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A
ligned CNT polymer nanocompo-
sites (A-CNT�PNCs) can benefit a
variety of applications including

electronics thermal management. Indivi-
dual carbon nanotubes (CNTs) can have
thermal conductivities near 3000 W m�1

K�1 and molecular dynamics simulations
predict the values could be even higher.1,2

Vertically aligned CNT films can have
volume-averaged axial thermal conductiv-
ities as high as those of metals, with re-
ported values reaching∼265 W m�1 K�1.3,4

However, pure CNT forests, without binding
materials, do not always offer the mechan-
ical properties required by structural, aero-
space, and other applications. Recent
progress on CNT�polymer composites, in
particular those featuring aligned nano-
tubes, promises unique combinations of
thermal and mechanical properties. We re-
port here a detailed study of conduction
along aligned CNT�epoxy composites with
CNT volume fractions extending an order of
magnitude higher (up to 20%) than those of
previous research. In particular, this work
finds that the axial thermal conductivity is
increased by a factor of 18.5 at a volume
fraction of 16.7 vol %, and the observed
conductivity anisotropy (kaxial/ktransverse ≈
2�5) correlates well with CNT alignment. A
strongly nonlinear variation of axial conduc-
tivity with volume fraction is interpreted
considering CNT�epoxy boundary resis-
tances, CNT imperfections introduced during
fabrication, and modification of the phonon
conduction within the nanotubes due to
interactions with the matrix (e.g., enhanced
scattering, damping of phonon modes, etc.).
Carbon nanotube additives have yielded

only modest increases in the thermal

conductivities of polymers compared to
theoretical predictions, and the reasons
for the relatively low conductivities are
not well understood. Figure 1 reviews prior
data for composites containing randomly
oriented carbon nanotubes and polymers
(thermal conductivities near 0.2 W m�1

K�1). Low concentrations of nanotubes
(<1 vol %) have been shown to reduce
the effective composite thermal conduc-
tivity in some cases, possibly due to void
formation, and yield a modest enhance-
ment in others.5�7 Higher concentrations
(>1 vol %) yield larger increases in the
conductivity, but generally less than twice
the value of the epoxy matrix.5,6,8�10 The
resulting nanotube composites have a
much lower thermal conductivity than pre-
dicted by effective medium theory
(EMT),11,12 which, for example, predicts a
factor of 250 enhancement in thermal con-
ductivity when 5 vol % randomly oriented
CNTs (k≈ 3000Wm�1 K�1) are added to an
epoxy (km ≈ 0.2 W m�1 K�1). Possible
reasons for the disparity between predic-
tions and data include modification of the
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ABSTRACT Nanostructured composites containing aligned carbon nanotubes (CNTs) are very

promising as interface materials for electronic systems and thermoelectric power generators. We

report the first data for the thermal conductivity of densified, aligned multiwall CNT nanocomposite

films for a range of CNT volume fractions. A 1 vol % CNT composite more than doubles the thermal

conductivity of the base polymer. Denser arrays (17 vol % CNTs) enhance the thermal conductivity by

as much as a factor of 18 and there is a nonlinear trend with CNT volume fraction. This article

discusses the impact of CNT density on thermal conduction considering boundary resistances,

increased defect concentrations, and the possibility of suppressed phonon modes in the CNTs.

KEYWORDS: carbon nanotubes . nanocomposites . thermal conductivity . thermal
interface materials
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phonon conduction within the individual nanotubes
by the polymer matrix,5 interfacial thermal resistances
that impair thermal transport between the nanotubes
and the polymer or between contacting nano-
tubes,7,11�16 impurities and lattice defects within in-
dividual nanotubes,16�20 and the formation of voids in
the CNT�polymer composite.21,22

This work investigates the impact of CNT density
on the thermal conductivity of nanocomposites con-
sisting of mechanically densified, aligned multi-
walled CNT (MWCNT) arrays infiltrated with an
unmodified aerospace-grade thermoset epoxy. To
better understand factors limiting thermal conduc-
tivity enhancement with the inclusion of nanotubes,
both the axial and transverse thermal conductivities
are compared with predictions from effective med-
ium theory. The conduction mechanisms within the
composites are considered to explain the observed
nonlinear increase in axial thermal conductivity with
volume fraction. Unlike unaligned, randomly or-
iented nanotubes, aligned MWCNT arrays can poten-
tially provide more direct thermal conductivity
pathways across the entire composite thickness,
which can yield significant thermal conductivity
improvements.22,25,26 The present manuscript offers
the first benchmark data of CNT composites with
controlled CNT density allowing correlation between
CNT density and composite thermal conductivity.
These data complement previous work characteriz-
ing the mechanical and electrical properties of these
mechanically densified aligned CNT composites (up
to 20 vol % CNTs), which showed promise for use in
multifunctional applications with a factor of 3 en-
hancement in elastic modulus at 17 vol % CNTs and a
significant reduction in electrical resistance with in-
creasing CNT density.27,28

MWCNT arrays are grown using chemical vapor
deposition,29 mechanically densified to increase the
volume fraction,30 and infiltrated with RTM6 epoxy.
The CNT alignment within the composites is examined
by measuring the azimuthal angle of CNTs using scan-
ningelectronmicroscopy (SEM, PhilipsXL30), resulting in
a mean-square cosine of 0.77 from averaging over 100
CNTs. Voids in CNT composites are evaluated using
optical microscopy and microcomputed tomography
scans (X-Tek HMXST225), and only void-free A-CNT�
PNC samples are thermally characterized.
Comparative infrared (IR) microscopy characterizes

the axial and transverse thermal conductivities of
aligned CNT nanocomposites of varying volume frac-
tion. The measured thermal conductivities (Figure 2)
are comparable with or greater than those reported
previously for other aligned CNT nanocomposites,22,25

but the data fall well below the best data for CNT films
without an epoxy matrix.3,4,31,32 The axial thermal
conductivity of the composites ranges from 0.46 to
4.87 W m�1 K�1 as the nanotube density increases
from 1 vol % to 16.7 vol %. The axial thermal con-
ductivity of the composites is comparable to the
thermal conductivity of unfilled, aligned, densified
MWCNT films which ranges from 0.29 to 3.6 W m�1

K�1 as shown in Figure 2. The unfilled arrays were
fabricated in the same manner as the composites and
measured with a similar comparative infrared micro-
scopy technique as the composites with minor differ-
ences as noted in the Methods section.

RESULTS AND DISCUSSION

For the axial direction in the aligned composites, a
simple model considering nanotubes conducting heat
parallel with the polymer matrix predicts that the
thermal conductivity increases linearly with volume

Figure 1. Previous data for the thermal conductivity enhancement as a function of volume fraction for randomly dispersed
CNT composites. This chart represents a subset of the available data where the matrix material has a thermal conductivity of
0.18�0.26 W m�1 K�1.
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(packing) fraction of CNTs. A linear fit to the data in
Figure 1 provides an estimate of 18.5Wm�1 K�1 for the
thermal conductivity of the individual nanotubes in the
matrix, much lower than the previous measurements
of individual nanotubes. However, the axial thermal
conductivity for the composites does not follow a
simple linear trend, instead the increase in thermal
conductivity with volume fractions above 10% appears
much greater than at lower volume fractions suggest-
ing that the density of nanotubes is not the only factor
influencing the thermal conductivity. The nonlinearity
of the axial data in Figure 2 for the aligned CNT
composites is similar to the data for the randomly
oriented composites presented in Figure 1, although
the magnitude of the thermal conductivity enhance-
ment is much greater for these aligned composites.
The thermal conductivity for the transverse direction
remains near the thermal conductivity of the base
epoxy increasing slightly with volume fraction below
∼10 vol %. The highest measured transverse thermal
conductivity is 2.41 W m�1 K�1 at 14.8 vol %. For both
the axial and transverse direction, at high volume
fractions (>10 vol %), significant differences in the
thermal conductivity are observed for samples of
similar CNT densities indicating that variations in

sample quality may impact the thermal conductivity.
While isotropic thermal conductivity is expected and
observed for randomly dispersed nanotube compo-
sites, the CNT alignment in these composites results in
a significantly anisotropic thermal conductivity (kaxial/
ktransverse ≈ 2�5). The axial thermal conductivity
increases more rapidly with volume fraction than
the transverse thermal conductivity, resulting in a
higher degree of anisotropy at higher CNT volume
fractions.
There are several possible explanations for the thermal

conductivities reported here for composites, which are
lower than expected for CNT�based materials and also
lower than those reported for thin, unfilled and uncom-
pressed CNT arrays. The same conduction mechanisms
that reduce the thermal conductivity also dictate the
nonlinear trend in thermal conductivity with volume
fraction. First, the quality of the CNT film used for
composites strongly impacts the composite perfor-
mance. Measurements and simulations of individual
nanotubes highlight the very high thermal conductivities
ofpristinenanotubes leading to impressivepredictionsof
the behavior of bulk materials fabricated from CNT films.
But even for unfilled CNT arrays, the reported effective
thermal conductivities range from less than 1Wm�1 K�1

(see for example ref 33) to over 250 W m�1 K�1 (see for
example refs 3 and 4). The effective thermal conductivity
of the unfilled CNT arrays in this study, which form the
basis of the composites used in this work ranges from
0.29 to 3.6Wm�1 K�1 over the range of volume fractions
investigated. The low thermal conductivity for the un-
filled arrays is governed by the quality of the CVD grown
nanotubes and the challenge in making good thermal
contact with all the nanotubes within the film. Thus,
when filledwith epoxy (k≈ 0.26Wm�1 K�1 for the RTM6
used here), the composite thermal conductivity will not
be as high as predicted from the measurements of
individual nanotubes. The effective thermal conductivity
of bulk materials containing nanotubes depends on
many properties of the CNT component, including the
individual CNT conductivity, CNT density, morphology,
and contact resistances. In particular, defects within
individual nanotubes, including lattice defects, impuri-
ties, and amorphous carbon, lead to reduced thermal
conductivities of the individual nanotubes, and hence of
their bulk materials. Raman spectroscopy of MWCNT
films is used to provide a very approximate indication
of the impact of compression on quality. The ratio of the
G (graphite) band to the D (defect) band inMWCNT films
shows no detrimental effect of densification on quality of
theMWCNT films at themaximumcompression (20 vol%
MWCNTs).34 Improvements in thermal conductivity for
CNT films and composites have been observed after
various treatments such as annealing,19,20 nitric acid
treatments,18,19 and centrifugation (for unaligned films).17

To form high thermal conductivity composites, the
thermal conductivity of the constituent CNTs must be

Figure 2. The axial (red 0) and transverse (blue O) thermal
conductivity of CNT nanocomposites and unfilled CNT
forests (filled diamonds) as a function of volume fraction.
The schematic below the legend shows the axial and
transverse measurement directions for the aligned CNT
composites. Best fits from the effective medium approach
(solid lines) and with a power law (dashed line) are shown
for the composite data. For the effective medium ap-
proach, the axial and transverse thermal conductivities are
fit simultaneously with a nonlinear least-squares algo-
rithm, assuming an alignment factor of 0.77 from the SEM
analysis, with two free parameters: the individual CNT
thermal conductivity (22.1 W m�1 K�1) and the CNT�
polymer boundary resistance (<1 � 10�9 m2 K W�1). For
the power law relationship (ke � km) = A 3 f

B, the prefactor,
A, and the exponent, B, are fit with a nonlinear least-
squares algorithm, while the measured matrix thermal
conductivity, km = 0.26 W m�1 K�1, is held constant. The
fitted values are A = 72.9 W m�1 K�1 and B = 1.72 for the
axial thermal conductivity and A = 11.3 Wm�1 K�1 and B =
1.37 for the transverse thermal conductivity. The dashed
green line indicates the thermal conductivity of the epoxy.
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consistently high, and this is not always achieved in the
quantities needed for fabricating nanocomposites.
Second, contact regions between nanotubes, which

occur even in the best aligned CNT films, impact
thermal performance of any CNT composite. These
contact points serve both as scattering sites for pho-
nons propagating along contacting nanotubes, redu-
cing the individual nanotube thermal conductivity, and
as a route for heat conduction between the nanotubes
with additional thermal resistance across the interface.
The magnitude of the thermal boundary resistance at
CNT�CNT contacts strongly influences the effective
conductivity of the composite material. A higher con-
tact resistance diminishes the thermal conductivity of
the ensemble. Prasher et al.15 show that the thermal
conductivity of a randomly oriented bed of MWCNTs is
controlled by the CNT�CNT thermal contact resistance
which is orders of magnitude larger than the intrinsic
thermal resistance of a CNT. If the thermal boundary
resistance between nanotubes is small, as the volume
fraction increases and more CNT�CNT contacts are
formed, the composite thermal conductivity increases.
Percolation theory predicts that above a threshold
volume fraction, the filler particles (CNTs) form a net-
work which bridges the entire thickness of the compo-
site leading to more effective heat transport across a
sample.8,13 Kumar et al.13 computationally analyzed
percolation in 2D networks of CNTs, finding that the
CNT�CNT and CNT�substrate thermal resistances in-
fluenced the thermal conductivity, even below the
threshold volume fraction required to form chains of
filler CNTs bridging the entire sample thickness. In
contrast, in the axial direction, the continuous CNTs
in the composites studied in this work should bridge
the entire thickness of the sample in the axial direction
regardless of the volume fraction. But in the transverse
direction and in the axial direction, if some CNTs do not
traverse the entire sample thickness, densificationmay
lead to the formation of percolation networks which
bridge the entire thickness of the sample. Meshot and

Hart35 have shown variations in CNT alignment and
entanglement from the top to bottom of similar CVD
grown MWCNT arrays. Panzer et al.36 showed that not
all nanotubes physically present in an aligned array
contribute to heat transport due to a lack of engage-
ment of all the CNTs with the heat source and sink. As
the alignment and continuity of the nanotubes varies
throughout the array, CNT�CNT contacts become
increasingly important for effective heat transport
across the composite.
Third, CNT�polymer boundary resistance impacts

the effective thermal conductivity of CNT�polymer
composites. In unaligned CNT composites, the indivi-
dual CNTs do not bridge the entire thickness of the
composite and the CNT�polymer boundary resistance
is critical. One of the main advantages of the compo-
sites studied in this work is that the CNTs themselves
are well-aligned and span the entire thickness of the
polymer in the axial direction, providing direct path-
ways for heat transport across the composite. In theory,
for these composites, the CNT�polymer boundary
resistance is only important for conductivity transverse
to the CNT axis. However, if some of the CNTs fail to
extend to the surface of the polymer, the CNT�poly-
mer thermal boundary resistance will impact the axial
conduction as well.
Furthermore, phonon modes within CNTs can be

damped and scattered by the polymermatrix reducing
the thermal conductivity of the CNTs themselves.5,7

Gojny et al.5 showed that the thermal conductivity
enhancement for MWCNTs dispersed in epoxy was
larger than that of single-walled CNTs (SWCNTs) as
MWCNTs have inner shells which conduct phonons
efficiently despite the outer shell interacting with the
polymermatrix. This dampingof phononmodeswithin
the outer shells of nanotube may be a possible reason
for the reduction of the thermal conductivity of the
nanotubes, especially when high quality nanotubes
form the basis of the composite.
The effect of CNT�CNT contacts is the most likely

cause of the nonlinearity in the thermal conductivity
with increased density, while the low thermal conduc-
tivity of the constituent CNT arrays dictates the low
thermal conductivity compared to pristine nanotubes.
The number of contact points and the area of each
contact could be affected by the biaxial compression
and by the addition of epoxy to the composite. In-
creasing area of contact should reduce the contact
resistance, while increasing contacts may lead to in-
creased scattering but more opportunities for heat to
transfer between neighboring nanotubes. The CNT�
polymer boundary resistance may also contribute to
the nonlinearity of the thermal conductivity with in-
creased density, particularly in the direction transverse
to the CNT axis. All nanotubes in this work are grown
following the same procedure, so the CNT array quality
should be consistent even at high volume fractions.

Figure 3. Schematic and SEMs of nanocomposite fabrica-
tion:27,30 (a) as-grown CNT films with 1 vol % CNTs;
(b) biaxial mechanical compression of CNTs up to 20 vol %
CNTs; (c) A-CNT-PNC fracture surface after capillary-driven
epoxy infiltration of the CNT arrays.
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The scatter in the data for unfilled arraysmay arise from
variations in the quality of thermal contact to the
substrate after densification. Poor contact between
the substrate and the nanotubes, combined with
minimal conduction between nanotubes, may lead to
few pathways for thermal conduction across the CNT
array. For PNCs, the matrix can aid in spreading the
heat between nanotubes, especially at the contact
surfaces.
Effective medium theory12 has been used to model

the thermal conductivity of CNT�polymer composites
in the axial and transverse directions. The CNT�
polymer boundary resistance dictates the curvature
of the transverse thermal conductivity trendwith increased
CNT volume fractions. Relatively small values of
CNT�polymer boundary resistance (<1 � 10�9 m2 K
W�1) are required to see the positive curvature ob-
served with these experiments. When fitting effective
medium theory to the data, little nonlinearity in the
EMT prediction is observed, as seen in Figure 2. The
generally aligned, but wavy, entangled, cylindrical
CNTs are modeled as unaligned ellipsoidal particles
with a large aspect ratio. The alignment factor, Æcos2 θæ,
varies from 0.33 for completely randomly oriented
particles to 1 for particles whose axis aligns perfectly
(i.e., collimated) with the direction of heat transport.
Fitting both the axial and transverse thermal conduc-
tivity data predicts an individual CNT thermal con-
ductivity of 22.1 Wm�1 K�1 and a boundary resistance
<1 � 10�9 m2 K W�1, assuming an alignment factor of
0.77 from the SEM analysis. This EMT model incorpo-
rates the thermal boundary resistance between the
CNT and the polymer, Rbd, but neglects direct
CNT�CNT conduction. Considering the axial direction,
the model elliptical particle may represent a heat

transfer pathway consisting of more than one nano-
tube, in which case, the effective thermal conductivity
predicted includes the intrinsic thermal conductivity
and thermal boundary resistances and requires a low
value of the intrinsic CNT thermal conductivity to
achieve agreement with the data. Furthermore, by
neglecting the direct CNT�CNT conduction, this mod-
el may also underpredict the CNT�epoxy boundary
resistances. Thismay account for the disparity between
our estimate of CNT�epoxy boundary resistance and
values on the order of 10�8 to 10�7 m2 K/W reported in
literature.37,38

Fitting a power law relationship, similar to the results
of percolation theory, to the increase in the axial ther-
mal conductivity above the polymermatrix gives a better
approximation of the trend in the data leading to the
relation (ke,a � km) = (72.9(W/(m 3 K))f

1.72). The fit to the
transverse conductivity leads to a different exponential
relationship with a slightly lower exponent: (ke,a � km) =
(11.3(W/(m 3 K))f

1.37). The power law relation suggests
that there are an increasing number of pathways
for heat transport generated by increasing volume
fraction.
In conclusion, the first benchmark study of the

thermal conductivity of aligned MWCNT polymer
nanocomposites as a function of varying CNT volume
fraction is reported. Axial thermal conductivities up to
4.87 W m�1 K�1 with 16.7 vol % CNTs (a factor of 18.5
enhancement in thermal conductivity) are reported
for the axial direction, much greater than reported in
studies of unaligned CNT composites. While the ther-
mal conductivity enhancement is large, it is much
lower than predicted if the thermal conductivity of
the individual, defect-free CNTs have thermal con-
ductivities on the order of 3000 W m�1 K�1, but it is

Figure 4. IRmicroscopy technique for thermal conductivitymeasurements. (a) Schematic of the testing configurationwith an
example temperaturemap. The sample is sandwiched between two reference layers. Ametallized piece of silicon is used as a
heater and the structure is affixed to a silicon substrate with silver paste. The silicon substrate is affixed to the temperature
controlled copper baseplate using thermal grease. (b) Temperature distribution across sample including best fit slopes for
both reference regions and the sample (temperatures averaged across the width of sample, i.e., each column in image a).
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comparable to the thermal conductivity of the un-
filled CNT arrays. The nonlinear behavior of thermal
conductivity with CNT volume fraction is attributed
to the interaction between CNTs and between the
CNT and the polymer. Future measurements of the
transverse conductivity of unfilled arrays will be
useful in separating out the effects of the epoxy
infiltration from the effects of CNT�CNT interactions.
Further model development is necessary to fully
understand the impact of factors including CNT
waviness, boundary resistances, and parameter

variation with CNT volume fraction. To fabricate
composites that take full advantage of the high
thermal conductivity of individual CNTs, additional
studies on aligned CNT composites are necessary
including improvement of the CNT quality (through
postgrowth annealing processes, etc.) and improved
epoxy infiltration to minimize CNT�CNT contacts.
In addition to thermal properties, the composites
also need to be engineered to obtain the desired
mechanical properties for thermal interface
applications.

METHODS
Fabrication. Aligned CNT composites are fabricated from

continuous CNTs, implemented in a controlled and aligned
morphology as described in previous work27,30 and illustrated
in Figure 3. In brief, aligned arrays consisting of 1 vol % dense,
8 nm diameter, several millimeter long MWCNTs are grown via
chemical vapor deposition. The aligned arrays are densified
using biaxial mechanical compression and infiltrated using
capillary action with epoxy (RTM6 from Hexcel), then cured to
form aligned CNT nanocomposites with CNT densities between
1 vol % and 20 vol %. The CNT alignment was quantified by
measuring the azimuthal angle θ of CNTs using scanning
electron microscopy (SEM, Philips XL30). The mean-square
cosine Æcos2 θæ with its statistical distribution among all CNTs
as the weighting factor, was estimated to be 0.77 from aver-
aging over 100 CNTs in the SEM images. Voids in CNT compo-
sites were also evaluated using optical microscopy (2D) and
microcomputed tomography scan (X-Tek HMXST225, 3D). Air
bubbles and epoxy-rich regions on the order of micrometers
were at times observed, and A-CNT�PNC samples with such
voids were eliminated from the sample sets.34

Comparative Infrared Thermal Microscopy. The thermal conduc-
tivity is measured using a comparative method based on ASTM
standard E1225, using an infrared (IR) microscope instead of
thermocouples.39�41 A one-dimensional heat flux is generated
across a stack consisting of the nanocomposite sample sand-
wiched between two reference layers. A resistive heater (metal-
coated silicon) is attached to one reference layer, and the other
reference layer is affixed to a heat sink (through a silicon wafer
attached to temperature-controlled copper baseplate). For the
unfilled CNT arrays, the stack consists only of a heat sink (silicon
wafer attached to copper baseplate), a reference layer, a sample
CNT film, and a heater (metal-coated silicon). On the basis of the
preliminary work regarding the magnitude of the thermal
conductivity, one of two reference materials are used for each
sample in this experiment: quartz (GE Type 214) with a thermal
conductivity of 1.4 W m�1 K�1 and Pyroceram 9606 (Corning
Glass) with a thermal conductivity of 4 W m�1 K�1, to ensure
that the temperature gradients in the sample and in the
reference layers are comparable.

Fourier's law describes heat transport for each layer in the
sample. The samples are prepared such that all layers in the
stack have the same cross-section and the heat flux is
constant across the sample and two reference layers. Thus,
the ratio of the thermal conductivity of the sample and the
reference material can be determined from a ratio of the
temperature gradient in the sample and the reference layer.
The use of two reference layers allows the relative impor-
tance of any other heat transfer mechanisms, such as con-
vective and radiative loss, compared to the conduction
through the sample stack, to be determined. Also, the use
of reference layers eliminates possible error due to electrical
losses in the wiring and connections supplying power to the
heater and due to convection to the air on the topside of the
heater. The relevant surfaces of the composite which come in
contact with the reference layers are polished to a roughness

of less than 3 nm and coated with 200 nm of platinum to
enhance contact. The sample stack is assembled using a silver
epoxy (Duralco 120, Cortonics). The surfaces of the reference-
sample�reference stack facing the IR camera view are also
polished, and then coated with a thin film of carbon
(SPRAYON Dry Graphite Lubricant, Sherwin Williams) to en-
hance emissivity. For the unfilled CNT arrays, no surfaces are
polished or coated with platinum and the stack is bonded
together using colloidal graphite (Ted Pella, Inc.), and the
surfaces of the reference layer are also coated with the
colloidal graphite to enhance emissivity.

For a given heater power, a two-dimensional temperature
map is recorded with the infrared microscope. The microscope
uses a 256 � 256 InSb focal plane array for detecting wave-
lengths ranging from 3 to 5 μm. The IR microscope has a
temperature sensitivity of 0.1 K and spatial resolution of up to
2 μm.Within each temperature map, the regions containing the
reference layers and sample are identified and the temperature
is averaged in the direction perpendicular to the heat transport
to yield temperature versus position graphs, as shown in Figure
4. The temperature gradient in each region of the stack is
determined using a least-squares fitting routine. For a robust
measurement, thermal maps are recorded, and the thermal
gradients are calculated as the power is increased. Boundary
resistances between the different layers in the stack can be
spatially separated from the temperature gradients associated
with the material's intrinsic thermal conductivity.
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