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Understanding and engineering exciton transport in quantum dot (QD) solids is both of 21 

fundamental interest and crucial to their broad applications in devices1-6. Till date, 22 

studies of exciton transport in QD solids on pico/nano-second timescales have led to the 23 

conclusion that closer packing of QDs enables faster exciton transport, while 24 

energetic/structural heterogeneity leads to reduction of exciton diffusivity over time7,8. 25 

Here we study PbS QD solids using transient absorption microscopy with 13 26 

femtoseconds time resolution and 10 nm spatial precision. We find exciton diffusivities in 27 

the range of ~102 cm2 s-1 within the first few hundred femtoseconds after photoexcitation, 28 

followed by the transition to a slower transport regime with diffusivities in the range 10-29 

1 to 1 cm2 s-1. Counterintuitively, the initial diffusivity is higher and the time before the 30 

transition to the slower transport phase is longer in QD solids with longer ligand lengths. 31 

This suggests a transition from early time transport of delocalized excitons to later time 32 

hopping based transport of localized excitons, where QD packing density and 33 

heterogeneity accelerate the localization process. Our results reveal a new regime for 34 

exciton transport in QD solids and provide design rules to engineer desired transport 35 

properties in these systems on a range of timescales. 36 

 37 

Colloidal QDs have attracted great interest for fundamental studies of exciton and charge 38 

dynamics in semiconductor nanostructures, as well as for their applications in various devices 39 

including photodetectors3, light emitting diodes (LEDs)4, photovoltaics5,6 and field effect 40 

transistors (FETs)9. One of the fundamental physical processes underlying the function of these 41 

devices is exciton transport in the QD active layer, which is believed to be determined via the 42 

assembly of QDs within the film1-4,10,11. The requirement for exciton transport however differs 43 

between different applications, for example, a photovoltaic cell requires fast exciton transport 44 

to the charge-separating interfaces5,6, whereas in a LED this can lead to quenching of 45 
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photoluminescence1,4. A comprehensive understanding of exciton transport physics in QD 46 

solids is therefore needed, with the eventual aim of controlling these transport properties in 47 

order to optimize device performance. 48 

 49 

In comparison to the parallel issue of charge transport, the understanding of exciton transport 50 

in QD solids is less developed. This partly arises due to limitations of experimental techniques. 51 

While FETs and Hall measurements under steady-state conditions provide a wealth of 52 

information on charge transport1,2,9, excitons cannot be easily probed electrically in ensemble 53 

measurements. Coupled with their short-lifetime (<5 µs normally) and short diffusion lengths 54 

(in comparison to charges), this limits studies of exciton transport to quenching or optical 55 

microscopy measurements. Time-resolved microscopy has been particularly powerful in 56 

probing exciton transport, especially at linking transport to underlying disorder in the materials 57 

and probing time-dependent diffusion of excitons7,8,12-14. The general consensus that emerges 58 

from these studies is that closer packing of QDs enables faster exciton transport, while 59 

energetic/structural heterogeneity leads to reduction of exciton diffusivity over time7,8. These 60 

conclusions together with the extracted diffusivities (ranging from 10-3 to 10-2 cm2 s-1) fit well 61 

within the picture of Förster resonance energy transfer (FRET) dominated hopping of excitons 62 

within a disordered energy landscape14. However, due to experimental limitations these studies 63 

have probed exciton transport in QD solids on pico/nano-second timescales following 64 

photoexcitation. As exciton behaviour can be time-dependent, those conclusions can also be 65 

limited by the timescale measured. One important part of the picture is therefore still missing 66 

- exciton transport at early times (femtosecond timescale) following photoexcitation. 67 

 68 
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Here we probe this unexplored regime of exciton transport in QD solids by directly imaging 69 

exciton motion on femtosecond (fs) timescale following generation. Surprisingly, we 70 

discovered that excitons first undergo very fast transport (diffusivity range of ~102 cm2 s-1) 71 

within ~300 fs after photoexcitation and then switch into a much slower transport regime (~10-72 

1 to 1 cm2 s-1). Intriguingly, reducing the interdot distance in the QD solids only enhances 73 

transport in the slower regime, while it unexpectedly diminishes the initial fast regime. We 74 

suggest that both QD packing density and heterogeneity have significant impacts on these 75 

transport regimes and the transition between them. 76 

 77 

To directly monitor exciton transport at early times, we performed femtosecond transient 78 

absorption microscopy (fs-TAM) measurement on the QD films (Fig. 1a). A full description of 79 

the instrument is provided in Supplementary Methods. Briefly, a near diffraction-limited pump 80 

beam (an effective width σ of 107 ± 7.5 nm) with transform-limited pulse duration (9.2 fs) is 81 

delivered onto the QD film, generating a Gaussian-shaped exciton density instantaneously. The 82 

spatial evolution of exciton distribution is recorded by imaging it with a loosely focused (a 83 

width of 6.4 μm) and transform-limited (6.8 fs) probe pulse at a series of variable time delays 84 

between pump and probe pulses. It should be noted that although spatial resolution is still 85 

limited by diffraction, by comparing subsequent TAM images it is possible to distinguish the 86 

changes in the shape of the distribution as small as 10 nm (Supplementary Methods)15,16. Thus 87 

the fs-TAM methodology allows us to study exciton motion with at least 13 fs temporal 88 

resolution and 10 nm spatial precision. 89 

 90 

Lead sulfide (PbS) QDs (bandgap of 1.68 eV as-synthesized) were chosen as the material 91 

platform in this work, as they are among the most intensively studied materials for QD-based 92 
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devices due to the highly tuneable band gap, relatively good stability, carrier transport and 93 

photoluminescence2,4,5. A series of PbS QD solid-state films with systematic variation in the 94 

interdot spacing was prepared. This was achieved by solution-phase pre-exchange of the native 95 

oleic acid (OA) capping ligands arising from the synthesis to those with shorter carbon chains 96 

(Fig. 1b), namely dodecanoic acid (12C), octanoic acid (8C), hexanoic acid (6C) and butyric 97 

acid (4C) before film fabrication by spin-coating (Supplementary Methods). Hereafter, the QD 98 

films are denoted as the corresponding ligands. The samples were encapsulated prior to optical 99 

characterizations. Both the PL and excitonic features of the absorption spectra were maintained, 100 

indicating successful ligand exchange without noticeable aggregation (Supplementary Figs. 1-101 

3).  102 

 103 

Conventional ensemble level transient absorption (TA) features of the QD films were explored 104 

before the fs-TAM measurements (Supplementary Figs. 4-8). As shown in Fig. 1c, gradual red-105 

shifts of the photo-bleaching peaks were observed (from 730 nm of OA) in the TA spectra of 106 

the films with reducing ligand lengths, which is consistent with shorter interdot distance and 107 

stronger coupling7,17. It is noticeable that there was little signal decay within the measurement 108 

time window of fs-TAM (kinetics in Supplementary Fig. 9), suggesting very little 109 

recombination on these early timescales and hence this is unlikely to affect the transport 110 

measurements. 111 

 112 

The fs-TAM images of each film were recorded at the probe wavelength corresponding to the 113 

photo-bleaching peaks (with a bandwidth of 10 nm, shaded areas shown in Figure 1c). 114 

Representative fs-TAM images obtained from OA at early time are shown in Fig. 1d, while 115 

data sets for the other samples can be found in Supplementary Figs. 10-13. The series of fs-116 
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TAM images clearly show spatial expansion of exciton distribution in the QD film. Since the 117 

initially generated exciton distribution resembles the diffraction-limit pump beam and the 118 

spatial expansion occurs isotropically, we fitted the fs-TAM images with an isotropic two-119 

dimensional Gaussian function and extracted the corresponding width, σ, as shown in Fig. 1e 120 

(and Supplementary Fig. 14). Near time-zero, the initially created exciton distribution gives a 121 

width of 172 ± 8 nm, which is similar to the distribution width (180 nm) calculated by 122 

convoluting diffraction-limited pump and probe beams15. By 260 fs this distribution expands 123 

to 224 ± 8 nm, clearly indicating exciton transport at early times in the QD film. 124 

 125 

To quantitatively compare the transport dynamics in QD films, we employ the widely adopted 126 

approach of quantifying the spread of spatial exciton distribution by monitoring the change in 127 

profile variance, i.e. the mean squared displacement (MSD = σt2 – σ02) model7,12,15,16. For 128 

quantitative comparison, the MSD profiles of the films over time are plotted in Fig. 2a. 129 

Interestingly, two distinct transport regimes seem to exist in the MSD profiles: a very fast initial 130 

expansion of the exciton distribution within the first ~300 fs upon photoexcitation, followed 131 

by a much slower expansion (up to 4 ps time window of measurement). To test whether it is a 132 

two-step diffusion process or an anomalous diffusion process, we fitted the MSD evolution 133 

with the power law equation as MSD = 2Dtα, where D is the diffusivity and α is the diffusion 134 

exponent7,14,15,18. We noticed that the MSD profiles cannot be fitted by a single power law 135 

equation, due to the abrupt transition from the fast to the slow expansion stage (Supplementary 136 

Discussion 1 and Supplementary Fig. 15). Instead, the profiles can be well-fitted within 137 

separated time ranges for all samples. The fitting results of OA is shown in Fig. 2b as an 138 

example. Within the range of t0 < t < tfast, the dynamics can be well described by a power law 139 

equation where α = 1, signifying that the initial exciton transport is diffusive7,8,14,15,18. The 140 

corresponding diffusivity (Dfast) can therefore be extracted from the slope of the fitted line. 141 
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Similarly, for t > tslow the MSD profile can also be described by diffusive motion (α = 1) with 142 

a much smaller diffusivity (Dslow). A transition stage (where tfast < t < tslow) also exists between 143 

the fast and slow diffusive stages. Alternatively, the slow diffusive region can be described by 144 

a subdiffusive motion where α < 1 (Supplementary Table. 2) by including the transition stage 145 

(blue dotted curve, Fig. 2b). We note here that whether we take the description of diffusive or 146 

subdiffusive motion for the later slow transport the conclusion is consistent with that discussed 147 

below (Supplementary Discussion 2).  148 

 149 

Interestingly, the extracted diffusivities from the fast and slow transport stages have opposite 150 

response to the reduction of ligand length in the series of QD films (Fig. 2c). It has been 151 

generally believed that reducing the ligand length can lead to shorter interdot distance, hence 152 

improved QD coupling and transport1-3. Consistent with this general perception, the obtained 153 

diffusivities in the slow regime increases with shorter ligands in the QD films (Dslow, red dots, 154 

Fig. 2c), apart from 4C. The values of Dslow from 0.6 to 1.5 cm2 s-1 were also comparable with 155 

exciton diffusivities reported in other QD systems7,8, suggesting the slow stage is likely 156 

governed by classical FRET hopping regime14. 157 

 158 

Intriguingly, the extracted diffusivities from the fast region (Dfast) decrease with reducing 159 

ligand length, opposite to general perception of QD solids and the slow transport regime. The 160 

highest Dfast was obtained from OA (with the longest ligand), followed by 12C, 8C and 6C 161 

(black dots, Fig. 2c). 4C was again an exception, while its Dfast was higher than those with the 162 

medium-length ligands, however still lower than that of OA. Moreover, the values of the 163 

extracted Dfast are within the range from 95 to 280 cm2 s-1, which is three to four orders of 164 

magnitude higher than those from Dslow. We emphasize that such an early-time process of 165 
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exciton transport in QD solids is revealed here experimentally for the first time. It has been 166 

well demonstrated that the exciton diffusivity of disordered systems such as QD and organic 167 

semiconductor solids decrease over time7,12,13,18. Therefore higher diffusivities in such an early-168 

time range (< 300 fs) can be expected. Nevertheless, the observed Dfast values are obviously 169 

too high to be described by classical hopping in QD solids, implying the fast regime is likely 170 

governed by a different mechanism. Interestingly, the estimated tfast also shows the same 171 

behaviour as Dfast (black dots, Fig. 2d), indicating that films with longer ligands can sustain the 172 

initial fast transport for longer time. Similarly, the trend in tslow also suggests longer ligands 173 

postpone the transition from the fast to the slow stage (red dots, Fig. 2d). 174 

 175 

Important questions then arise as to what are the underlying mechanisms that dictate the two 176 

distinct transport regimes and why they have reversed trends of diffusivities when the ligand 177 

length was reduced. To further elucidate these, we looked into the quality and actual packing 178 

of the QD solids with different ligands. We first compared the PLQY of the QD solids with 179 

those of the corresponding QD solutions (Fig. 3a). The PLQY of the QDs in solution were all 180 

around 35 ~ 40%, indicating they had similar level of surface defects and aggregation. In 181 

contrast, the drop of PLQY when cast into films was more significant with shorter ligands, 182 

consistent with the expectation of better QD coupling and concomitant PL quenching1,19. We 183 

then performed grazing incidence small angle x-ray scattering (GISAXS) to reveal the actual 184 

interdot distance and packing heterogeneity (Fig. 3b and Supplementary Fig. 16). We found 185 

the average interdot distance (core-to-core) decreased from ~37.2 Å for OA to ~31.5 Å for both 186 

8C and 6C, whilst 4C maintained an unexpectedly large separation of ~35.5 Å (red dots, Fig. 187 

3c). The QD packing disorder (FWHM of the peaks) however gradually increased with shorter 188 

ligands (black dots, Fig. 3c). We therefore attribute the unexpectedly large interdot distance of 189 

4C to its high packing heterogeneity (Supplementary Discussion 3), which may have also 190 
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caused 4C to be an exception to the trend of diffusivities from Fig. 2c. We then correlate the 191 

diffusivities from Fig. 2c with the actual interdot distance of the films, and again confirm that 192 

Dslow increases with reduction of the actual interdot distance, while Dfast has the opposite trend 193 

(Fig. 3d). 194 

 195 

Both the trend and values of Dslow suggest that the slow regime is governed by a classical 196 

hopping mechanism of localized excitons. In contrast, the high values of Dfast and its trend with 197 

interdot distance are highly unusual. This phase of transport is still diffusive in nature (as α = 198 

1), which would seem to rule out ballistic or coherent exciton motion14,20,21. One possible 199 

explanation is the transport of delocalized rather than localized excitons at early times10,22 (also 200 

see Supplementary Discussion 4). Theoretical prediction suggests that delocalized excitons can 201 

transfer to sites that are spatially far away due to the enhanced net transition dipole moment 202 

from superposition of individual QD wavefunctions, leading to much higher diffusivity, via 203 

‘supertransfer’ mechanism23,24. Further experimental and theoretical investigations are called 204 

for to investigate this phenomena at early times. 205 

 206 

The transition from the fast to the much slower transport regime observed from our results can 207 

then be explained as the switch to the diffusion of localized excitons from the early time 208 

delocalized transport. We note the transition time between the two regimes is shorter in QD 209 

films with higher level of packing disorder (ttrans = tslow – tfast, Fig. 3e), although it is difficult 210 

to decouple this from the effect of shorter interdot distance. Nevertheless, despite the fact that 211 

4C has an average interdot distance between those of OA and 8C/6C, it has the shortest ttrans 212 

among all (Fig. 3e), clearly suggesting packing disorder accelerates the transition from the fast 213 

to the slow transport regime. 214 



10 
 

 215 

The important remaining question is why the initial fast transport is less efficient in QD solids 216 

when decreasing interdot distance (Fig. 3d). Here, we suggest that one aspect of disorder that 217 

has been largely overlooked may cause this – the QD packing density that increases with 218 

reduction of interdot distance (Supplementary Fig. 17). Conventional sources of disorder in 219 

QD solids include size polydispersity, surface defect states and packing heterogeneity5,7,9. But 220 

assuming the same polydispersity and defect level per QD, increasing the packing density 221 

would unavoidably increase the number of QDs contributing to disorder within the same 222 

volume. This would introduce more scattering sites into the transport path of a delocalized 223 

exciton initially generated and accelerate the transition to the localized transport regime. 224 

Similar observations have been made in carrier transport of organic semiconductors such as 225 

rubrene thin films, where the highest mobility was found in a packing direction with larger 226 

intermolecular distance25,26. We speculate that this may be origin of the less efficient fast 227 

transport of delocalized excitons and rapid transition to slow regime in QD solids with shorter 228 

interdot distance. 229 

 230 

With the above results, we depict the exciton transport profile in the early timescale as shown 231 

in Fig. 4. Immediately after photoexcitation, delocalized excitons are generated in the QD 232 

solids. They then diffuse quickly in the solid (fast transport regime), and during this stage when 233 

an exciton encounters a shallow trap state it may even have sufficient energy to escape as it is 234 

still undergoing a cooling process (as shown by TA kinetics in Supplementary Fig. 9)15. In the 235 

case of a QD solid with larger (but still closely-packed) interdot distance and/or homogeneous 236 

packing (Fig. 4a), a low level of disorder allows the fast transport to be faster and sustained for 237 

longer. However, when an exciton is eventually localized, the transport mechanism switches 238 
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to a hopping (slow) regime that is much less efficient with a longer QD separation. In the case 239 

of a QD solid with shorter interdot distance (Fig. 4b), the higher packing density can introduce 240 

more QDs as the sources of disorder/scattering sites for a delocalized exciton. A faster 241 

localization process occurs and limits the fast transport rate and duration. High packing 242 

heterogeneity can further accelerate the localization process. Once the exciton is localized, 243 

however it can still transport through the QDs relatively efficient by hopping due to the short 244 

interdot separation, as one would normally expect in longer timescales. 245 

 246 

In summary, our work has revealed the early time exciton dynamics in QD solids. We observed 247 

the transition from a very fast to a slow regime over time, which we suggest to be related to the 248 

localization process of delocalized excitons. While the slow regime was comparable with 249 

classical hopping, the fast regime demonstrated diffusivities of three to four orders of 250 

magnitudes faster than those of the slow regime, as well as other reports on exciton transport 251 

on longer timescales7,8. Counterintuitively, the early-time regime was faster and sustained for 252 

longer in QD solids with relatively larger interdot distance, opposite to the classical longer-253 

time hopping transport process. We attribute this to disorders arising from higher QD packing 254 

density (hence disorder density) and structural heterogeneity that accelerate exciton 255 

localization. This study sheds light on the factors that dictate exciton transport in QD solids on 256 

fs timescales and provides design rules to engineer QD solids to tailor the desired transport 257 

properties in these systems on a range of timescales. 258 

 259 

 260 
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 261 

Fig. 1 The fs-TAM measurement of QD thin films with different capping ligands as 262 

discussed in this work. a, Schematic representation of the fs-TAM measurement. A near 263 

diffraction-limited (σ of 107 ± 7.5 nm) and transform-limited (9.2 fs, 580 nm) pump beam is 264 

delivered onto the QD film (blue beam), together with a counter-propagating loosely focused 265 

(σ of 6.4 μm) and transform-limited (6.8 fs) probe pulse (orange beam). Note that the actual 266 

samples are thicker films containing multiple layers of QDs with total thickness about 200 267 

nm. b, The interdot distance of the films were modified by the selection of surface ligands. 268 

The ligand exchange was performed to replace the original OA ligands to 12C, 8C, 6C or 4C 269 

ligands in solution-phase prior to film fabrication. c, Normalized TA spectra of the QD films 270 

with different ligands at 1 ps pump-probe time delay. Gradual red-shifts of the peaks were 271 

observed with shorter ligands. The fs-TAM data was taken near the corresponding positive 272 

ΔT/T photobleaching peaks with a bandwidth of 10 nm (shaded area). d, Representative fs-273 

TAM images of OA at 0, 60, 120, 260 and 400 fs pump-probe delay, respectively. A spectral 274 

bandwidth of 10 nm was achieved by using a bandpass filter (730 nm) in the imaging path. e, 275 
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The corresponding exciton distribution images retrieved by fits with isotropic two-276 

dimensional Gaussian functions. The σ values represent the width of exciton distribution at 277 

the corresponding time delay. Clear expansion of exciton distribution over time can be 278 

observed. Scale bars, 500 nm. 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 
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 287 

Fig. 2 Quantitative fs-TAM measurement results of the series of QD thin films. a, Time 288 

evolution of the MSD = σt2 – σ02 profile, while σ02 represents the width of the spatial exciton 289 

distribution near zero pump-probe delay. The dotted lines are the fits within the respective 290 

time range based on the power law of MSD = 2Dtα, where α = 1. b, The fitted curves and 291 

resultants parameters extracted for a representative QD film, OA as an example. The MSD 292 

profile within the time range of 0 < t < tfast and that of t > tslow can be well described by the 293 

diffusive motion such that α = 1 from the power law equation (red dotted line), where the 294 

diffusivities of Dfast and Dslow can be extracted from the slope of the corresponding fitted 295 

lines. The MSD profile after tfast can also be described by a subdiffusive motion (blue dotted 296 

line, α < 1), while conclusions from the two fitting methods are consistent (Supplementary 297 

Discussion 2). c, The extracted diffusivities of the initial fast transport regime (Dfast) and the 298 

slow regime (Dslow) of the series of QD films. The two transport regimes show opposite 299 



15 
 

response to the variation of ligands. d, The estimated time duration of the initial fast stage 300 

(tfast) and the time taken (from 0 fs) for the excitons to enter the slow transport regime (tslow). 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 
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Fig. 3 Quality and structural information of the QDs and films with different ligands 316 

and correlation to the fs-TAM results. a, PLQY of the QDs in both solution- and solid-317 

state with different ligands. A more significant quenching in the PLQY can be observed from 318 

films with shorter ligands. No chemical or thermal treatment was applied to the films, 319 

indicating that the quenching of PLQY arises from improved QD coupling due to closer 320 

interdot distance. b, Radially integrated GISAXS intensities of QD solids (normalized). 321 

Lower Qr value of the 1st order scattering peaks indicates larger average separation between 322 

the QDs, while the peak width indicates discrepancy of the separation. c, The fitted interdot 323 

distance and FWHM of the 1st order scattering peaks from b. We ascribe the FWHM to a 324 

relative deviation in the core-to-core spacing of the QDs and hence level of packing disorder 325 

in the samples. d, Correlation between the actual interdot distance (core-to-core) with the 326 

diffusivities of the fast and slow regimes. The Dfast decreases with reducing interdot distance 327 

while Dslow clearly shows an opposite trend. e, Correlation between the transition time (ttrans = 328 

tslow – tfast, inset) with the FWHM (level of packing disorder) of the 1st order scattering peaks 329 
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in b. The decreasing ttrans with increasing FWHM indicates higher level of disorder leads to 330 

faster transition from the fast to the slow regime. 331 

 332 

 333 
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 346 

Fig. 4 Schematic of early time exciton transport in QD solids. a, The case of QD solids 347 

with relatively long (but still closely-packed) interdot distance and/or homogeneous packing. 348 

The photogenerated exciton initially delocalizes over multiple QDs and diffuses through the 349 

QD solid rapidly. The low QD packing density and lack of disorder allows the transport to be 350 

faster and sustained longer. As disorders still exist the exciton would eventually be localized, 351 

and after the exciton hopping process is inefficient due to the long interdot distance. b, The 352 

case of QD solids with shorter interdot distance and/or heterogeneous packing. Due to high 353 

QD packing density and the existence of packing disorder, the delocalized exciton diffuses 354 

relatively slowly and can be localized much earlier. However, after localization the exciton 355 

can keep moving among QDs through hopping due to the shorter interdot distance. 356 

 357 

 358 

 359 
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Figures

Figure 1

The fs-TAM measurement of QD thin �lms with different capping ligands as discussed in this work. a,
Schematic representation of the fs-TAM measurement. A near diffraction-limited (σ of 107 ± 7.5 nm) and
transform-limited (9.2 fs, 580 nm) pump beam is delivered onto the QD �lm (blue beam), together with a
counter-propagating loosely focused (σ of 6.4 μm) and transform-limited (6.8 fs) probe pulse (orange
beam). Note that the actual samples are thicker �lms containing multiple layers of QDs with total
thickness about 200 nm. b, The interdot distance of the �lms were modi�ed by the selection of surface
ligands. The ligand exchange was performed to replace the original OA ligands to 12C, 8C, 6C or 4C
ligands in solution-phase prior to �lm fabrication. c, Normalized TA spectra of the QD �lms with different
ligands at 1 ps pump-probe time delay. Gradual red-shifts of the peaks were observed with shorter
ligands. The fs-TAM data was taken near the corresponding positive ΔT/T photobleaching peaks with a
bandwidth of 10 nm (shaded area). d, Representative fs- TAM images of OA at 0, 60, 120, 260 and 400 fs
pump-probe delay, respectively. A spectral bandwidth of 10 nm was achieved by using a bandpass �lter
(730 nm) in the imaging path. e, The corresponding exciton distribution images retrieved by �ts with
isotropic two- dimensional Gaussian functions. The σ values represent the width of exciton distribution at



the corresponding time delay. Clear expansion of exciton distribution over time can be observed. Scale
bars, 500 nm.

Figure 2

Quantitative fs-TAM measurement results of the series of QD thin �lms. a, Time evolution of the MSD =
σt2 – σ 2 pro�le, while σ 2 represents the width of the spatial exciton distribution near zero pump-probe
delay. The dotted lines are the �ts within the respective time range based on the power law of MSD =
2Dtα, where α = 1. b, The �tted curves and resultants parameters extracted for a representative QD �lm,
OA as an example. The MSD pro�le within the time range of 0 < t < tfast and that of t > tslow can be well
described by the diffusive motion such that α = 1 from the power law equation (red dotted line), where the
diffusivities of Dfast and Dslow can be extracted from the slope of the corresponding �tted lines. The
MSD pro�le after tfast can also be described by a subdiffusive motion (blue dotted line, α < 1), while
conclusions from the two �tting methods are consistent (Supplementary Discussion 2). c, The extracted
diffusivities of the initial fast transport regime (Dfast) and the slow regime (Dslow) of the series of QD
�lms. The two transport regimes show opposite response to the variation of ligands. d, The estimated
time duration of the initial fast stage (tfast) and the time taken (from 0 fs) for the excitons to enter the
slow transport regime (tslow).



Figure 3

Quality and structural information of the QDs and �lms with different ligands and correlation to the fs-
TAM results. a, PLQY of the QDs in both solution- and solid- state with different ligands. A more
signi�cant quenching in the PLQY can be observed from �lms with shorter ligands. No chemical or
thermal treatment was applied to the �lms, indicating that the quenching of PLQY arises from improved
QD coupling due to closer interdot distance. b, Radially integrated GISAXS intensities of QD solids
(normalized). Lower Qr value of the 1st order scattering peaks indicates larger average separation
between the QDs, while the peak width indicates discrepancy of the separation. c, The �tted interdot
distance and FWHM of the 1st order scattering peaks from b. We ascribe the FWHM to a relative
deviation in the core-to-core spacing of the QDs and hence level of packing disorder in the samples. d,
Correlation between the actual interdot distance (core-to-core) with the diffusivities of the fast and slow
regimes. The Dfast decreases with reducing interdot distance while Dslow clearly shows an opposite
trend. e, Correlation between the transition time (ttrans = tslow – tfast, inset) with the FWHM (level of
packing disorder) of the 1st order scattering peaks in b. The decreasing ttrans with increasing FWHM
indicates higher level of disorder leads to faster transition from the fast to the slow regime.



Figure 4

Schematic of early time exciton transport in QD solids. a, The case of QD solids with relatively long (but
still closely-packed) interdot distance and/or homogeneous packing. The photogenerated exciton initially
delocalizes over multiple QDs and diffuses through the QD solid rapidly. The low QD packing density and
lack of disorder allows the transport to be faster and sustained longer. As disorders still exist the exciton
would eventually be localized, and after the exciton hopping process is ine�cient due to the long interdot
distance. b, The case of QD solids with shorter interdot distance and/or heterogeneous packing. Due to
high QD packing density and the existence of packing disorder, the delocalized exciton diffuses relatively
slowly and can be localized much earlier. However, after localization the exciton can keep moving among
QDs through hopping due to the shorter interdot distance.
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