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Molecular dynamics simulations are conducted to investigate effects of nanofins on thermal conductance of a
nanochannel with two opposing walls at different temperatures. The nanochannel and nanofins are made of Pt
with liquid Argon filled in between. It is found that the degree of thermal conductance enhancement across the
nanochannel depends on combined effects of (i) confinement of liquid atoms in the nanogap between fins and
(ii) lowering of coordinate number of fin atoms at the solid-liquid interface, both of which depend on the fin's
width for a fixed pitch distance. It is also found that the thermal conductance across the nanochannel is in-
creasing monotonously with fin's height, and that a notable temperature gap between confined liquid in the
nanogap between fins and bulk liquid exists when the effect of fin-confinement is strong and the fin is sufficiently
long. The existence of this temperature gap is because the enhanced interfacial thermal heat transfer at nanofin's
sidewalls and the enlarged liquid conductive resistance between confined and bulk liquid. Due to the tem-
perature gap between the confined liquid and the bulk liquid, the method chosen to compute the interfacial
temperature difference can significantly influence the result of interfacial thermal resistance when nanofins are
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tall.

1. Introduction

The miniaturization and integration of microelectronic devices have
placed an increasing demand for efficient heat dissipation. In nano-
systems and devices, thermal transport is usually hindered by re-
sistances at interfaces of two different materials [1]. When heat is
transferred across a solid-liquid interface, a discontinuity in tempera-
ture profile is established at the interface due to the significant differ-
ence in thermal properties between solid and liquid. This temperature
jump is known as Kapitza resistance [2], which is defined as:

R, = AT/q m

where AT is the temperature jump at the interface.

Owing to the nanoscale of the solid-liquid interface, it is difficult to
carry out experiments to investigate heat transfer at the interface. On
the other hand, molecular dynamics simulation can track the position
and velocity of every atom, making it a powerful tool to study na-
noscale interfacial thermal resistance Ry. In the past decades, numerous
studies have been carried out to study characteristics of thermal re-
sistance at solid-liquid interfaces. It is widely accepted that main factors
influencing Ry include: the liquid-solid interaction strength (wett-
ability) [3-6], interfacial roughness [7-10], degree of liquid
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confinement [11, 12], temperature [5, 13, 14], pressure [4, 5, 15, 16],
and atomic mass [17]. Recently, several methods such as nano-
patterned surfaces [18, 19] and surface functionalization [20, 21] have
been proposed to reduce the Kapitza resistance. Nagayama et al. [7]
found that the interfacial heat flux increases almost linearly propor-
tional to the surface area, and they noticed that variation of nanos-
tructure morphologies led to fluctuations in the interfacial heat flux.
Chen and Zhang [8] pointed out that surface roughness weakens the
mobility of liquid atoms near the interface, resulting in liquid atoms in
contact with the solid surface for a longer period of time. Shibahara and
co-workers [9, 10] found that there was an optimal structural clearance
(i.e., gap between fins) to reduce the thermal resistance of solid-liquid
interface, which was attributed to the change of structures of adherent
liquid molecules and the longer residence time of liquid molecules at
interface.

The Diffuse Mismatch Model (DMM) has been used to study phonon
transport at the interface [22]. It is assumed that phonons are scattered
at the interface, and the Kapitza resistance is owing to the mismatch in
vibrational density of states (VDOS) of two neighboring materials at the
interface [23]. For a solid-liquid interface, the vibration frequency of
solid atoms is far higher than that of liquid atoms. There are two op-
tions to improve the vibrational match of liquid atoms and solid atoms
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at the interface in order to reduce the interfacial thermal resistance:
either by raising the vibration frequency of liquid and/or by lowering
the vibration frequency of solid. Liang and Tsai [11] showed that the
interfacial thermal resistance between Ag particles and Ar thin film was
about one order of magnitude smaller when the liquid film contained
only one liquid monolayer, and the resonance of solid and liquid atoms
is responsible for the low thermal resistance. Hu et al. [12] reported
that freezing of water molecules at extremely confined conditions, and
the excellent matching of vibrational states can remarkably enhance the
thermal conductance of water quartz interface. Hu and Sun [18] con-
cluded that the increase of width-to-spacing ratio of nanopatterns could
reduce the Kapitza resistance by diminishing the mismatch between the
VDOS of water and gold.

It is known that lower coordination numbers of solid atoms led to
higher amplitude of vibration at low frequencies because of a softer
force field [24, 25]. The coordination number of an atom is defined as
the number of its nearest neighbors. In the study of vibrational prop-
erties of metallic nanocrystals, Kara et al. [26] and Derlet et al. [27]
observed an enhancement in the VDOS at low frequencies for smaller
size of crystals as compared to that for an atom in the bulk crystal. It
should be noted that the percentage of solid atoms at crystal boundaries
increases with decreasing crystal size, and solid atoms at crystal
boundaries have lower coordination number. Recently, Issa and Mo-
hamad [19] demonstrated that lower coordination number of solid
atoms near the interface was beneficial to enhance the solid-liquid in-
terface heat transfer because of better matching of vibrational of liquid
and solid atoms at interfaces.

It is widely accepted that liquid confinement in a gap can enhance
conduction heat transfer, although this enhancement is effective only
when the distance between two walls is extremely small. This is because
the VDOS of liquid atoms became bulk-like quickly when the gap be-
comes larger [11]. In most situations where the walls are separated by a
much greater distance, the nanoconfinement effect diminishes.

In this paper, we investigate effects of nanofins on the walls of a
nanochannels for the purpose of enhancing heat conduction across the
nanochannel. It will be shown that higher thermal conductance can be
obtained by smaller fin spacing (fin-confinement effect of liquid atoms
in nanogap) or by smaller fin width (lower coordination number of
solid atoms). These two effects (which are in opposite directions with
regard to fin width for a fixed pitch distance) result in a non-mono-
tonously increase in conduction heat flux with respect to fin width (or
fin spacing). Furthermore, the local thermal resistance at the solid-li-
quid interface of nanosfins is analyzed to show how heat conduction
and temperature distribution can be affected by the fin width or fin
spacing. In addition, two existing methods of calculating the tempera-
ture difference at solid-liquid interfaces of nanofins are compared.
Results obtained from the present study can provide a valuable guide
for the design of nanostructures with solid-liquid interfaces to reduce
thermal resistance in nanoscale thermal devices.

2. Simulation methods

A schematic of the simulation system is shown in Fig. 1, where li-
quid Ar (yellow color) is filled in a nanochannel where two parallel
walls are made of Pt (light red color) separated by a nano-distance H
(i.e., a nanochannel). An array of nanofins also made of Pt (light red
color) with height h, width w at a spacing s or at a pitch distance p
(where p = w + s), are fabricated on the walls. The dimensions of the
computational domain in the X, Y and Z directions are L, = 58.3 f\,
L,=38.5 Aand L,=90.3 A, respectively. The nanofins on the walls are
constructed by adding atoms on base walls, and the spacing formed
between successive fins serves as confined spaces for liquid Ar.

In this study, molecular dynamics simulation will be carried out to
study heat conduction in a nanochannel with nanofins on opposing
walls at different temperatures as shown in Fig. 1. Five different spa-
cings of nanofins (s = Ny(ap), where Ny = 1, 2, 3, 4, 5, and ap = 2.77 A
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is the thickness of one Pt atomic layer in X direction), and four different
fin heights (h = Np(co), where N, = 2, 3, 4, 5, and ¢y = 2.27 A is the
thickness of one Pt atomic layer in Z direction) are considered in this
paper. Note that Nj, = 0 is for a smooth nanochannel. In all simulations,
it is assumed that the separation distance of the nanochannel
H=541A4, pitch distance of the nanofins p = 7ay, and each base wall
consists of eight layers of Pt atoms arranged as FCC structures with the
lattice constant of 3.92 A, and its <111 crystal plane is in contact with
liquid. The two outermost monolayers (white) in the Z-direction are
fixed at its lattice sites, which guarantees a constant volume during
simulation. The two monolayers immediately adjacent these fixed
atoms are bath atoms, to which energy can be added from bottom (dark
red heat bath at 120K) or removed from the top (blue cold bath at
100K) to establish a temperature gradient in the Z-direction across the
nanochannel. At the beginning of a simulation, Ar atoms are also ar-
ranged by FCC lattice with a density of 1.31 g/cm?, corresponding to
the saturation temperature of liquid Ar at 100 K. Periodic boundary
conditions are applied to X and Y directions, while fixed boundary
condition is adopted in the Z-direction. In this study, only heat con-
duction is considered.

All interactions between atoms in this paper are described by the
12-6 LJ potential:

v+ (7) - (7))

where r is the distance between two interacted atoms, o and ¢ are the
length and energy parameters. For liquid-liquid interaction, o; = 3.405
A and & = 0.24 kcal/mol, while for solid-solid interaction, 0y = 2.475
A and ees = 12.02 kcal/mol. The Lorentz-Berthelot combining rule is
used for the cross interaction, i.e.0q = (03 + 0s)/2, and &g = a. /g€,
where a = 0.14 is the potential energy factor, which determines the
interaction strength between solid and liquid. For computational effi-
ciency, the potential function is truncated and shifted at 4oy. All si-
mulations are performed by LAMMPS [28], a large-scale atomic/mo-
lecular massively parallel simulator, and visualizations are done by
OVITO [29]. During simulations, the equation for motion of atoms are
integrated using the Velocity-Verlet algorithm with a time step of 5 fs.
Before data acquisition, liquid and solid atoms are first equilibrated at
100K in an NVT ensemble with Nose-Hoover thermostat for 2ns in-
dividually. After that, nonequilibrium molecular dynamics (NEMD) si-
mulations are carried out with an NVE ensemble applied to the entire
system. To establish a temperature gradient through the simulation cell,
the Berendsen thermostat [30] is used to maintain temperatures of heat
bath and cold bath atoms at 120K and 100K, respectively. A stable
temperature profile is established after 3 ns, followed by another 10 ns
for data acquisition.

The cell domain is divided into grids of 0.566 A in Z-X plane to
capture the local density distribution of the liquid. Temperature data is
recorded over bins of size 2.27 A along the Z axis. The local temperature
of each bin can be obtained by:

2
.
3)

where N is the number of atoms in each bin, kg is the Boltzmann con-
stant, m; and v; are the mass and velocity of the i™ atom respectively,
and 7 is the mean velocity of all atoms (¥ = 0 in this study). The total
thermal resistance of the entire nanochannel can be calculated from:

4

where q is the conduction heat flux across the nanochannel, and AT; is
the temperature difference between two solid walls, which equals to the
temperature difference between the heat and cold bath (20K) minus the
temperature drop along the base wall.

From the view of DMM, Kapitza resistance is owing to the mismatch
in VDOS of two neighboring materials at the interface. The VDOS of

Ry = AT/q
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