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C
olloidal nanocrystals (NCs) are an im-
portant class of nanoparticle that can
be synthesized with precise size,

shape, and composition. This morphological
control enables excellent control over NC
properties and facilitates their use asbuilding
blocks for nanocomposites with novel and
tunable properties that are unachievable in
bulk materials.1�3 One commonly studied
NC-based material is the colloidal NC solid,
which consists of a densely packed array of
colloidal NCs. These colloidal NC solids have
been employed across a wide range of ap-
plications including light emitting diodes
(LEDs),4,5 photovoltaics,6,7 electronics,8,9 ther-
mal storage,3,10 and thermoelectrics.11,12 In
each of these applications, thermal transport
properties play an important role. For exam-
ple, a high thermal conductivity is desirable
for LEDs, photovoltaics, and electronics be-
cause thisminimizes temperature rise during
operation, which improves both device per-
formance and lifetime. A high thermal con-
ductivity is also beneficial for thermal storage

because it facilitates fast thermal charging/
discharging. In contrast, a low thermal con-
ductivity is ideal for thermoelectric applica-
tions because this improves efficiency in
thermoelectric coolers and generators. De-
spite the importance of thermal conductivity
in each of these applications, experimental
data on thermal transport in NC solids is very
limited.13

Colloidal NCs consist of an inorganic crys-
talline core with ligands bound to its sur-
face. The native ligands on colloidal NCs are
typically bulky organic molecules (e.g., oleic
acid, trioctylphosphine oxide, alkanethiols,
etc.). These native ligands help control the
nucleation and growth of colloidal NCs
during synthesis and are hence necessary
from a synthetic perspective. However,
these native ligands are generally undesir-
able from a functional materials perspective
(e.g., electrically insulating). Previous studies
have shown that the choice of ligands
dramatically affects NC properties,14�20

and it is now a common practice to replace
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ABSTRACT We present a systematic study on the effect of

surface chemistry on thermal transport in colloidal nanocrystal (NC)

solids. Using PbS NCs as a model system, we vary ligand binding

group (thiol, amine, and atomic halides), ligand length

(ethanedithiol, butanedithiol, hexanedithiol, and octanedithiol),

and NC diameter (3.3�8.2 nm). Our experiments reveal several

findings: (i) The ligand choice can vary the NC solid thermal

conductivity by up to a factor of 2.5. (ii) The ligand binding strength

to the NC core does not significantly impact thermal conductivity.

(iii) Reducing the ligand length can decrease the interparticle distance, which increases thermal conductivity. (iv) Increasing the NC diameter increases

thermal conductivity. (v) The effect of surface chemistry can exceed the effect of NC diameter and becomes more pronounced as NC diameter decreases. By

combining these trends, we demonstrate that the thermal conductivity of NC solids can be varied by an overall factor of 4, from ∼0.1�0.4 W/m-K. We

complement these findings with effective medium approximation modeling and identify thermal transport in the ligand matrix as the rate-limiter for

thermal transport. By combining these modeling results with our experimental observations, we conclude that future efforts to increase thermal

conductivity in NC solids should focus on the ligand�ligand interface between neighboring NCs.
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the native ligands with new ligands that impart desir-
able properties. For example, by replacing the native
dodecanethiol ligands with metal chalcogenide com-
plexes, the electrical conductivity of Au NC solids was
increased by 10 orders of magnitude.18 In another
example, the optical absorption of PbS NCs was in-
creased by a factor of 3 through the use of short
conjugated ligands.19 In addition to these intended
effects on electrical and optical properties, it is impor-
tant to understand how ligand choice affects thermal
transport.
Thermal transport in NC solids was first experimen-

tally studied by Ong et al.13 They found very low
thermal conductivities and that NC diameter had the
biggest impact on this property. They also conducted
limited experiments on ligand-exchanged NC solids
and found moderate thermal conductivity increases of
∼50%. A couple of molecular dynamics studies have
since confirmed the importance of NC diameter on
thermal transport and also identified the NC core-
ligand interface as an important parameter.21,22 While
these studies are important landmarks in the study of
thermal transport in NC solids, important questions
regarding the effect of surface chemistry remain. How
does the ligand's binding group and backbone length
affect thermal transport in NC solids? Can ligand
exchange increase NC solid thermal conductivity be-
yond the moderate 50% demonstrated by Ong et al.?
How is the impact of surface chemistry on thermal
transport affected by NC diameter?
To address these questions, we study thermal trans-

port in PbS NC solids and systematically vary NC dia-
meter and ligand structure. Our choice of PbS as a
model system is motivated by the technological impor-
tance of PbS NC solids to optoelectronic applications,
such as photodetectors6,23 and photovoltaics.7,16,24 In
addition, PbS is among the most well understood
colloidal NCs and there is a wide body of literature
detailing its structure,25,26 properties,27,28 and behav-
ior.29,30 The native ligands on the PbS NCs in this study
are oleic acid (OA) and we exchange these with ligands
of varying backbone length (ethanedithiol, butane-
dithiol, hexanedithiol and octanedithiol) and different
binding groups (thiols, amines, and halides). Our experi-
ments reveals several findings: (i) The choice of ligand
can increase the thermal conductivity of NC solids by up
to ∼150%. (ii) The ligand binding strength to the NC
core does not significantly impact thermal conductivity.
(iii) Reducing the ligand length can decrease the inter-
particle distance, which increases thermal conductivity.
(iv) Increasing the NC diameter increases thermal con-
ductivity. (v) The effect of surface chemistry can exceed
the effect of NC diameter and becomes more pro-
nounced asNCdiameter decreases. By combining these
trends, we demonstrate that the thermal conductivity
of NC solids can be varied by an overall factor of 4,
from ∼0.1�0.4 W/m-K. We complement these thermal

transport findings with effectivemedium approximation
(EMA) modeling and identify thermal transport in the
ligand matrix as the rate-limiting factor for heat trans-
fer. By combining our experimental observations with
these modeling results, we conclude that future efforts
to increase thermal conductivity in NC solids should
focus on the ligand�ligand interactions between
neighboring NCs.

RESULTS AND DISCUSSION

We synthesized PbS NCs with OA ligands using
the hot-injection method described by Hines et al.31

Figure 1b shows a representative transmission electron
microscopy image of the PbS NCs made using this ap-
proach and X-ray diffraction confirms the crystalline
structure of the PbS core (Figure 1d). Varying the
reaction conditions enabled NC diameter control from
3.3 to 8.2 nm (Figure S5). After synthesis, the PbS NCs
were spin-coated onto silicon substrates to yield a
NC solid thin film (Figures 1a and 1c). The native OA
ligands were then replaced with new ligands using a
solid-state process. Seven different surface treatments
were performed in this study: 1,2-ethanedithiol (EDT),
1,4-butanedithiol (BDT), 1,6-hexanedithiol (HDT), 1,8-
octanedithiol (ODT), ethylenediamine (EDA), tetrabu-
tylammonium iodide (TBAI), and cetrimoniumbromide
(CTAB). The structures of these molecules are illu-
strated in Figure 2b. We note that treating PbS NCs
with TBAI and CTAB results in an NC surface that is

Figure 1. (a) Schematic of a PbS nanocrystal solid thin film
on a silicon substrate. (b) A transmission electron micro-
scopy image of 8.2 ( 0.7 nm PbS nanocrystals with native
oleic acid ligands (the scale bar is 20 nm). (c) Cross-sectional
scanning electronmicroscopy image showing a nanocrystal
solid thin film that consists of 8.2 nm PbS nanocrystals with
I� ligands (the scale bar is 500 nm). (d) X-ray diffraction
pattern of an 8.2 nm PbS nanocrystal solid thin film with
oleic acid ligands.
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terminated with I� and Br�, respectively (i.e., the bulky
organic component of these molecules washes away
during the ligand exchange process).7,16,32 For simpli-
city purposes, we refer to these as I� and Br� ligands
throughout this paper. Fourier transform infrared spec-
troscopy measurements confirm the success of these
ligand exchanges (Figure 2a). The absence of the native
OA ligands is indicated by the lack of COO� and CdC
absorptions, which are at 1500�1700 cm�1, in all
ligand exchanged samples.
To prepare high-quality film for thermal conductivity

measurements, we carried out the solid-state ligand
exchange process using a layer-by-layer (LBL) ap-
proach (Figure 3a).30,33,34 Each layer was prepared in
three steps: (a) depositing a thin layer of PbS NCs with
OA ligands via spin coating; (b) immersing the NC solid
film in a solution containing the desired ligand (typi-
cally 30 s) and spinning dry; (c) removing unbound
ligand molecules by repeatedly flooding the NC solid
film with pure solvent and spinning dry. Depending on
the NC diameter and ligand choice, each layer deposi-
tion resulted in a NC solid thin film of 10�25 nm. This
deposition process was then repeated 6�10 times to
yield thicker films (100�180 nm) that are appropriate
for thermal conductivity measurements. Films pre-
pared by this approach exhibited excellent film quality
with minimal porosity/cracking (Figure 3b). In contrast,
NC solid films prepared via one-time solid-state ligand
exchange on thick films exhibited extensive/deep
cracking that made them unsuitable for transport
measurements (Figure S6).
We first investigate the effect of the ligand's binding

group on the NC solid thermal conductivity (Figure 4).
This ismotivated by past thermal transport studies on a
closely related cousin to colloidal NCs, self-assembled
monolayer (SAM) junctions.35,36 SAMs are molecular
monolayers adsorbed onto planar solid surfaces37

and prior work has shown an increasing thermal
interface conductance as the binding strength between
the SAM molecules and solid surface increases.35,36

Figure 2. (a) Fourier transform infrared spectra of PbS nanocrystal solids with various ligands. (b) The chemical structure of
themolecules used during ligand exchange. Note that treating PbS nanocrystals with tetrabutylammonium iodide (TBAI) and
cetrimonium bromide (CTAB) results in nanocrystal surface terminations of I� and Br�, respectively [refs 16 and 32].

Figure 3. (a) Schematic illustrating the solid-state, layer-by-
layer ligand exchange technique used to prepare nanocrys-
tal (NC) solid films. This layer-by-layer technique minimizes
film cracking during exchange of the long oleic acid (OA)
ligandswith new short ligands. (b) Scanning electronmicro-
scopy image of a 3.3 nm PbS NC solid with ethanedithiol
ligands. The inset in part (b) shows an angled view of the NC
solid film that confirms dense NC packing throughout the
film thickness. The scale bar in both images is 1 μm.
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In effect, we ask ourselves whether this correlation
between binding strength and thermal transport can
be realized in the more complex structure of NC solids.
To investigate this, we compare the thermal conduc-
tivity of 3.3 nm diameter PbS NC solids with EDA and
EDT ligands. These two ligands have identical back-
bones, but different binding groups: amine groups for
EDA and thiol groups for EDT. Both of these groups
form covalent bonds to PbS NCs, although it is known
that the thiol group forms a stronger bond than the
amine group.38 Interestingly, we find that PbSNC solids
with EDT ligands have a lower thermal conductivity
than with EDA ligands (Figure 4). This contrasts with
data on SAM junctions, in which the thermal conduc-
tance through strong thiol-Au bonds is notably larger
than the thermal conductance through weaker amine-
Au bonds.35 To expand upon this binding group motif,
we also prepared PbS NC solids with halide ligands
(Br� and I�). These ligands form ionic bonds to the NC
surface, of which the PbS�Br� bond is known to be the
stronger of the two.30 We find that the thermal conduc-
tivity of NC solids with these two ligands are essentially
equivalent and do not reflect the prediction based on
bond strength as well. Based on these experimental
observations,we conclude that the thermal conductance
of the NC core-ligand interface (i.e., the binding strength
between the NC core and ligand) does not dominate
thermal transport in NC solids. As based upon our
EMA modeling (see below), we hypothesize that the
ligand�ligand interface between neighboring NCs is
the critical interface for thermal transport in NC solids.
We next study the effect of ligand length by using a

series of alkanedithiol ligands with 2, 4, 6, and 8 carbon
atoms (i.e., EDT, BDT, HDT, and ODT, respectively) on
3.3 nm PbS NC solids. As the ligand backbone de-
creased from8 carbon atoms to 4 carbon atoms, theNC
solid thermal conductivity increased from 0.20 W/m-K
to 0.27 W/m-K (Figure 5a). We attribute this trend to a
reduction of interparticle distance, which increases the

NC core volume fraction in the solids. It is not surprising
that this increases the thermal conductivity of the NC
solid because the thermal conductivity of PbS is an
order of magnitude higher than hydrocarbons.39,40 We
also performedX-ray reflectivity (XRR) to determine the
mass densities of the NC solids with varying ligands,
and then converted these values into interparticle dis-
tances using geometric arguments (see Supporting
Information). We found that our interparticle distance
measurements agree to within experimental uncer-
taintywithmuchmore sophisticated synchrotron X-ray
scattering measurements.25 Our interparticle distance
trend shows an inverse correlation with our measured
thermal conductivities (Figures 5a and 5b), which
supports our conclusion that interparticle distance is
an important parameter affecting the thermal con-
ductivity of NC solids. Interestingly, our results show
no thermal conductivity increase as the ligand back-
bone is further reduced from 4 to 2 carbon atoms

Figure 4. Thermal conductivity of 3.3 nm PbS nanocrystal
solids with ethanedithiol (EDT), ethylenediamine (EDA),
oleic acid (OA), I�, and Br� ligands.

Figure 5. (a) Thermal conductivity of 3.3 nmPbS nanocrystal
solids with alkanedithiol ligands of varying backbone length.
(b) Interparticle distance of 3.3 nm PbS nanocrystal solids with
alkanedithiol ligandsof varyingbackbone length. (c) Schematic
of various binding possibilities for ethanedithiol in nanocrystal
solids: (i) bridging, (ii) bidentate, (iii) dimerized.
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(BDT and EDT, respectively). While counterintuitive, we
find that this thermal conductivity result still mirrors our
findings on interparticle distance, which reveal ap-
proximately equivalent interparticle distances for BDT
and EDT. We hypothesize that this change in trend for
interparticle distance and thermal conductivity origi-
nates from a change in chemical binding motifs
(Figure 5c). Similar property trend changes for varying
alkanedithiol lengths have been observed in other
works as well.25,33 Past studies have suggested that
dithiol ligands preferentially bridge neighboring NCs
(part i in Figure 5c).25,41,42 Since our measured inter-
particle distances for NC solids with ODT, HDT, and BDT
are comparable to that of the correspondingmolecular
lengths,25 we hypothesize that NC bridging occurs in
these cases. However, in the case of EDT, the inter-
particle distance is notably longer than the molecular
length. This implies an alternative chemical binding
motif; both bidentate binding25,33,34 and dimerized
binding43,44 (parts ii and iii, respectively, in Figure 5c)
have been identified as possible binding arrangements
for EDT in NC solids. We also performed XRR measure-
ments on NC solids with EDA ligands and found very
short interparticle distances (i.e., ∼0.7 nm). This result
suggests that EDA likely bridges NCs and provides an
explanation as to why EDA ligands yield a higher NC
solid thermal conductivity than EDT (Figure 4).
We next study the relative impact of surface chem-

istry on the thermal conductivity of NC solids with
varying NC diameter. As a baseline, we first measure
the thermal conductivity of PbS NC solids with their
native OA ligands. We find that as the NC diameter
increases from 3.3 to 8.2 nm, the thermal conductivity
increases from 0.13 to 0.27 W/m-K, which agrees with
measurements by Ong et al.13 It is worth noting that
our thermal conductivity measurements use the 3ω
technique,45�47 which is comparatively simpler to im-
plement than Ong's frequency-domain thermal reflec-
tance technique. This data demonstrates that nano-
crystal solid thermal conductivitymeasurements should
be accessible to a broader range of research labora-
tories. To study the combined effect of NC diameter and
surface chemistry, we prepare each of these NC solids
with I� and EDA ligands and find that the thermal
conductivity increases for all diameters (Figure 6a). This
is consistent with the relationship between thermal
conductivity and interparticle distance that we identi-
fied earlier. It is also possible that these ligand choices
lead to higher effective thermal conductivities in the
ligand matrix. In addition, we find that the relative
thermal conductivity increase (k/kNC‑OA) is greater for
smaller diameter NC solids than for larger diameters
ones (Figure 6b). This trend is consistent with the fact
that the ligands make up a greater volume fraction of
the NC solid as the NC diameter decreases, and should
therefore have a more substantial effect for smaller
diameters. We achieve relative thermal conductivity

increases of up to 150%, which improves upon the 50%
increase demonstrated in prior work.13 While data in
prior work suggests that NC diameter is the parameter
that most affects NC solid thermal conductivity,13,21,22

our findings demonstrate that surface chemistry can
have an even larger impact. For example, consider the
case of a 3.3 nm PbS NC solid with OA ligands, which
has a thermal conductivity of 0.13 W/m-K. Increasing
the NC diameter to 8.2 nm and keeping the native OA
ligands leads to a thermal conductivity of 0.27 W/m-K.
In contrast, keeping the same 3.3 nm diameter, but
exchanging the OA with EDA leads to an even higher
thermal conductivity of 0.33 W/m-K. Naturally, the
effect of NC diameter and surface chemistry can be
combined; we achieve our lowest thermal conductivity
in 3.3 nm PbS with OA ligands and our highest thermal
conductivity in 8.2 nm PbS with EDA ligands. Overall,
we find that within our size range (∼3�8 nm), the
thermal conductivity of NC solids can be varied from
approximately 0.1�0.4 W/m-K, which demonstrates a
moderately larger range of possibilities than prior work.13

Figure 6. (a) The thermal conductivity of PbS nanocrystal
solids with oleic acid (OA), ethylenediamine (EDA), and I�

ligands as a function of nanocrystal diameter. (b) The
relative increase of thermal conductivity (k/kNC‑OA) in PbS
nanocrystal solids with ethylenediamine and I� ligands
and varying nanocrystal diameter. The data in part (b) is
normalized to the thermal conductivity of PbS nanocrystal
solids with OA ligands, kNC‑OA.
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To gauge how this range of NC solid thermal con-
ductivities can be further expanded, we use an EMA
model to fit our data on PbS NCs with OA ligands and
then perform a sensitivity analysis on the various
model input parameters. Since thermal interface con-
ductances significantly impact the thermal conductiv-
ity of nanocomposites, we incorporate this factor by
using the EMA model proposed by Hasselman and
Johnson.48 This EMA model calculates the thermal
conductivity of a composite by accounting for the
constituent volume fractions, constituent thermal con-
ductivities, and thermal interface conductance be-
tween the constituents. To apply the EMA model to
our NC solid, we consider a nanocomposite consisting
of NC cores in a ligand matrix. Figure 7a shows the
EMA model fit to our PbS NC solids with OA ligands
and varying diameter, which shows good agreement.
In this fit we use 2 W/m-K, 0.13 W/m-K, 2.5 nm, and
220 MW/m2-K for the NC core thermal conductivity
(kNC), ligand matrix thermal conductivity (km), inter-
particle distance, and NC core-ligand thermal interface
conductance (G), respectively. Our choice of these
input parameters for the model is based upon results
in the literature.13,25,35,49 Additional details on our EMA
model implementation can be found in the Supporting
Information.
To study the relative impact of each parameter (kNC,

G, and km) on NC solid thermal conductivity, we
independently vary each parameter while holding
the other two constant (Figure 7b). We find that km
has the largest impact, G has a moderate impact, and
kNC has a small impact. As km,G, and kNC are each varied
by a factor of 5, we calculate changes in NC solid
thermal conductivity of 386%, 27%, and 4%, respec-
tively. The insensitivity to kNC is not surprising given
that it is an order of magnitude larger than km and the
core-ligand interfaces further restrict this thermal path-
way. Prior experimental work has also found that NC
solid thermal conductivity is largely independent of
kNC.

13 The fact that the NC solid thermal conductivity
sensitivity is much greater to km than G means the
thermal conductance of the ligand matrix is more
important than the thermal conductance of the NC
core-ligand interface. This possibly explains why we
did not experimentally observe an increase in NC solid
thermal conductivity as we increased the NC core-
ligand binding strength (which, according to literature
on solid-SAM junctions, should have increased the NC
core-ligand thermal interface conductance). It is also
worth noting that the thermal interface conductance
of an individual solid-SAM interface only changes by
about a factor of 4 as the solid-SAM bond is changed
from van der Waals to covalent.35,49 According to our
EMA model, this would correspond to an ∼20%
change in NC thermal conductivity. Given that the NC
core-ligand bond strength is varied in amuch narrower
range during our experiments, any thermal conductivity

changes arising from NC core-ligand bond strength
were likely small, which explains why our measure-
ments did not detect significant changes.
Since km affects NC solid thermal conductivity the

most, determining ways to increase or decrease km is a
promising route to achieve an expanded thermal con-
ductivity range beyond that demonstrated in the pre-
sent work. It is notable that the maximum thermal
conductivity for the matrix used in our EMA sensitivity
analysis is only 0.5 W/m-K, which is comparable to
typical thermal insulators. Consequently, there should
be room to increase the thermal conductivity of the
ligand matrix, and by extension, increase the thermal
conductivity of the NC solid. This finding inspires us to
hypothesizewhy thermal transport in the ligandmatrix

Figure 7. (a) Effective medium approximation (EMA) model
results and corresponding experimental data for the ther-
mal conductivity of PbS nanocrystal (NC) solids with oleic
acid ligands and varying diameter. (b) Sensitivity analysis
on the EMA model for 3.3 nm PbS NC solids with three
independent parameters: NC core thermal conductivity
(kNC, red triangles), NC core-ligand thermal interface con-
ductance (G, blue squares), and ligand matrix thermal con-
ductivity (km, black spheres).
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is poor to begin with. If we consider heat flow between
two neighboring NCs, there are three interfaces: a NC
core-ligand interface, a ligand�ligand interface, and
then another NC core-ligand interface. Whereas the NC
core-ligand interfaces are generally strong covalent or
ionic bonds, the ligand�ligand interface is character-
ized by weak van der Waals forces. Several studies on
polymers,50molecular crystals,51 and carbonnanotube�
polymer composites52 have identified weak van der
Waals interactions as rate-limiters for heat transfer. We
hypothesize that this is also true for thermal trans-
port in NC solids. We note that there is no analogous
ligand�ligand interface in solid-SAM-solid structures,
which may explain why the solid-molecule binding
strength plays a significant thermal transport role in
SAMs, but not necessarily in NC solids.
We hypothesize that two possible ways to increase

the thermal conductivity of NC solids are (i) chemically
cross-linking the NC ligands to strengthen the ligand�
ligand interaction, (ii) eliminating the ligand�ligand
interaction by bridging neighboring NCs with bifunc-
tional ligands. The first concept has been demon-
strated in a recent study on amorphous polymer
blends; by introducing appropriately engineered
cross-linkers, the thermal conductivity of the polymer
blend was increased by a factor of 7.53 The second
approach has been highly sought after in studies to
improve charge transport in NC solids,42,54,55 and
motivated our choice of bifunctional ligands (e.g.,
dithiols and diamine) in this study. However, this
approach will likely prove complex because NC sur-
faces are highly curved, which leads to nonuniform
distances between neighboring NCs. This curvature
limits the surface area upon which ligand bridging

can occur and may explain why we only observed
moderately higher thermal conductivities with brid-
ging ligands (e.g., EDA) relative to nonbridging ligands
(e.g., EDT and I�). Using colloidal nanocrystals with flat
surfaces (e.g., cubes) and/or more sophisticated ligand
chemistries that can achieve bridging throughout the
entire NC surface could prove interesting.

CONCLUSION

We have systematically explored the effect of ligand
length, ligand binding group, and NC diameter on
thermal transport in colloidal PbS NC solids. The pri-
mary effect of decreasing ligand length and/or increas-
ing NC diameter is to increase the NC solid thermal
conductivity by decreasing the volume fraction of the
thermally insulating ligand matrix. Varying the ligand
binding strength to the NC core does not lead to
significant effects on thermal transport, which con-
trasts with literature on solid-SAM-solid junctions. We
find that the choice of ligands can affect the thermal
conductivity by up to a factor of 2.5 and that the
thermal conductivity of NC solids can be varied by an
overall factor of 4, from∼0.1 to 0.4 W/m-K. By combin-
ing our experimental observationswith EMAmodeling,
we identified the ligand�ligand interface between
neighboring NCs as a critical interface for heat transfer.
We then suggested ways to modify this interface and
possibly increase NC solid thermal conductivity. Iden-
tifying ways to increase thermal conductivity will be
beneficial to NC solid applications in electronics and
optoelectronics, for which heat dissipation is important
to device performance and lifetime. On the other hand,
the naturally low thermal conductivities of NC solids
bode well for NC solid-based thermoelectrics.

MATERIALS AND METHODS
Materials and Equipment. Lead oxide (99.999%), bis-

(trimethylsilyl)sulfide (TMS, synthesis grade), oleic acid (OA,
90%), 1-octadecene (ODE, 90%), tetrabutylammonium iodide
(TBAI, 98%þ), cetrimonium bromide (CTAB, 99%), 1,2-ethane-
dithiol (EDT, 98%þ), 1,4-butanedithiol (BDT, 97%þ), 1,6-
hexanedithiol (HDT, 96%þ), 1,8-octanedithiol (ODT, 97%þ),
ethylenediamine (EDA, 99%), methanol (anhydrous 99.8%),
acetonitrile (anhydrous 99.8%), octane (98%), were purchased
from Sigma-Aldrich and used as received. Sample imaging was
done with transmission electron microscopy (TEM, Tecnai F20)
and scanning electron microscopy (SEM, Nova 200 NanoLab
FEI). The X-ray diffraction was taken on high resolution PANa-
lytical X-ray diffractometer, with Cu KRX-ray source operating at
40 kV and 40mA. The X-ray reflectivity measurements were also
done using the PANalytical X-ray diffractometer. Fourier trans-
form infrared spectroscopy measurements were done using a
Thermo Nicolet 6700 system equipped with Smart SAGA acces-
sory. Thickness measurements were carried out using atomic
force microscopy (Digital Instrument Dimension 3000) and pro-
filometry (Dektek II surface profilometer). For thermal conductiv-
itymeasurements, a Keithley 6221was used as the current source
and a Stanford Research Systems SR830 lock-in amplifier was
used to measure the first and third harmonic voltage signals.

Nanocrystal Synthesis. PbS colloidal NCs were synthesized by
employing the hot injection technique reported byHines et al.31

withminormodifications. In a typical synthesis of 3 nmPbSNCs,
0.45 g of lead oxide was dissolved in a solvent mixture of 2 mL
OAand 18mLODE, and degassed by heating under a vacuum at
100 �C for 2 h. After all of the solid dissolved and the solution
turned transparent, the temperature was increased to 145 �C, at
which point a mixture of 10 mL ODE and 210 μL TMS was
injected. The heating mantle was removed from the reaction
flask right after the TMS injection, and then replaced when the
temperature dropped to 100 �C. The reaction mixture was
slowly cooled to ∼30 �C with the heating mantle in place and
turned off. PbS NCs were then separated from the reaction
mixture by precipitating with ethanol and resuspending with
hexane. This precipitation/suspension process was carried out
3 times in total. To vary NC diameter, the ratio of OA:ODE was
varied; higher OA concentration led to larger diameters. The
diameters of the PbS NCs used in this study were 3.3 ( 0.3 nm,
4.2 ( 0.4 nm, 5.8 ( 0.4 nm and 8.2 ( 0.7 nm (Figure S5).

Layer-by-Layer (LBL) Ligand Exchange. Ligand exchange in all NC
solid films were done using a solid-state ligand exchange
process in a LBL fashion. Prior to film deposition, all NCs were
precipitated and resuspended an additional 3 times. The NCs
were suspended in octanewith a concentrationof 10�15mg/mL
for the film deposition. For each layer deposition, ∼70 μL PbS
NC suspension was dispensed onto a 20 mm � 20 mm silicon
substrate and spin coated at a speed of 3000 rpm for 1 min.
Then, ∼200 μL of the ligand solution was dispensed onto the
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NC solid thin film, allowed to rest for 30 s, and then removed by
spin drying. The NC solid film was then flooded by ∼200 μL of
pure solvent and then spun dry to remove unbound ligands.
The NC solid was then flooded with solvent and spun dry an
additional 2 times. Depending on NC size and ligand, each layer
deposition resulted in a thin film between 10�25 nm. Typically,
6�10 layers of NC solid were deposited to yield an appropriate
film thickness for thermal conductivity measurements
(∼100�180 nm). Thinner films made via 2�3 layer deposition
cycles (∼20�30 nm) were used for measuring mass density via
X-ray reflectivity. The ligand solutions were prepared as sug-
gested by previous studies:30,33 CTAB and TBAI, 30 mM in
methanol; EDA, 1 M in methanol; EDT, 1.7 mM in acetonitrile;
BDT, 2.5 mM in acetonitrile; HDT, 4 mM in acetonitrile; and ODT,
8 mM in acetonitrile.

Film Thickness Measurement. Thickness measurements on all
ligand exchanged NC solid samples were determined by pro-
filometry measurements. NC films were scratched using twee-
zers and the film thicknessmeasured at the scratch location. The
film thickness was determined by averaging measured thick-
nesses from 3 scans at different locations. The typical thickness
variation at these scratch locations was found to be less than
10 nm. NC solids with OA ligands were too soft to have their
thickness measured with profilometry and were instead mea-
sured with atomic force microscopy.

Thermal Conductivity Measurement. Thermal conductivity mea-
surements were performed using the differential 3ωmethod,45

which is a widely used technique for thin film geometries.46,47

To prepare samples for measurement, NC solid films were first
coated with a ∼150 nm Al2O3 dielectric layer. Al metal lines,
which function as combined heaters and thermometers, were
then deposited on the samples using a shadow mask. The line
dimensions in all samples were 45 μm wide, 2.6 mm long, and
150 nm thick. An AC current was run through the Al line to
operate it as a heat source and the third harmonic of the voltage
responsewasmeasured to operate theAl line as a thermometer.
In accordance with the differential technique, a reference
sample with only dielectric layer and silicon substrate was
identically prepared. The thermal response of the NC solid thin
film was obtained by subtracting the thermal response of the
reference sample from the experimental sample. To convert 3ω
electrical signals into thermal responses, the temperature coef-
ficient of resistance (TCR) of 3ω lines were measured using a
home-built thermal stage. In this measurement, the resistances
of the 3ω lines weremeasured at 5 different temperature points
between 15 and 30 �C, and a linear fit was used to determine the
slope. A detailed description of our 3ω technique implementa-
tion along with benchmark measurements on control samples
can be found in the Supporting Information.
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