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Thermal boundary conductance between Al films
and GaN nanowires investigated with molecular
dynamics

Xiao-wang Zhou,a Reese E. Jones,*a Patrick E. Hopkinsb and Thomas E. Beechemc

GaN nanowires are being pursued for optoelectronic and high-power applications. In either use, increases

in operating temperature reduce both performance and reliability making it imperative to minimize

thermal resistances. Since interfaces significantly influence the thermal response of nanosystems, the

thermal boundary resistance between GaN nanowires and metal contacts has major significance.

In response, we have performed systematic molecular dynamics simulations to study the thermal boundary

conductance between GaN nanowires and Al films as a function of nanowire dimensions, packing density,

and the depth the nanowire is embedded into the metal contact. At low packing densities, the apparent

Kapitza conductance between GaN nanowires and an aluminum film is shown to be larger than when

contact is made between films of these same materials. This enhancement decreases toward the film–film

limit, however, as the packing density increases. For densely packed nanowires, maximizing the Kapitza

conductance can be achieved by embedding the nanowires into the films, as the conductance is found to

be proportional to the total contact area.

1 Introduction

Gallium nitride (GaN) is of interest for electronic applications
in light-emitting diodes and high power devices. GaN nano-
wires have unique advantages over conventional bulk forms of
the material due to alterations in the bandstructure that occur
with a reduction in dimension. Practically, these changes can
improve the efficiencies of optoelectronics1 and offer the pro-
mise of field effect transistors that operate in the quantum
cascade limit.2,3 Constructing a device necessitates that a
nanowire make contact with other materials, in particular, to
metal electrodes. In nanosystems, interfaces and, hence, these
contacts have the potential to dictate the response of the device
more than the constituent materials.4 In fact, the nature of the
contact interface between the nanowire and the electrodes can
dominate the performance of the device. While past studies
have examined the influence of contacts on the electrical res-
ponse of nanowire devices,5,6 the thermal resistance of metal
contacts to nanowires remains largely unprobed. In response,
we examine the nature of the thermal resistance between metal

contacts and nanowires via a series of thermal molecular
dynamics (MD) simulations.

In general, interfaces between different materials exhibit a
high resistance to thermal transport.7 This thermal interface
resistance has been termed the Kapitza resistance, and its
reciprocal the Kapitza conductance.8,9 Within nanosystems,
interfacial effects are of heightened importance due to the
increased number of interfaces implicit with decreased device
size and the likelihood of ballistic transport in a low-dimensional
material. Thus, Kapitza resistance can become the dominant
thermal resistance in a system. This has direct effects on device
performance, in that: (a) electronic functionality usually deterio-
rates at excessive temperatures in GaN devices, and (b) a high
Kapitza resistance has been reported to cause catastrophic
failures of nanowire devices.4,10–12

Despite the significant impact of interfacial effects in nano-
wire devices, experimental studies of thermal transport between
films and nanowires remain challenging. In contrast, molecular
dynamics (MD) simulations have been successfully applied in
recent years to understand the phenomena underlying Kapitza
conductance.13–26 In an MD simulation, atomic structures of
nanowires are represented by an assembly of atoms connected
by an interatomic potential. Thermal transport phenomena can
be simulated by solving velocities (and hence temperature) of
the atoms as a function of time from Newton’s equations of
motion under externally applied heat fluxes. The resulting
evolution enables both calculation of Kapitza conductance
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and fundamental analysis of such properties as the phonon
density of states.24 Here we perform MD simulations using
LAMMPS27 to gain an understanding of Kapitza resistance
between Al films and GaN nanowires as a function of: nanowire
dimensions, packing density, and the depth to which they are
embedded within the metallic film. The lack of electron-
mediated transport in this study should not impair our ability
to obtain the sensitivity of conductance to various geometric
factors since, as ref. 23 shows, the addition of these carriers
does not have strong effects on the interface resistance if the
coupling of electronic states in the conductor and phonons in
the insulator is through lattice vibrations. This assumption is
also supported by the work of Singh et al.28 which finds that
electron–phonon coupling is not a major contributor to thermal
resistance across metal-dielectric interfaces at room temperature
and above.†

Since thermal transport in a wire–film system has received
little attention and yet this arrangement has many technologically
relevant applications, we seek a fundamental understanding of
the exact nature of interfacial thermal transport. After giving the
details of the methods we use in Method section, we explore
the dependence of the nanowire–film conductance to various
geometric factors, including nanowire size and embedding
depth in Results section in order to discover the strongest
sensitivities. We find that some of the scaling effects are opposite
to that typically observed in homogeneous materials.12,20,31–34

In particular, nanostructuring appears to enhance the apparent
conductance and may be a route to alleviating unacceptable
interface resistance in devices. The reasons for this enhance-
ment are discussed in detail in Discussion section and the
results are summarized in Conclusion section.

2 Method

In this work, direct method MD simulations22–24,33–37 were per-
formed to calculate the thermal boundary conductance between
an face-centered-cubic (FCC) Al film and a hexagonal wurtzite
(Wz) GaN nanowire. The Al–Ga–N Stillinger–Weber (SW)
potential found in ref. 22 was used to model the interactions.
This potential is only one of a few potentials designed for a
metal–semiconductor systems, cf. ref. 38–40, and is an exten-
sion of Béré and Serra’s SW potential41,42 for GaN. Despite over-
estimating the elastic constants of Al, see ref. 22, App. C, the
predicted film-to-film conductance, 0.12 GW m�2 K�1, com-
pares well with the measurement of 0.19 GW m�2 K�1 reported
in ref. 43. We believe the correspondence is due to the fact that
different populations of phonons contribute significantly to
conductivity in the pure phases versus the interface conduc-
tance, as demonstrated in our previous work.23

The orientations and dimensions of the computational
crystals, composed of an Al film in contact with a GaN wire,
are shown in Fig. 1. The GaN wire is either in simple end

contact with the flat Al surface, or partially embedded in the Al
film where a hexagonal hole of depth di is created in the Al
surface. A GaN nanowire with an additional length di beyond
its nominal, exposed length LGaN is then created and embedded
in the hole. Clearly, di-0 leads to the simple end contact
configuration.

The equilibration procedure is essentially the same as in
previous work.22–24,33,34,36,37 First, a computational system with
the desired dimensions is created based on the given 0 K
temperature lattice constants of the Al and GaN crystals. To
accommodate thermal expansion, a pre-conditioning simula-
tion is performed for a total of 20 ps with periodic boundary

Fig. 1 Orientations and dimensions of the computational crystals. Note
the heat flux is primarily in the x direction and the widths of the hot and
cold reservoirs are the same. The radius of the wire is defined as the
minimum distance between the center of the wire and the surface, i.e. the
radius of the inscribed circle or the apothem, such that the cross-sectional
area is AGaN ¼ 2

ffiffiffi
3
p

rGaN
2. The position, xb, at which the temperature jump

DT is evaluated in eqn (4) is at the left hexagonal ‘‘end’’ face of the GaN
nanowire after embedding or surface contact with the Al film.

† The thermal direct coupling of metallic electrons and phonons in an insulator
was postulated in ref. 29 and applied to a atomistic system in ref. 30 but has not
had direct experimental confirmation to our knowledge.
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conditions in all three coordinate directions using zero-
pressure dynamics and velocity rescaling to effect the desired
system temperature T. The time-averaged dimensions obtained
during the last 10 ps are then used to create the system that is
employed in the thermal transport simulation.

In the thermal transport simulation, periodic boundary
conditions are used only in the y- and z-directions so that the
simulated Al lattice approximates an infinite film and, as in
previous work,24 layers of atoms at the x ends fixed. In parti-
cular, one atomic Al layer at the left end and a pair of atomic Ga
and N layers at the right end are frozen. Dynamics are run for
10 ps at a constant volume using velocity rescaling to maintain
the desired system temperature; subsequently, the dynamics
are changed to constant energy (and constant system volume)
while a constant heat flux is introduced.15,44–48 Two thermal
reservoirs, comprised of E8.0 nm wide regions immediately
next to the two fixed ends (the dark regions in Fig. 1), are used
to create this flux.‡ A constant amount of kinetic energy Q is
added to the hot region at the left and Q is removed from the
cold region at the right at each time step, Dt, via velocity
rescaling while preserving linear momentum.

This procedure creates a temperature differential across the
computational region; but, due to the difference in cross-
sectional area of the film, AAl, and the wire, AGaN, the mean
flux into the cold reservoir and that out of the hot reservoir will
not be equal. In fact, three flux definitions arise from the chosen
geometry: (a) the flux with respect to the cross-sectional area of
the GaN wire AGaN,

J � Q

DtAGaN
; (1)

(b) the flux with respect to the cross-sectional of the Al film AAl,
JAl� Q/DtAAl; and (c) that with respect to the full embedded area
of the interface,

Ainterface ¼ 2
ffiffiffi
3
p

rGaN
2|fflfflfflfflfflffl{zfflfflfflfflfflffl}

AGaN

þ 4
ffiffiffi
3
p

rGaNdi|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Ai

(2)

Jinterface = Q/DtAinterface. For concreteness, we reference the
Kapitza estimates to J, since this is the apparent conductance with
respect to the nanowire, and use a value of 20.0 eV ns�1 nm�2 for
all simulations. Hence, the other two fluxes will change as the
film geometry and embedding depth, di, change, even though
J is held fixed.

After waiting 0.4 ns to allow the system to reach a steady
state, the average temperature profile is computed with 40 finite
elements along the x-direction. A temperature at each node is
defined from the kinetic energy of all the atoms within the support
of and weighted by the node’s piecewise-linear basis function and
averaged over all the steady-state time-steps. To reduce statistical
fluctuations of the results, the duration of the constant energy/
steady flux simulations is at least 11 ns. For similar reasons, all
simulations are performed at T = 300 K even though this

temperature is not necessarily above the system’s Debye tem-
perature to reduce statistical noise. We emphasize that: (a) our
objective is to understand the effects of nanowire dimension on
Kapitza resistance rather than to extract quantitative predictions,
and (b) the reduced systematic/statistical errors resulting from low
temperature simulations are crucial for drawing reliable conclu-
sions with limited computational resources.33,34,37 Also, we note
that the Kapitza resistance linearly scales with the inverse of sample
length,23 at least in a film-to-film arrangement. Hence, utilization
of a sufficiently large system dimension to produce size insensitive
results is computationally impractical. With this understood, we
explore systems with fixed sample length, see Table 1. The chosen
length will affect the quantitative results, but will not influence the
qualitative trends that are the goal of this study. In addition, the
lengths selected, LAl = 16.8 nm and LGaN = 25.0 nm, are on par with
technologically relevant device sizes.49

The Kapitza conductance h is then calculated as:

h ¼ J

DT
¼ Q

DtAGaNDT
; (3)

where J is the heat flux, defined in eqn (1), and DT is the abrupt
temperature change at the interface estimated from the tem-
perature profiles of the film and wire as

DT = [TAl(x) � TGaN(x)]x=xb
(4)

where TAl(x) and TGaN(x) are linear fits to the temperature profiles
slightly away from the jump and xb is the position of the (vertical)
material boundary i.e. the location of the end contact with cross-
section AGaN, refer to Fig. 1. The rationale for this definition is:
the temperature contours become flat and aligned perpendicular
to the flux direction (x) away from the material interface between
the film and wire. The temperature profiles in Fig. 2 and the
temperature map in Fig. 3 in part, validate this rationale and will
be discussed in more detail in the next section. Also this defini-
tion, unlike a conductance resolved to and defined on the atomic
scale along the material interface, is accessible to experiment,
and consistent with our previous work.24

3 Results

To determine the influence of the size, packing density, and the
embedded depth of the wires on boundary conductance we use

Table 1 Four series of system dimensions explored with fixed nx,Al = 24
and nx,GaN = 48. For series 1, 2, 4 the area of the Al film is fixed at AAl =
ny,Al � nz,Al = 29 � 49

1: End contact di = 0 nm, varying radius:
nr,GaN 6 8 10 12 14 16

2: Embedded wire di = 1 nm, varying radius:
nr,GaN 6 8 10 12 14 16

3: End contact, constant radius nr,GaN = 6, varying film area:
AAl 8 � 14 16 � 28 29 � 49

4: Constant radius wire nr,GaN = 12, varying embedded depth:
di [nm] 0.0000 0.0806 0.2602 0.5204 0.7806 1.0413

‡ Note that the number of atoms in the cold region (GaN wire) is smaller than in
the hot region (Al film) due to the choice to make the reservoirs have the same
width in the flux direction.
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four parametric studies, enumerated in Table 1. In the first
series, the thermal boundary conductance h is examined as a
function of GaN nanowire radius, rGaN, for end contact (di = 0)
of the nanowire with the film. In the second series, the wire is
embedded into the film di = 1.0 nm and the simulations are
conducted with the same sequence of radii. In the third series,
we change the cross-sectional area of the Al film, AAl, while
keeping the nanowire radius fixed. Under lateral periodic
boundary conditions, this essentially changes the packing
density of the nanowires, in units of nanowire/AAl or AGaN/AAl.

To further elucidate the effect of embedding the nanowires
we assess the thermal boundary conductance at different
embedded depths, di, in the fourth series while keeping the
other dimensions fixed.

3.1 Temperature field

To ensure that temperature fields sufficiently smooth to utilize
eqn (3) exist, we examined the temperature profile along the
primary flux direction and across the interface. Fig. 2 shows
typical temperature profiles for two systems with same radius
wire, nr,GaN = 6, but with different film areas, AAl. As expected
from a system with significant interfacial resistance, Fig. 2
shows an abrupt temperature change at the Al:GaN interface;
whereas, the temperature changes within both the Al region
and the GaN region are linear and relatively small. The linearity
of the temperature profiles in the two materials is indicative
of primarily diffusive transport. We used a small heat flux,
J = 20.0 eV ns�1 nm�2, to remain close to the linear response
regime where the Kapitza conductance h is a valid measure;
however, this prevents the simultaneous deduction of thermal
conductivities, k = J/rT, for GaN and Al due to the small
temperature gradients within the constituent materials. Also,
the effect of electron-mediated heat transport in the Al film
would only further flatten the temperature profile on the Al
side. In addition, as ref. 23 shows, electron-mediated transport
in a metallic-insulator system does not have strong effects on
the interface resistance if the coupling of electronic states in
the conductor and phonons in the insulator is through lattice
vibrations.

Fig. 3 provides a more detailed, atom-by-atom map of the
temperature for an embedded nanowire and an end-contacted
wire. As can be seen, regardless of the type of contact, the
temperature profile along the radial direction is relatively
uniform in the entire system. Furthermore, the temperature
gradient along the axial, x-direction is relatively small in both
the Al and the GaN. There are variations in the temperature
jump along the end face and the modulation in temperature
along the GaN wire but they are minimal. Taken together, this
implies that: (a) the end and lateral faces have approximately
the same jump in temperature over the entire embedded length,
and (b) the flux near the contact is approximately perpendicular
to the surface i.e. in the r-direction on the lateral faces. This
observation gives further motivation for the definition of h in
eqn (3) and is the basis for an upcoming discussion of how
anisotropy affects the apparent conductance.

3.2 Packing density

In three different studies, (1) varying the radius of an end-
contacted wire, (2) varying the radius of an embedded wire, and
(3) the lateral extent of the film contacting the end of a fixed
size wire, we changed the relative cross-sectional areas of the
wire, AGaN, vs. film, AAl, and hence the packing density of the
periodic images of the wires. The calculated apparent conduc-
tance values are shown in Fig. 4 as a function of the area ratio,
AGaN/AAl. For smaller cross-sectional areas AGaN, the statistical
error is larger due to the reduced number of Ga and N atoms

Fig. 2 Typical temperature profiles at a heat flux of J = 20.0 eV ns�1 nm�2

for GaN wires with radius rGaN = 1.7 nm and contacting periodic Al films
with two different cross-sectional areas. The temperature jump DT is
calculated from the difference in the linear fits of the two bulk regions
evaluated at the (vertical) material interface of the end of the nanowire
using eqn (4).

Fig. 3 Temperature map in x- and r-directions with GaN wire radius
nr,GaN = 6 for: (a) an end-contacted GaN wire, and (b) an embedded
GaN. Here the color scheme indicates temperature, with the small spheres
depicting Al atoms, and large spheres depicting Ga and N atoms. Note:
(1) to decrease noise, the temperatures of all atoms at the same r coordinate
have been averaged together; (2) the white region at r = 0 is due to the lack
of atoms to sample when r - 0; and (3) there is a slight visible modulation
of temperature in the GaN wire likely due to the non-equilibrium nature of
the simulation.
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used in the calculation of average temperatures.§ Nevertheless,
the data convincingly shows that the Kapitza conductance h
increases as the packing density of the nanowire decreases.
In fact, the Kapitza conductance between the end-contacted
GaN wire and Al film can be a few times larger than that of a
film to film contact of the same materials, refer to Fig. 4. If the
nanowire is embedded within the Al contact, this effect
becomes even more pronounced in that the apparent Kapitza
conductance of an embedded nanowire, as defined in eqn (3),
increases relative to a nanowire making only end contact as
shown in Fig. 4. If the lateral area of the film is varied, as in the
third data series, the trend is similar albeit without the change
in slope displayed by the first two series.

Despite no exact master curve with respect to the area ratio,
AGaN/AAl, a number of limits are apparent from these three
parameter studies. First, the linearity of the series 3 data shown
in Fig. 4 allows for extrapolation of estimate interfacial con-
ductance of the limiting case of a single isolated wire with some
confidence. For the given film depth and wire dimensions

(nr,GaN = 12), lim
AAl!1

h ¼ 0:279GW�1 m�2 K�1 which is considerably

greater than the corresponding film–film value hAl film–GaN film =
0.118 GW m�2 K�1 calculated separately. In general, all three cases
appear to approach this film–film conductance as AGaN/AAl-1 but
the approach does not appear entirely uniform. Perhaps to
attain a master curve and an asymptotic approach to the film–
film limit both the wire and the film must be considerably
larger in lateral extent.

At first glance, the overall enhancement is counter-intuitive
considering that smaller nanostructures tend to have decreased
thermal conductivity due to phonon boundary scattering33,34 or
diffraction limited transport through constrictions.50 Here, the
opposite is observed. These trends are also in contrast to pre-
vious findings23 that the periodic area does not affect Kapitza
conductance of multilayer films. Thus, any changes in h observed,
particularly in the third series, are due to physical phenomena
associated with a film–nanowire contact and not an artificial
finite-size effect.

3.3 Embedded depth and anisotropy

Results of the fourth series, for wire–film systems with different
embedded depths and fixed GaN wire radius, are shown in
Fig. 5. It indicates that the Kapitza conductance increases
linearly with the embedded depth, supporting the hypothesis
that in certain regimes the Kapitza conductance is proportional
to the total contact area between Al and GaN nanowire as in our
previous work on interfacial morphology.24 On the other hand,
Fig. 5 shows that the conductance referenced to the total inter-
facial area, Ainterface, actually decreases slightly with increased
embedding. A linear equation for Kapitza conductance h as a
function of the embedded depth di can be derived:

h ¼ hx þ
Ai

AGaN
hr ¼ hx þ

2hr

rGaN
� di (5)

based on conservation of total heat flux and assuming a uni-
form temperature drop across the interface, where hx and hr

are, respectively, the local Kapitza conductances in the x- and
r-directions. By fitting eqn (5) to the MD data we inferred
hx = 0.22 GW m�2 K�1 and hr = 0.14 GW m�2 K�1. The
fact that transmission is apparently less efficient through the
lateral faces than through the end face of the wire in this
arrangement is consistent with the decreasing trend of hinterface

in Fig. 5.

Fig. 4 Kapitza conductance as a function of GaN-to-Al area ratio. The red
line shows the trend for end-contacted wires of varying cross-section
(series 1), the blue line shows the trend for wires of varying cross-section
and a fixed embedded depth (series 2), and the green data is for systems
with different AAl areas (series 3). All three datasets approach the Al film–
GaN film conductance limit for an GaN film of approximately the same
thickness as the length of the GaN wire. This limit, hAl film�GaN film �

lim
AGaN!AAl

h ¼ 0:118� 0:003GW�1 m�2 K�1 at the chosen LGaN and LAl, is

depicted with thin black lines. Also, for series 3 (green data) where the area
of the film AAl is varying, the limit for a laterally infinite film of the given
thickness and a single, isolated wire can be estimated via extrapolation:

lim
AAl!1

h ¼ 0:279GW�1 m�2 K�1.

Fig. 5 Apparent Kapitza conductance h as a function of embedded depth
di (or lateral embedded area Ai ¼ 4

ffiffiffi
3
p

rGaNdi) of the GaN nanowire refer-

enced to AGaN using eqn (5) and hinterface ¼
Q

DtAinterfaceDT
referenced to the

interface area Ainterface = Ai +AGaN defined in eqn (2). Based on the
variance-weighted linear regression of the series 4 data hr/hx E 0.61.

§ A similar approach to that described previously in ref. 37 is used to estimate the
standard deviation of the Kapitza conductance.
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4 Discussion

In addition to the anisotropy in conductance, our studies indicate
that the apparent Kapitza conductance is higher for the contact
between a film and a narrow wire than film-to-film, and this
improvement is increased when: (a) the wire is embedded in the
film, (b) the radius of the wire is decreased leading to low packing
densities, and (c) the area of Al film is increased, also leading to
low wire packing density. The former phenomenon seems to be
primarily a result of total area of contact, given the specularity of
the interface. In this section we seek to better understanding of
the anisotropy and the latter two phenomena.

4.1 Anisotropy

We believe the anisotropy of hx and hr is a clear consequence of
the wurtzite structure of GaN. Previously, it has been shown
both experimentally51 and with MD52 that the orientation of a
hexagonal crystal structure relative to the interface can signifi-
cantly alter the transport across the interface. This is primarily
due to differences in the size of the Brillouin zone and magnitudes
of the group velocities, vi, along the different (propagation) direc-
tions of a non-cubic crystal. Quantitatively, it has been shown that
the ratio of the thermal boundary conductance along the different
directions, hx/hr, is approximately equivalent to the ratio of the
Brillouin zone averaged group velocities, %vx/%vr. In the classical
limit, %vi, iA{x,r} is defined as:

�vi ¼
X
j

kBT

Dki;j�h

ð
vi;jðkÞ
oðkÞ dk: (6)

Here, the summation takes place over all polarizations, j, but
the integration is performed over only those wavevectors k corre-
sponding to frequencies o that exist within the other material
making up the interface,51 in this case the Al. Also, Dki,j is the width
of the Brillouin zone for the particular propagation i and polariza-
tion j branch, and kB is the Boltzmann constant. With eqn (6), we

calculated the averaged group velocities of GaN along GA
�!

and GM
��!

,
since these directions are parallel to the conductance in the x- and
r-directions, respectively. Using 4th order polynomial fits53,54 to
represent the GaN dispersion calculated by Ruf et al.,55 eqn (6) gives
%vr/%vx = 0.53. This value compares well to the ratio hr/hx = 0.61
inferred with eqn (5). Hence we conclude that anisotropic effects, in
addition to interfacial area, in large part determine the transport
efficiency of the embedded nanowires.¶ Since the group velocities
in the two directions for GaN are comparable, the main effect is

due to difference in length of the Brillouin zone along GA
�!

and GM
��!

directions together with the uniform density of modes.

4.2 Enhancement

With regard to conductivity (as opposed to interface conduc-
tance), the common conception57 is that surface scattering and
a size-dependent DOS are the primary mechanisms for size
effects at the nanoscale. To this end, we examined the local

density of states (LDOS) of vertical monolayers of atoms near the
contact as an indication of the dispersion relation underlying the
phonon transport. The density of states for a set of atoms of a
single atomic type is given by the velocity correlation:

DOSðoÞ ¼ n Ft!o
hvð0Þ � vðtÞi
hvð0Þ � vð0Þi ¼

r
2kBT

����
����Ft!ohvð0Þ � vðtÞi

����
���� (7)

where: v is an atomic velocity, Ft-o is the Fourier transform,
n is the number density, r is the mass density and 3nkBT = rhv�vi
is the thermal energy density.24,58

Fig. 6, compares the LDOS for layers of atoms of: a given wire
(rGaN = 6) in end contact with two films of different lateral extent
(upper), and a given film (ny,Al� nz,Al = 16� 28) in end contact with
two wires with different radii (lower).8 Clearly, the two films in
contact with identical wires have virtually the same LDOS despite
one film having four times the lateral extent of the other. Also, only
the layer directly adjacent to the GaN wire significantly deviates
from the LDOS deeper in the Al. This implies that the films are
acting in essentially isolated fashion and is corroborated by the
fact that we can estimate the conductance of an isolated wire using
series 3 in Fig. 4. Furthermore, the states at the free surface of the
Al (i.e. the surface not covered by the wire) are essentially identical
to the interior states, and hence distinct from the Al monolayer
next to the wire.** This finding implies that: (a) the DOS of Al
film is affected by the contact with wire in a abrupt and three-
dimensional way, and (b) the main effects on conductance are

Fig. 6 Local density of states in layers near the interface, where layer �1 is
the film monolayer closest to the interface and layer +1 is the wire
monolayer closest to the interface. The sample boxes contain approxi-
mately 30 atoms per monolayer and the DOS is in arbitrary units. Upper
graph: comparison of the same wire (rGaN = 6) in end contact with films of
small (ny,Al� nz,Al = 8� 14, lines) and large (ny,Al� nz,Al = 16 � 28, lines with
data points) cross-sectional areas, respectively. Only the film layers are
shown for clarity and the overlapping black lines are the DOS of corre-
sponding layers (�3, �2, �1) near the surface of the Al but away from the
wire. Lower graph: comparison of a smaller GaN wire (rGaN = 6, lines) and a
larger wire (rGaN = 12, lines with data points) contacting the same Al film
with area ny,Al � nz,Al = 16 � 28.

¶ A differential in the adhesion strength of the end versus lateral interfaces is a
possible correlated effect. A weaker interface bond has been shown to decrease
conductance, see ref. 56.

8 The calculated results can be compared to Fig 1(b) of ref. 59 which measures
the partial DOS for Ga and N individually.
** The fact the LDOS at the free surface of the Al is identical to the interior states is
likely an artifact of the nearest neighbor nature of the SW potential, refer to ref. 31.
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solely due to deviations in the first layer of the film in contact
with the wire, the extent of which is determined by the wire
radius, and in the wire itself.

The lower graph of Fig. 6 shows a trace of LDOS across the
interface. It clearly indicates the first layer of Al is depleted in the
acoustic range and that optical-like modes also appear, as in ref. 22.
Most importantly, it shows for the system with the larger wire the
low frequency band is depleted relative to the smaller wire and this
relative depletion extends one monolayer into the Al. This pattern is
similar to that of the small vs. large film LDOS comparison (omitted
for clarity from the upper graph) as the similarity of conductance
with packing density (AGaN/AAl) trends in Fig. 4 indicates; however,
since response in Fig. 4 does not collapse onto a master curve the
pattern in DOS in Fig. 6 is only qualitatively similar.

Given earlier work22,52,56 showing the correlation of conductance
to overlap in the LDOS and its relationship to the more detailed
direct investigation of the dispersion,31 we can interpret these
results in the same light. The reduction in the low frequency band
especially with larger wire size (relative to the film) leads to lower
conductance. Although the higher frequency band can transmit
heat through the interface,31 it is the low frequency modes that are
the primary conduits.60 The relative depletion of low frequency
phonons in the larger wire, shown in Fig. 6, also correlates well with
the finding12 (Fig. 2) that the larger wires are less efficient in
conducting heat in the end-contact with film configuration.

We also considered a related concept in attempting to explain
the enhanced transport with decreased packing density: the
increased efficiency of injecting phonons by virtue of the geo-
metry of the three dimensional film:quasi-one dimensional wire
system. As mentioned, the small differences in the edges of the
contact versus the interior of the contact area, as manifest in the
temperature map (Fig. 3), may indicate that phonons near
the edge of contact can be injected, on average, with propagation
directions that are not parallel to the net flow of heat even in the
end-contacted case. This mode of enhancement has analogs
with a continuum heat solution with a similar geometry, where
the relative area of the nanowire with respect to that of the film
AGaN/AAl changes the local flux distribution.

To test this hypothesis we created a GaN-only system with
essentially the same dimensions as our base model (ny,Al�nz,Al =
16 � 28 and rGaN = 12). No appreciable temperature jump and,
hence, no measurable Kapitza resistance is seen in this system
(calculated but not shown). This also implies that there is no
possibility of enhancement over the film–film case and that a
three-dimensional injection effect does not seem to be a primary
mechanism for the enhancement. Nevertheless, the LDOS of the
GaN film–GaN wire has variations from the interior of the film
through the interface to the wire, and, in fact, the high-frequency
band displays a region of depletion in the wire near the contact
(not shown). Although Becker et al.31 have shown that the high
frequency band can contribute to thermal transport, our work60

indicates that the low frequency modes transport most of the
heat through an interface. From this it is possible to conclude
that the depletion of LDOS near the contact for dispersion
matched materials with perfect band overlap, as in this GaN
film–GaN wire case, can lead to negligible interface resistance.

5 Conclusions

Large scale molecular dynamics scaling studies were used to
investigate the Al film:GaN nanowire thermal boundary con-
ductance and resulted in the following findings:

(a) In the presence of a heat flux, the temperature in the interior
of the Al film is extremely uniform (see Fig. 2). While showing some
gradient in the x-direction, the temperature in the GaN nanowire is
also extremely uniform in the r-direction (refer to Fig. 3).

(b) Kapitza conductance with respect to the cross-sectional area
of the wire for an end-contacted GaN nanowire and an Al film is
significantly higher than that between GaN and Al films (see Fig. 4).

(c) Kapitza conductance decreases with increasing nanowire cross-
section area and increasing nanowire packing density or the GaN-to-Al
area ratio (refer again to Fig. 4). The two effects are correlated for a
given Al cross-section area, since increasing nanowire cross-section
area necessarily results in an increase in nanowire packing density.

(d) Although the scaling of conductance with the area ratio AGaN/
AAl is not perfect, the isolated wire and film–film limits are apparent.

(e) The Kapitza conductance with respect to the cross-sectional
area of the wire increases linearly with increasing embedded
depth of the nanowire, supporting that the contact conductance
is proportional to the total contact area for specular interfaces
albeit with an orientation dependent coefficient (see Fig. 5).

As the work of Becker et al.31 indicates, the transmission
characteristics underlying the interface conductance are complex
and deserve further detailed study to exploit the thermal properties
of the film–nanowire system.
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