh

the equation AE = —
2kpT

, where AE represents the energy difference before and after

thermalisation, kg is the Boltzmann constant, and T is temperature®?*. By comparing the
energy shifts for different samples, we reveal a decrease in inhomogeneous broadening as the
perovskite content increases (Figure 2d). This indicates that the incorporation of lattice-

matched perovskite allows for an improved energy landscape in CQDs.

We then directly visualised the spatial carrier dynamics of QDIiP heterostructures by
performing TAM measurements. We combined ultrafast transient absorption spectroscopy and
a high-performance optical microscope to deliver simultaneously extreme temporal resolution
(10 fs) and nanoscale localisation (Figure 1a)**. A near-diffraction-limited pump pulse, centred
at 580 nm (Supplementary Fig. 4), was used to excite the sample, generating a gaussian shaped
excited carrier distribution?®. A time-delayed wide-field probe pulse was applied to spatially
resolve the transient response and therefore monitor the distribution of carrier population as a
function of time. These enabled us to track — by comparing the recorded images — the evolution
of photoinduced dynamics with sub-10 nm spatial precision, which is limited only by the

signal-to-noise characteristics of the system (see Methods)?6.

Pump fluence dependent measurements were carried out by varying excitation intensities,
with a minimum of <Ns> = 0.045 to maintain a signal-to-noise ratio. <Naps> is the average
number of photons absorbed per CQD?¥, obtained from the product of the absorption cross-

section and the fluence per pulse?**=°. By probing close to the PIA peak at 690 nm, we obtained
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a series of TAM images that allow us to exclusively monitor the distribution of carriers
generated in CQDs. The TAM images were fitted with isotropic two-dimensional Gaussian
function as the initially generated carrier distribution closely resembles the diffraction-limited
pump and the spatial expansion occurs isotropically (Supplementary Figs. 5 and 6)?%*!. This
enables us to extract the variance of carrier distribution at a certain time, 67, and quantify the

spatio-temporal evolution by calculating the mean-square-displacement, MSD = ¢? — o3.

The time evolution of MSD obtained from halide-capped CQD solids clearly reveals
multiple distinct regimes for carrier transport (Figure 3a). Following photoexcitation, the
excited carriers are spatially distributed within the pump area, showing a gy of 141 £ 10 nm
close to the diffraction limit of the microscope (133 nm, as shown in Supplementary Fig. 5).
Within a few hundreds of femtoseconds, the excited carriers undergo a pronounced spatial
expansion with a diffusion exponent («) slightly larger than 1, indicative of an anomalous
diffusion as described by MSD o t* (@ # 1),and a time-dependent diffusivity. After the initial
expansion (> 400 fs), the broadening of carrier distribution becomes progressively slower and

the MSD is observed to grow sub-linearly (a < 1).

This later-time sub-linear growth of MSD is consistent with previous observations via
time-resolved PL microscopy!® and indicates the sub-diffusive transport resulting from site-to-
site carrier hopping in CQD ensembles. The carriers migrate energetically downhill over the

disordered energy landscape, resulting in decreased hopping rates with time.

The early-time transport, however, has not been observed previously in CQD solids. We

MSD (t)

— (ref.'¥, Figure 3b) and extracted, for the

calculated the diffusivity of carriers as D(t) =

initial transport, a maximum diffusivity of 102 ¢m? s at the lowest pump fluence. This
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diffusivity corresponds to a carrier mobility of 3.94 X 10° cm? s'! V-! — which is about four

1732 and six times higher than

orders of magnitude higher than their mobility at equilibrium
that of bulk PbS crystals at room temperature®. These observations suggest that the band-like
transport is accessed at the earliest times after photoexcitation of the strongly coupled CQD
solids. This regime — though persisting for only ~300 fs — allows carriers to propagate over a
significant distance of 80 nm, which corresponds to ~26 dots (Figure 3¢). We note that, strictly

speaking, the extraction of diffusivity is not accurate for anomalous diffusion regimes, but

allows for a comparison with reported values in literature.

Fluence-dependent measurements further elucidate the effect of carrier density on
transport dynamics (Figure 3a, 3b). As <MNas> increases from 0.045 to 0.18, a higher
concentration of free carriers is generated, triggering Auger recombination (Supplementary Fig.
7)333, For the band-like regime, we observed that the diffusivity decreases at higher pump
fluence, suggesting that the carrier—carrier scattering limits the band-like transport. For the
following sub-diffusive transport, two different regimes are distinguished. On the timescale of
Auger recombination process (< 100 ps), MSD increases significantly with pump fluence (the
artificial broadening of & is negligible up to 100 ps, Supplementary Fig. 8 and Supplementary
Note 1). We attribute this positive scaling of MSD with pump fluence to an Auger-assisted
carrier transport. Here, the Auger process generates energetic charge carriers with excess
kinetic energy, which assists in overcoming the potential barriers and energetic fluctuations,
and thus contributes to an increased hopping rate*®. These carriers subsequently relax over tens
of picoseconds to reach thermal equilibrium with the lattice. When carriers are completely

cooled (>100 ps), a fluence-independent hopping regime takes over?’.
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Previous studies have explored sub-diffusive transport in CQD solids and elucidated the
role of energetic disorder and inter-dot spacing in controlling the hopping process'®. The band-
like transport process, however, has not been explicitly studied. To investigate the factors that
influence the distance of band-like transport, we performed TAM measurements for various
QDiP samples (Supplementary Figs. 6 and 9) and compared the temporal evolution of

diffusivity obtained at the lowest pump fluence (Figure 4a).

As the perovskite content increases, the inter-dot spacing and energy landscape change
correspondingly (Figure 2b and 2d). The initial diffusivity decreases remarkably as the inter-
dot separation increases, and the band-like regime is completely eliminated when CQDs are
well separated by perovskite (90 vol% perovskite). We attribute the slower initial propagation
to the reduced strength of electronic coupling and a lower degree of delocalisation. Intriguingly,
at perovskite loading of 40 vol% — the inter-dot separation and exciton peak position do not
change noticeably — a higher diffusivity is obtained (D = 106 cm? s') compared to the pure
CQD solids (Figure 4c). We suggest that this effect may arise either due to enhanced dielectric
screening among dots®® or improved structural uniformity of the film. These observations
support the strong correlation between the initial transport regime and the extent of electronic

coupling, which can be tuned by modifying the inter-particle spacing and matrix composition.

We also observed that the onset of the sub-diffusive regime is delayed as the perovskite
percentage increases. The reciprocal persistence time of band-like regime, 1/7,4n4—-tike >
follows the same trend as the inhomogeneous broadening width (Figure 4d). This suggests that
the energetic disorder tends to disrupt the band-like transport regime, as would be expected for
such a process®®, following which the system moves to a sub-diffusive regime mediated by

Auger-assisted or normal hopping processes.
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Our results illustrate that in a disordered system with a limited extent of delocalisation,
band-like transport and hopping-type transport can occur sequentially. We observed a volcano
trend in the distance of band-like transport as a function of perovskite content (Figure 4b). At
40 vol% perovskite loading, the largest band-like transport length of ~90 nm is obtained, which

corresponds to ~30 dots on average.

In summary, we have demonstrated a multi-stage carrier transport mechanism in both
CQD and QDiP solids. We observed an initial band-like transport that strongly correlates with
the extent of carrier delocalisation and energetic disorder, followed by an Auger-assisted sub-
diffusive transport before the carriers reach thermal equilibrium with the lattice, and a final
hopping regime for the cooled carriers. By harnessing materials structure and uniformity, an
extended band-like regime is obtained, resulting in up to 90 nm transport distance on sub-400
fs timescales. These findings provide new insights into the ultrafast dynamics in CQD solids
and heterostructures and offer guidelines for future material optimisation and device

engineering.
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Methods

Sample preparation

The synthesis of CQDs was carried out following the reported procedures, and the preparation
of QDiP films has been described previously. In summary, a solution-phase ligand-exchange
process was carried out for CQDs. Precursors (lead iodide 0.05 M, lead bromide 0.05 M,
cesium iodide 0.1 M, ammonium acetate (0.01 M) were mixed and dissolved in N,N-
dimethylformamide (DMF). CQD solution in octane (5 mg/mL) was added to the precursor
solution in a 1:1 volume ratio. These were mixed vigorously for 3 min until CQDs completely
transferred to the DMF phase. The supernatant was removed and the DMF solution was then
washed three times with octane. After the exchange process, CQDs were precipitated via the
addition of toluene and then separated by centrifugation. This was followed by a drying process.
The amount of perovskite matrix and dot-to-dot distance are tuned by the ratio of CQD to
perovskite. For pure CQD films, butylamine was used as the solvent to disperse the dots. For
QDiP solids, CQDs were redispersed in 0.4 M CsPbBr.l perovskite matrix solution in DMF
and DMSO, and extra butylamine was added to improve the solubility of dots. The hybrid ink
was deposited on glasses by spin-coating at 2000 rpm for 60 s to achieve an optimised thickness.
This was followed by a mild annealing process (100°C for 10 min) to crystallise the matrix and
remove solvent residues. Samples were encapsulated to avoid oxidation and degradation during

measurements.

Transient absorption spectroscopy

Transient absorption spectra were recorded over short (200 fs — 2 ns) time delay using a
femtosecond pump-probe setup. A light conversion PHAROS laser system with 400 pJ per
pulse at 1030 nm with a repetition rate of 38 kHz was used. The output was divided into two

parts: 1) one part was modified using a 4 mm YAG substrate to produce the continuum probe

12
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beam from 520 to 950 nm; 2) another part was led into a narrow band optical parametric
oscillator system (ORPHEUS-LYRA, light conversion) to generate pump beam at 530 nm. The
probe pulse was delayed with a mechanical delay-stage (Newport), and a mechanical chopper
(Thorlabs) was used to generate on-off pump-probe pulse series. The areas of the pump and
the probe beam on the samples were 0.0625 mm? and 0.015 mm?, respectively. A silicon line
scan camera (JAI SW-2000M-CL-80) with a visible spectrograph (Andor Solis, Shamrock)

was used to record the transmitted probe light.

Transient absorption microscopy

A Yb:KGW laser system (Pharos, Light Conversion) was used to provide 200 fs, 30 uJ pulses
at 1030 nm with 200 kHz repetition rate. The fundamental beam was divided by a beam splitter
and seeded two broadband white light continuum (WLC) stages. The probe WLC was
generated with a 3 mm Y AG crystal and adjusted to cover the wavelength range from 650-950
nm by a fused-silica prism-based spectral filter. The pump WLC was generated with a 3 mm
sapphire crystal to achieve bluer WLC to 500 nm. The red-edge of pump beam is selected by
650 nm short-pass filter (Thorlabs, FESH650). A set of chirped mirrors (pump; 109811,
Layertec, probe; DCM9, Venteon) and a pair of fused silica wedges (Layertec) compressed the
pulses to 9.2 fs (pump) and 6.8fs (probe), as verified by second-harmonic generation
frequency-resolved optical gating (SHG-FROG) (see pulse characterisation in Supplementary
Fig. 4). The pump pulse was further pre-compressed with another set of chirped mirrors
(109811, Layertec) to compensate the dispersion in the microscope optics. The corresponding
cross-correlation curve simulated with the retrieved pump and probe temporal profiles given
in Supplementary Fig. 4 reveals an effective time resolution of 13 fs. Mechanical translation
stages (Newport, CONEX-AG-LS25-27P and Newport, M-ILS100HA) were used to delay the

probe with respect to the pump. A clean TEMO00 mode for pump was achieved with a pinhole
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and was collimated to completely fill the aperture of objective lens. The pump beam was then
focused onto the sample by an oil immersion objective (100x, effective NA of 1.1) to the near
diffraction limited spot (ca. 263 nm (FWHM) and 111 nm (width)) while the probe pulse was
delivered into the sample with the relatively large focal spot (ca. 15 pm) from the opposite
direction. The transmitted probe pulse was collected by the same objective and sent to an
EMCCD camera (QImaging, RoleraTM Thunder). The total magnification of the imaging
system was 288x. The scattered pump light was rejected by a 650 nm long-pass filter (Thorlabs,
FEL650) inserted in front of the camera. Differential imaging was achieved by modulating the
pump beam at 30 Hz by a mechanical chopper. The probing wavelengths were selected by
inserting a bandpass filter with 10 nm width. We note that the TAM images of each film were
obtained by averaging the images taken over 50 runs on at least five different spots across

multiple films, to eliminate artefacts from spot-to-spot variations.
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Figure 1. Schematics of femtosecond transient absorption microscopy and QDiP solids. a,

Schematics of TAM setup. A near-diffraction-limited (¢ of 133 nm) and transform-limited

(9.2 fs, 580 nm) pump pulse is focused onto the sample through a high numerical aperture

microscope objective. A loosely focused (o of 6.4 um) probe pulse is focused from the top onto

the sample, and the transmitted probe is collected by the objective and imaged onto a digital

camera. Comparing the recorded spatial distribution of carrier population at different time

delays enables us to track the evolution of photoinduced dynamics with ~10 fs time resolution

and ~10 nm spatial precision, which is limited merely by the signal-to-noise characteristics of

the system. b, Schematic depiction of the atomistic model of a QDiP heterostructure. The

CsPbBr2I matrix achieves an ideal lattice matching with embedded PbS CQDs, resulting in

epitaxially-aligned interfaces.
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Figure 2. Structural and photophysical properties of CQD and QDIiP solids. a, Inter-dot
spacing (red open squares) and exciton absorption peak position (blue-filled squares) as a
function of perovskite volume percentage. Without the introduction of perovskite, halide-
capped PbS CQDs form randomly-packed ensembles with a high packing density (~64%) and
a tiny inter-dot separation (2-4 A). At low perovskite loadings (< 40 vol%), perovskites fill in
the voids among CQDs without noticeably separating the dots. At high perovskite loadings
(>40 vol%), increased inter-dot spacing results in a blue-shift of PbS exciton absorption peak.
b, Matrix-tuned absorption spectra of CQD:perovskite heterostructures. ¢, Representative
transient transmission map for QDiP solids (perovskite volume percentage is 60%). The
positive regions centred at 565 nm and 900 nm correspond to the GSB bands of perovskite and
CQDs, respectively. The negative region centred around 670 nm represents the broad photo-
induced absorption band of CQDs. The black dashed line depicts the shift in the peak position
of CQD transient bleach as a function of time. d, The shifts of CQD bleach peak energy over
time for pure CQDs and QDiP heterostructures with various perovskite concentrations. The
symbols represent the experimental values and the solid lines are fits to an exponential decay
function. The red-shift of the CQD bleach peak demonstrates that photoexcited carriers funnel
to the lower-energy sites in films. The final energy shift, AE, is determined by the energetic

disorder and available thermal activation.
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Figure 3. Dynamics of carrier propagation in pure CQD solids. a, Time evolution of
MSD (07 — 0%) for pure CQD solids measured at different excitation intensities. <Naps>
represents the average number of photons absorbed per CQD. The transport is divided into
three regimes: band-like transport, Auger-assisted hopping, and thermally activated hopping.
The inset figure shows a zoom-in view for the early time range (<1 ps), and fitted results are
shown in solid lines to indicate a band-like transport during the initial hundreds of
femtoseconds. b, Effective diffusivity as a function of time. Experimental values are displayed
as symbols, while the fitted data are displayed as solid lines. ¢, Time evolution of carrier
transport length, \/W, in CQD solids obtained at low pump fluence (<Naps> = 0.045).
Carriers rapidly migrate over ~80 nm within ~300 fs. The initial fast transport regime is
followed by a much slower transport at longer time delays. This indicates a distinct transition

from band-like transport to hopping-type transport.
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Figure 4. Carrier transport in QDiP solids at low pump fluence. a, Time evolution of
diffusivity for QDiP heterostructures with various perovskite volume percentages. The dashed
line represents the diffusivity for pure CQD control. b, Carrier transport length,
Lypand-tike (m), and the corresponding number of dots for the band-like transport
region as a function of perovskite volume percentage. ¢, The maximum diffusivity and inter-
dot spacing as a function of perovskite volume percentage. d, Reciprocal persistence time of
band-like regime, 1/Tpqna-1ike,» and inhomogeneous broadening of site energy, G;,;, as a

function of perovskite volume percentage.
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