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ABSTRACT: Various nanofillers have been adopted to enhance the thermal conductivity
of polymer nanocomposites. While it is widely believed that the contact thermal resistance
between adjacent nanofillers can play an important role in limiting thermal conductivity
enhancement of composite materials, lack of direct experimental data poses a significant
challenge to perceiving the effects of these contacts. This study reports on direct
measurements of thermal transport through contacts between silver nanowires (AgNWs)
with a poly(vinylpyrrolidone) (PVP) interlayer. The results indicate that a PVP layer as
thin as 4 nm can increase the total thermal resistance of the contact by up to an order of
magnitude, when compared to bare AgNWs, even with a larger contact area. On the other hand, the thermal boundary resistance for
PVP/silver interfaces could be significantly lower than that between polymer−carbon nanotubes (CNTs). Analyses based on these
understandings further show why AgNWs could be more effective nanofillers than CNTs.
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Polymers are widely used materials because of their
abundance, desirable mechanical properties, and relatively

low cost; however, the normally low thermal conductivity of
polymers (∼0.1 W/(m·K)) limits their applications in
electronic devices and heat exchangers where efficient heat
transfer is essential. Not surprisingly, extensive efforts have
been put forth in seeking thermally conductive polymer
composites, and over a half-century of research has been
devoted to improving composite thermal conductivity by
introducing thermally conductive fillers into host polymeric
matrices.1,2 These polymer composites have been implemented
in a variety of systems such as sensors,3 flexible electronics,4

and thermal interface materials,5 where heat dissipation is
critical to device performance. However, so far, the overall
thermal conductivity improvement of many polymer compo-
sites remains quite limited.
One notable example is CNT−polymer composites. Despite

the exceptionally high thermal conductivity of CNTs (>3000
W/(m·K) for high-quality, thin tubes),6,7 many studies with
CNTs embedded in a polymer matrix only show marginal
thermal conductivity enhancement (<1 W/(m·K)), signifi-
cantly lower than that predicted based on particle mixing
theory.8,9 For CNTs and other fillers randomly dispersed in a
polymer matrix, the primary hurdle for enhancing the thermal
conductivity has been thought to be the contact thermal
resistance that exists between adjacent fillers and between the
filler and polymer. In fact, it has been experimentally
demonstrated that the contact thermal resistance between
individual multiwall CNTs (MWCNTs) is much larger than
the normally expected value as a result of the ∼200 nm long
phonon mean free path along the interlayer direction of

MWCNTs (or c-axis of graphite) and phonon reflection from
the innermost tube layer.10

On the other hand, recent experimental results indicate that
the contact thermal resistance between individual silver
nanowires (AgNWs) could be ∼20 times lower than that
between similar diameter MWCNTs.11 In terms of thermal
conductance per unit area, the value for contacts between
AgNWs could be one order of magnitude higher than that
between MWCNTs, which is partially due to lack of electron
reflection back into the emitting wires.10,11 This is consistent
with the higher thermal conductivity values typically displayed
by polymer composites utilizing metallic nanofillers.12,13

However, one outstanding issue is that, in nanocomposites,
the contact morphology between nanofillers could be much
more complex, and instead of direct contacts between
nanofillers, there is often a thin polymer layer between
neighboring nanofillers.14 This thin polymer interlayer could
enlarge the effective contact area between nanofillers but also
poses additional thermal resistance. As such, it is important to
explore how polymer interlayers alter the contact thermal
resistance between nanofillers to better understand thermal
transport in nanocomposites. This work presents measure-
ments of contact thermal resistance between individual
AgNWs with a thin PVP interlayer.
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All thermal measurements were conducted using the well-
established microthermal bridge method in a cryostat (Janis,
Model CCS-400/204) under high vacuum (<1 × 10−6 mbar),
which has been used to investigate thermal transport through
various nanowires, including MWCNTs and AgNWs.15−20 A
Wheatstone bridge circuit was adopted to cancel the baseline
cryostat temperature fluctuation, leading to a thermal
conductance measurement resolution of ∼85 pW/K at room
temperature with the selected instrument settings.21 The
background thermal conductance between the suspended
membranes was measured and subtracted from the total
thermal conductance to further increase measurement accuracy
(see the Supporting Information). For the contact measure-
ments, PVP was chosen as the polymer interlayer, because of
its affinity with silver.22 To explore the contact thermal
resistance between AgNWs with a PVP interlayer, electrospun
PVP nanofibers were first measured to determine their thermal
conductivity.
To prepare PVP nanofibers, PVP powder (Sigma−Aldrich,

Lot No. 437190-25G, molecular weight: 1300 kg/mol) was
dissolved in ethanol (Sigma−Aldrich, Lot No. 187380-1L) at a
ratio of 1:10 (w/w), and the resulting solution was drawn into
a 10 mL syringe through a 20-gauge needle. Electrospinning
was conducted at an operating voltage of 20 kV with a 50 μL/
min flow rate, and the distance between the syringe tip and the
grounded collector was 15 cm (see the Supporting Information
for more details).
Figure 1a displays a scanning electron microscopy (SEM)

image of an electrospun PVP nanofiber on the measurement
device, while Figure 1b shows the measured thermal
conductivity of PVP nanofibers with different diameters and
suspended lengths. The average thermal conductivity at 300 K
was measured to be 0.23 ± 0.02 W/(m·K), and no obvious
trend exists for the various suspended lengths and diameters,
indicating negligible contact thermal resistance between the
suspended PVP fibers and the heat source/sink.17,20

The measured nanofiber thermal conductivity is slightly
lower than that of PVP thin films prepared by spin-casting of
PVP solution (molecular weight: 25 kg/mol), as reported by
Xie et al.23 This indicates that the thermal conductivity of the
PVP nanofibers experiences little enhancement as a result of
electrospinning, in contrast to the case of polyethylene.17

However, it has been shown that, for polymers with side
groups of either a high molecular weight or large degrees of
asymmetry, the chain alignment effect on the thermal
conductivity of electrospun nanofibers has a tendency to be
adversely impacted.20 As such, the heavy and complex side
group of PVP (Figure 1b inset) renders the effect of
electrospinning on its thermal conductivity marginal, and the
measured thermal conductivity of the PVP nanofibers is
treated as the value for PVP in all calculations, no matter what
form the polymer takes. This is reasonable even for
nanometers-thick films, considering that the phonon mean
free path in PVP is only ∼0.7 nm.24

To explore the contact thermal resistance between AgNWs
with a PVP interlayer, a small amount of AgNWs (Sigma−
Aldrich, Lot No. 739448-25ML) were placed in a solution of
1% by weight PVP in ethanol. After remaining in solution
overnight (∼16 h), it was observed that the viscous polymer
solution would adhere to the AgNW surfaces after removal and
remain liquid for a sufficiently long time to form a meniscus
between two AgNWs placed in contact (see the Supporting
Information). By drop-casting the AgNW suspension onto a

piece of polydimethylsiloxane (PDMS), individual nanowires
could be identified and transferred to the thermal measure-
ment device with a sharp probe mounted on an in-house built
micromanipulator.
For the thermal measurement, a single PVP-coated AgNW

with a length of >80 μm was identified and broken into three
segments: one to serve as a continuous reference sample
(Figure 2a) with the other two aligned to form a “contact
sample” with a point contact between the suspended
membranes (Figure 2b). Here, because of the pentagonal
cross-section of the AgNWs, the hydraulic diameter is adopted
(Dh = 4A/P, where A is the cross-sectional area and P is the
perimeter) to represent the characteristic dimension of the
wire,11 and the reported Dh is based on the silver core size
without the PVP layer. Importantly, after thermal character-
ization, the contact samples were transferred to a piece of Si
wafer, and focused ion beam (FIB) was used to cut the
approximate center of the contact region, exposing the cross-
section and allowing for estimation of the contact morphology
(see the Supporting Information). The SEM micrograph of the
cross-section at the contact is shown in Figure 2b.
Two sets of samples of 84 and 91 nm diameters,

respectively, were measured, and the total thermal resistance
of the contact and continuous wire samples is shown in Figure

Figure 1. (a) SEM micrograph of a 12.4-μm-long electrospun PVP
nanofiber placed on the thermal measurement microdevice. (b)
Measured thermal conductivities of neat PVP fibers of various
suspended lengths and diameters. The average thermal conductivity
and associated measurement uncertainty are indicated by the plotted
line. The inset shows the chemical structure of PVP, which has a
chemical formula of (C6H9NO)n.
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2c. From the cross-sectional view of the contact region, the
PVP interlayer thicknesses are estimated as 4 nm for the 84-
nm-diameter sample and 6 nm for the 91-nm-diameter sample.
This suggests that the PVP layers on the individual wire are 2
and 3 nm thick, respectively. The samples were prepared
within 1 h after the AgNW suspension was drop-cast on the
PDMS, and because of the formation of the meniscus at the
contact region, it is assumed that the PVP layers between the
two AgNWs are fused together at the contact to form one layer
of PVP.
Through careful probe operation, the suspended AgNW

lengths between the two membranes for the continuous wire
sample and the contact sample for each sample set were
adjusted to be approximately the same. The measured total
thermal resistance for these two samples can be expressed as

= +R R Rt,s M w,s (1)

= + +R R R Rt,c M w,c c (2)

Here, Rt,s and Rt,c denote the measured total thermal resistance
of the continuous wire and the contact sample, respectively. RM
is the total thermal resistance between the nanowire and the
two suspended membranes. Rw,s and Rw,c represent the intrinsic
resistance of the nanowire in the continuous wire and the
contact sample, respectively. Finally, Rc is the resistance of the
contact between the two nanowires, which can be further
written as Rc = 2Ri + RPVP, where Ri is the interfacial thermal

resistance between silver and PVP, while RPVP denotes the
thermal resistance of the PVP layer.
To extract Rc from the above equations, RM is first

considered. Recently, the thermal conductivity of individual,
bare AgNWs of different diameters has been reported with
careful confirmation that RM is reduced to a negligible level.11

As such, the thermal conductivity of the bare AgNWs from that
study can be treated as the intrinsic wire property. The
measured thermal conductivity of PVP-coated AgNWs here is
lower than the intrinsic value (see Figure S3 in the Supporting
Information), and the difference can be attributed to the non-
negligible RM in the current measurement. Therefore, RM can
be solved based on eq 1 by calculating Rw,s with the intrinsic
wire thermal conductivity. For the 84-nm sample, a bare
AgNW of the same diameter has been previously measured,
and RM is estimated from eq 1 as 9.82 × 105 K/W, or ∼6% of
Rt,s.
With non-negligible RM, it is important to ensure that the

thermalization distance, i.e., the distance required for the
nanowire to reach thermal equilibrium with the membrane, is
shorter than the actual length the samples are contacting the
suspended membranes. Based on a fin model,25 RM can be
written as

κ
=

κ

i
k
jjj

y
{
zzz

R
hw A L

2

tanh hw
A

M

c s s c
c

s s (3)

Figure 2. Contact thermal resistance between AgNWs with PVP interlayers. SEM micrographs of (a) an 84-nm-diameter, PVP-coated AgNW and
(b) the corresponding contact sample formed from two segments of the 84-nm PVP-coated AgNW. The inset shows an SEM micrograph of the
contact cross-section after FIB milling. Inset scale bar = 80 nm. (c) Measured total thermal resistance of the contact and continuous samples. (d)
Area-normalized contact resistance for the 84- and 91-nm contact samples.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c01034
Nano Lett. 2021, 21, 4388−4393

4390

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01034/suppl_file/nl1c01034_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01034?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01034?rel=cite-as&ref=PDF&jav=VoR


where h is the thermal conductance per unit area between the
sample and the suspended membrane, wc is the contact width,
κs is the sample thermal conductivity, As is the sample cross-
sectional area, and Lc is the contact length. Because tanh(x)
asymptotically approaches unity as x increases and already
reaches a value of 0.964 for x = 2, it is reasonable to assume
that a minimum thermalization distance, Lc,min, can be

estimated by the expression Lc,min =
κ2 A
hw

s s

c
.

The contact between the AgNW and suspended membranes
occurs through one surface of the PVP-coated, pentagonal
nanowire, with the 84-nm-diameter wire having a 2-nm-thick
PVP layer. As such, the thermal conductance for the Ag-PVP/

Pt composite interface can be estimated as h = + ″
κ

−

( )R2nm2
i

1

PVP
.

Note that the thermal boundary resistances for unit area (Ri″)
at the PVP/silver and PVP/platinum interfaces are assumed to
be approximately the same, which is reasonable, considering
that electron−phonon coupling on the metal side dominates
the interfacial thermal resistance.26,27 While Ri″ for PVP and
metal is not available, a typical value of 1 × 10−8 m2·K/W is
assumed, which is based on the value recently reported for
metal/poly(methyl methacrylate) interfaces.28 For the PVP
layer, the thermal conductivity measured in this study is used,
which yields h = 3.48 × 107 W/(m2·K) at room temperature.
Now, the contact width of the 84-nm-diameter wire is 58 nm
and, using the intrinsic thermal conductivity of AgNWs from
Zhao et al.’s measurement, Lc,min is estimated as 2.03 μm. For
the 84-nm sample, the minimum contact length is 3.37 μm,
which is beyond Lc,min. Actually, RM calculated from eq 3 is
9.75 × 105 K/W, which compares very well with the 9.82 × 105

K/W, as previously derived using eq 1. Similar conclusions can
be drawn for the 91-nm-diameter wire (see the Supporting
Information).
The above analysis indicates that RM is approximately the

same for both the continuous wire and contact samples,
allowing for extraction of Rc through subtracting eq 1 from eq
2. For the 84-nm sample, the lengths of the suspended AgNWs
for the single wire and contact sample are both ∼28 μm, which
leads to Rc = Rt,c − Rt,s. However, for the 91-nm sample, the
two AgNW segments in the contact sample are slightly longer
than that of the continuous wire: 29 μm versus 27 μm. In this
case, Rt,s is scaled to account for the length difference and Rc =
Rt,c − Rt,s × 29/27. This inevitably introduces some error,
because the scaling also applies to RM; however, since RM for
the 91-nm sample is ∼13% of the total resistance, the above
approach only introduces a small error.
At 300 K, Rc is found to be 6.55 × 106 K/W and 7.71 × 106

K/W for the 84- and 91-nm samples, respectively. Interest-
ingly, despite the presence of the PVP interlayer, these Rc
values are lower than the ∼1.3 × 107 K/W value reported for
the point contact between two 68-nm-diameter MWCNTs,10

which suggests silver nanowires could be more effective for
enhancing the thermal conductivity of composites. To further
understand thermal transport at the contact, the contact
thermal resistance for unit area is calculated. At the contact,
two flat, PVP-coated faces of the pentagonal AgNWs were
observed to contact each other, as shown in the inset of Figure
2b, which leads to a parallelogram whose area (Ac) can be

calculated with the expression Ac = θ
w

sin
s
2

, where ws is the width

of the contact surface and θ is the contact angle. The contact
angles were measured to be 55° and 54° for the 84- and 91-nm

sample, respectively, with corresponding contact areas derived
as 4107 nm2 and 4984 nm2, respectively. Thus, the area
normalized contact thermal resistance (Rc″) values at 300 K are
2.69 × 10−8 m2·K/W for the 84-nm sample and 3.84 × 10−8

m2·K/W for the 91-nm sample. Figure 2d also indicates that Rc″
decreases with temperature, which is largely determined by the
lower PVP resistance as temperature escalates, as a result of the
higher thermal conductivity of PVP at high temperatures. In
addition, numerous studies have also shown the same trend for
thermal boundary resistance,10,26 which could exist between
silver and PVP.
As mentioned previously, Rc contains contributions from the

PVP interlayer (RPVP) and the interfacial thermal resistance
between PVP and silver (Ri). For unit contact area, the
resistance of the PVP layer can be solved by RPVP″ = t/κPVP,
where t is the thickness, and Ri″ = (Rc″ − RPVP″ )/2, where a
factor of 2 is introduced, since there are two PVP/silver
interfaces. The derived Ri″ is shown in Figure 3a, and at 300 K,
Ri″ assumes an average value of 5.50 × 10−9 m2·K/W. Note
that, because the PVP interlayer thicknesses are approaching
the SEM resolution, there is considerable uncertainty

Figure 3. (a) Area-normalized interfacial thermal resistance between
PVP and silver. Note that the shaded region indicates the
measurement uncertainty, and, for the sake of clarity, nearest-
neighbor averaging is used to smooth the upper and lower bounds.
(b) Predicted thermal conductivity enhancement (κc/κm) of AgNWs
compared against effective media approximation (EMA) fits of
experimental data reproduced from the literature. Here, the shaded
region represents the upper and lower bounds of the EMA predictions
corresponding to the boundary resistance range in panel (a).
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associated with the determination of Ri″ as indicated by the
red-shaded region in Figure 3a. Nevertheless, the data are still
able to shed light on aspects important to the design of
polymer composites.
First, Rc″ for the AgNW-PVP-AgNW contacts is much higher

than the 8.26 × 10−11 m2·K/W recently reported for Ag/Ag
interfaces.11 Moreover, despite the ∼40 times larger contact
area, Rc for the PVP-coated AgNWs is still ∼10 times higher
than that reported for the contact between two 65-nm bare
AgNWs (7.70 × 105 K/W). This indicates that it is critical for
AgNWs to reach direct contacts to most effectively enhance
composite thermal conductivity.
Moreover, even when considering the upper bound of the

uncertainty, the derived interfacial thermal resistance between
PVP and silver, Ri″, is lower than the typical values ((1−8) ×
10−8 m2·K/W) for CNT−polymer systems, as reported in
many studies.14,29−31 This difference in the thermal boundary
resistance could contribute to an improved thermal con-
ductivity enhancement with AgNWs. To demonstrate this, a
generalized Maxwell−Garnett effective medium approximation
(EMA)30 was adopted to predict the thermal conductivity
enhancement of bulk PVP-AgNW composites against
previously reported CNT−polymer composites for which the
model was used to fit experimental data and determine the
interfacial thermal resistance.9,31,32 According to the EMA, the
thermal conductivity of a polymer composite with randomly
dispersed, high-aspect-ratio rods can be described as30

κ
κ

φ β β
φβ

=
+ +

−
3 ( )

3
x z

x

c

m (4)

with

β
κ κ

κ κ
β

κ
κ

=
−

+
= −

2( )
, 1x z

11 m

11 m

33

m (5)

Here, κc and κm are the composite and polymer matrix thermal
conductivity, respectively, and φ is the volume fraction of
nanofillers. The parameters κ11 and κ33 are the equivalent
nanofiller thermal conductivities along the transverse and
longitudinal axes, respectively, when including the effects of
thermal boundary resistance, according to

κ
κ

κ
κ

=
+

=
+κ κ″ ″1

,
1R

d
R

L

11
f
2 33

f
2 ii f f

(6)

Here, κf is the filler thermal conductivity, d the nanofiller
diameter, and L the nanofiller length.
Figure 3b shows the predicted thermal conductivity

enhancement (κc/κm) for a PVP−AgNW composite, compared
against the corresponding values for SWCNT and MWCNT
composites, as reproduced from the literature. Note that
Maxwell−Garnett type EMA models consider “thermally
isolated” filler networks, and while CNTs have been shown
to electrically percolate at low volume fractions; no
corresponding thermal percolation has been observed,9,31

which is consistent with the relatively large interfacial thermal
resistance. Thus, the EMA model is considered valid at low
volume fractions, and the linear profiles of thermal
conductivity enhancement are consistent with enhancements
observed for CNT−polymer composites.9,31,32

Interestingly, despite the lower thermal conductivity for
silver, the AgNW-PVP composites drastically outperform
previously measured CNT composites, and as indicated by

the red-shaded region in Figure 3b, the uncertainty associated
with Ri″ only has a minor effect on their predicted thermal
conductivity enhancement. Examination of the model param-
eters suggests that the larger d and L of AgNWs (84 nm and 80
μm, respectively) and the lower Ri″ correspond to higher
equivalent filler thermal conductivities (κ11 and κ33), which
renders AgNWs more effective nanofillers for thermal
conductivity enhancement, when randomly dispersed in a
polymer matrix.
In summary, the contact thermal resistance between

individual AgNWs with a PVP interlayer was measured in
order to understand thermal transport through polymer
composites. The results indicate that the PVP layer leads to
a significantly higher contact thermal resistance, compared to
that between bare AgNWs, even though the contact area
becomes much larger with PVP. A rather low interfacial
thermal resistance between PVP and silver is derived, which,
combined with the larger wire size, renders AgNWs much
more effective nanofillers than CNTs for enhancement of the
thermal conductivity of polymer composites.
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