Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

Thermal Conduction in Vertically Aligned Copper Nanowire Arrays

and Composites

Michael T. Barako," Shilpi Roy—Pa.nzer,i Timothy S. English,_’_ Takashi Kodama,” Mehdi Asheghi,'}'

Thomas W. Kenny,T and Kenneth E. Goodson*'"

TDepartment of Mechanical Engineering and iDepartment of Electrical Engineering, Stanford University, Stanford, California 94305,

United States

© Supporting Information

ABSTRACT: The ability to efficiently and reliably transfer
heat between sources and sinks is often a bottleneck in the
thermal management of modern energy conversion technolo-
gies ranging from microelectronics to thermoelectric power
generation. These interfaces contribute parasitic thermal
resistances that reduce device performance and are subjected
to thermomechanical stresses that degrade device lifetime.
Dense arrays of vertically aligned metal nanowires (NWs) offer
the unique combination of thermal conductance from the
constituent metal and mechanical compliance from the high
aspect ratio geometry to increase interfacial heat transfer and
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device reliability. In the present work, we synthesize copper NW arrays directly onto substrates via templated electrodeposition
and extend this technique through the use of a sacrificial overplating layer to achieve improved uniformity. Furthermore, we
infiltrate the array with an organic phase change material and demonstrate the preservation of thermal properties. We use the 3w
method to measure the axial thermal conductivity of freestanding copper NW arrays to be as high as 70 W m™" K™, which is
more than an order of magnitude larger than most commercial interface materials and enhanced-conductivity nanocomposites

reported in the literature. These arrays are highly anisotropic, and the lateral thermal conductivity is found to be only 1-2 W m™

1

K™'. We use these measured properties to elucidate the governing array-scale transport mechanisms, which include the effects of
morphology and energy carrier scattering from size effects and grain boundaries.
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1. INTRODUCTION

There are a variety of applications for advanced materials that
exhibit the unusual combination of high thermal conductivity
and low mass density, such as in microelectronic packaging,
thermal energy storage, and other energy conversion devices.
For example, thermal interface materials (TIMs) require both
high thermal conductivity and mechanical compliance for
thermal management of high power density electronics. This
combination of properties simultaneously achieves a low-
resistance thermal pathway between devices and heat sinks
while alleviating thermomechanical stresses that arise at the
interface between dissimilar materials due to the mismatch in
coefficients of thermal expansion. Advances in nanomaterials
and composites have enabled conductive bulk materials, such as
graphite and metals, to be nanostructured into a mechanically
compliant geometry. In the past decade, this strategy has largely
focused on aligned carbon nanotube (CNT) arrays and CNT-
filled composites' > due to the high thermal conductivity of
individual CNTs** and the low elastic modulus of vertically
aligned CNT arrays.”” However, the high thermal conductiv-
ities of CNTs are closely linked to their microstructural quality
and the matrix material. This has led to wide variations in the
reported thermal conductivities of practical CNT arrays that
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may be associated with entanglement, defects, contact
resistances, and damage incurred during processing.” In
addition, demanding synthesis conditions pose challenges to
scalability and device integration of CNT arrays.

Here we investigate the use of vertically aligned metal
nanowire (NW) arrays and composites to preserve the high
intrinsic thermal conductivity of the constituent metal while
leveraging the mechanical compliance acquired through the
high aspect ratio NWs. In thermal applications, metal NWs
have been previously limited to use as unaligned filler particles
in polymer matrices to produce a composite with a marginally
increased effective thermal conductivity. Although many of
these composites exhibit large enhancements in the effective
thermal conductivity relative to the unfilled polymer matrix,”
the magnitude of the thermal conductivity remains below 5 W
m~' K™ because most composites are restricted to low filling
fractions (<3%) of randomly oriented NWs.'” In contrast, the
effective thermal conductivity of a NW array or composite can
be strongly increased by using a high density of NWs that are
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aligned parallel to the heat flow. These aligned NW arrays can
be fabricated using electrodeposition into sacrificial porous
membranes,’' ™' which is an inexpensive, scalable, and tunable
method to rapidly and controllably synthesize vertically aligned
metal NWs over large areas. The porous membranes, which are
commonly either anodized aluminum oxide (AAO)'1472¢ or
polycarbonate track-etched (PCTE) membranes,'>*’~*" are
used as templates to confine metal deposition to the cylindrical
pores, after which the membrane is dissolved. Many array-scale
properties (e.g,, conductivity, surface area-to-volume ratio) are
derived from the geometry of the NWs in the array, which is
determined by the membrane properties. Using this method,
NWs can be synthesized with diameters ranging from ~10 nm
to ~10 ym (determined by pore size), densities up to ~50%
(determined by pore density), and lengths up to ~60 um
(limited by membrane thickness). Electrodeposited metal NW
arrays have been utilized for applications including energy
storage,18 enhanced boiling surfaces,”**** and ultrasharp
microscopy probe tips.27’28

Nearly all template-grown NWs in the literature are attached
only to the membrane itself, where a thin (<1 ym) metal seed
layer is either sputtered or evaporated onto the backside of the
membrane to serve as a cathode from which the NWs are
grown. In some instances, this thin seed layer is electrochemi-
cally thickened to provide mechanical stability to the base of
the array. However, this membrane-only synthesis is only
capable of producing self-supported NW arrays on thin foils,
whereas many applications require the NWs to be directly
attached to a separate device or substrate. As a result, efforts
have been made to transfer these self-supported NW arrays
onto substrates using bonding layers of indium solder”’ and
silver-filled epoxy,”® which leaves a residual bond line between
the NWs and the substrate. For thermal applications, this bond
line manifests as a parasitic interface resistance between the
NW array and the adjacent surface. Direct synthesis of
electrodeposited NWs onto a substrate is difficult using AAO
and PCTE membranes because the membrane must remain in
intimate contact with the underlying substrate during
deposition. As a result, additional processing steps have been
developed to achieve on-substrate synthesis using the
membrane as a mask during metal deposition, where the
membrane is held in place using either epoxy resin,””*"
lithography-assisted template bonding,”” or template adhesion
by liquid film surface tension.”* In this work, we present an
electrostatic template adhesion technique used to directly
synthesize vertically aligned copper NW arrays on centimeter-
sized substrates, which eliminates any additional template
bonding processes, intermediate bonding layers, or other
parasitic thermal resistances. Furthermore, we introduce the
use of direct current deposition with a sacrificial overplating
layer to achieve 30 um thick arrays of uniform NWs having
<2% variation in length over the entire array.

Most metal NW transport measurements in the literature
have been reported for individual NWs,***”* and there is
minimal data available on array-scale transport properties. In
one of the few contributions to array-scale characterization, Xu
et al. used the laser flash technique to measure and extract an
effective composite thermal conductivity of 30.3 W m™" K™' for
a 9% dense film of self-supported electrodeposited silver
nanowires embedded inside a PCTE membrane.”® In the
present work, we use the 3w method, a frequency-domain
electrothermal measurement technique, to measure both the
axial and transverse components of the effective thermal

conductivity of copper NW arrays. We implement this method
by synthesizing the arrays directly onto substrates that contain
electrically isolated metal heaters. The on-substrate NW
synthesis provides a platform for both measuring intrinsic
properties and also replicating a TIM application of aligned
copper NWs. This method is applied to the array both while it
remains embedded in the polycarbonate template and after
dissolution of the template. In addition, we infiltrate a
freestanding NW array with an organic phase change material
and demonstrate the preservation of thermal properties after
forming a new multifunctional composite.

2. EXPERIMENTAL SECTION

2.1. Copper Nanowire Synthesis. Copper NW arrays are
synthesized using electrodeposition of copper into sacrificial porous
templates. These templates are nominally 30 gm thick extruded PCTE
membranes that contain randomly distributed hydrophilic (PVP-
coated) pores of tunable diameter and number density (Sterlitech
Corp.). Plan view scanning electron microscopy (SEM) images of each
membrane are analyzed to measure the surface porosity and pore
diameter of each membrane. After NW deposition, a cross-sectional
SEM image is used to measure the resulting NW diameter and length,
after which the total NW volume fraction is estimated using the pore
number density and the NW diameter. A growth substrate is prepared
by depositing a thin metal seed layer (S nm Ti + SO nm Au) onto the
surface using electron beam evaporation; this serves as the
electrodeposition cathode. The seed layer can be patterned using a
shadow mask or photolithography to define specific regions of the
substrate for NW growth.

The membrane is adhered to the substrate using a combination of
the intrinsic electrostatic attraction and mechanical compression by a
polytetrafluoroethylene (PTFE) aperture in the electrochemical cell
(see Supporting Information). The membrane is placed on top of the
substrate and rolled flat using a PTFE rod. The rolling is performed by
pressing on top of the rod with moderate hand-applied pressure and
rolling back and forth multiple times along the surface, beginning at a
corner. During this time, the membrane turns from a mostly opaque
white (before rolling) to a translucent gray (after flattening down).
Multiple passes are required to fully roll out air pockets and wrinkles,
which manifest as visible discolorations. The electrostatic attraction is
sufficient to hold the membrane in place during normal handling of
the substrate, but the PTFE aperture is required to protect the edges
of the membrane from delamination. Without this additional edge
protection, the membrane can peel away from the surface beginning at
the edges when the hydrophilic membrane is immersed in water.

Potentiostatic electrodeposition is controlled using a potentiostat
(Gamry Reference 600) and an all-PTFE, three-electrode electro-
chemical cell (see the Supporting Information). The counter electrode,
reference electrode, and working electrode are composed of an
oxygen-free copper plate (10 cm®), a Ag/AgCl reference electrode
(Bioanalytical Systems, Inc.), and the Au surface of the substrate
beneath the membrane, respectively. A 50 mL aqueous acid—salt
electrolyte bath consists of 0.6 M CuSO, (Sigma-Aldrich, >99%) to
provide copper ions and 30 mM H,SO, (Sigma-Aldrich, 95—-98%) to
increase the solution conductivity (pH 1.80 =+ 0.03). Electrodeposition
is performed in ambient air and at room temperature using an applied
voltage of Vs = —120 mV versus Ag/AgCl (corresponding to an
overpotential # = 200 mV), during which the solution is magnetically
stirred to minimize concentration gradients. After copper deposition,
the overplating is removed by using tweezers to grab a corner of the
film and slowly peeling upward. For a sufficiently thick overplating
film, it remains cohesive during removal and peels off in a single,
continuous piece of copper. Finally, the PCTE membrane is dissolved
by immersing the substrate in dichloromethane (Sigma-Aldrich,
>99%) for 1 h at 35 °C. The substrate with newly exposed NWs is
then placed in deionized water, followed by ethanol, before being dried
at room temperature in air.
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Table 1. Summary of Geometric Properties of Vertically Aligned Copper NW Arrays Used in the Present Work Obtained Using

Scanning Electron Microscopy

array  nominal pore diameter  surface porosity pore number density
ID an) (%) (pores/cm?®)
1 200 7.6 + 0.1 (24 +£0.1) x 10
2 400 16.7 + 0.8 (13 +0.1) x 10°
3 1000 16.6 + 0.2 (21 +0.1) x 107

NW diameter NW length aspect  estimated volume fraction
(nm) (um) ratio (%)
322+ 6 316 £ 0.1 98 +2 19.5 + 1.6
466 + 38 274 £ 02 P 222+ 5.7
1189 + 45 28.7 £ 0.2 24+ 1 23.3 + 3.0

Y

(a) Roll membrane onto
metal-coated substrate

(b) Electrodeposit metal
into membrane pores

(e) Cross-sectional SEM image

(c) Peel away overplating

(f) NW/substrate interface SEM image

(d) Dissolve membrane

Q) Plan view SEM image of NW tips

Figure 1. Vertically aligned metal NWs are grown directly onto substrates using template-assisted electrodeposition. (a) A porous membrane is
rolled onto a gold-coated substrate and (b) is used as a mask during electrodeposition to form metal nanowires. Electrodeposition is continued until
all pores are entirely filled and a continuous, solid metal film forms on the top of the membrane; this ensures nanowire uniformity over the entirety
of the array. (c) The overplated film is then peeled away from the NW-filled membrane. (d) The membrane is dissolved to yield a freestanding NW
array. (e) A cross-sectional SEM image of a copper NW array shows the preferential vertical alignment and the uniformity of the array. (f) A high-
magnification SEM image of the NW/substrate interface shows the tapered ends of the individual NWs and demonstrates the absence of any
intermediate layer between the base of the NWs and the metal seed layer on the substrate. (g) A plan view SEM image shows the NW packing

density and array surface morphology.

The interstitial volume of a NW array is infiltrated via capillary
action with an organic phase change material (see the Supporting
Information). A ~1 mg piece of solid paraffin wax (Sigma-Aldrich,
melting temperature = 53—57 °C) is placed at the edge of a
freestanding NW array at room temperature. The substrate is then
placed on a hot plate at 75 °C, and the paraffin wax melts and wicks
into the interstitial volume between the NWs. Upon removal from the
heat, the paraffin wax solidifies and encapsulates the NW array.

2.2. Thermal Characterization. The 3w method is implemented
using microfabricated devices composed of a fused silica wafer with
photolithographically patterned metal heater lines having a nominal
length of 1000 #m and a nominal width of 5 ym deposited by electron
beam evaporation (S nm Ti + 60 nm Pt). These heater lines are
patterned into a four-point probe configuration, and the entire device
is passivated using a thermally thin SiO, film. It is critical to achieve
full passivation of these devices to prevent current leakage through the
high-conductivity metal samples deposited above the heater lines. To
achieve complete electrical isolation, we incorporated a 250 nm thick
SiO, trilayer passivation film. This passivation stack consists of 40 nm
of SiO, deposited by atomic layer deposition (ALD) to conformally
coat the patterned metal features, 170 nm of SiO, deposited by high-
density plasma-enhanced chemical vapor deposition to thicken the film
for mechanical stability during thermal expansion of the underlying
metal, and an additional 40 nm of SiO, deposited by ALD to patch any
remaining pinholes or other defects.

Each device is first calibrated prior to seed layer evaporation and
NW deposition using a temperature-controlled vacaum chamber to
measure the linear relationship between temperature and resistance in
the metal heater lines (see the Supporting Information). The heaters
used in this work have resistances that range from 450 to 500 € and
sensitivities that range from dR/dT = 1.22 to 1.34 Q K. Next, the 3w
method is used to characterize the heater line half-width b and the
thermal conductivity and heat capacity of the fused silica substrate,

19253

which are found to be kg = 1.29 + 0.01 Wm™ K" and C, 5 = (1.67
+ 0.01) X 10° J m™ K, respectively. The metal seed layer (5 nm Ti
+ S0 nm Au) is then deposited using electron beam evaporation
through a shadow mask having a 3 mm diameter circular aperture onto
the center of the device. The seed layer is centered above the exposed
window of the buried working electrode lead, which provides electrical
continuity for electrodeposition. A second 3w calibration is used to
measure the effective thermal conductivity of the composite metal seed
layer on each device, which ranges from 102 to 120 W m™ K"
Finally, the NW array is synthesized above the metal seed layer by
attaching the template to the substrate and using the electrochemical
cell to provide current to the buried working electrode during
electrodeposition. The presence of underlying patterns is not observed
to affect the ability to form intimate contact between the pliable
membrane and the substrate because the metal lines have low aspect
ratios and are covered with a passivation layer and a metal seed layer
that smooth out the surface topography.

The thermal properties of each NW array are first measured while
the NWs are embedded in the PCTE membrane and are measured
again after the membrane is dissolved to form a freestanding NW
array. A multiparameter fit of eq 2a,b to the experimental data of eq 1
is applied to the freestanding array to simultaneously extract the axial
thermal conductivity k;, the transverse thermal conductivity k;, and
the effective heat capacity of the array C, .. The NW volume fraction,
0 < ® < 1, is determined from Cyetp which for an effective medium is
approximately given by the volume fraction-scaled heat capacity of the
bulk copper, C, ¢, such that C, .4 = C, c,®. After extracting ® for each
freestanding array, we next fit the data for the NW/polycarbonate
composite to extract the effective thermal conductivity of the
composite. This two-component composite is composed of metal
NW fillers embedded in a polycarbonate matrix and modeled as an
effective medium, where the effective heat capacity is again equal to the
volume fraction-weighted average of the two components such that
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Cyet = Cycu® + C,pc(1 — ®@). This assumption reduces the analysis
for the NWs embedded in the membrane to two fitting parameters, k;
and k.

3. RESULTS AND DISCUSSION

Copper NW arrays are synthesized using templated electro-
deposition, where a sacrificial PCTE porous membrane (see
Table 1) is used to mask a substrate while copper is
electrochemically deposited into the pores. These pores are
generally cylindrical and taper near the opening such that the
pore diameter at the membrane surface is smaller than the
diameter in the center. The membrane is rolled onto a metal-
coated substrate using a polytetrafluoroethylene (PTFE) rod to
remove wrinkles and air gaps as shown in Figure la. The
membrane electrostatically adheres to the gold seed layer,
which enables NW growth from the substrate surface with no
intermediate transition layer or bond line. The membrane-
masked substrate is sealed into an aperture assembly that is
used to define the area of electrodeposition, and the exposed
area (0.07 cm?) is saturated with the electrolyte solution for
several minutes to ensure uniform pore wetting prior to
deposition. The aperture assembly is inserted into a three-
electrode electrochemical cell (see the Supporting Informa-
tion), and an isolated metal pad electrically contacts the
cathode on the outer edge of the substrate.

Potentiostatic electrodeposition is used to deposit copper
into the membrane pores beginning at the substrate as shown
in Figure 1b. Because electrodeposition is a Faradaic process,
the deposition time is correlated to the array height (ie,
nanowire length), and different regimes in the current versus
time characteristic are indicative of the extent of NW
gromh12’15’33’41’43 as shown in Figure 2. During stage I, the
pores begin to fill with metal, forming the individual NWs.
Once the pores are entirely filled with copper, metal begins to
deposit isotropically from the NW tips during stage II, forming
mushroom-like caps. When the caps become sufficiently large,
they coalesce into a single, continuous planar film during stage
II that grows above the membrane. To calibrate the NW
growth rate, copper is deposited for different deposition times
within stage I, and the resulting array height is measured using
cross-sectional SEM imaging. However, each pore experiences
small differences in the metal deposition rate due to diffusion
limitations of direct current electrodeposition. This causes the
dispersion in NW length to increase with deposition time,
leading to a high degree of surface roughness across the array
during stage I growth. This diffusion-limited growth can be
mitigated through pulsed electrodeposition to provide a more
uniform NW growth rate,'® which requires careful calibration
and tuning of the electrochemistry and deposition parameters.
Instead, we use direct current electrodeposition of copper into
stage III growth such that all of the pores are entirely filled and
a continuous copper overplating film remains on the membrane
surface.

After the copper deposition, the substrate is immersed in DI
water to remove the excess electrolyte. The overplating film is
peeled away from the top surface, separating from the tips of
the NWs as shown in Figure lc, while the NWs remain
embedded in the membrane to preserve the array morphology.
By depositing a sufficiently thick overplating layer, the planar
film remains cohesive during removal and separates as a single,
continuous piece. This process results in a NW array with
deviation in surface planarity (i.e., variation in array thickness or
NW length) of approximately 1%. The substrate is then

14F |.Nanowire Growth IIl. Planar Film

: II.O;/erpIatingl
< E :
£ ' '
€ : H
g : '
5 f :
O i H

30| Membrane Thickness + : &
=25} ; :
5 & : :
< 20 § , H
= W ' '
S v : H
S5 » ' '
2 & : :
op € e |
st E i

0 10 20 30 40 50 60

Time [min]

Figure 2. Representative current versus time characteristic for
potentiostatic electrodeposition of copper NWs and the corresponding
NW array growth rate curve as measured using cross-sectional SEM
images. Three distinct stages are identified in the characteristic current
response. During stage I, electrodeposition is confined to only the
pores of the membrane, resulting in a reduced current and a linear
relationship between nanowire length (ie., array height) and time.
During stage II, the pores begin to fill completely with metal and caps
form on the surface of the membrane, beginning at the tips of the
nanowires. Eventually the caps become large enough to coalesce and
merge into a solid copper film of constant surface area during stage III,
resulting in a constant current with planar film growth on the surface.

immersed in dichloromethane to dissolve the polycarbonate
membrane. The PCTE membrane templates used in this work
have nominal pore diameters of 200, 400, and 1000 nm and a
nominal thickness of 30 ym, and the corresponding NW arrays
are shown in Figure 3.

The effective thermal conductivity of each NW array is
measured using the 3w method, which is well-described in the
literature.*™** In brief, the 3w method utilizes a single
patterned metal line driven by a current source at frequency
@ to provide Joule heating and subsequent temperature
oscillations at a frequency of 2w. Due to the temperature
coefficient of resistance of the metal, the resistance of the line is
also perturbed at a frequency of 2w, leading to an overall
voltage oscillation at a frequency of 3w, which is detected using
a lock-in amplifier. We implement this measurement by
growing the NW array directly above an electrically isolated
metal line that is used simultaneously as both a heater and a
thermometer. The device design is derived from a structure
originally employed by Roy-Panzer et al. for use in high-
sensitivity thermal characterization of fluid microdroplets* and
is adapted to contain a buried electrode to facilitate
electrodeposition onto the center of the device™ as shown in
Figure 4.

In each 3w measurement, the spatially averaged temperature
rise in the heater AT is mapped to the measured V;,, signal**

DOI: 10.1021/acsami.5b05147
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Figure 3. (Top) Plan view SEM images of polycarbonate track-etched membranes and (bottom) cross-sectional SEM images of the resulting

nanowire arrays synthesized on silicon substrates.

(a)  As-Fabricated (b)  Nanowire Array
- D15 W -
+A B+ ||| -APEMB -+
T s

Legend: [ Fused Silica Wafer
[ Si0, Passivation
[ Ti/Au Seed Layer

[ Buried Ti/Pt
[ Exposed Ti/Pt
[ Copper Nanowires

Figure 4. Top and side views of an electrothermal measurement
device (a) before and (b) after metal seed layer deposition and
nanowire growth. Each device contains two buried heater lines, and an
additional metal line connects to the center of the device to conduct
current during electrodeposition. The Ti/Au seed layer is evaporated
through a shadow mask over the center of the device, and nanowires
are grown directly onto this seed layer.

dT
AT = 2V3m£
(1)

IRMS

where dT/dR is the measured linear relationship between
temperature and resistance in the metal line and Iy is the
root-mean-squared electrical current. The V;,, signal is recorded
over a selected frequency range of 200—6000 Hz and converted
to a thermal frequency response AT(w) using eq 1. The
thermal properties of the multilayered stack shown in Figure 4
are extracted by using a least-squares fitting algorithm to fit the
amplitude of the measured frequency-domain thermal response
to the analytical heat diffusion equation in stratified media given
by eq 2a,b.*¥*>°">* The spatially averaged temperature rise AT
at the location of heating for a defined multilayered system can
be derived*” as

_ P f°° B*(m) + B (m)
"~ 2aLk? Jo AY(m)B™(m) — A"(m)B*(m)
sin’*(mb) d
rm’ (2
v, = ki '7,-7"2 - i%

j (2b)
where P is the heating power, L and b are the length and half-
width of the heater, respectively, k; and a; are the thermal
conductivity and diffusivity of the jth layer, 7; is the anisotropy
ratio of the jth layer (i.e., the ratio of the in-plane to cross-plane
thermal conductivity), and A and B are dimensionless
parameters solved using a recursive matrix method. In this
model, the 250 nm thick SiO, passivation layer, the 55 nm thick
metal seed layer, and the NW array are treated as discrete layers
having finite thickness because the thermal penetration length
is greater than the layer thickness over the measurement
frequency range. The fused silica substrate and air above the
sample are treated as semi-infinite media.

This method is validated by measuring the thermal
conductivity of a solid electrodeposited copper film having a
thickness of 4.9 + 0.1 ym. The heat capacity is fixed at the bulk
value of C, c, = 3.44 X 10°J m™3 K™/, and the resulting thermal
conductivity is measured to be k¢, = 383 + 6 W m™' K. This
conductivity is nearly equal to the value for single-crystal bulk
copper”™ (kgysc = 398 W m™ K' at 300 K). Because
electrodeposition is capable of producing metals ranging from
dendritic to fully densified and having microstructures ranging
from nanocrystalline to large single crystals, the measured
thermal conductivity suggests that the electrodeposited copper
in the present work is fully densified and polycrystalline with
large grains. Grain boundary scattering of electrons in metals is
well described by Mayadas and Shatzkes™ using a semi-
empirical correlation between electron transport and grain size

given by
k 1
L io:+3,a2—3.oz31n(1 +—)
kcusc 2 a (3a)

19255 DOI: 10.1021/acsami.5b05147
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A R
a= 2 _®
Dgg (1 — R) (3b)

where Dgg is the average grain size, 4 is the mean free path of
conduction electrons in bulk metal, and R is a reflection
coeflicient for electrons at grain boundaries. For copper, 1 =~ 39
nm at room temperature and the reflection coeflicient is R =
0.24,>" which corresponds to an average grain size of
approximately 300—600 nm for the electrodeposited copper
film. We confirm that the grain sizes in the electrodeposited
copper are on the order of ~10* nm using transmission
electron microscopy (see the Supporting Information).

Each copper NW array is synthesized on a microfabricated
substrate, and the thermal properties of the array are measured
both while the NWs are embedded in the membrane and again
after the membrane is dissolved. The thermal conductivity is
found to be highly anisotropic due to the preferential vertical
alignment of the NWs. Cross-plane conduction is primarily
facilitated by axial transport along the NWs, whereas in-plane
conduction is limited by serial resistances composed of the
insulating matrix and contact resistances between adjacent
NWs and the matrix. Consequently, the axial thermal
conductivity k (i, parallel to the NWs) is observed to be
more than an order of magnitude larger than the transverse
thermal conductivity k; (ie., perpendicular to the NWs) with
anisotropy ratios # = k/k, as high as 40. For the 21-25%
dense freestanding NW arrays developed in this work, we
measure effective thermal conductivity values of kj = 41-70 W
m ' K 'and k; = 1.1-2.0 W m™" K™%, For the NWs embedded
in the polycarbonate membrane, we observe thermal
conductivities of kj = 45-72 W m™ K™ and k; = 1.3-22
W m™" K'. Because axial conduction in the array primarily
occurs along the copper NWs rather than the interstitial matrix,
we observe only a minor decrease in kj between the initial NWs
embedded in polycarbonate and the freestanding array after
membrane dissolution. In addition, the transverse conduction is
limited by series resistances between the NWs and the matrix,
and we observe a consistent decrease in k, by ~0.25 W m™
K" across all samples after replacing the polycarbonate matrix
with air. These effects are further obfuscated by the potential
for irreversible morphological changes that may occur during
the membrane dissolution process. While embedded in the
membrane, the individual NWs are constrained to their as-
synthesized alignment and morphology. During the dissolution
and subsequent drying processes, the now-unsupported and
flexible NWs may deform and alter the array morphology to
favor more isotropic conduction. This is supported by
observing that the fractional reduction in k; between
freestanding NWs and composite NWs increases with aspect
ratio (AR). For the 322 nm diameter NWs (AR = 98), there is
a 17% average reduction in kj, whereas the 466 nm diameter
NWs (AR = 59) experience only a 9% average reduction in k.
The 1189 nm diameter NWs (AR = 24) experience a negligible
change in k; that is within the uncertainty of the measurement.

Additional functionality can be provided to the array by
infiltrating the available interstitial volume with a functional
material. For example, infiltration with polymers (e.g, epoxy,
PDMS) can provide mechanical and chemical stability,
infiltration with eutectics (e.g., AuSn) can enhance the effective
conductivity, and infiltration with phase-change materials (e.g,
paraffin wax) can give the NW composite a high effective
thermal capacitance. We demonstrate the ability to infiltrate a
freestanding NW array with paraffin wax, which provides

additional thermal capacitance to the array to buffer thermal
transients in microelectronics applications, and we observe
retention of the effective composite thermal conductivity. For
as-synthesized 466 nm diameter NWs embedded in the PCTE
membrane (kpolycarbomte =02 Wm™ K™'), we first measure k; =
451+ 1.0Wm™ K 'and k; = 1.34 + 0.04 W m™" K™, After
membrane dissolution, these values are reduced to k; = 41.6 +
36 Wm™ K™ and k; = 1.18 & 0.02 W m™! K™'. However,
after infiltrating the array with paraffin wax (kpym, = 0.24 W
m~! K™!), we observe a recovery of the effective axial thermal
conductivity of the composite NW array to k; = 43.4 + 1.0 W
m™' K!. This suggests that there are minor contributions both
from morphological changes during matrix removal and matrix
infiltration (irreversible changes) and from the thermal bridge
provided by the matrix material between adjacent NWs
(reversible changes). We also recover the transverse thermal
conductivity to k; = 1.37 + 0.0S W m™" K™! after paraffin wax
infiltration. This confirms the expectation that the contribution
of the matrix is significant to the transverse conductivity
because the lateral conduction pathway consists of series
resistances that are limited by the thermal resistivity of the
matrix.

The effective transport properties of a binary composite can
be interpreted using a compositional phase diagram because the
conductivity is a function of both the composite morphology
(i.e., the effective transport path length in each phase) and the
composite composition (i.e., the available fractional contribu-
tion from the individual components). In the diffusive limit for
thermal conduction where one component has a negligible
thermal conductivity compared to the other (e.g., k¢, > k),
the upper bound of the effective axial thermal conductivity of
the composite kj .., scales linearly with the volume fraction, ®:

kll,max = kCuq) (4)

This is equivalent to modeling the two components as
noninteracting parallel resistors where each NW exhibits
bulk-like thermal conductivity and the alignment minimizes
the effective conduction path length. However, measured values
of k| are reduced below k; ., due to both internal mechanisms,
including grain boundary and surface scattering of energy
carriers, and morphological mechanisms, including defects in
the individual NWs and tortuosity and entanglement that
increase the effective heat transfer path length.

The array morphology is likely the primary source of the
reduced effective thermal conductivity due to deviations from
the nominal vertical alignment of the NWs. As the NW aspect
ratio (i.e, flexibility) increases, these morphological imperfec-
tions may become increasingly prominent due to additional
NW entanglement and tortuosity. Effective medium theory
(EMT) is a well-established methodology for predicting the
effective transport properties of composite media based on
both composition and morphology. We apply a general EMT
framework for the axial and transverse thermal conductivities
developed by Nan et al.>” that has been previously applied to
aligned® and unaligned®® CNT composites. The NW alignment
factor, (cos*f), varies from 0.33 for randomly oriented NWs to
1 for perfectly collimated NWs. We use cross-sectional SEM
images to measure an alignment factor of 0.93 + 0.02 for all
arrays in this work, although this is difficult to estimate because
the NWs along the cleaving plane are necessarily disturbed
while the cross-section is prepared (see the Supporting
Information). Although this model can fully consider the
thermal boundary resistance between the NWs and matrix, we
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neglect this boundary effect because it is small compared to the
volumetric resistance of the insulating matrix material. When
scaled with ®, this model predicts a reduction in kj that is
comparable to the measured data and also accurately captures
the low observed values of k; for high aspect ratio NWs as
shown in Figure Sa.
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Figure 5. (a) The effective thermal conductivity of the NW arrays is
shown as a function of the volume fraction, including the axial thermal
conductivity k; (blue) and k; (red) for NWs embedded in the
polycarbonate membrane (squares) and as freestanding arrays
(circles). Whereas axial thermal conductivity scales with the density
of NWs, the transverse thermal conductivity is limited by the large
resistance contribution from the interstitial volume and remains
constant with volume fraction. The upper bound for thermal
conductivity is given using eq 4 for single-crystal copper (black
line). The effects of morphology are modeled using effective medium
theory (blue and red lines), which shows a comparable reduction in
axial conductivity as observed experimentally and also agrees with the
measured transverse thermal conductivity values. Data are also shown
for metal NW composites in the literature, including unaligned Au
NWs randomly dispersed in PDMS' and for aligned Ag NWs
embedded in a PCTE membrane.® (b) The effective thermal
conductivity per NW, k.4, is calculated from eq S and is reduced
from the bulk thermal conductivity of electrodeposited copper (black
line). Size effects and surface scattering contribute to a fraction of this
reduction (red line), which becomes increasingly significant as the NW
diameter decreases. The effects of grain boundary scattering likely also
increase with a reduced NW diameter.”’

We can rewrite eq 4 to define an effective thermal
conductivity for an individual NW k; 4 as

ky

ko=
ind ® (5)

For freestanding NW arrays, this leads to k4 = 195-277 W
m™' K' for the NW arrays in the present work, which
represents a suppression of the magnitude to ~50—75% of the
bulk conductivity of copper. Internal scattering mechanisms,
including surface scattering and grain boundary scattering,
likely contribute to this reduction in k4. The surface scattering-
limited individual NW conductivity ki, can be estimated

using Matthiessen’s rule as a scaling argument

D

k k.
D+4 ™ (6)

ind,surf —

where 4 is the bulk electron mean free path and D is the
diameter of the NW as used to estimate the surface-limited
mean free path. For the smallest NWs used in the present work
(D = 322 nm), surface scattering is estimated to only suppress
Kindsut to ~89% of ki,q. Alternatively, the grain size in the
copper NWs may be reduced relative to the bulk copper film,
and grain boundary scattering may account for the majority of
the suppression in k4. For example, Volklein et al. measured
the thermal conductivity of an individual electrodeposited
platinum NW (D = 131 nm) and observed a reduction in
conductivity to only ~29% of the bulk value, which is attributed
to grain boundary scattering rather than size effects.”” Kim et al.
further demonstrated the impact of grain boundary structure on
electron scattering in electrodeposited copper NWs and
observed that grain size tends to scale linearly with geometric
dimension.”” This suggests that while the grain size in bulk
copper is observed to be much larger than 4, transport in the
individual NWs is expected to become increasingly impeded by
grain boundaries with shrinking NW diameter. The combina-
tion of array-scale morphology with enhanced scattering within
the constituent NWs leads to effective transport properties that
are reduced below the diffusive upper limit.

4. CONCLUSIONS

We have demonstrated a facile method to synthesize and
integrate highly uniform arrays of metal nanowires on
substrates and devices that does not require an additional
bonding layer for either the template or the NW array. This
method brings the high thermal conductivity NW array
adjacent to active devices and other heat sources for high
heat flux thermal management applications. Although the direct
on-substrate synthesis minimizes one-interface resistance and
the high conductivity NWs reduce the volumetric resistance, it
will be necessary to develop a method to bond the tips of the
NWs to an adjacent substrate (e.g, a heat sink) to reduce
contact resistance. We present both the effective axial and
transverse thermal conductivities of freestanding copper NW
arrays and report values as large as 70 W m™' K", Such metal
NW composites, whether embedded in the growth template,
left as a freestanding array, or infiltrated with a functional matrix
material, offer multifunctionality without compromising the
stability or intrinsic advantage of the high-conductivity NWs.
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