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Itis well known that there is a size effect for the thermal conductivity of thin films and that vacancy defects in film reduce
the film’s thermal conduction. In this paper, the film size and vacancy defect effects on the thermal conductivities of
argon thin films were studied by molecular dynamics simulations. The results show the existence of phonon boundary
scattering. The results also confirm that the theoretical model based on the Boltzmann equation can accurately model the
thermal conduction of thin argon films. Both the theoretical and MD results illustrate that, although, both the defect and
the thickness of the thin film deduce the thermal conductivity, their physical mechanisms differ.
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1. Introduction

Solid films with characteristic dimensions from tens to
hundreds of nanometers are now key components of
integrated-circuit and quantum-well lasers. For nanoscale
films, the size is comparable to the mean free path of the
phonons, so their thermal properties are affected by the
system size. Therefore, the thermal characteristics of
microscale and nanoscale films have been a key focus
of international heat transfer research in the past two
decades [1,2]. Measurements of thin films have shown
that such materials display markedly lower thermal
conductivities than their bulk counterparts. Experimental
measurements have been supplemented by molecular
dynamics simulations as a useful method that simulates
the thermal conductivities of thin films by simultaneously
solving the equations of motion for the system. The
molecular dynamics methods are based on Newton’s law,
so the thermal conduction caused by phonons can be
simulated. The MD simulations of thermal conductivities
of argon thin films have been reported [3,4]. These
simulations have shown that the thermal conductivities of
argon nanoscale films are lower than the bulk value and
that they depend on the film thickness. This phenomenon
is explained as the decrease of the argon’s phonon mean
free path due to boundary scattering.

Real crystals always contain defects, such as
impurities, vacancies and dislocations which reduce
the thermal conductivity. MD simulations can also
simulate the thermal conductivities of films with defects.

Several MD studies [5,6] have analysed the effects of
defects on the thermal conductivity, but these studies all
focused on the properties of the bulk materials. Liu et al. [7]
reported on MD simulations about the effects of vacancies
on nanoscale thin film thermal conductivities. We found
that for nanoscale films, the defects also reduce the film’s
thermal conductivity with the thermal conductivity
reduced by the same percentage for a given vacancy
concentration.

The solid thermal conductivity can be analysed
theoretically using the kinetic theory of phonon gases
with the thermal conductivity given by

k= lcw—ﬂr, (1)
3
where cy is the specific heat per unit volume, ? is the
mean speed of sound and 7 is the phonon’s mean free
time between phonon scattering events. Various studies
[8—10] have analysed the thermal conductivity of solid,
but have only focused on the bulk value.

In this paper, molecular dynamics simulation are
used to further study the film size and vacancy defect
effects on the thermal conductivities of nanoscale films
with the results compared to a theoretical analysis based
on the Boltzmann equation.

2. MD simulation models

The NEMD method was used to simulate the thermal
conductivity of argon thin films. The model illustrated in
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Figure 1. MD simulation model.

Figure 1 shows a cross-section of the film, along the
thickness direction. In the cross-plane direction, the
x-direction, each atom is assigned a type according to its
spatial position as ‘fixed’, ‘hot’, ‘regular’ or ‘cold’. The
fixed atoms are stationary during the whole simulation
and serve as adiabatic boundary conditions. The ‘hot’
and ‘cold’ atoms are the temperature control boundary
conditions, where the velocities of each atom are
controlled to maintain the desired temperature. Due to
the temperature control in the ‘hot’ and ‘cold’ sections
and the fixed atoms at the two ends of the film, the
momentum of the total film may be not conserved,
however, the momentum conservation is not a necessary
condition in the NEMD method to calculate the thermal
conductivity [11]. In the regular part, besides the LJ
potential mode, no special control is performed to the
atoms. The LJ potential is written as

SN2 /5\6
O (rij) = 4e [() - <> 1 ; 2
Tij Tij

where ¢ is the well-depth parameter, § is the equilibrium
separation parameter and r;; is the distance between two
atoms. Only the neighbours of an atom within a specified
cutoff radius, 2.66 LJ, are included in the force
calculations because, far away atoms have negligible
effect on the total force. The model cross-section has
6 X 6 lattice layers. Periodic boundary conditions are
used in the other two directions. The film temperature
distribution was obtained by dividing the entire film into
layers along the x-direction. The number of the layers
depends on the film thickness. In this paper, the
temperature of each layer was calculated using the
formula,

N
T = ZiZImile (3)
3Nkg '

where N is the number of atoms in the layer. The heat flux

was calculated from the change in the kinetic energy of
the hot and cold atoms during each simulation time step,

1
AE = %2m) (0 = oy “

The minus sign is for the higher temperature boundary,
while the plus sign is for the lower temperature boundary.
Based on the Fourier law, the thermal conductivity of the
argon film is:
_ AEhot + AEcold (5)
- 2dAlvVI|
where 7 is the simulation step time, A is the cross-
sectional area and |V7]| is the absolute value of the
temperature gradient in the cross-plane direction.

3. MD simulation results
3.1 Pure argon films

In this study of pure argon films, the mean temperature of
the simulated films was 45K, with the higher
temperature end at 55K and the lower end at 35K. A
series of MD simulations was conducted to study the size
effect on the thermal conductivity of argon thin films.
The simulated film thicknesses ranged from 10 to
>100nm. Figure 2 shows the variation of the thermal
conductivity with the film thickness. The thermal
conductivity increases with thickness with the maximum
simulated value exceeding the bulk value. For thinner
films, the thermal conductivity increased rapidly with
thickness. For example, from 10 to 50 nm, the thermal
conductivity increases by nearly 0.1 W/m K. However,
from 50 to 100 nm, the thermal conductivity increases by
only 0.05W/mK. This trend shows that at different
thickness ranges, the film’s thickness has different effects
on the thermal conduction. When the film thickness is
greater than 80 nm, the thermal conductivity of the film is
slightly larger than the thermal conductivity of bulk
argon at the same temperature [12].

3.2 Films with vacancy defects

Real films always contain defects including isotopes,
vacancies and dislocations which reduce the phonon heat
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Figure 2. Thermal conductivity of argon films at 45 K.
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transfer. In this paper, the vacancy defect effects on the
film’s thermal conductivity were studied using vacancies
formed by randomly removing different selected number
of atoms from the perfect FCC lattice to model vacancy
densities. Simulations were done for thin argon films at
both 40 and 45 K.

The thermal conductivity of 15 nm thick argon films
at 40 and 45 K with vacancy densities ranging from 0.2 to
1.5% are shown in Figure 3. The results show that the
vacancies significantly affect the thermal conductivity of
the argon thin films. For the same film thickness,
increased vacancy densities reduce the thermal conduc-
tivity. Due to the different pure film thermal conduc-
tivities at different temperatures, the thermal
conductivity of the film at 40K is larger than that at
45 K with the same vacancy density. Figure 4 shows that
the thermal conductivities of 25.5 nm thick, argon films
at 40 and 45 K also decrease as the vacancy increase as
seen in Figure 3.

4. Analysis of the simulation results
4.1 Analysis model

In a solid, the phonon’s movements are affected by
various scattering process including: the normal three-
phonon process, impurity scattering, the Umklapp
process and boundary scattering. These phonon scatter-
ing processes can be assumed to be represented by
frequency-dependent relaxation time. Therefore, these
four scattering process can be described as the normal
three-phonon process, whose relaxation time is pro-
portional to (0?7 "' [9], impurity scattering whose
relaxation time is proportional to @ ~* [9], the Umklapp
process, whose relaxation time is proportional to
(e 72T ™! [9] and boundary scattering which
describes the phonon scattering at a boundary. For
nanoscale systems, the boundary scattering relaxation
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Figure 3. Thermal conductivity of 15nm thick argon films
with different vacancy densities at 40 and 45 K.
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Figure 4. Thermal conductivities of 25 nm thick argon film
with different vacancy densities at 40 and 45 K.

time is assumed as (v(1 — s)/L)fl, where v is the
velocity of sound, L is the film thickness and s is the
proportion of phonons with specular scattering [13], 1-s
is the proportion of phonons scattered by the boundary.
The lattice thermal conductivity based on the Boltzmann
equation can be written as [9]:

kg

A =55 (i + Bh), ©)
where
kp®/h H2 4 hao/ksT
I = Jo 762129?2 (ehwe/kBT 1) dow, (7)
and
kg®/h 2 4 ok T
k= J0 :'-:12123;)2 (eh;/kBT 1y do, ®)

O/T 7c ¢~ 4dx

_ Jo ™ (e*—1)°
B (()E)/TL(l . TC) ot x4dx’ )

™ T ) (e—1)

where kg is the Boltzmann constant and © is the Debye
temperature, which is 92K for argon. 7y and 7 are
defined as follow:

' =BT’ w?, (10)
7o' =Aw* + (B) + B)T?0? +(1 — s)v/L.  (11)

The coefficient of A, By, B, and s must be determined to
obtain the thermal conductivity.

In pure bulk materials, normal and Umklapp
processes dominate, while boundary and defect scattering
processes contribute little to the thermal resistance. Thus,
B and B, can be obtained from experimental data [12] for
the pure bulk argon by neglecting the boundary and
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defect scattering terms in Equation (11). © [14] and wp
can also be calculated from data for bulk argon. After
getting the parameters B, and B,, the unknown parameter
s can be determined from MD simulation of the thermal
conductivity of argon thin films at one thickness, for
example, the 26.52nm result is used here. Then, MD
simulation results for films with a given vacancy density
can be used to determine A. After these coefficients are
known, the thermal conductivity of argon thin films can
be predicted for various thicknesses or vacancy densities
for comparison with the MD simulation results.

4.2 Analysis results for pure films

The values of By and B, for argon at 40 K are 5.205 and
8.004 x 10 ?°sdeg’. The value of s for a 26.52nm
argon film at 40 K is 0.855. The thermal conductivities of
pure argon thin film at other thickness at 40 and 45K
predicted by the model are illustrated in Figures 5 and 6.
From Figure 5, the thermal conductivity predicted by the
model also increases with increasing film thickness. The
differences between the model predictions and the MD
results vary with the film thickness. The largest
difference of 6.5% occurs when the film is about 80 nm
thick. It is seen from Figure 6, that like the argon film at
40K, the largest difference between the model predic-
tions and the MD results occurs for the thickest film. The
MD results show that when the film thickness is about
100 nm, the thermal conductivity of the film approaches
that of the bulk, which means that for films at such
thicknesses the boundary scattering can be neglected and
s for the boundary scattering effect should approach 1.
Thus, the larger difference between the MD simulations
and the model predictions can be explained as an
underestimation of the proportion of phonons whose
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Figure 5. Thermal conductivities of pure argon thin films with
different thicknesses at 40 K, model predictions with s = 0.855
and MD results.
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Figure 6. Thermal conductivities of pure argon thin films with
different thicknesses at 45 K, model predictions with s = 0.855
and MD results.

boundary reflections are specular, when s is set to 0.855.
For pure argon films thinner than 20 nm, the model
predictions at both 40 and 45K are larger than the MD
results, because the s = 0.855 underestimates the
boundary scattering, which becomes stronger as the
film become thinner. In fact, the value of s which exactly
reproduces the film thermal conductivity predicted by
MD for various thicknesses depends on the film thickness
because the different film thicknesses cause different
boundary scattering intensities. By fitting the model to
the MD results the relationship between s and the film
thickness at 45 K is:

s =0.78509 4+ 0.00192/ — 1.2414 X 10712

— 1.04165x 10771°, (12)
0.76 - ® theoretic value
’ ® MD .
0.74 1 = theoretic value .
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Figure 7. Thermal conductivities of pure argon thin films with
various thicknesses at 40 and 45 K from model predictions with
s based on Equation 12 and MD predictions.
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Figure 8. Thermal conductivities of argon thin films with
different vacancy densities as predicted by the MD simulation
and theoretical analysis.

where / is in nanometer. Figure 7 compares the theoretical
predictions for the thermal conductivity for argon thin
films at 40 and 45 K using the value of s from Equation 12
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with the MD results. The theoretical predictions agree well
with the MD results at each film thickness including both
thinner and thicker films.

4.3 Theoretic analysis results for films with vacancy
defects

The scattering time due to point defects can be
theoretically expressed as 7, = Aw* with [15,16]:

Vg (MY
A—WZfi[l (M)] (13)

where f; is the defect concentration, M; is the defect mass
and V, is the volume of one atom. A can also be
determined from the MD results of argon film with a
certain vacancy concentration. The MD simulation results
for 15.3 nm argon film with 0.02% vacancy defects at 40 K
were used to calculate A as 2.964 X 107" times the
vacancy density. Then the vacancy density, film thickness
and the already obtained parameter B,, B, and s were used
in Equations (6)—(11), to predict the thermal conduc-
tivities of argon thin films with different defect densities.
The thermal conductivities predicted by the theoretical
models and the MD simulations are shown in Figure 8.
The thermal conductivities predicted by the analytical
model agree well with the MD results for films with
different vacancy densities and different thickness at both
40 and 45 K. Thus, this analytical model can accurately
depict the vacancy defect effect on the argon thin film
thermal conductivity. In addition, although, both the
vacancy defects and the size effects reduce the thermal
conductivity of thin films, the mechanism by which
increased vacancy defect reduce the thermal conductivity
is by their mechanisms are different. Because the defect
scattering time is phonon frequency’s quadruplicate
proportional, the boundary scattering time is related to
the system’s size.

5. Conclusions

The thermal conductivities of argon thin films were
calculated to investigate the size effect and the vacancy
defects effect on the argon thin film thermal conductivity
using MD simulations. The MD results show the film
thickness affects the thermal conductivity of argon thin
films and how the vacancy defects reduce the thermal
conductivity. This paper also shows that the theoretical
analysis based on the Boltzmann equation can predict the
thermal conductivities of argon thin films. The theoretical
models show that although, both defects and the thickness
of thin films affect the thermal conductivity, their physical
mechanisms differ.
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