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Abstract 
Understanding the thermal properties of nanocrystal solids 
is important for their implementation. However, probing 
the intrinsic properties of monolayer to few-layer 
supercrystals where non-diffusive effects can emerge has 
remained elusive. Here we use spatiotemporally-resolved 
thermoreflectance microscopy and correlative atomic 
force microscopy to locally access lateral thermal 
transport in gold nanocrystal supercrystals with long 
polymer ligands from the monolayer up to eight layers. In 
contrast to the thermal size effect of typical thin film 
materials, we demonstrate that above a few supercrystal 
layers the thermal diffusivity is nearly constant with increasing thickness. Notably, the mono-
to-few layer range moreover experiences an inverted thickness dependence wherein the lateral 
thermal diffusivity increases when approaching the monolayer to a value 30–60% larger than 
the bulk. Simulations of quasi-ballistic thermal transport successfully model the experimental 
trend, indicating the need to account for the phonon mean free path in the ligand matrix and 
the geometry of scattering interfaces. Phonons responsible for heat transport within the 
nanocrystalline composite have mean free paths shorter than the thickness of single 
supercrystal layers. This leads to behavior distinct from typical thickness-dependent phonon–
boundary scattering. These unusual behaviors present important considerations and 
opportunities for thermal management in applications of nanocrystal solids. 
 
  



2 

1. Introduction 
Colloidal nanocrystal (NC) supercrystals (SCs) propose a tunable platform for bottom-up 
design of unique thermoelectric,1–4 plasmonic,5,6 nanoelectronic,7 optoelectronic8 and 
phononic9 material properties. Very thin NC supercrystals and two-dimensional monolayers in 
particular hold interest for collective plasmonic coupling,5,10 charge and spin transport,11 
optimization of LED recombination layers,12 maximizing the gate effect in field-effect 
transistors,13 catalysis,14,15 and temperature and molecular sensing.16 Nanoscale thermal 
management is critical for such applications as their operation inevitably generates or utilizes 
heat. Research over the past decade has shown that, in assemblies of nanostructures, thermal 
transport is a complex multiscale problem. There is a cascade of thermal transfer steps within 
nanomaterial units or interstitial media, across various interfaces,17–21 transport across defects 
and microstructure,22–25 and dissipation to the environment.20,21 A key feature of three-
dimensional NC assemblies is that their thermal transport is slow, being dominated by the 
ligands and phonon scattering at the NC–ligand interfaces with very little dependence on the 
core material.17,18,22,26–28 From the perspective of polycrystalline materials, NC assemblies are 
effectively solids with well-defined nanograins.26 These points lead to the central hypotheses 
of this paper: (1) the thermal transport properties of NC SCs should have an exceptionally weak 
dependence on film thickness (or the number of SC layers); (2) they may only reveal a 
breakdown of Fourier’s law when approaching the scale of a single layer. Such behavior would 
be in contrast to many materials ranging from metallic films29 and Si nanowires30 to layered 
two-dimensional transition metal dichalcogenides31 and supported graphene.30 In those other 
materials, nanoscale thermal transport is characterized by the so-called thermal size effect 
wherein the thermal conductivity substantially decreases with decreasing size (i.e., sample 
thickness) when the finite size is below the heat carrier mean free path. Over the few to 
hundreds of nanometers range, this decrease is often down by 30–90% from the material’s bulk 
thermal conductivity. An unconventional film thickness dependence of thermal conductivity 
would therefore be an important property in the design of colloidal NC-based systems. Thus, 
it is important to investigate the thermal properties of NC systems down to very thin assemblies 
where deviations from diffusive behavior might be expected. 

Direct access to the intrinsic thermal transport properties of NC SCs down to mono-to-
few layers is a challenge. It requires precise SC layer control with low defect density and a 
probe of heat flow with both spatial resolution below the SC grain size and dynamical 
information to separate the influence of the environment. Self-assembly protocols can achieve 
highly ordered mono-, bi-, and multi-layer NC SCs extending tens to hundreds of microns with 
few defects that are transferable to various substrates.32,33 Despite this structure of such 
samples, fabricating thermal contacts in the appropriate locations relative to each desired region 
and distinguishing substrate effects would make traditional thermal measurements extremely 
difficult. However, the long-range order of such systems makes them amenable to local, 
optically-based thermal probes such as thermoreflectance.34,35 Thermoreflectance has 
previously been applied to multilayer NC films and SCs to establish the role of the NC–ligand 
interface,17,18 NC core diameter,17,18 disordered NC films and NC SC ordering,22,23 anisotropic 
thermal transport,25 and thickness-dependent dissipation to the substrate.20,36 The thermal 
conductivity for different film thicknesses was also measured, but in the multilayer regime.17,18 
However, in the case of monolayer NC SCs, using both a metallic transducer layer and 
substrate—as is typically done in thermoreflectance experiments—would necessitate modeling 
with many correlated parameters. While a transducer can be avoided by using NC core material 
with well-understood thermoreflectance signals such as Au NCs,20,23,25 a substrate is important 
for NC film preparation. Thus, a clear separation of timescales is needed to access transport 
intrinsic to the SC. In particular, spatiotemporally-resolved thermoreflectance23,25,36–39 is well 
suited to providing a local, dynamic probe of in-plane thermal transport without the use of 
models. 
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Here, we use spatiotemporally-resolved thermoreflectance to locally probe heat 
transport and relaxation in ordered SCs of colloidal Au NCs as a function of the number of 
layers from monolayer up to eight layers. We image lateral heat transport over hundreds of 
picoseconds to hundreds of nanoseconds with sub-micron resolution, allowing for the isolation 
of regions with a well-defined number of SC layers that each extend several microns. The 
thermal diffusivity is obtained directly through the lateral expansion of a heat pulse without 
relying on typical transducer-film-substrate multi-layer thermal transfer models. By 
reproducing the experiments in finite element simulations, we identify a separation of 
timescales between heat transfer from the NC core to the ligand medium, lateral transport 
through the SC between NCs, and transfer to the glass substrate. We find that for few-to-eight 
layers the lateral thermal diffusivity of the SC is constant as a function of the number of layers 
within error. Importantly, we reveal an inverted thermal size effect in the mono-to-few layer 
range wherein the lateral thermal diffusivity increases when approaching the monolayer to a 
value 30–60% larger than the bulk. Finite element simulations and effective medium 
approximation (EMA) calculations that assume diffusive transport indeed predict a weak film 
thickness dependence simply due to small changes in NC volume fraction, but fail to rationalize 
the monolayer behavior. However, Monte Carlo simulations that account for quasi-ballistic 
heat carriers in the interstitial ligand matrix reproduce the experimental trends. Thus, our results 
suggest that ballistic heat carrier transport within the interstitial ligand could play a subtle role 
not previously revealed. We propose a picture in which thermal transport is dominated by the 
intrinsic interfaces within nanocrystalline composites, leading to strongly reduced thermal size 
dependence compared to typical thin films—with the exception of mono-to-few layers that 
moreover experience an enhancement due to non-diffusive heat transport between NCs. NC 
composites thus present an interesting material whose intrinsic bulk thermal properties 
extrapolate to the nanoscale and only deviate when single units are considered. These 
properties are important for the engineering of thermal management in NC-based applications. 
 
2. Results and Discussion 
2.1. Experimental Studies 
2.1.1. Spatiotemporal measurement of nanocrystal supercrystals 
The approach we take is to spatiotemporally probe lateral heat transport in several-micron 
domains of Au NC SCs with well-defined numbers of NC layers deposited on a glass coverslip 
(Figure 1). We assembled SCs of spherical Au NCs functionalized with polystyrene-thiol 
ligands (PSSH) by slow evaporation of colloidal solutions in toluene on a liquid subphase of 
diethylene glycol (see Methods).40 The assemblies were then transferred to glass coverslips for 
optical microscopy and to transmission electron microscopy (TEM) grids for electron 
microscopy (see Methods). We studied three samples, featuring NC diameters of 26.4 ± 0.8 
nm, 28.8 ± 0.8 nm, and 40.6 ± 0.6 nm, and PSSH ligand molecular weights of ~5 kg mol–1 
(“PSSH5k”) (26 and 41 nm NCs) and ~12 kg mol–1 (“PSSH12k”) (29 nm NCs). The resulting 
Au NC SCs exhibit hexagonal packing with long-range order (Figure 1a,b, S1). The 
interparticle edge-to-edge distances were determined from TEM images of monolayers (Figure 
S1), giving 6.1 ± 0.9 nm, 6.8 ± 1.0 nm, and 4.4 ± 0.7 nm for the 26.4, 28.8, and 40.6 nm Au 
NC samples, respectively. Regions of varying number of SC layers, Nlayers, ranging from 1 to 
about 10 can be readily identified by optical microscopy and were confirmed by correlative 
AFM (Figure S2, Table S1). Importantly, these regions persist with well-defined Nlayers over 
the scale of several microns with few defects, making them large enough to probe by 
spatiotemporally-resolved thermoreflectance (Figure 1c). 
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Figure 1. Spatiotemporal probe of thermal transport in mono- to few-layer nanocrystal 
supercrystals. (a) Transmission electron microscopy (TEM) image of a 40.6 nm Au–PSSH 
nanocrystal supercrystal monolayer. (b) Scanning electron microscopy (SEM) image of a 
region exhibiting monolayer and bilayer domains in the 40.6 nm nanocrystal supercrystal. (c) 
Schematic depiction of the spatiotemporally-resolved thermoreflectance technique in which a 
selected supercrystal domain is locally heated with a focused pump pulse and the subsequent 
lateral heat diffusion is imaged using a wide-field probe pulse. (d) Representative transient 
reflectance image time series in a monolayer supercrystal of Au–PSSH nanospheres. The linear 
time scale highlights the diffusive transport.  
 

To locally resolve the lateral thermal transport and thermal relaxation to the substrate, 
we use spatiotemporally-resolved thermoreflectance (Figure 1c)—also known as stroboscopic 
optical scattering microscopy (stroboSCAT) in the configuration used here.37,38,41 This 
approach has previously been applied to directly generate a Gaussian-shaped heat pulse and 
track its evolution in space and time in disordered nanosphere films and ordered nanorod 
SCs.20,23,25,36 Here, we excite the Au NC SCs with 405 nm wavelength pump light pulses (≈100 
ps) focused to a spot size of ≈340 nm (full-width at half-maximum). A repetition rate of 500 
kHz ensures thermal relaxation between pulses. With an excitation fluence of ≈40 µJ cm–2 at 
2σ of the Gaussian beam, we estimate an initial change in temperature of a few Kelvin (see 
Methods).20 We image the resulting temperature profile in wide-field via temperature-induced 
changes of the reflectance, ∆R/R, using 635 nm probe pulses (Figure 1c). The pump–probe 
time delay is typically controlled over 200 ns, during which time the transient temperature 
profile propagates by heat transport (Figure 1d). We fit the images to a two-dimensional 
Gaussian function of width σ to extract the mean-squared expansion curve, σ2(t) − σ2(t0). In the 
case of isotropic diffusive transport, the radial expansion of the Gaussian profile is related to 
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the diffusion coefficient by σ2(t) − σ2(t0) = 2Dt. In this system we measure root-mean-squared 
expansions between ≈30–300 nm, meaning that regions about 1 µm in size are sufficient to 
probe thermal transport properties in an area-selective manner. We leverage this local probe to 
perform correlative spatiotemporally-resolved thermoreflectance and AFM to obtain the lateral 
thermal diffusivity for domains with known number of SC layers (Figure S2, Table S1). We 
note that, unlike typical thermoreflectance experiments,4,17,19,34 no transducer layer is needed 
in the present case as the heat pulse can be generated directly within the metallic NC cores. 
This configuration avoids the need to account for the transducer–to–sample heat transfer 
timescale that could inhibit the separation of timescales needed to extract the SC thermal 
diffusivity below. 

 
2.1.2. Identification of time scales 
The spatiotemporal resolution of the measurement allows us to identify three dynamical 
processes corresponding to different steps in the cascade of heat transfer in an Au–PSSH NC 
SC monolayer in contact with glass (Figure 2a). In the first few nanoseconds, the mean-squared 
expansion exhibits a sublinear increase with time. By 10 ns the thermal transport reaches a 
diffusive regime (linear time dependence) with D = 2.5 × 10–3 cm2 s–1. Around 50 ns, the mean-
squared expansion starts deviating from that regime, revealing an acceleration of heat transport 
at late times. The overall transient temperature increase relaxes with a 1/e time of about 10 ns 
and a slow tail limited by heat dissipation to the substrate (Figure 2b).  
 

 
Figure 2. Experimental and simulated dynamic time scales and associated processes. (a) 
Comparison of experimental mean-squared expansion curves of thermal transport for a 
monolayer (ML) of 40.6 nm Au–PSSH5k nanocrystals in contact with a glass substrate (blue 
circles) and a suspended monolayer (green circles). The red curve corresponds to the mean-
squared expansion of the simulated temperature profile in (c). The solid black line is a linear fit 
of the suspended monolayer data at intermediate times of 10–50 ns. The shaded gray regions 
distinguish different time regimes of nanocrystal-to-ligand interfacial thermal transfer (dark 
gray), diffusive thermal transport of the composite nanocrystal supercrystal (medium gray), and 
heat dissipation to the substrate (light gray). (b) Heat relaxation kinetics in a monolayer 
supercrystal in contact with a glass substrate. (c) Temperature profiles in a monolayer Au–
PSSH nanocrystal supercrystal in contact with a glass substrate, computed by two-dimensional 
finite element simulations with associated time scales. Simulations were performed on a two-
dimensional geometry with 40.6 nm Au circles, 4.4 nm gaps, and 4.4 nm top and bottom ligand 
layers, based on AFM results (Table S1, Figure S3, S4). Thermal parameters appear in the 
Methods. 

 
We perform two-dimensional finite element simulations of thermal transport based on 

Fourier’s law (see Methods). The simulations are solved as a function of time starting from a 
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Gaussian envelope of elevated NC temperatures in a geometry based on AFM measurements 
(Table S1, Figure S3, S4) to mimic the experiments. The simulations reproduce the 
experimental transport dynamics in Figure 2a with good agreement. We use these simulations 
as a guide for attributing a physical process to each of the three regimes (Figure 2c). The laser 
excitation of the pump exclusively heats the electrons within the NCs through the excitation of 
the Au d−s interband transitions, which rapidly thermalizes with the lattice via electron–
phonon scattering on a picosecond time scale20,42,43—much faster than the instrument response 
function here. In the first nanoseconds, heat is transferred from the NC cores across the 
inorganic–organic interface to the neighboring ligands, resulting in slow transport. The 
simulations indicate a ~100 ps time constant for the interfacial transfer, though this is not 
directly accessed in the present experiments. Heat then travels across the inter-NC gaps via the 
interstitial ligand matrix. On a few nanoseconds time scale, heat reaches neighboring Au NCs, 
giving a monotonic temperature gradient between neighbors (Figure S5). This marks the 
delayed onset of the diffusive regime. The thermal diffusion coefficient during this time 
window can be considered as that of the effective medium of the composite NC–ligand SC 
(DSC) spatially averaged over the NCs and ligand gaps. At later times, after about 50 ns in the 
case of the monolayer, heat transfers to the glass substrate, which has a higher diffusivity than 
the SC, resulting in an apparent increase in diffusivity.  

We confirm that the intermediate time regime corresponds to the intrinsic transport 
properties of the SC by probing a suspended monolayer (Figure S6). In this case, the late-time 
acceleration due to the substrate is suppressed (Figure 2a). Importantly, the thermal diffusion 
coefficient measured in the suspended monolayer (D = 2.5 × 10–3 cm2 s–1) agrees with the value 
obtained at intermediate times for the monolayer in contact with glass (with overlapping mean-
squared expansion curves). Similarly, finite element simulations yield agreeing SC thermal 
diffusivities when allowing or omitting transfer to the glass substrate if only the 10–50 ns time 
window is fit. Consistent with this picture, we find that for bilayer regions, the transition to 
faster transport from the substrate is delayed to about 100 ns in both experimental data and 
simulations, and for more layers the transfer to the substrate is progressively slowed beyond 
the time window we probe (Figure S7). Moving forward, we focus on the intermediate, 
diffusive time window under the interpretation that it yields the effective SC thermal diffusion 
coefficient DSC without influence from the substrate.  

 
2.1.3. Supercrystal thermal diffusivity as a function of thickness  
The principal focus of this work is the relationship between thermal transport and the number 
of NC SC layers. We perform correlative spatiotemporally-resolved thermoreflectance and 
AFM (Figure 3a,b, Table S1) to extract the thermal diffusivity in domains with 1 to 8 SC layers, 
corresponding to about 30–320 nm in thickness (Figure 3c). We report two key observations. 
We find that the thermal diffusivity DSC: (1) is constant within error for the few-to-multilayer 
range, and; (2) it exhibits an enhancement when the thickness is reduced down to a monolayer 
(Figure 3c). We measure the monolayer thermal diffusivity to be 30% to 60% higher than the 
multilayer diffusivity for the samples studied here.  

Such behavior is in stark contrast to typical thin film materials that experience 
decreasing thermal diffusivity as the film is made thinner. We emphasize that this trend is 
robust for three different Au NC SCs with varying diameters and for different PSSH ligand 
lengths. Measurements were averaged over multiple locations of the SCs, the measured 
diffusivity does not depend on pump fluence or exposure time, and no sign of film degradation 
was observed. Moreover, the thermal diffusivity of the monolayer is not altered by contact with 
the glass substrate (Figure 2). Next, we pursue several models to uncover the mechanistic origin 
of this inverted thermal size effect behavior and constant multilayer thermal diffusivity. 
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Figure 3. Supercrystal thermal diffusivity dependence on number of supercrystal layers. 
(a) Optical microscopy image of a typical mono- to few-layer nanocrystal supercrystal. Circles 
show example locations where pump–probe measurements were performed. (b) AFM image of 
the same area shown in (a) with the number of supercrystal layers labeled. (c) Au nanocrystal 
supercrystal thermal diffusivity as a function of the number of nanocrystal layers for three 
different samples with different nanocrystal diameters (d) and inter-nanocrystal gaps (s). Each 
data point is obtained by averaging a series of five to ten measurements taken in different 
locations, and the error bars correspond to the standard deviations of such series. 

 
2.2. Modeling of thickness dependence 
2.2.1. Breakdown of diffusive thermal transport 
We first rule out variations in typical thermal parameters such as volume fraction, density and 
heat capacity as a function of NC layers as origins of the anomalous thickness dependence. In 
a purely diffusive picture (heat flow described by Fourier’s law), the Hasselman and Johnson 
formulation of the effective medium approximation (EMA) can be used to express the effective 
thermal conductivity of a composite medium as a function of each component’s volume 
fraction, thermal properties, and the interfacial thermal conductances.44 It has been shown that 
this model reasonably reproduces the thermal conductivities of a large range of bulk, three-
dimensional NC solids.17–19 Here, in the case of hexagonal packing of a finite number of layers, 
the Au volume fraction increases with the number of layers because the spheres of each new 
layer lie in the interstices left by the underlying NCs (Figure 4a, S3). We calculate the resulting 
thermal diffusivity versus the number of SC layers (see Methods), focusing on the diffusivity 
relative to a 10-layer SC, D/D10L, for better comparison between all models. Instead of the 
experimentally observed trend, the EMA predicts an increasing thermal diffusivity (and 
thermal conductivity) as more layers are added to the SC (Figure 4b). This is because the 
relative proportion of the highly conductive material increases and outweighs the slight 
decrease in heat capacity. To ensure that this shortcoming is not due to an artifact of edge 
effects or time-dependent processes not accounted for in the EMA, we perform two-
dimensional finite element simulations (see Methods) and extract the thermal diffusivity in the 
diffusive regime >10 ns as a function of Nlayers (geometry appears in Figure 4a and Figure S4). 
The simulations overlap the EMA result within numerical precision, showing increasing DSC 
with increasing Nlayers. The dimensionality makes only a minor difference, with two- and three-
dimensional EMA calculations nearly overlapping (Figure 4b), suggesting that two-
dimensional simulations should have been sufficient for semiquantitative trends. The inability 
of the EMA model and finite element simulations to describe the trend of the experimental data 
indicates a need to explore dynamics beyond the diffusive regime.  

We note that an enhanced monolayer diffusivity can be compatible with diffusive 
thermal transport in the limit of very low interfacial thermal conductance between the NCs and 
the ligands (Figure S8). In that limit, the NCs behave almost like non-conductive objects. DSC 
thus decreases as more SC layers are added because the proportion of highly resistive interfaces 
increases. However, the interfacial conductances required to reach this regime would need to 
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be more than one order of magnitude below the estimated Au–PSSH interfacial conductance 
in our samples. Such low interfacial thermal conductances would in turn make the EMA model 
predict a DSC well below what is measured here. Thus, we believe this model to be inadequate. 
 

 
Figure 4. Simulations of thermal transport in mono- and multi-layer nanocrystal 
supercrystals. (a) Representation of the monolayer and multilayer simulation geometries with 
example phonon trajectories in red. The inset depicts the definitions of the geometric 
parameters for the nanocrystal (yellow regions) and ligand (gray regions). A larger, zoomed-in 
version of this figure appears as Figure S9. (b) Comparison of diffusivities with respect to the 
multilayer diffusivity (D/D10L) in the EMA model, finite element simulations, and quasi-
ballistic Monte Carlo simulations. (c-g) Ratio of monolayer and multilayer thermal diffusivities 
as a function of (c) top and bottom ligand layer thickness δ, (d) bulk ligand mean free path Λlig, 
(e) inter-NC spacing s with δ = s, (f) NC diameter d, and (g) NC–ligand interfacial transmission 
probability Pt. The red star in each panel indicates the ratio D1L/D10L obtained for the base set 
of parameters used in (a). The geometric parameters used for all EMA calculations and 
simulations in this figure were: d = 30 nm, s = 4 nm, δ = 4 nm unless otherwise noted. Material 
thermal parameters appear in the Methods. 

 
2.2.2. Beyond diffusion: ballistic effects  
To rationalize the enhancement in thermal transport at the monolayer, we explore the role of 
ballistic heat carrier transport in ultrathin NC assemblies. We turn to Monte Carlo simulations 
of quasi-ballistic transport (see Methods). Thermal transport is modeled by straight movements 
of effective heat carriers at constant velocity that randomly scatter after encountering interfaces 
or traveling a distance equal to their mean free path, Λ (Figure 4a). This particle-like picture is 
motivated by previous reports that propagative localized oscillators rather than coherent 
phonon modes dominate heat transport in amorphous materials.45 The particle picture of heat 
transport has previously been invoked for NC solids as well.26 We place ourselves in the 
framework of “gray” Boltzmann transport where the mean free paths and group velocities of 
the energy carriers are frequency-averaged. This effective phonon approximation is motivated 
by the relatively narrow overlap between the Au and ligand vibrational density of states, 
allowing only similar energy (few-THz) phonons to cross the NC-ligand interface and 
dominate heat transport.17,18,27,28  
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Although the mean free path of heat carriers in the Au NC cores (ΛAu = 38 nm) is similar 
to their size (d = 26–41 nm here), scattering within the NC cores is fixed as a function of Nlayers. 
Thus, one might expect changes in the ligand geometry to dominate the thickness dependence. 
In the specific case of amorphous polystyrene, molecular dynamics simulations46 suggest that, 
because vibrations propagate along the long carbon backbone of the polymer with minimal 
scattering,47 the effective phonon mean free path is around Λlig = 11.5 nm. The NC-ligand 
interfacial thermal resistance is modeled in terms of a transmission probability Pt for crossing 
the interface each time a carrier reaches the NC–ligand interface (see Methods). We use a 
default value of Pt = 1%, estimated from literature values (see Methods).  

The geometry of the SC plays a crucial role when there is ballistic transport. The 
geometry used in the simulations consists of a two-dimensional lattice of hexagonally packed 
Au circles embedded in a ligand matrix. Importantly, AFM measurements (Table S1) indicate 
that the SCs have ligand layers on the top (between the top of the top-most NC cores and the 
air) and bottom (between the bottom of the bottom-most NC cores and the substrate), each with 
thickness δ about equal to the inter-NC spacing (Figure 4a, S3, Table S1). Moreover, we 
assume that the long polymer ligands reorganize to minimize the surface area of the interface 
with other media and maximize overlap with neighboring NCs,48–50 ultimately forming a flat 
interface with the air and substrate. As default parameters we use a NC diameter (d) of 30 nm, 
an inter-NC spacing (s) of 4 nm, and top and bottom ligand layer thicknesses (δ) of 4 nm as 
representative of the samples measured. 

In order to obtain the lateral thermal diffusivity, we compute the horizontal mean-
squared displacement as a function of time for a population of more than 105 particle 
trajectories subject to the sample geometry. Figures 4b and 4d show that, going from a diffusive 
to a ballistic regime effectively reverses the trend from an increasing to a decreasing thermal 
diffusivity when increasing the number of NC layers, thus aligning it with experimental 
observations. The simulation results agree with the magnitude of the enhancement of the 
monolayer diffusivity compared to that of the multilayer with only a slight underestimation. 
We note that we performed two-dimensional simulations with plausible parameters from the 
literature rather than fine-tuning them to fit the data precisely.  

Particle trajectories (Figure 4a, S9) help to provide an intuitive picture for the thermal 
transport enhancement when approaching monolayer NC SCs. The horizontal channels in the 
top and bottom ligand layers allow phonons to efficiently move laterally with few scattering 
interfaces (Figure S10). In the monolayer, these channels make up a larger fraction of the 
vertical extent of the system. As more NC layers are added, the SC geometry imposes new 
tortuous paths that become more dominant and the overall lateral transport is increasingly 
hindered, leading to faster thermal transport in the monolayer with respect to the multilayer.  

We tune simulation parameters one at a time to learn their impact on D1L/D10L (Figure 
4c-g), using reference parameters of Λlig = 11.5 nm, Pt = 1%, d = 30 nm, and δ = s = 4 nm. The 
magnitude of the film thickness effect increases and progressively saturates with increasing top 
and bottom ligand layer thickness by allowing more trajectories with lateral path lengths larger 
than the mean free path (Figure 4c). While maximized for long phonon mean free paths in the 
ligand matrix, the enhancement effect vanishes when the mean free path gets smaller than the 
inter-NC spacing (Figure 4d,e). In that case, we enter the diffusive limit across all relevant 
length scales and the governing parameters become the relative proportions of ligand and Au, 
as predicted by EMA. For very small and very large NCs, the system tends either to bulk PSSH 
or Au, respectively, with no monolayer enhancement (Figure 4f). Interestingly, for high 
transmission probabilities (large interfacial thermal conductance), available routes through the 
NCs weaken the confinement caused by the inter-NC spacing and the monolayer enhancement 
is reduced (though the absolute diffusivity increases) as the proportion of Au simply dominates 
(Figure 4g).  
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2.3. Summary of mechanism 
We attribute the physical origin of the thickness dependence of the thermal diffusivity of NC 
SCs to heat transport being dominated by phonon scattering at the NC–ligand interfaces. The 
thermal size effect in most materials typically originates from phonon scattering at the 
boundaries of the material or grain boundaries within the material, leading to a decrease in 
thermal conductivity with decreasing size when the material dimensions are comparable to and 
smaller than the phonon mean free path. In contrast, the NC SC can be thought of as an effective 
bulk thermal medium with controllable, fixed nanograin size,26 diminishing any effects from 
the finite thickness of the overall material, nearly down to the monolayer. In this picture, the 
NC size and arrangement set the mean free path independent of overall thickness. In other 
words, concerning its thermal transport properties, this system effectively reaches bulk starting 
at even a few layers. Empirically, our observation of film thickness-independent thermal 
transport above a few SC layers points to a very small phonon mean free path on the order of 
single SC layers or shorter despite the long-range SC ordering. Our quasi-ballistic heat carrier 
simulations elaborate on this point, suggesting average free path lengths shorter than the NC 
size within the interstitial ligand and about equal to the NC diameter within the NCs. Still, the 
mean free path is long enough for non-diffusive transport to take advantage of straight paths 
within the SC geometry. In this picture, the inverted thickness dependence of thermal transport 
occurs because of heat carriers being ballistically channeled through straight paths in the top 
and bottom ligand layers.  

We expect such behaviour to be general in assemblies of NCs with ligands in which the 
phonon mean free path is longer than the NC spacing. These notions are consistent with 
previous findings that heat transport is dominated by elastic vibrational scattering at the NC–
ligand interface such that the overlap in the vibrational density of states of the two materials 
limits the phonon modes responsible for heat conduction in the composite medium to those in 
the few THz range (few to ten meV).17,26–28 We also consider that ordered NC SCs should also 
support collective, low-energy SC phonons with long mean free paths.9,22,51 However, recent 
studies demonstrated that such modes do not significantly contribute to heat conduction in NC 
SCs.22,28 Taken together, the above points mean that beyond a few layers, Fourier’s law and 
interfacial thermal transfer capture the essential trends of NC SCs, but at the scale of NC units 
ballistic transport effects should be considered. 

It is interesting to consider a hydrodynamic description of thermal transport as an 
alternative physical picture.52,53 The gray Boltzmann transport model implemented above is 
compatible with the emergence of heat viscosity effects at moderate ratios of heat carrier mean 
free path to system size.54 In this picture, curved paths between NCs would lead to a viscous 
reduction of the apparent conductivity for thick SCs compared to a monolayer. Such a model 
warrants detailed investigation that we do not elaborate on here. 
 
2.4. Implications for nanocrystal applications 
The absent thickness dependence for multi-layer NC assemblies—and moreover inverted 
behavior for mono-to-few layers—stands in contrast to typical materials over a comparable 
30–320 nm thickness range. In materials ranging from metals and semiconductors to oxides 
and amorphous polymers, thermal conductivities decrease by ≈30–70% over the same 
thickness range, and even more compared to their bulk values.29–31,46,55–57 The case of NC SCs 
also is very different from layered two-dimensional materials31 as well as quantum well 
superlattices that might be considered more comparable.58,59 For example, Sood et al. found a 
significant reduction to ≈60% in thermal conductivity with decreasing thickness in layered 
MoS2 for the same thickness range due to quasi-ballistic phonon transport with mean free paths 
extending hundreds of layers.31 Suspended monolayer graphene is an exception for which an 
inverted layer dependence has also been reported, though by a different mechanism.60 Broadly 
speaking, we expect an attenuated film thickness dependence to be common for NC assemblies 
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for a wide range of core and ligand materials, NC core size, and ligand lengths because in all 
cases the thermal conductivities of NC arrays are dominated by NC–ligand scattering.61 Even 
in the case of negligible ballistic transport that may occur for other NC sizes or ligands, the 
≈10% decrease in thermal diffusivity due to volume fraction predicted by simulations and EMA 
would still constitute a notably weak thermal size effect. 

Our findings have important implications for the engineering of colloidal NC-based 
applications in general, and we also identify NC films as a material with particular nanoscale 
thermal properties. For optoelectronics, nanoelectronics, plasmonics, and catalytic systems 
featuring thin NC films, efficient thermal dissipation is typically targeted. Meanwhile, in the 
context of thermoelectrics, independent control of thermal and electronic transport properties 
is crucial to function. The observation of an effective lack of film thickness dependence means 
that, unlike common materials, one can arbitrarily reduce the dimensions of the NC film down 
to few layers without changing its thermal properties. This suggests that, again unlike most 
materials, heat dissipation is not slowed by making a film thinner. Practically speaking, 
convenient measurements of thermal conductivity can be performed on thick multilayer NC 
films and be expected to hold relatively constant even down to very thin films of only a few 
SC layers. For instance, the thermal dissipation timescale for thin NC films can be simply 
predicted with reasonable accuracy using the bulk conductivity and the ligand–substrate 
interfacial resistance. Approaching the monolayer is an exception when using ligands with 
large mean free path, instead giving an enhancement compared to the bulk. This boost to heat 
dissipation at the monolayer could be highly beneficial for applications of thin SCs, such as 
LED emitting layers, field-effect transistors and catalysis. While the number of NC SC layers 
does not strongly change the intrinsic properties, we recall that the thermal conductivity itself 
can be moderately controlled through the NC volume fraction (i.e., NC core size, ligand length, 
packing structure), NC ordering, and temperature, while changing the NC core material results 
in relatively minor changes.2,3,9,17–19,22,23,26 Exchanging to short ligands—as is often done to 
increase electronic coupling—may decrease the phonon mean free path in the ligand and in 
turn the monolayer enhancement (Figure 4d). According to our simulations, common quantum 
dot assemblies that feature ≈5 nm NCs and short 0.5 nm ligands (assuming a mean free path 
equal to the ligand length) exhibit a reduced thickness dependence with D1L/D10L ≈ 1.06. The 
above points are highly relevant to NC thermoelectrics in addition to optoelectronics and 
nanoelectronics.2,4,7,26 

Our work indicates another interesting property of NC assemblies, which is that 
materials in contact with the boundary of the NC film do not significantly perturb its internal 
thermal transport. In common thin film materials, this interaction with the boundary is precisely 
the cause of the thermal size effect. In contrast, in the NC SC the NC size and inter-NC spacing 
sets the upper bound on the heat carrier mean free path. However, the substrate will still affect 
the thermal dissipation timescale though the ligand–substrate interfacial thermal conductivity. 
Film thickness and substrate may be the most readily controllable parameters to substantially 
engineer heat dissipation in NC solids. 
 
3. Conclusion 
In this work, we have accessed the lateral thermal diffusivity of Au NC SCs down to the 
monolayer. This was achieved using correlative spatiotemporally-resolved thermoreflectance 
and AFM, which is a powerful approach for unveiling structure–thermal property relationships. 
By leveraging the time resolution of our technique and studying heat transport after it has 
overcome the ligand barrier but before it has been transferred to the substrate, we are able to 
extract the intrinsic thermal properties of monolayer and few-layer SCs. We confirmed the 
hypothesis that NC assemblies exhibit a weak thickness dependence compared to traditional 
materials with a thermal diffusivity that is nearly independent of film thickness down to a few 
SC layers. This suggests that the mean free path of phonon modes responsible for heat 
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conduction is primarily limited by the intrinsic interfaces of the nanocrystalline composite 
material. Going even thinner, mono- to few-layer NC SCs exhibit an enhanced thermal 
diffusivity of 30–60% compared to the bulk that can be rationalized with a quasi-ballistic heat 
carrier model. Our work suggests that the ballistic nature of phonons can play a substantial role 
in the thermal conductivity of NC solids. While Au-based nanocrystals with long-chain organic 
ligands were used as a model system in this study, a minimal thickness dependence is expected 
to occur in other materials such as smaller quantum dots and with short ligands. The fact that 
the thermal properties of such materials do not change when reduced to single-layer nanofilms 
is unusual and is important knowledge for the engineering of devices made from nanocrystals. 
This phenomenon presents potential for the bottom-up design of thermal management. As 
Moore’s law continues to be pushed, the importance of thermal management at the nanoscale 
becomes increasingly important, and NC-based systems present unconventional properties that 
may be exploited.  
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4. Methods 
Materials: Hydrogen tetrachloroaurate trihydrate (HAuCl4•3H2O, ≥99.9%), sodium 
borohydride (NaBH4, >98%), cetyltrimethylammonium bromide and chloride (CTAB and 
CTAC, ≥98%)and L-ascorbic acid (99%)  (all Sigma Aldrich, USA), toluene (≥99.5%), 
tetrahydrofuran (≥99.5%), and ethanol (denat., >96%, VWR), diethylene glycol (DEG, reagent 
grade, Merck, Germany) and thiolated polystyrenes (PSSH, Mn = 5300 g mol−1, 
Mw = 5800 g mol−1, PSSH12k: Mn = 11,500 g mol−1, Mw = 12,400 g mol−1, Polymer Source, 
Canada) were used as received. Ultrapure water (resistivity: 18.2 MΩ•cm) was used for all 
preparations. 

 

Synthesis, functionalization and assembly of Au nanospheres: The Au nanospheres where 
synthesized and assembled following established protocols.32,62 In brief, the synthesis is a 
seeded-growth protocol with cetyltrimethylammonium chloride as a capping ligand, which is 
then exchanged with thiol-terminated polystyrene-ligands (here with average molecular 
weights of ~5000 g mol–1 (“PSSH5k”) and ~12000 g mol–1 (“PSSH12k”)) by phase-transfer 
into tetrahydrofuran and finally into toluene. The purified dispersions of polystyrene-capped 
Au nanospheres in toluene are then pipetted onto a liquid subphase (DEG) in a teflon well. 
Slow evaporation of the toluene then leads to well-ordered self-assembly of the Au nanospheres 
into thin-film supercrystals with layer numbers ranging from mono- to multilayers. Because 
the thin-film supercrystals form freely-floating on an immiscible liquid subphase, they can be 
easily transferred to the required substrates. TEM grids are held by a tweezer and carefully 
immersed into the subphase below the sample, which is then skimmed off. To deposit the films 
onto glass substrates, these can be immersed into the liquid subphase. Then the liquid subphase 
(DEG) is carefully removed with a pipette so that the sample deposits onto the glass substrate. 
This also works when the substrate is tilted. If the glass substrate is too large to be immersed 
into the teflon well containing the liquid subphase, the following method can be used: 
additional DEG is carefully added with a pipette into the liquid subphase, thereby lifting its 
meniscus. Once the meniscus reaches the level of the well opening, its convex shape (due to 
surface tension) allows careful insertion of the substrate below the floating thin-film 
supercrystal sample. Then the remaining DEG on the substrate is removed with a pipette so 
that the sample deposits onto it. For all these methods, after depositing the sample, DEG is 
removed without damaging the sample by careful pipetting or dabbing with a small piece of 
tissue around the sample area. TEM grids can also be dabbed carefully onto a filter paper with 
their bottom side so that DEG is soaked from below. Remaining DEG is further removed under 
reduced pressure/vacuum using an oil pump. A more detailed description of the synthesis and 
characterization of the materials can be found in a previous report.32 
 

Transmission electron microscopy (TEM): TEM samples of self-assembled Au nanosphere 
films were prepared by carefully skimming off the liquid subphase with a carbon-coated copper 
grid (400 mesh), held by a tweezer, then dried in vacuum for at least 1 h. These samples were 
measured with a JEOL 1011 at 100 keV and the measurements analyzed with Image-J. 

 

Scanning electron microscopy (SEM): The Au nanosphere supercrystals were imaged using a 
Zeiss Sigma SEM operated with a 10 kV acceleration voltage. 
 

Atomic force microscopy (AFM): AFM of the same Au nanosphere supercrystal domains 
measured by spatiotemporally-resolved thermoreflectance was performed using an NX20 
AFM (Park Systems) equipped with a PPP-NCHR 10M non-contact cantilever (Park Systems). 
Images were collected in non-contact mode. Images were flattened and corrected using 
Gwyddion.60 The film thickness was determined by comparing relative heights of the layers 
relative to the glass substrate. 
 



14 

Optical microscopy: Optical microscopy images were collected on the spatiotemporally-
resolved thermoreflectance setup using a white-light light emitting diode (LED) (MNWHL4, 
ThorLabs) and an adjustable collimating lens (SM1U25-A, ThorLabs) with a LED driver (T-
Cube LEDD1B, ThorLabs). 
 
Spatiotemporally-resolved thermoreflectance measurements: The experimental setup for 
measurements of spatiotemporally-resolved thermal diffusion was previously described in 
detail25 and was based on an instrument developed by Delor et al.37 Briefly, the home-built 
microscope used an inverted microscope configuration with a NA = 1.4 oil-immersion 
objective. Laser diodes with center wavelengths of 405 nm (LDH-D-C-405, PicoQuant) and 
635 nm (LDH-D-C-640, PicoQuant) and <100 ps pulse durations were used for the pump and 
probe beams, respectively, and were operated by PicoQuant drivers to electronically control 
the pump–probe time delay. We used a laser repetition rate of 500 kHz, with the pump 
modulated at 660 Hz. Both the pump and probe were spatially filtered through pinholes, the 
probe beam passed through a wide-field lens, the two beams are overlapped using a dichroic 
mirror and reflected into the objective by a 50/50 beamsplitter. This leads to an overlapped 
near-diffraction-limited pump and wide-field probe illumination. Probe light reflected from the 
sample was collected through the same objective, isolated with a band-pass filter and focused 
onto a CMOS camera, triggered at 660 Hz by the laser driver. The pixel calibration was done 
using a 1951 USAF Pattern resolution target (R3L1S4PR, Thorlabs), giving 28 nm/pixel. 
Pump–probe images are generated by taking the difference between pump-on and pump-off 
raw pixel intensities, normalized to the raw pump-off intensities, yielding ΔR/R contrast images 
as a function of time delay. Data acquisition was implemented in LabVIEW 2022 64-bit. Data 
analysis and plotting were performed using Python. All measurements were performed at an 
ambient temperature of 293 K. 

The pump fluence was calculated by measuring the power arriving at the sample 
position—using a microscope slide format power sensor (S171C, Thorlabs) and power meter 
(PM100D, Thorlabs)—and measuring the pump spot size (340 nm at FWHM) by imaging its 
reflection. The Au NC films were excited with a 2σ-integrated fluence of ≈40 μJ/cm2, 
corresponding to an approximate temperature rise of a few Kelvin after lattice equilibration 
(see estimation of absorption length below).14 In principle it is possible that the photoexcitation 
can alter the sample over the course of a measurement. However, we verified that the measured 
diffusivities did not depend on pump fluence over the range of 30–100 μJ/cm2, and we ensured 
that no sign of film damage was observed at the pump fluence used. 

To obtain the relaxation and mean-squared expansion curves, each ∆R/R image of a 
given spatiotemporally-resolved thermoreflectance time series is fitted to a normalized two-
dimensional Gaussian profile function with a common center and floating amplitudes and 
widths. The optimal center is determined using the Nelder-Mead algorithm to minimize the 
total sum of squared residuals between the entire series of pump–probe images and 2D gaussian 
functions. The width of the Gaussian σ versus time t is used to obtain the mean squared 
expansion, σ2(t) − σ2(t0). 
 
Estimation of nanocrystal supercrystal temperature jump: To estimate the photoinduced 
temperature jump in the Au NC film, we assume that all the energy of the absorbed photons is 
converted to heat because they are metallic. Assuming that the electron heat capacity is 
negligible compared to those of the NC lattice and film, the pump-induced film temperature 
jump is ∆T = U/ρCp, where U is the absorbed energy, ρ is the film mass density, and Cp is the 
film specific heat capacity. We use the average mass density—! = φNC!NC + (1 – φNC)!L, where 
φNC is the volume fraction of the NC core and !NC and !L are the densities of the NC core and 
ligand, respectively—and the mass-weighted specific heat capacity—Cp = mNCCNC + (1 – 
mNC)CL, where mNC and 1 – mNC are the mass fractions of the NC core and the ligand, 
respectively, and CNC and CL are the NC core and ligand specific heat capacities, respectively. 
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The volumetric heat capacity increases marginally 1.7–1.8 × 106 J m–3 K–1 going from 
monolayer to eight layers. The absorbed energy is given by U = J0(1 – 10–A)/L, where J0 is the 
pump fluence, A is the film absorbance, and L is the film thickness. J0 was simply determined 
from the pump power and spot size to be ≈40 μJ/cm2 at 2σ. We find A by measuring the 
absorption of a focused laser beam through a sample of known L as determined by AFM. With 
the sample mounted on a glass coverslip on the spatiotemporally-resolved thermoreflectance 
microscope, the focused 405 nm beam used for the pump source was positioned within an 
optically smooth region of a SC domain. The power passing through the SC relative to the 
power passing through a blank region of coverslip was measured using a S171C silicon 
photodiode power sensor and PM100D power meter (Thorlabs). Taking the 41 nm Au NC SC 
as a representative sample, the absorbance was found to be 0.50 to 2.0 when going from 
monolayer to eight SC layers. Taken together, we calculate a temperature jump in the range of 
0.5–3 K. 
 
Finite element simulations: COMSOL Multiphysics® 6.0 (COMSOL Inc., Los Angeles, CA) 
finite element software was used to simulate heat transport in the Au NC films. The simulations 
were conducted using the built-in Heat Transfer in Solids module. To render the simulations 
computationally feasible, we reduce the geometry to two dimensions, including the in-plane 
(parallel to the substrate) and out-of-plane (perpendicular to the substrate) thermal transport. 
Simulation geometries were constructed using a simplified rectangular region to act as the 
interstitial ligand which was then embedded with a vertically stacked hexagonal NC lattice 
consisting of 1 to 10 layers. Based on the TEM images of the NC film, we modeled Au–PSSH 
NCs as 41 nm diameter Au circles with 4.4 nm inter-NC gaps (Figure 2) or 30 nm NCs with 4 
nm gaps (Figure 4). The bottom of the composite film was in contact with glass while the top 
was in contact with air, both separated from the nearest NC edges by 5 nm—the observed inter-
NC gap size. Au NC cores were given the properties of bulk Au: a density of 19,300 kg m–3, 
thermal conductivity of 310 W m–1 K–1, and heat capacity of 129 J kg–1 K–1. For the interstitial 
PSSH, we assumed a density of 1000 kg m–3,6 thermal conductivity of 0.15 W m–1 K–1, and 
heat capacity of 1250 J kg–1 K–1 based on polystyrene thin films as a proxy.63 The Au–PSSH 
interface is treated as an equivalent thin resistive layer assuming a layer conductance of 50 
MW m–2 K–1 (see discussion below for estimation). The PSSH–glass interface has a layer 
conductance of 4 MW m–2 K–1 based on reports of polystyrene film–sapphire interfaces as a 
proxy.64 Thermal transfer to the air above the film was neglected. The lateral size of the film 
and width of the glass substrate were large enough to avoid edge effects in the thermal 
transport. 300 K was used as the ambient reference temperature, and simulations were 
initialized using a Gaussian profile (sigma = 180 nm) of elevated temperature with a peak of 
310 K (∆Tmax = 10 K), reflecting the experimental conditions. The mesh was constructed using 
a “fine” element size. The finite element simulation solves the heat equation (Fourier’s law) 
using a quadratic Lagrange discretization to calculate the time dependence of the temperature 
profile with a relative tolerance of 0.0001. The simulated temperature profiles as a function of 
time were treated analogously to the stoboSCAT data, fitting to a Gaussian function over time 
and calculating σ2(t) − σ2(0) to produce mean-squared expansion curves and thereby extract the 
diffusivity by fitting to 2Dt in the diffusive time regime. The contact with the substrate was 
removed when determining the simulation values for DSC to avoid mixing with the effects from 
the substrate and fitting was performed for the diffusive regime >10 ns. 

Estimation of interfacial thermal conductance of Au–PSSH. The interfacial thermal 
conductance between the Au NCs and the PSSH ligands was estimated by assuming that the 
thermal transfer per ligand is governed by the Au–thiolate binding and ligand grafting density, 
σ. Thus, we take the known interfacial thermal conductance (220 MW m–2 K–1)18 and ligand 
grafting density (4.8 ligands/nm2)18 for Au-dodecanethiol self-assembled monolayers (SAM) 
and adjust for the reduced ligand coverage of the bulk polymer ligands—cited to be about 1 
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ligand nm–2.6,32,49 This assumption is based on previous work that showed that the interfacial 
thermal conductance hNC–ligand is proportional to ligand grafting density, which in turn is radius 
(r) or surface curvature dependent such that hNC–ligand(r)/hNC–ligand(SAM) = σ(r)/σ(SAM).18 
Plugging in the values above gives hNC–ligand ≈ 50 MW m–2 K–1, which is the value used in our 
finite element simulations. 

 
Effective medium approximation (EMA): We find that EMA calculations of thermal diffusivity 
do not correctly predict the Au–polystyrene-thiol NC SC thickness dependence approaching 
the monolayer, but do predict an overall weak thickness dependence. Here we describe our 
calculations. Derived in the diffusive regime from Fourier’s law, the Hasselman Johnson 
Maxwell Euken formulation of the EMA has been established to work well in the case of 
multilayer NC solids.17,18,44 The effective thermal conductivity of the composite medium, keff, 
is given by the equation: 
 

 
 

where "lig is the ligand thermal conductivity, "NC the NC core thermal conductivity, r the NC 
core radius, hc the NC–ligand interfacial conductance, and φNC the NC core volume fraction. 
Then, the effective diffusivity of the composite medium can be calculated as Deff = keff/ρCp. 
Here, ρ is the composite mass density, while Malen and coworkers showed that, specifically, 
the mass-weighted average specific heat capacity Cp, is appropriate for NC arrays.17  

Within the framework of the EMA, keff changes due to changes in the volume fraction, 
assuming that the inter-NC spacing, ligand density, and ligand grafting density remain constant 
as a function of NC SC thickness. Deff, in turn, comprises changes in density and heat capacity 
as well. We assume that the long polymer ligands reorganize in a way that minimizes the 
surface area of the interface with other media. This means that the ligand layer forms a flat 
interface with the substrate and air for simplicity. We note that using a circular/spherical shell 
does not change the qualitative trend. 

As we compare EMA to the results of finite element and quasi-ballistic Monte Carlo 
simulations, which are two-dimensional, we first use area fractions, αNC, as a substitute for 
volume fractions. We find the area fraction for hexagonally-packed two-dimensional lattice of 
circles of Nlayers rows between two flat interfaces is: 

 

 
 

where Nlayers is the number of layers, d is the NC diameter and s the inter-NC spacing. In the 
bulk limit (Nlayers → ∞), we recover the area fraction of circles in a hexagonal unit cell, αNC, bulk 
= πd2/[2√3(d + s)2]. We take eight or ten layers to be a good approximation of the bulk as 
evidenced by the plateau in the diffusivity versus thickness curve seen in Figure 4b. 

To account for the three-dimensional nature of the hexagonally-packed spherical NCs, 
we find the NC volume fraction for spheres. We assume hexagonal close packing32 and that 
the ligands form flat interfaces with the air and glass, giving: 

 

 
 

In the bulk limit (Nlayers → ∞), we recover the volume fraction of spheres in a hexagonal close 
packed unit cell, φNC, bulk = πd3/[3√2(d + s)3]. 
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The above expressions were used to calculate Deff versus Nlayers using the same values 
for "ligand, "NC, d, s, and hc as were used in the finite element simulations stated above. The 
results appear in Figure 4b. In both cases the volume fraction of the NC core increases with 
increasing number of SC layers, leading to an increase in keff. While the averaged volumetric 
heat capacity ρCp slightly decreases with increasing number of SC layers, the change in keff is 
larger and thus Deff also increases weakly with Nlayers. 

 
Monte Carlo Simulations: The Monte Carlo simulations of quasi-ballistic transport were 
programmed in Python version 3.12.3, using a PCG pseudorandom number generator for the 
scattering angles. The calculations, parallelized with a process pool that handles multiple 
particles simultaneously, were performed on the supercomputers of Sorbonne Université 
(MCMeSU). The simulations consist in computing the trajectories of a large number of point-
like particles in a two dimensional, two-medium structure composed of a matrix (ligands) filled 
with a hexagonal array of circles (NCs). In a given medium, the particles travel a distance equal 
to Λ (mean free path) at a constant speed v before being scattered in a random direction. In the 
case where the particles reach the edge of a circle (NC–ligand interface) before having traveled 
a distance Λ since the last scattering event, they have a probability Pt of crossing the boundary 
and reaching the other medium where their speed and mean free path are updated accordingly 
and the trajectory is set to a random angle within the second material, or else they are scattered 
back into the initial material at a random angle. If the particles encounter the ligand–air or 
ligand–substrate boundary, they are scattered back into the ligand at a random angle. The 
interfacial scattering points are determined by solving the intersection between a line and a list 
of circles. The diffusivity is obtained by computing the mean squared displacement from the 
positions of 105–106 particles at each time step. In the case of an unconstrained continuous 
random walk in the Wiener limit, the particle’s mean squared displacement is linked to its mean 
free path and velocity through the relation σ2 = Λvt. By using the usual definition of the 
diffusion coefficient in two dimensions, σ2 = 4Dt, we can empirically calculate the velocity 
needed in the simulation for the carriers to achieve literature values of diffusivity in amorphous 
PSSH and bulk Au (v = 4D/Λ). The thermal conductivity, density, heat capacity and mean free 
path in PSSH were approximated as polystyrene thin films63 with kPSSH = 0.15 W m–1 K–1, ρPSSH 
= 1000 kg m–3, CPSSH = 1250 J kg–1 K–1, and ΛPSSH = 11.5 nm,46 which leads to a diffusivity of 
DPSSH = kPSSH/ρPSSHCPSSH = 120 nm2 ns–1. Such diffusivity would be reached for an effective 
average carrier velocity of vPSSH = 41.7 m s–1 in two dimensions. For gold, using bulk values 
of kAu = 315 W m–1 K–1, ρAu = 19,320 kg m–3, CAu = 129 J kg–1 K–1, and ΛAu = 37.7 nm,65 gives 
an effective velocity of around 13,400 m s–1. We note that the heat carrier velocities are 
artificially chosen such that plausible literature values are obtained when simulating Au-only 
or PSSH-only media. While the absolute value of diffusivity depends on the chosen velocity, 
we ensure that the diffusivity ratio between mono to few-layers and multilayer (D/D10L as 
shown in Figure 4b-g) is independent of the heat carrier velocity. The probability Pt for 
phonons to cross an interface in a given material is linked to the interfacial thermal conductance 
hc through the equation:66 

 

 
 

where Cv = ρCp is the volumetric heat capacity, and v is typically the sound velocity. While 
approximate, this single medium model still allows us to gain insight on a plausible range of 
values for Pt. For Cv  and v going from the ligand to the gold values and hc  in the range 50 ± 10 
MW m–2 K–1, Pt varies from 1% to 5%. 
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I. Electron microscopy images of nanocrystal supercrystals 
 

 
Figure S1. TEM images of Au nanocrystal supercrystals. (a) Monolayer of 40.6 nm 
nanocrystals with 5k PSSH ligands. (b-c) Monolayer (b) and multilayer (c) of 26.4 nm 
nanocrystals with 5k PSSH ligands. (d-e) Monolayer (d) and multilayer (e) of 28.8 nm 
nanocrystals with 12k PSSH ligands. 

 
 
 
  



S3 

II. Correlated optical microscopy and AFM 
 

 
Figure S2. Representative correlated optical and AFM mapping of 40.6 nm Au nanocrystal 
supercrystal sample. (a) Large area optical reflectance image. Composite image stitched 
together from several smaller regions. (b,c) Representative regions of interest as imaged in 
reflectance on spatiotemporally-resolved thermoreflectance microscope, highlighting regions 
where multiple steps can be seen for Nlayers = 1–10. (d,e) Topographical AFM images collected 
for the same regions studied by spatiotemporally-resolved thermoreflectance as pictured in 
panels (b,c). 
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III. AFM measurements of supercrystal thickness 

 

Table S1. AFM measurements of nanocrystal supercrystals 

Nlayer 

40.6 nm Au–PSSH5k (4.4 nm gap) 
Region 1 (Figure S2d) 

40.6 nm Au–PSSH5k (4.4 nm gap) 
Region 2 (Figure S2e) 

layer thickness (nm) cumulative 
thickness (nm) layer thickness (nm) cumulative 

thickness (nm) 
1 46.7 ± 0.8 46.7 48.8 ± 1.0 48.8 
2 38.3 ± 0.5 85.0 41.1 ± 1.5 89.9 
3 37.7 ± 0.5 122.7 39.6 ± 2.0 129.5 
4 38.1 ± 0.5 160.8 38.8 ± 0.8 168.3 
5 38.0 ± 0.5 198.8 38.8 ± 0.8 207.1 
6 38.0 ± 0.5 236.8 39.6 ± 0.8 246.7 
7 38.0 ± 0.5 274.8 37.0 ± 1.0 283.7 
8 38.0 ± 0.5 312.8 38.7 ± 0.8 321.7 
9 38.1 ± 0.8 350.9 37.9 ± 1.0 359.6 
10 37.7 ± 0.4 388.6 38.2 ± 0.8 397.8 

average for 
multilayer 38.0 ± 0.5 - 38.8 ± 1.1 - 

 

Nlayer 

26 nm Au–PSSH5k (6.1 nm gap) 29 nm Au–PSSH12k (6.8 nm gap) 

layer thickness (nm) cumulative 
thickness (nm) layer thickness (nm) cumulative 

thickness (nm) 
1 31.6 ± 0.6 31.6 42.6 ± 2.3 42.6 
2 28.5 ± 0.8 60.1 34.6 ± 1.0 77.2 
3 27.8 ± 1.2 87.9 31.5 ± 2.8 108.7 
4 28.3 ± 1.2 116.2 30.8 ± 0.3 139.5 
5 27.5 ± 0.8 143.7 30.5 ± 1.0 170 

average for 
multilayer 28.0 ± 0.4 - 31.9 ± 1.6 - 

All height measurements are given relative to the glass substrate collected in the same AFM image as 
the series of supercrystal thickness. 
 
AFM measurements were performed in the same regions probed by spatiotemporal 
thermoreflectance to confirm the local number of supercrystal layers. The thickness as a 
function of the number of SC layers was measured for all three samples. The results appear in 
Table S1. We find that the thickness of the monolayer is consistent with the NC diameter (d) 
plus two times the inter-particle distance (s) measured by TEM. This leads to the assumption 
in the simulations that the top and bottom ligand layers each have a typical thickness of about 
δ ≈ s (Figure S4). The thickness of the following layers is consistent with close packing, though 
with an average layer thickness slightly larger than  that would be expected for 
hard spheres of diameter d + s for the values measured by TEM. 
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Based on these AFM measurements, we model the SCs as close packed with NC 
diameters of d and inter-NC spacings of s throughout the middle of the SC, with top and bottom 
ligand layers of typical thickness δ = s (Figure S3). This is coherent with a picture in which the 
ligands highly interdigitate, minimizing the inter-NC spacing. This is the geometry used for 
our simulations. 

For simulations performed in two dimensions, we instead used a vertical spacing of 
 in order to maintain an inter-NC spacing of s as it is a critical parameter for the 

heat flow between NCs. 
We note that the 29 nm Au–PSSH12k is an exception, having an anomalously thick 

second layer that is 3.7 nm thicker than the average of Nlayers = 3–5. One explanation for this is 
that the first and second layers are separated by an extra ligand layer. This could happen for 
example if, during the self-assembly experiment and likewise during transfer to the substrate 
from the liquid substrate, already formed monolayers can overlap/stack. This picture is 
supported by the previous observation of Moiré patterns (Ref 32 of main text). The extra thick 
bilayer for the 29 nm Au–PSSH12k sample is correlated with a high thermal diffusivity 
measured for the bilayer for that sample (Figure 3), which qualitatively reinforces the picture 
that these excess ligand layers act as pathways with reduced scattering that enhance transport. 
 

 
Figure S3. Diagram of three-dimensional hexagonal packing of Au nanocrystals for 
thicknesses coherent with the AFM data of Table S1. The solid black circles represent a 
hypothetical ligand shell of thickness s around the nanocrystals. In the hypothesis of high ligand 
interdigitation between nanocrystals, a top and bottom ligand layer of thicknesses of s naturally 
arise. 
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IV. Geometry and temperature profiles from finite element simulations 
 

 
Figure S4. Geometries for finite element simulations with substrate. (a) Full geometry, which 
was made with a wide enough SC layer (100 to 300 NCs) and thick enough glass substrate to 
avoid edge effects. (b) Zoom on simulation geometry for hexagonal vertical packing of 
nanocrystals for Nlayers = 1, 2, and 10. 
 
 
 

 
Figure S5. (a) Two-dimensional temperature map and (b) corresponding temperature line cut 
profiles as a function of time for finite element simulations of a suspended 40.6 nm Au 
nanocrystal monolayer. 
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V. Correlated optical microscopy and AFM for suspended monolayer 
The suspended monolayer is distinct from the bilayer in that the transition in height is smooth 
unlike the step-edge observed for transitions between numbers of SC layers. Additionally, the 
locations interrogated by spatiotemporally-resolved thermoreflectance were lifted 10–20 nm 
above the flat monolayer—less than a complete monolayer thickness. These points, together 
with the matching diffusivity for the flat monolayer yet suppression of the late-time 
acceleration, strongly suggest that the monolayer is lifted from the substrate in this region. This 
could occur, for example, due to dust underneath the SC nearby or due to strain. 
 

 
Figure S6. Correlated optical and AFM mapping for a suspended monolayer of 40.6 nm Au 
nanocrystal supercrystal. (a) Optical reflectance image on spatiotemporally-resolved 
thermoreflectance microscope and (b) topographical AFM image collected for the same region 
in which the monolayer is suspended from the substrate. Locations where spatiotemporally-
resolved thermoreflectance measurements were performed are indicated as white circles. The 
average of measurements in these locations is reported in Figure 2. 
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VI. Mean squared expansion curves for different thicknesses 
Figure S7 shows representative experimental and simulated mean squared expansion curves as 
a function of sample thickness. While the apparent acceleration of heat transport starts around 
50 ns in the monolayer, it is delayed to around 100 ns in the bilayer and to >100 ns in the 4-
layer SC showcased here. This is consistent with a picture where the late-time acceleration is 
caused by heat transfer to the glass substrate: the thicker the sample, the longer it takes for the 
heat to dissipate. 
 

 
Figure S7. Timescales of heat dissipation to the substrate. Mean squared expansion curves of 
the transient thermal profile in mono-, bi-, and 4-layers (a) measured in the 41 nm nanocrystal 
supercrystal and (b) simulated by finite elements for d = 41 nm, s = 4.4 nm, and interfacial 
thermal conductances of 50 and 5 MW m–2 K–1 for the NC–ligand and ligand–substrate 
interfaces, respectively. Black dashed lines in panel (a) are a linear fit to the monolayer and 
bilayer data in the 10–40 ns time window, and in panel (b) to the monolayer. 
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VII. EMA in the low interfacial conductance limit 
Figure S8 shows the mono-to-ten layer diffusivity ratio versus number of SC layers assuming 
diffusive thermal transport for different values of the NC–ligand interfacial thermal 
conductance. In the limit of low interfacial thermal conductance, we obtain an enhancement of 
the monolayer diffusivity with respect to that of the bulk. This can be understood as an increase 
in the proportion of highly resistive interfaces that impede thermal transport as more layers are 
added. In other words, the ligand becomes the dominant conducting medium, and its volume 
fraction decreases with increasing number of supercrystal layers. However, this behavior 
becomes relevant only if the interfacial conductance is very small. Specifically, hc ≈ 2 MW    
m–2 K–1 is required to produce a significant enhancement of about 20%. This value is two orders 
of magnitude smaller than typical metal–ligand interfacial conductances (100–200 MW m–2  
K–1) and more than an order of magnitude smaller than the interfacial conductance estimated 
for our samples (~50 MW m–2 K–1). This model is not convincing to explain the behavior in 
our sample. In contrast, Monte Carlo simulations give a monolayer enhancement of over 20% 
despite using a more realistic value for hc by including nanoscale ballistic transport. 
 

 
Figure S8. Mono-to-ten layer diffusivity ratios versus number of supercrystal layers predicted 
by the Hasselman Johnson Maxwell Euken effective medium approximation for different 
values of NC–ligand interfacial conductance. The geometric and thermal parameters are the 
same as Figure 4 and appear in the Methods. 
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VIII. Representative Monte Carlo particle trajectories 

 

 
Figure S9. Monte Carlo simulation trajectory of quasi-ballistic thermal transport in 
mono- and multi-layer nanocrystal supercrystals. Large, zoomed-in version of Figure 4a for 
visual clarity. Representation of the monolayer and multilayer simulation geometries with 
example phonon trajectories in red. The inset depicts the definitions of the geometric 
parameters for the nanocrystal (yellow regions) and ligand (gray regions). The simulations were 
performed with Λlig = 11.5 nm, Pt = 1%, d = 30 nm, δ = s = 4 nm, and the material thermal 
parameters given in the methods. 
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IX. Quasi-ballistic heat carrier trajectory distribution 
It is insightful to examine the distribution of trajectories undertaken by heat carriers in the 
Monte Carlo simulations of quasi-ballistic transport (Figure 4a). For all particles and all 
scattering events, we average the distances that are freely traveled after the carriers are scattered 
at a certain angle θ with respect to the horizontal. Figure S10 shows the distribution of such 
distances, that is to say the direction-dependent mean free path subject to scattering at 
interfaces. In the monolayer, the free path distribution is concentrated around θ = 0° (and 180°) 
while it is more broad in the multilayer. The 6-fold symmetry of the paths through the 
interstitial ligand paths in the hexagonal packing dominate for the 10 layer SC. On average, 
heat carriers travel a longer horizontal or nearly-horizontal distance in the monolayer than in 
the multilayer. This reveals a preferential direction for heat transport; carriers move more easily 
horizontally in the monolayer rather than in the multilayer. This enhancement in the free path 
around θ = 0° (and 180°) comes from the top and bottom ligand layers of the supercrystal that 
enable long horizontal paths with fewer scattering centers not available within the bulk. 
 

 
Figure S10. Quasi-ballistic heat carrier trajectories. Distribution (a) and polar plot (b) of 
heat carrier mean free paths as a function of the scattering angle from Monte Carlo simulations 
for mono- and multi-layer. The scattering angle is defined relative to the horizontal. 
Simulations correspond to those in Figure 4. Simulation parameters appear in the Methods. 


