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Surface chemistry mediates thermal transport in
three-dimensional nanocrystal arrays
Wee-Liat Ong1†, Sara M. Rupich2†, Dmitri V. Talapin2*, Alan J. H. McGaughey1,3

and Jonathan A. Malen1,3*
Arrays of ligand-stabilized colloidal nanocrystals with size-
tunable electronic structure are promising alternatives to
single-crystal semiconductors in electronic, optoelectronic and
energy-related applications1–5. Hard/soft interfaces in these
nanocrystal arrays (NCAs) create a complex and uncharted
vibrational landscape for thermal energy transport that will in-
fluence their technological feasibility. Here, we present thermal
conductivity measurements of NCAs (CdSe, PbS, PbSe, PbTe,
Fe3O4 and Au) and reveal that energy transport is mediated by
the density and chemistry of the organic/inorganic interfaces,
and the volume fractions of nanocrystal cores and surface
ligands. NCA thermal conductivities are controllable within
the range 0.1–0.3 W m−1 K−1, and only weakly depend on the
thermal conductivity of the inorganic core material. This range
is 1,000 times lower than the thermal conductivity of sili-
con, presenting challenges for heat dissipation in NCA-based
electronics and photonics. It is, however, 10 times smaller
than that of Bi2Te3, which is advantageous for NCA-based
thermoelectric materials.

Colloidal nanocrystals self-assemble into NCAs with electronic
and optical properties that can be broadly tuned by nanocrystal
composition and size1–4,6–8. To be considered as viable replacements
for traditional semiconductors, NCA-based technologies must
also meet thermal management demands as high operating
temperatures degrade device performance and lifetime. Thermal
conductivity (k) quantifies a material’s ability to dissipate heat and
relates temperature gradient (∇T ) to heat flux (q) through Fourier’s
law, q=−k∇T . Inmetals,most heat is carried by electrons, whereas
in semiconductor and insulating crystals, thermal conductivity
arises from the transport and scattering of quantized vibrations
that are born from the periodic atomic lattice, that is, phonons.
Our NCAs are non-metallic and have a vibrational structure that
is complicated by compositional heterogeneity and periodicity
at two length scales: the atomic lattice within each core and
the array of periodic cores separated by ligand monolayers.
Studies of planar self-assembled monolayer (SAM) junctions
show that surface chemistry can control energy transport at the
interface between two solids9, but does it also influence the
thermal conductivity of a bulk three-dimensional solid with a
complex network of internal interfaces? We herein report on the
hitherto unknown thermal transport properties of NCAs, using
systematic thermal conductivity measurements complemented by
heat capacitymeasurements and atomistic simulations.

A series of NCAs was prepared with varying core diameters,
core materials and ligand groups (Table 1) through spin-coating
concentrated colloidal solutions onto silicon wafers6. During film
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formation, the monodisperse nanocrystals self-assembled into
arrays, as seen in Fig. 1a–c. For thermal conductivitymeasurements,
the NCA films were coated with a gold transducer (150–250 nm
thick) by electron-beam evaporation.

The specific heat capacity (Cp) of the NCAs was determined
using differential scanning calorimetry (DSC). The measured
Cp varies with temperature and nanocrystal size as shown for a
diameter series of PbSNCAs in Fig. 1d,e. The abrupt change in slope
in Cp around 200K is the result of a glassy transition of the oleate
ligands10,11, as these unsaturated hydrocarbon tails do not crystallize
at the nanocrystal surface. In contrast, the CdSe NCAs capped with
long saturated hydrocarbon chains (that is, n-tetradecylphosphonic
acid) can form ordered domains at the nanocrystal surface, indi-
cated by sharp peaks in the DSC curves in Supplementary Fig. S1.
We find that Cp can be estimated from a weighted average based on
the constituent mass fractions determined from thermogravimetric
analysis (TGA; Supplementary Fig. S2) and the bulk specific heat
capacities of the inorganic corematerial and the ligand (Fig. 1e).

Molecular dynamics simulations and harmonic lattice dynamics
calculations were performed to elucidate how the vibrational
structure of a nanocrystal is related to its constituent core and
ligands (see Supplementary Information). The vibrational density
of states (vDOS) of a 2.8-nm-diameter Au nanocrystal and its
constituent Au core and dodecanethiol ligands are shown in Fig. 2.
The Cp of solids results from occupation of the vDOS according
to Bose–Einstein statistics. All core vibrational states overlap with
ligand states below the thermal activation frequency at 300K.
Higher-frequency ligand states have no corresponding core states
to overlap with at higher temperatures. These two general features
will be found for core materials with a similar Debye temperature
to Au (165K). Similarities in the vDOS of the nanocrystal and its
components thus explain why the measured Cp is consistent with
the estimate based on mass fraction. In this work, experimental
thermal conductivitymeasurements were carried out to understand
how this vibrational structure influences thermal transport.

To measure the thermal conductivity of the NCA thin films,
we employed the frequency-domain thermal reflectance (FDTR)
technique detailed in theMethods12. For CdSe NCAs, the measured
thermal conductivities are independent of film thickness at
temperatures of 10, 77 and 300K, as shown in Supplementary
Fig. S3a (room-temperature measurements for other NCAs are
shown in Supplementary Fig. S3b). This result suggests that thermal
transport in NCAs is dominated by diffusive phonons with short
mean-free paths. Furthermore, the thickness invariance indicates
that our measured values are bulk-like and not distorted by thermal
resistances at the Au/NCA andNCA/Si boundaries.
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Table 1 |Nanocrystals and ligands used for the preparation of NCA thin films.

Core Diameter (nm) Ligand Type of material

CdSe 3.5, 4.1 n-tetradecylphosphonic acid Semiconductor
5.2 n-octylphosphonic acid
4.8 (N2H5)2In2Se4

PbS 3.5, 4.5, 5.2 Oleic acid Semiconductor
7.5 Oleic acid, nonanoic acid, Na3AsS3, N2H4

PbSe 7.5 Oleic acid Semiconductor
PbTe 7.5 Oleic acid Semiconductor
Fe3O4 4.5, 8 Oleic acid Metal oxide
Au 4.5 n-dodecanethiol Metal
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Figure 1 | Structure and heat capacity of NCA films. a, Schematic of a gold-coated NCA film where an intensity-modulated pump laser periodically heats
the sample and a probe laser senses the resultant temperature change by thermoreflectance to measure thermal conductivity (see Methods for FDTR
details). The magnified view to the right depicts the NCA thin film. b, SEM cross-sectional image of a 7.5-nm-diameter PbS NCA film. c, Planar TEM image
of an 8-nm-diameter Fe3O4 NCA film showing a regular close-packed arrangement. d, Specific heat capacity data as a function of temperature for a
diameter series of PbS nanoparticles coated with oleic acid ligands. e, The specific heat capacity of a NCA at 300 K can be estimated as a mass-weighted
function of the specific heat capacities of the core material (Ccore) and the ligand (CLigand) such that, CP=mcoreCcore+mLigandCLigand, where mcore is the
mass fraction of the core and mLigand is the mass fraction of the ligand. The plot shows the measured and estimated values using bulk values of PbS
(Ccore=0.19 J g−1 K−1, ref. 24) and oleic acid (CLigand= 2.043 J g−1 K−1, ref. 30). Error bars represent uncertainty from DSC and TGA measurements.

The measured thermal conductivity as a function of core
diameter for CdSe, PbS, PbSe, Au and Fe3O4 NCAs is shown
in Fig. 3a. Regardless of the core material, the NCA thermal
conductivity increases with increasing diameter. The inset of
Fig. 3a shows that kNCA is insensitive to the core-material bulk
thermal conductivity for nanocrystals of the same diameter.
To understand these trends, effective medium approximations
(EMAs) of thermal conductivity are compared with data for
PbS NCAs in Fig. 3b (see Supplementary Information for EMA
details). EMAs predict thermal conductivity of composites in terms
of the constituent volume fractions and thermal conductivities.
Specification of the ligand thermal conductivity is challenging
because the ligand molecules are covalently bound to the inorganic
cores through metal–ligand bonds, thus creating structure in the
NCA that is absent in pure ligand molecules. To estimate the

thermal conductivity of bound oleate ligands, we used FDTR to
independently measure the thermal conductivity of Pb oleate (a
waxy solid at 300K). We find kPb oleate = 0.13± 0.02Wm−1-K−1,
which is 40% lower than liquid oleic acid13. With this value,
effective medium theory14, a specific EMA that assumes a random
distribution of the two phases, captures the increasing trend due
to increasing core volume fraction, yet severely overestimates kNCA.
The Maxwell Euken14 (ME) EMA assumes dispersed spheres in
a continuous matrix, yet still overestimates kNCA despite more
accurately representing the NCA structure.

It is known that thermal interface conductance h between the
phases in a composite can reduce its effective thermal conductivity.
We fit a version of the ME model, modified by Hasselman and
Johnson15 (HJ–ME) with the addition of a finite h, to predict
kNCA. For a best fit h of 140+170

−80 MWm−2 K−1, HJ–ME agrees well
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Figure 2 | vDOS of a 2.8-nm-diameter Au nanocrystal and its individual
constituents (Au core and a dodecanethiol ligand) predicted from lattice
dynamics calculations. The blue vertical lines represent the vibrational
spectrum of one ligand. The yellow region is the vDOS of the Au core,
which is enclosed in the green vDOS of the nanocrystal. The vertical red
line represents the thermal activation frequency (kBT/h) at a temperature
of 300 K (kB is the Boltzmann constant and h is the Planck constant).

with our data, as shown in Fig. 3b. This value is comparable
with direct measurements of thermal conductance through a
planar alkanethiol-SAM/Au interface (220± 100MWm−2 K−1)16.
SAM junctions9,17 have a lower measured thermal conductance
(25–70MWm−2 K−1) because they include additive resistances due
to the SAM itself and two interfaces. Amendments to HJ–ME by
Minnich et al.18 include reduced phonon mean-free paths due
to nanostructuring, yet do not improve the fit because kNCA is

insensitive to the core thermal conductivity (Fig. 3a). Hence, the
increase of kNCA with nanocrystal diameter can be rationalized on
the basis of decreased interface density and increased core volume
fraction that accompany increased core diameter.

The EMA analysis points to h as a crucial factor in explaining
kNCA and temperature-dependent measurements of kNCA can
provide further insight. The thermal conductivities of PbS, PbSe,
PbTe and CdSe NCAs increase from 10 to 200K and plateau above
200K, as shown in Fig. 3c,d. This behaviour suggests that interfacial
vibrational energy transport at the measured temperatures is
dominated by elastic events, whereby the frequencies of the
interacting states are the same, and can be understood by
considering the vDOS. Below a temperature of 200K, which
is near the Debye temperatures (θD) of CdSe, PbS, PbSe and
PbTe (θD,CdSe = 182K, ref. 19; θD,PbS = 225K, θD,PbSe = 175K,
θD,PbTe= 136K, ref. 20) increasing the temperature increases the
populations of vibrational states with frequencies that are common
to the cores and ligands. When the temperature increases beyond
the core θD, the vibrational frequencies common to the cores and
ligands are fully activated. Additional higher-frequency ligand states
continue to be activated (Fig. 2), but as these ligand states do not
have core states to couple with elastically, the thermal conductivity
plateaus. This hypothesis is supported by the thermal conductivity
of Fe3O4 NCAs, which plateaus above 300K (Fig. 3c,d), consistent
with Fe3O4 having a significantly higher Debye temperature
(θD,Fe3O4 > 350K, ref. 21) than PbS, PbSe, PbTe or CdSe. The
critical role of the interface in the temperature dependence is
confirmed by the thermal conductivity of Pb oleate (oleate is
the ligand in the Fe3O4, PbS, PbSe and PbTe NCAs), which
shows an earlier plateau that cannot be the lone source of the
variable NCA plateaus (see temperature dependence of h in the
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Figure 3 | Effects of NCA geometry and temperature on thermal conductivity. a, Diameter series data for various NCAs have increasing thermal
conductivity with core diameter regardless of core composition. The trend of the molecular dynamics (MD) simulation results agrees with the
experimental data. The inset shows that kNCA does not strongly depend on the thermal conductivity of the bulk core material. The orange dotted line here
and in b is the thermal conductivity of Pb oleate at 300 K. b, EMAs (effective medium theory14 (EMT); Hashin LB, ref. 31) cannot explain the PbS NCA data
without the use of a finite thermal conductance at the core/ligand interface, which is integral to HJ–ME and Minnich models (see Supplementary
Information for details of EMAs). These models clarify that increased kNCA results from decreased interface density (from 4.37× 108 m2 m−3 to
3.43× 108 m2 m−3) and increased core volume fraction (from 0.24 to 0.43) over the diameter range 3.3–7.5 nm. c, Temperature series for CdSe
(diameter=4.1 nm, θD,CdSe= 182 K; ref. 19), PbS (diameter= 7.5 nm, θD,PbS= 225 K; ref. 20), PbSe (diameter= 7.5 nm, θD,PbSe= 175 K; ref. 20), PbTe
(diameter= 7.5 nm, θD,PbTe= 136 K; ref. 20) and Fe3O4 (diameter=8.0 nm, θD,Fe3O4 > 350 K; ref. 21) NCAs, and Pb oleate ligands. The points have been
slightly offset in temperature so error bars can be resolved. T2 and T3 scalings are included for reference. d, Normalized temperature series for Pb oleate
ligands and PbSe and Fe3O4 NCAs (with the respect to their maximum thermal conductivity) plateau above 150 K for Pb oleate, 200 K for PbSe and 300 K
for Fe3O4 NCA. Error bars represent the uncertainty in FDTR measurements (ref. 12).
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Figure 4 | Effects of NCA chemistry on thermal conductivity.
a, Oleate-capped lead chalcogenide NCAs show a decrease in thermal
conductivity with larger mass ratio, that is, smaller core Debye temperature
θD (θD from ref. 20). The molecular dynamics (MD) simulation data are
displaced horizontally for clarity. b, NCA thermal conductivity for different
inorganic (In2Se4

2−, AsS3
3−, N2H4) and organic ligands

(tetradecylphosphonic acid (TDPA) and oleic acid (OA)) on CdSe and PbS
nanocrystals. Shorter inorganic ligands increase the thermal conductivity
by 50% relative to organic ligands. Error bars represent the uncertainty in
FDTR measurements (ref. 12).

Supplementary Information). The dominance of elastic scattering
events at the interfaces in the NCA is supported by experimental
Au/alkanedithiol/GaAs SAM junction thermal conductances, which
plateau above a temperature of 200K (ref. 22). If inelastic events
were present at the interface, then the thermal conductance
would continue to increase with increasing temperature23. We
also observe that the thermal conductivity scales as T α below a
temperature of 50 K, where 2 < α < 3, a scaling that requires
further investigation.

Core–ligand chemistry defines the electronic properties of NCAs
(ref. 2). For example, the electronic conductivity of a PbSe NCA
recorded a ten order of magnitude increase by exchanging the
oleic acid ligands with shorter hydrazinemolecules1,2. To determine
whether thermal transport parallels charge transport, core and
ligand chemistries were systematically changed. Lead chalcogenide
(PbS, PbSe and PbTe cores, all 7.5 nm in diameter) NCAs were
chosen to isolate the effect of core species as they can be prepared
with the same oleate ligand group. The experimental thermal
conductivity results are plotted in Fig. 4a versus the mass ratio of
the core species (species average) and the methylene group (CH2)
of the ligand. A decreasing thermal conductivity with increasing
mass ratio is observed. This result corresponds to a decreasing
thermal conductivity with decreasing θD (that is, heavier core

species). The 30% reduction for PbS versus PbTe NCAs cannot
be solely explained by the reduced bulk thermal conductivity of
PbS versus PbTe, which amounts to only a 5% change in kNCA
(based on HJ–ME; ref. 24). Furthermore, lower θD identifies a
shift of core phonons to lower-frequency states having less overlap
with the high-frequency ligand states. Theory suggests that this
misalignment will reduce h (ref. 25) and on the basis of kNCA data,
HJ–ME indicates that h is reduced from 140+170

−80 MWm−2 K−1 for
PbS to 72+57

−34 MWm−2 K−1 for PbTe NCAs.
The role of ligand chemistry in NCA thermal transport was elu-

cidated by exchanging the long organic ligands with short inorganic
ligands (N2H4, AsS33−, In2Se42−) on PbS and CdSe nanocrystals
originally capped with oleate and n-tetradecylphosphonate ligands,
respectively. The thermal conductivities increased by 50% after the
ligand exchange, as shown in Fig. 4b. NCAs with long organic lig-
ands are electrically insulating, inhibiting electrons as potential heat
carriers. NCAs with short inorganic ligands, however, have such a
small inter-core separation that electronic coupling between neigh-
bouring nanocrystals has been reported6. Using the Wiedemann–
Franz law for PbSe–N2H4 and CdSe–In2Se42− NCAs (refs 5,6), we
estimate electronic thermal conductivities of 6.2×10−3 Wm−1 K−1
and 2.7× 10−2 Wm−1 K−1 based on their electrical conductivi-
ties. These estimates are at least an order of magnitude smaller
than our measured values, verifying that electronic contributions
to kNCA are negligible.

Despite higher interface density and absent electronic contri-
butions, several explanations for increased kNCA in Fig. 4b may be
at play within the framework of HJ–ME. Using PbS nanocrystals
capped with N2H4 or oleate ligands as an example, the shorter
N2H4 ligands have a higher bulk thermal conductivity26 than oleic
acid13. Contraction of the NCA structure due to shorter ligands
increases the core volume fraction for PbS (7.5 nm) from 0.43
to 0.61, which alone results in an increased HJ–ME prediction
from 0.22 to 0.28Wm−1 K−1. Finally, the value of h may increase
owing to improved alignment of the core–ligand vibrational states
resulting from heavier ligand atoms.

To gain further insight into the thermal conductivity mea-
surements, molecular dynamics simulations were performed on
a simplified non-dimensionalized NCA model as shown in Sup-
plementary Fig. S5 (see Supplementary Information for details).
This model mirrors several salient features of real NCAs. Notably,
a similar mass ratio of the core and ligand species, overlapping
ligands between neighbouring nanocrystals, and weak inter-ligand
interactions. In Figs 3a, 4a and Supplementary Fig. S3a, the simula-
tion results are plotted alongside the measurements. Although the
simulation values cannot be directly compared with experiments,
the non-dimensionalized predictions show similar trends in film
thickness, nanocrystal diameter and mass ratio. Perhaps the most
enlightening result is the temperature profile in Supplementary
Fig. S5, where all of the temperature drops occur across the ligand
junctions between the isothermal cores. This behaviour supports
our experimental conclusion that thermal transport is ligand medi-
ated, and on the basis of themass ratio results, influenced by h.

We have shown that the NCA thermal conductivity is mitigated
by the overlap and coupling of the core and ligand vibrational
states and the volume fractions of the constituents. On the basis of
our measurements, the temperature gradient within a NCA-based
light-emitting diode active region or field-effect transistor will be
100–1,000 times higher than in commercial devices that use Si or
other single-crystal semiconductors, posing further requirements
for thermal management and electronics packaging. Nevertheless,
exchanging the long organic ligands with shorter inorganic ligands
increases the electrical conductivity by many orders of magnitude5
with an accompanied increase of only 50% in thermal conductivity.
This decoupling of the thermal and electronic properties evokes
hope for solution-processableNCA-based thermoelectrics.
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Methods
Nanocrystal synthesis. We synthesized highly monodisperse PbS, PbSe, PbTe,
CdSe, Au and Fe3O4 nanocrystals according to literature methods. Details are
given in the Supplementary Information. Briefly, PbS, PbSe and PbTe nanocrystals
were synthesized by reacting lead oleate with bis(trimethylsilyl)sulphide,
tri-n-butylphosphine selenide or tri-n-octylphosphine telluride, respectively. CdSe
nanocrystals were synthesized from dimethylcadmium and tri-n-octylphosphine
selenide at 300 ◦C in the presence of n-alkylphosphonic acid, trioctylphosphine
and hexadecylamine. Fe3O4 nanocrystals were synthesized by controlled thermal
decomposition of iron oleate in 1-octadecene.

Ligand exchanges. Na3AsS3-capped PbS nanocrystals were prepared according
to the method in ref. 27, and redispersed in dimethylformamide. The
(N2H5)2In2Se4-capped CdSe nanocrystals were prepared according to the
method in ref. 28. A solid-state ligand exchange with N2H4 was carried out on PbS
NCAs to partially remove the oleic acid ligands according to the method in ref. 1.
Further details are provided in the Supplementary Information.

NCA preparation. NCAs were prepared by spin-casting (18 s at 1,000 r.p.m.
followed by 60 s at 1,500 r.p.m.) concentrated (15–60mgml−1) colloidal
solutions in chloroform or chlorobenzene for organic-capped nanoparticles,
dimethylformamide for Na3AsS3-capped PbS nanocrystals and hydrazine
for (N2H5)2In2Se4-capped CdSe nanocrystals on polished Si wafers. For the
organic-capped samples the native oxide on the Si was etched by treating with
4% HF solution for 2–3min before rinsing with deionized water and drying
under N2 flow. For the inorganically capped nanocrystals, the Si wafers were
oxygen plasma treated for 5min. A layer of Au was deposited on the PbS, PbSe,
PbTe, CdSe and Fe3O4 samples using an electron-beam evaporator whereas
a thermal evaporator was used for the Au samples where the substrate was
cooled with liquid N2.

Characterization. The size of the nanocrystal cores was determined using the
relations between the absorption maximum and nanocrystal size for lead- and
cadmium chalcogenide nanocrystals and/or transmission electron microscopy
(TEM). Absorption spectra were collected on a ultraviolet–visible–near-infrared
spectrophotometer (Cary 5000). TEM images were collected on an FEI Tecnai
F30 microscope. Thermal analysis of the NCAs was carried out using both TGA
on either a Mettler Toledo 851 or a TA instruments SDT Q600 and DSC on
a Mettler Toledo 823.

The NCAs were characterized using scanning electron microscopy (SEM) on a
FEI Nova NanoSEM 200 and atomic force microscopy (AFM) on a Nanoscope V
(Digital Instruments). The thickness of the films was measured over multiple areas
by cleaving the samples in half and imaging at a 90◦ angle. The surface morphology
and root-mean-square roughness was acquired in AFM tapping mode. Further
details are provided in the Supplementary Information.

FDTR method. Our FDTR technique, illustrated in Supplementary Fig. S4a,
employs two continuous wave lasers (Coherent) to heat the sample and measure
its thermal response to identify the unknown NCA thermal conductivity29. The
488 nm laser (the pump) is intensity-modulated and periodically heats the gold
surface while the 532 nm laser (the probe) continuously monitors the resultant
thermal response through the thermoreflectance of the gold layer. The pump
is modulated sinusoidally from 100 kHz to 20MHz. The resulting probe signal
is measured using a radiofrequency lock-in amplifier (Stanford Instrument,
SR844), producing a set of frequency-dependent phase data, related to the thermal
properties of the sample. These data are fitted using a thermal conduction model
(see Supplementary Table S1 for fitting parameters) to determine the unknown
thermal conductivity of the NCA (ref. 29).

The phase data and fits shown in Supplementary Fig. S4b for a bare silicon
substrate and a silicon substrate with a 50 nm PbS NCA film demonstrate the high
sensitivity of the FDTR technique to the presence of the NCA film. The resulting
thermal conductivity has an uncertainty of 15–20% due to goodness of fit of the
model and input parameter uncertainties (NCA film thickness, NCA heat capacity,
Si substrate thermal conductivity, Au film thermal conductivity, Au film thickness,
laser spot diameter)12. To minimize this uncertainty, we separately measured the
thermal conductivities of the Si substrate (using FDTR) and gold film (using either
FDTR or the Wiedemann–Franz law through sheet resistance measurements made
on a dielectric sample that was coated with Au at the same time as the NCAs). The
largest uncertainty results from thickness variations in the NCA film, which were
quantified to be approximately 10% of the film thickness by both SEM and AFM
(see Supplementary Table S2 for sample images).

Experimentally measured heat capacity values were used as input to the
heat conduction model for temperatures greater than 150K. The fitting model is
insensitive to the exact NCA heat capacity values at lower temperature. At these
low temperatures, changing the heat capacity values by an order of magnitude
causes the resultant thermal conductivity value to vary within the experimental
error. This is a result of the pump being typically modulated with a period much
longer than the NCA film thermal time constant (τ = L2/α, where L is the NCA
film thickness and α is the NCA thermal diffusivity). In this regime the NCA

heat capacity becomes unimportant for determining the thermal conductivity
because the temperature profile in the film is quasi steady-state. For example,
the thermal time constant at temperatures of 150 and 300K for a 50-nm-thick
7.5-nm-diameter PbS NCA is approximately 19 and 27 ns, restricting the heating
frequency to below 52 and 36MHz for quasi steady behaviour and insensitivity
to the NCA heat capacity.
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