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Computational Study of Thermal Transport in
Nanowire-Graphene Thin Films

Man Prakash Gupta, Nitish Kumar

Abstract—Metal nanowires-doped polycrystalline graphene is
recently shown to be very promising as transparent conducting
material for many applications including solar cells, touchscreens,
and light-emitting diodes. However, the thermal reliability of these
thin-film materials can be a concern and is not well understood
yet. In this study, we develop and utilize a coupled electrother-
mal model to examine self-heating in the nanowire-polygraphene
thin-film hybrid material. We study the effects of various key ma-
terial/topological parameters such as nanowire density and align-
ment, and interfacial thermal resistances at nanowire junctions,
and nanowire-graphene interfaces on the temperature distribution
of both nanowire network and polygraphene. The analysis provides
useful insights about the size, location, and number of hotspots in
the nanowires and polygraphene. The peak and average tempera-
ture variation in the thin-film material are explored and analyzed
for varied nanowire density and percentage of high-resistance grain
boundaries, and, in this respect, we observe that the variation of
both peak and average temperature of the nanowire network devi-
ates from the classical behavior expected from an electrical conduc-
tor, and rather it follows the trend according to the copercolating
charge transport within the nanowire-polygraphene hybrid ma-
terial. We find that the temperature profile of nanowires follows
the Weibull distribution for various current values in the network
for both below and above percolation threshold of nanowire net-
works. We systematically study the effect of nanowire orientation
on the temperature profile in the material, and find that aligned
nanowires along the main transport direction is likely to experi-
ence higher temperature rise due to the enhanced current. The
developed framework can help us to provide design guidelines to
mitigate the bottlenecks and accelerate the advent of these types of
hybrid materials as transparent conducting electrodes.

Index Terms—Thermal transport, Nanowire-Graphene, Perco-
lation, Electro-thermal model, Computational, Grain boundary.

1. INTRODUCTION

RANSPARENT conducting materials (TCMs) are utilized
I in many applications including solar cells, touch-screens,
displays, photodetectors, and organic light-emitting diodes [1],
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[2]. Significant research efforts are underway to find new ma-
terials which can replace the commonly used but increasingly
expensive Indium Tin Oxide as TCM [3]-[10]. Single-layer
graphene have been shown to have excellent electrical con-
ductivity and very high optical transmittance which are desired
properties for TCMs [11], [12]. However, the chemical vapor de-
position grown large area graphene is polycrystalline, and their
electrical conductivity is greatly reduced due to the scattering
of charge carriers from various defects. Recent studies have re-
ported that the transport properties of polygraphene can be sig-
nificantly improved (sheet resistivity <20 €/sq; transparency
>90% for visible light) by the addition of silver nanowires on
polygraphene [13], [14]. Metallic nanowires provide low resis-
tance percolating pathways over the defects such as the grain
boundaries which increases the overall conductance of the thin-
film material.

It should also be noted that silver nanowires themselves
are considered to be potential candidates for transparent con-
ducting electrodes (TCEs). However, the high electrical resis-
tance at the nanowire junctions reduces the overall conductance
of nanowires network making them less appealing as TCEs.
Some techniques such as plasmon-induced chemical reaction
[15], electric-field assisted spray coating [16], light-induced
plasmonic nano-welding [17], and nano-welding using local-
ized Joule heating [18] have been used to improve the junc-
tion resistance. However, concerns still remain since the silver
nanowires are highly susceptible to the excessive Joule heat-
ing. Khaligh et al. [19] studied the reliability aspects of silver
nanowires under electrical current flow for organic solar cell
applications. They found that silver nanowires network based
electrodes get significantly damaged within a couple of days
due to excessive Joule heating. Chen e al. [20] found that sil-
ver nanowire network becomes unusable for optoelectronic de-
vices due to decreased conductivity, transparency and fragmen-
tation of nanowires at current density of 150 mA/cm?®. Given
the susceptibility of Silver nanowires to material degradation
from excessive heat dissipation, examination of self-heating in
nanowire-doped polygraphene hybrid materials becomes very
important since these thin-film materials are deposited on low-
thermal conductivity substrates. Only a handful of studies have
been performed to study the thermal behavior of nanowire-
polygraphene hybrid thin-film material under electrical current
flow [21], [22]. Maize et al. [22] performed temperature mea-
surement of nanowire-polygraphene thin-film using thermore-
flectance technique. They compared the temperature of Silver
nanowires with and without graphene, and found that graphene’s
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presence lowers the temperature of nanowires due to enhanced
heat transfer by graphene. Das et al. [21] presented a statistical
analysis of the temperature profile of nanowire/graphene thin-
film composites, obtained from the thermoreflectance imag-
ing technique. They found that the temperature distribution of
nanowires follows Weibull distribution above the percolation
threshold but distribution in other regimes, e.g., below percola-
tion threshold is still unknown. These studies suggest that the
combination of nanowires and polygraphene is mutually benefi-
cial to both nanowires and polygraphene. Nanowires and poly-
graphene provide low resistance pathways for each other at their
electrically challenged places (junctions in case of nanowires,
and grain boundary defects for polygraphene). Additionally,
polygraphene can help provide efficient heat-transfer pathways
for the nanowires. Thermoreflectance imaging has limit on the
spatial resolution and the previous studies could not resolve
the temperature distribution along nanowires or along poly-
graphene. Computational modeling of electro-thermal transport
in these materials can be very helpful in this regard, and can
provide useful insights into the long-term thermal stability and
reliability improvements. To the best of our knowledge, there
has been no prior study regarding the electro-thermal transport
modeling in nanowire-polygraphene composites.

It is to be noted here that obtaining the simultaneous informa-
tion about electro-thermal transport variables (e.g., the current,
potential, heat dissipation, and temperature) with nanometer
resolution remains a challenging task for experimental tools
and techniques. Mesoscale modeling and simulations of ma-
terials and devices are extremely useful in overcoming these
challenges as they can provide detailed information about these
transport variables at hierarchical length scales, are relatively
much inexpensive and less time-consuming. Furthermore, the
computational analysis of these variables can provide impor-
tant insights into the material/ device performance bottlenecks.
These insights can also be used to find innovative solutions to
design the material processing steps to optimize the material
properties for specific applications such as solar cells, displays,
and light-emitting diodes. The objectives of the current study
are: (1) to obtain and examine the quantitative information about
both the heat and charge transport variables simultaneously in
hybrid structures containing nanowires dispersed on polycrys-
talline graphene, (2) to compare the electrical and thermal be-
havior of such composites or thin films with their individual con-
stituents, i.e., nanowire network and polycrystalline graphene,
(3) to investigate the factors associated with the excessive Joule
heating which can affect the operational reliability of such com-
posite materials (under what conditions nanowire is likely to
fail, the role of junctions and dynamics of current crowding, in-
vestigation of self-heating), (4) to examine the role of nanowire
junctions in the current and temperature distribution, (5) to de-
velop a framework which can provide useful design guidelines
to mitigate the bottlenecks and accelerate the advent of these
materials as TCEs.

II. METHODOLOGY

We develop a computational method to investigate the ther-
mal transport in the composite; this coupled electro-thermal
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Fig. 1. (a)—(c) Schematic depicts how the presence of nanowires on poly-
graphene may enhance the both the charge and heat transport. Here, yellow
region represents the electrodes, thin blue and thick red lines represent the
low and high resistance grain boundaries (assuming square crystal domains).
(d) Schematic of nanowire-dispersed polygraphene thin-film on quartz
substrate. (e) Temperature profile of nanowire network and polygraphene on
quartz substrate obtained from the numerical model.

model is described below. The shape of single crystal domains
(referred to as ‘grains’) in polycrystalline graphene is typi-
cally non-uniform with stochastic variation [23], [24]. How-
ever, it has been reported that on average, sheet conductance of
polygraphene is nearly independent of the grain-shape [13].
Therefore, we assume square grains for the computational model
developed to analyze polygraphene (Fig. 1). The grain size
(4 pm) and nanowires length (10 m) considered in the present
study, are sufficiently larger than the mean free path of charge
carriers, and therefore charge transport can aptly be described
by diffusive transport theory. This approximation has been vali-
dated and successfully applied for the carbon nanotube network
based devices previously [25]-[27].

We consider the grain boundary resistance value to be of
binary nature, i.e., it is either low (same value as that of the
intra-grain resistance) or high (60 times the value of intra-
grain resistance) similar to previous studies [13], [28]. We
randomly selected the location of the high resistance grain
boundaries (Fig. 1). The length of the nanowire is consid-
ered to be 10 pm and the diameter is 100 nm. Nanowires
are randomly oriented unless specified otherwise with nominal
density of the nanowire network as 6 x 10* nanowires/mm?.
Statistical averaging is performed over more than 100 ensem-
bles of nanowire-polygraphene films wherever needed for data
analysis.

A. Electric Transport

Governing equations are based on the charge conservation
principle utilizing the diffusive transport theory. Equation (1)
and (2) describe the charge transport in the ensemble of 1-D
nanowires and 2-D polygraphene sheet respectively, and they
also include the interaction among the nanowires at the junc-
tions, and between nanowires and polygraphene.

d*y;
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Here, ¥ denotes the electric potential. All lengths are non-
dimensionalized by the nanowire diameter (d). ¥; and ¥, de-
note the local potentials of a nanowire and polygraphene re-
spectively. The second and third terms in (1) represent the
charge transfer between nanowire and polygraphene, and at
the nanowire junctions respectively. é’c and G_;un are non-
dimensional contact conductance at nanowire-to-graphene and
nanowire-to-nanowire contacts respectively, defined as follows
[26], [29]:
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Here, gc and g, are contact conductances per unit area
at nanowire-to-graphene and nanowire-to-nanowire contacts re-
spectively; P and Py, are the corresponding contact perime-
ters. onw and oGrapnene are the electrical conductivity of
nanowire and graphene, respectively. A is the cross-sectional
area of the nanowire. The parameter (3, characterizes the con-
tact geometry and «, is the contact area per unit volume
(area x thickness) of graphene cell. The intra-grain electrical
resistance of polygraphene is taken to be 30 €2/sq assuming only
the acoustic deformation potential scattering [30]. The nanowire
electrical resistivity is taken as 2 x 108 Q—m, consistent with
the values reported in the literature [31]. The contact resistance
between nanowire and graphene is considered to be 200 €2 — ym
[13]. The resistance at the nanowire junctions is taken as 10 €2
[31]. The boundaries at x = 0, and z = L,, are kept at 1 V and
0V, respectively. Boundaries at y = 0, y = L,, are considered
to be periodic.

B. Thermal Transport

Governing equations are based on the energy conservation
principle utilizing the diffusive transport theory. Equations (3),
(4), and (5) describe the thermal transport in the ensemble of
1-D nanowires, the 2-D polygraphene sheet, and quartz substrate
respectively. Equation (3) and (4) also includes the interaction
among the nanowires at the junctions, and between nanowires
and polygraphene.
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Here, temperature (7) is non-dimensionlized as 6 = (T —
Too)(Q’ofdLnw kxw ). All lengths are non-dimensionalized
by the nanowire diameter (d). Q( = 7 ° E) , here 7 is current
density and E is electric field) is the Joule heating term and
Q,.e ¢ is the reference power density. §;, 6,, and s, denote the
local temperatures of 7th section of a nanowire, polygraphene,
and the quartz substrate respectively. The second and third
term in (1) represent the thermal interaction between nanowire
and polygraphene, and at the nanowire junctions respectively.
Bicand Biy,, are non-dimensional thermal contact conduc-
tance at nanowire-to-graphene and nanowire-to-nanowire con-
tacts respectively, defined as follows [26], [29]:
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Here, h¢ and hj,, are thermal contact conductances per
unit area at nanowire-to-graphene and nanowire-to-nanowire
contacts respectively; P~ and Py, are the corresponding con-
tact perimeters. kK and kgraphene are the thermal conductiv-
ity of nanowire and graphene. A is the cross-sectional area of
nanowire. The parameter ~, characterizes the contact geometry
and a, is the contact area per unit volume (area x thickness) of
graphene cell. Polygraphene sheet is considered to be deposited
on a fused quartz substrate of thickness 0.5 mm. Intra-grain
thermal conductivity of the polygraphene is considered to be
600 W/mK [32]. Thermal conductivity of silver nanowire is
assumed to be 200 W/mK [33]. Thermal conductivity of the
fused quartz substrate is taken to be 1.4 W/mK [34]. The ther-
mal contact resistance between quartz and polygraphene sheet
is taken as 1.2 x 10~® m? K/W [35]. Polygraphene sample size
(L x Ly) is taken to be 52 um x 52 pm in the present study.
The grain size for most of the simulation results is considered
to be 4 um, which is consistent with the values reported in lit-
erature [36]. Each grain region is discretized into 10 x 10 cells.
Boundaries aty = 0, y = L, are considered to be periodic. Bot-
tom of the quartz substrate is considered to be at 300 K. All other
boundaries are treated as adiabatic.

2
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III. RESULTS AND DISCUSSION

Here, we investigate the transport in the nanowire-
polygraphene hybrid structure using the developed model that
allows us to find insights into the plausible correlations between
the topological/material properties of the hybrid structure and
its electro-thermal characteristics.

The computational model allows us to obtain quantitative in-
formation about several electro-thermal transport variables such
as electrostatic potential, electric current, power dissipation, and
the temperature simultaneously as shown in Fig. 2. Here, 60%
grain boundaries are considered to be of high resistance, and the
nanowire network density is D = 6 x 10%/mm?. It can be noted
that the electrical current favors low resistance pathways within
the nanowire-polygraphene hybrid material. This leads to a non-
uniform distribution of not only the electrical current but also the
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Fig.2. (a) Schematic of nanowire dispersed polygraphene material; here, thick
green lines represent the high resistance grain boundaries of polygraphene, and
the black lines represent the nanowires. Contour plots of electrostatic potential
(V), current (mA), Joule heating (W), and temperature (K) (in the order of left to
right respectively) of the (b) nanowire network, and (c) polygraphene. Here, we
consider nanowire network density = 6 x 10* /mm? and 60% high resistance
grain boundaries in polygraphene.
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Fig. 3. (Top row) Schematic representation of nanowire-polygraphene hy-
brid material for 0%, 30%, 60%, and 100% (left to right, respectively) of high
resistance grain boundaries. (a—t) Polygraphene contour plots of electrostatic
potential (V), current (mA), Joule heating (W), temperature (K) and nanowire
temperature (K) (second from top to bottom row, respectively). Nanowire net-
work density = 6 x 10*/mm?.

Joule heating and the temperature both in the nanowire network
and the polygraphene (Fig. 2). The temperature hot-spots in the
nanowire network is indicative of the ‘current crowding’ occur-
ring at certain nanowires where they help provide critical low
resistance pathways across the high resistance grain boundaries
of polygraphene.

Fig. 3 shows the contour plots of electrostatic potential,
electric current, power dissipation, and temperature profile in
polygraphene sheet for four cases of high resistance grain
boundaries (GBs): 0%, 30%, 60%, and 100% at nanowire net-
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Fig. 4. Cumulative distribution function (CDF) of Weibull distribution
(CDF = 1 — exp(— AT/ A)k) for the temperature distribution corresponding
to three different currents: (a) I = 12mA, (a) I = 16 mA, and (a) I = 20mA,
with scale parameter, A = 18K, 32 K, and 50 K for three cases respectively.
Shape parameter, k = 1.8 for all cases.

work density, D = 6 x 10* /mm?. Although, the contour profile
in these plots can vary depending on the spatial distribution of
both the nanowires and the high resistance GBs, a few ob-
servations about the general trend can still be made based on
these plots. The distribution of the electrostatic potential in the
polygraphene seems more sensitive to the high resistance grain
boundaries rather than to the nanowires (Fig. 3a—d). The electric
current in the polygraphene sheet decreases with increasing %
of high resistance GBs (Fig. 3e-h). The electrical current flows
through the available low resistance pathways in the hybrid
structure. In particular, above the percolation threshold of high
resistance GBs (~60%), nanowires play the important role in
providing low resistance pathways over the high resistance GBs.
This becomes very apparent in case of 100% high resistance GB
case, when electric current is observed to be mainly along the
footprints of nanowires on the polygraphene sheet (Fig. 3h).
The distribution of Joule heating (Figures 2, and 3) in the hybrid
structure is seen to be directly affected by the pathways of cur-
rent flow which depends on both the density and distribution of
nanowires and high resistance GBs (See Figures S1-S7 in the
supplementary document for current, potential, power dissipa-
tion, and temperature—for different % of high resistance grain
boundaries and density of nanowire network). The overall Joule
heating decreases with the increase in the % of high resistance
GBs due to the reduced current flow. Fig. 3(m—p) show the tem-
perature profile in the polygraphene sheet. In Fig. 3, the highest
temperature is observed for 60% of high resistance GBs. Again,
this is a consequence of the current crowding and high power
dissipation in a specific location of network which is dependent
on the relative distribution of nanowires with respect to the high
resistance grain-boundaries of poly-graphene (more discussion
later). It is to be pointed out here that the location of hot-spots
and overall temperature profile in the polygraphene sheet de-
pends more on the spatial distribution of nanowire networks
rather than the power dissipation profile of the polygraphene
sheet as also seen previously in Fig. 2 and also in Figure S1-S6
in the supplementary.

Fig. 4 shows the cumulative distribution function of the
temperature profile of nanowire network. We observed that
the temperature profile of nanowires follows the Weibull dis-
tribution for various current values in the network. CDF =
1 — exp(—AT/ ). The shape parameter, A of the Weibull
distribution follows the square law with respect to the cur-
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Fig. 7. Temperature distribution of nanowires corresponding to three dif-

the temperature. The maximum and average temperature in (a, b) nanowire net-
work and (c, d) polygraphene. R 1y is the contact resistance between nanowires
and polygraphene sheet. (a, b) correspond to nanowires, and (c, d) correspond
to polygraphene.
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Fig. 6. Effect of thermal contact resistance at nanowire junctions on the tem-
perature. The change in (a) maximum temperature, (b) average temperature in
nanowires network is shown. Ry is the contact thermal resistance at nanowire
junctions.

rent such that A = o I°. These results are consistent with the
experimental results [21], and therefore, imply the validity
of the current modeling approach. Fig. 5 shows the varia-
tion of the peak and average temperature in polygraphene and
nanowire networks. Since the electro-thermal model is lin-
ear in nature, square Ohmic law (AT ~ Py~ I2) is ob-
served to be followed by peak and average temperature of both
nanowires and polygraphene with respect to the variation in
current irrespective of the value of nanowire-graphene contact
resistance.

Fig. 6 shows the peak and average temperature rise in
nanowires for varied thermal contact resistance at nanowire
junctions (Ry ), and graphene-nanowire interface (Rc y). The
values of these resistances are chosen in such a way that they
represent full range of the quality of thermal contacts from poor
to extremely good. For a given thermal contact resistance at
the nanowire junctions, the maximum and average temperature
both decrease with decreasing contact resistance between the

ferent nanowire network densities, D = 3 x 104/mm2, 6 % 104/mm2, and
9 x 10*/mm? (from left to right, respectively). Top row shows the tempera-
ture profile in the nanowires, (b) bottom row provide the statistical information
about the temperature variation in the nanowires, and it shows that temperature
follows the PDF of the Weibull distribution both below and above percolation
threshold of the nanowire networks.

nanowires and graphene. The temperature decreases sharply as
Ry decreases from 50 to 5 m-K/W, but changes very little
when R 1y is reduced after 0.5 m-K/W. This suggests that 0.5
m-K/W corresponds to an excellent thermal contact between
nanowires and graphene. We find that the thermal contact resis-
tance between nanowires and graphene (R¢ ry) significantly af-
fects the temperature of the nanowires; good thermal contact be-
tween nanowires and polygraphene are necessary to efficiently
dissipate the heat away from the nanowires as observed in the
experiments [22]. The peak temperature of nanowires decreases
significantly when junction resistance is lowered, however the
average temperature remains almost invariant with respect to
the junction resistance. This implies that the number and size of
hotspots are relatively very small, and the thermal interaction
among nanowires plays important role in reducing the temper-
ature at these hot-spots. Detailed contour plots are provided
in the supplementary material which provide more information
about the hot-spots as a function of nanowire density and %
high resistance grain boundaries (see Figs. SI-S6). As men-
tioned earlier, hot-spots are likely to appear at those nanowires
which play critical role in providing percolative current path-
ways, and junctions at these nanowires are likely to be more
susceptible to very high temperature increase, which may lead
to thermal-transpired cracks or even local melting. This may
lead to re-routing of the current pathways, and may lead to more
such events at other nanowires subsequently. The rise in the tem-
perature may lead to electromigration of Silver [16], [22]. The
welding of nanowires at the junctions reduces the electrical con-
tact resistance, and therefore enhances the overall conductance
of the nanowire network. By improving the junction resistance,
the hot-spot temperature can be lowered significantly, which
can effectively improve the material life span under extreme
electro-thermal load or Joule heating.
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(a) normalized electrical conductance, (b) peak temperature and (c) average
temperature of nanowires-polygraphene at different nanowire densities.

Fig. 7 shows the temperature profile of nanowire network for
three different network densities: 3 x 10*/mm?, 6 x 10*/mm?,
and 9 x 10*/mm?. We find that the temperature profile of
nanowires follows Weibull distribution which is also suggested
by the previous experimental studies [21]. The shape and scal-
ing parameters of the distribution depend on the nanowire
density. However, the Weibull distribution remains applica-
ble for both below and above percolation threshold density
of the nanowires. This finding emphasizes that the developed
model can be used in exploring the unique and novel prop-
erties of hybrid materials like nanowires-graphene consider-
ing the statistical distribution of the network. We find that for
D =3 x 10*/mm?, temperature rise remains between 0 and
50 K, with maximum number of nanowires maintaining a tem-
perature rise of 10 K. As the density of nanowires increases,
the spread of temperature rise also increases to range of 0 —
100 K and 0 — 150 K corresponding to D = 6 x 10*/mm? and
D =9 x 10*/mm? respectively. It should be noted that the lo-
cation of the hot-spot not only depends on density and distribu-
tion of nanowires but also on the location of grain boundaries.
Usually, the nanowires which provide critical current carrying
pathways in the nanowire-polygraphene composites are likely
to experience larger Joule heating and consequently higher
temperature rise.

Fig. 8 shows the effect of % high resistance GBs on the
electrical conductance and temperature of nanowire-dispersed
on polygraphene. Electrical conductance of polygraphene sheet
without nanowires decreases by more than two orders of mag-
nitude when high resistance GBs varies from 0% to 100%.
Addition of nanowires increases the conductance of the ma-
terial, but their effect becomes more pronounced when % of
high resistance GBs is greater than the percolation threshold
(~60%) for charge transport (Fig. 8a) [28]. We note that both
peak and average temperatures in the hybrid structure increase
with the nanowire density at a given high resistance GBs. This
is attributed to more current carrying pathways available in the
materials with the increase in the number of nanowires leading
to more current and hence more Joule heating. Further, we find
that peak temperature reaches a maximum at 60% high resis-
tance GBs for the given network densities. This is because the
electric current in polygraphene sheet decreases substantially
above 60% of high resistance GBs due to its own percolative na-
ture of charge transport and the associated percolation threshold
[28]. However, the presence of nanowires on polygraphene pro-
vides additional percolating pathways over the high resistance
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Fig. 9. (Top row) Contour profiles of electric current flow in the nanowire

network and polygraphene sheet for four different alignment angles 0°, 30°,
60°, and 80° (left to right, respectively). Red segments in the nanowires can be
noted over the high resistance grain boundaries indicating higher current flow
in the nanowires at these locations. (Bottom row) shows the temperature profile
in the polygraphene sheet corresponding to four alignment cases shown above.

GBs. Moreover, near this percolation threshold some nanowires
incidentally located near those GBs can open up the low resis-
tance pathways across the polygraphene sheet. These nanowires
are likely to face higher local current flow resulting in higher
Joule heating and relatively very high temperature rise com-
pared to surroundings. Such locations in the nanowires tend to
show the peak temperature of the material (See Figure S7 in
the supplementary document). The average temperature of the
material shows a different behavior (Fig. 8c). For nanowire den-
sity, D = 3 x 10*/mm?, we find that the average temperature
remains nearly unchanged for 0% to 40% high resistance GBs,
and then decreases at further increase of high resistance GBs.
For nanowire density, D = 6 X 10*/mm? (or9 x 104/mm2), the
average temperature increases slowly for 0% to 50% (or 60%)
high resistance GBs, and then decreases with further increase of
% of high resistance GBs. This variation is consistent with how
the electric current varies in the hybrid structure as a function
of % of high resistance GBs. The trend can be understood by a
simple relation: Thye o Pyyg ~ I % Riotal, here Taves Pave, I, Rioral
are average temperature, average power dissipation, total current
and total electrical resistance respectively. Increasing the num-
ber of nanowires increases the available pathways for charge
transport and therefore increases the total current (/). So, for a
given % of high resistance GBs, the increase in the nanowire
density results in net increase in the current (/) which leads to
higher power dissipation (F,y,) and greater average temperature
(Tlayg)- Increasing the % of high resistance GBs increases the to-
tal resistance (Ry,) Which decreases the total current (/) since
Tal / Rtolal~

We further examine the effect of nanowire alignment on the
temperature of the hybrid structure. We vary the alignment angle
of nanowires between 0° and 90°. Here, 0° and 90° alignment
angles indicate that the nanowires are aligned parallel and per-
pendicular to the main carrier transport direction, respectively.
Fig. 9 shows the contour plots of current flow and the tempera-
ture profile in the material. It can be noted that lesser number of
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Fig. 10.  Variation of peak temperature and average temperature of nanowires
with different percentages of high resistance grain boundaries at varied
alignment angles.

nanowires help bridge the high resistance GBs in the direction
of main carrier transport when the alignment angle is increased.
This leads to lower current flow and reduced power dissipation
which results in lower temperature rise. Fig. 10 shows the effect
of nanowire alignment on the peak and average temperature of
nanowires for different % of high resistance GBs at nanowire
density (D) = 6 x 10%/mm?. We find that for a given high re-
sistance GBs, both peak and average temperatures decrease as
the alignment angle increases from 0° to 90°.

IV. CONCLUSION

We develop a computational model to study the
electro-thermal transport in nanowire-polygraphene thin-film
composite to examine self-heating effects. The developed model
allows us to obtain the fine details of the current and temper-
ature distribution as a function of various material/topological
parameters of the hybrid material. We study the thermal effects
of various key parameters such as nanowire density and align-
ment, and interfacial thermal resistances at nanowire junctions,
and nanowire-graphene interfaces. We find that the temperature
profile of nanowires follows the Weibull distribution for various
current values in the network for both below and above per-
colation threshold of nanowire networks. We observe that the
variation of both peak and average temperature of the nanowire
network deviates from the classical behavior and rather it fol-
lows the trend according to the co-percolating charge transport
within the nanowire-polygraphene hybrid material. We also es-
timate the thermal contact resistances values corresponding to
varying quality of thermal contacts in the material. Results sug-
gest that 0.5 m-K/W corresponds to an excellent thermal contact
between nanowires and graphene. Detailed contour plots pro-
vide useful insights about the size, location and number of hot-
spots in the nanowires and polygraphene. The peak and average
temperature variation in the thin-film material are explored and
analyzed for varied nanowire density and % of high resistance
grain boundaries. We also examine the effects of nanowire ori-
entation on the temperature profile in the material, and find that
aligned nanowires along the main transport direction are likely
face more Joule heating and greater temperature rise due to en-
hanced current. Results presented in the study provide important
insights into the thermal transport behavior in the nanowire-
polygraphene thin-film material which can be used to improve
the thermal reliability of these materials.
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