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Effects of vacancy structural defects on the thermal conductivity of silicon thin films*
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Abstract: Vacancy structural defect effects on the lattice thermal conductivity of silicon thin films have been in-
vestigated with non-equilibrium molecular dynamics simulation. The lattice thermal conductivities decrease with
increasing vacancy concentration at all temperatures from 300 to 700 K. Vacancy defects decrease the sample
thermal conductivity, and the temperature dependence of thermal conductivity becomes less significant as the tem-
perature increases. The molecular dynamics result is in good agreement with the theoretical analysis values obtained
based on the Boltzmann equation. In addition, theoretical analysis indicates that the reduction in the lattice thermal
conductivity with vacancy defects can be explained by the enhanced point-defect scattering due to lattice strain.
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1. Introduction

As the dimensions of electronic and mechanical devices
are approaching the nanometer scale, the thermal conductivity
of thin films is of crucial importance to both performance and
function. However, the experimental measurement of thermal
conductivity becomes quite difficult for nanometer scale de-
vices because typically the contributions of individual defects
cannot be deconvoluted. To predict the thermal properties of
nano-scale materials and devices, it has been suggested that
reliable theoretical and computational methods must be devel-
oped. Molecular dynamics (MD) simulations have become a
powerful tool for the study of thermal transport at the nano-
scale. With MD, the thermal conductivity can be calculated
from equilibrium calculations, a known heat flux and tempera-
ture gradient, or temperature decay calculations. The MD sim-
ulations of thermal conductivities of thin films have been re-
ported =31, These simulations have shown that the thermal
conductivities of nano-scale films are lower than the bulk value
and that they depend on the film thickness and temperature.
This phenomenon is explained as phonons (nuclear vibrations)
and phonon scattering.

Vacancies are the most common defects in thin films, and
have drawn much research attention in recent years. MD sim-
ulation is also best suited to studying the effects of structural
imperfections on the thermal conductivity. Liu et al.l*l used
MD simulations to research the effects of film size and va-
cancy defect effects on the thermal conductivities of argon thin
films, and their results showed the existence of phonon bound-
ary scattering; Lauwaer et al.!®! recently measured the thermo-
dynamic properties of intrinsic point defects in germanium by
MD simulation and found that the vacancy diffusivity did not
lead to realistic vacancy cluster distributions. In the present
study, results are presented on the simulation of the effect of
vacancy structural defects in silicon thin films via molecular
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dynamics calculations. These results are observed to mutu-
ally agree with theoretical calculations based on the Boltzmann
equation.

2. Simulation methodology

Thermal conductivities can be calculated using either
equilibrium molecular dynamics (EMD) or non-equilibrium
molecular dynamics (NEMD). EMD simulation, based on the
Green—Kubo formulation, uses current fluctuations to calculate
the thermal conductivity at a constant temperature; NEMD is
a direct simulation method that is based on imposing a heat
flux and subsequently measuring thermal conductivity using
the classical Fourier law of thermal conduction. The NEMD
approach is analogous to the experimental measurements of
heat conduction and is preferred over the EMD-based approach
to compute the thermal conductivity of inhomogeneous mate-
rial systems. We use the NEMD-based approach in our analy-
ses.

Figure 1 shows the MD simulation model in the present
research. The positions of unit cells are initialized according
to the crystal lattice structure. In the thickness direction, the x-
direction, the domain is divided into heating, cooling, and con-
ducting zones where the velocities of all atoms are controlled
to maintain the desired temperature. In addition, adiabatic re-
gions are also incorporated along the x direction where atoms

Adiabatic zone Heating Conduction Cooling Adiabatic zone

Fig. 1. MD simulation model.
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Table 1. Parameters for Si Tersoff potential.

D R, B S a n ) c d h R D
(eV) (mm) (nm™1) (nm)  (nm)
2.6660 0.2295 14.656 1.4316 1.1000 x 107¢  7.8734 x 1071 1/2n) 1.0039 x 10° 16217 —0.59825 0.285 0.015
are stationary, so the velocities of each atom in this region are 0. 6.0
Periodic boundary conditions imposed in the y and z directions A
and 4 x 4 unit cells are chosen in the transverse direction cross- 5.5 \ - ‘5‘88 E
sectional area. The vacancy defective systems are constructed sol —_
by removing atoms and the positions of the atoms removed are I "~
selected randomly from the cells. Z 45 \ "~
Tersoffl®! proposed a many-body potential function for sil- £ a0l A— T
icon, carbon, germanium and combinations of these atoms. For E ol \A\ n
simulations of silicon thin films, this potential is widely used. ~ 35 ‘\A\ '\-\
The Tersoff potential is written as 3ol \\ 1
L A\A\‘
@ = Z Z Se(rip) [Va(rij) = b5 Va(rip)]. (D 251
i ja#)) ol , , ,
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In this expression, Vr (7) and Va () are repulsive and attractive
parts of the Morse type potential, respectively.

D,
Ve(rij) = fulr)g—7 exp[~pV2S(r = R)|. ()

Valry) = ) e exp [~BVATS = R)]. )

The cutoff function f.(r) is a simple decaying function
centered at r = R with a half width of D.

I, r<R-D,
1 1 . 1n

fo(r) = E_ESIH[E(r_R)/D]’ R—D<r<R+ D,
0, r=R+D

“4)
Finally, the b}; term expresses the modification of the attractive
force V5 (r) depending on 6;, the bond angle between bonds
i—jandi —k.
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The parameter constants for Tersoff potential for silicon
are listed in Table 1.
According to the classical Boltzmann statistic, the temper-
ature of each layer was calculated using the formula

e 3
3 <Z m,~v,~2> = SNksT. (7)

i=1

(6)

where (---) denotes the statistical average over the simulation
time and N is the number of atoms in the layer. However, clas-
sical statistic exists only when the temperature is much higher
than the Debye temperature and hasn’t a relation with the ther-
mal region temperature. If 7 is less than the Debye temper-
ature, quantum correction needs to be applied to get the real
temperature T of every layer.

Vacancy concentration (%)

Fig. 2. Thermal conductivity of 5.43 nm thick Si film as a function of
vacancy concentration.

The heat flux was calculated from the change in the kinetic
energy of the hot and cold atoms,

N
1
AE = 5m ) (07 e = Vo) ®)

i=1

Based on the Fourier law, the thermal conductivity of the
silicon thin film is

_ AEhot + AEcool

2A(VT) ©)

where 7 is the simulation step time; A is the cross-sectional
area; VT is the absolute value of the temperature gradient in
the cross-plane direction; and A Ey and A E,) represent the
energy added and removed in the hot and cool regions, respec-
tively.

3. Simulation results and discussion

A microcanonical ensemble (NVE) was employed for the
simulations. The total time steps were 5 x 10® and a time step
of 1 fs was used in the simulations. After the first 10° steps of
simulation, which were used to relax the system to equilibrium,
the data were gathered for statistical analysis.

Figure 2 shows the computed thermal conductivities of
5.43 nm thick silicon thin films at 400 and 500 K with the va-
cancy concentration ranging from 0 to 2%. As shown, the ther-
mal conductivity decreases rapidly with increasing vacancy
concentration. For the perfect sample, the thermal conductiv-
ity is 5.875 W/(m-K) at a temperature of 400 K, but the thermal
conductivity of the film with 0.2% vacancy defects decreases
by about 14%. The thermal conductivity of the film at 400 K
is larger than that at 500 K with the same vacancy concentra-
tion. Figure 3 shows that the computed thermal conductivities

053002-2



J. Semicond. 2011, 32(5)

Zhang Xingli et al.

12
k\\\ —=—400K
—A—500 K
10
\.
= T T~
5 \l\
£ 85\\\ N
= —,
< I A n
6r ‘\A\
A\‘\
4
L 1 1 1 L 1 L
%.O 0.5 1.0 1.5 2.0

Vacancy concentration (%)

Fig. 3. Thermal conductivity of 10.86 nm thick Si film as a function
of vacancy concentration.

14 = Perfect Structure

F o 1% Vacancy
121 4 2% Vacancy
10|

2 (W/(m-K))

2 I I I I
200 300 400 500 600 700 800

T(K)

Fig. 4. Thermal conductivity as a function of temperature.

of 10.86 nm thick silicon thin films at 400 and 500 K also
decreases with the increase in vacancy concentration and this
variation tendency is concordant with the 5.43 nm thick silicon
thin films. The thermal conductivities of the 10.86 nm thick
thin film are larger than that of 5.43 nm thick thin film with
the same vacancy concentration, which is also the same as the
effects of different thicknesses on the thermal conductivities of
pure film. Our calculations indicate that vacancy defects make
a very big contribution to the decline of thermal conductivity,
and optical phonons have a big effect on the values of the ther-
mal conductivity.

Figure 4 shows the vacancy effects on the thermal conduc-
tivity of 10.86 nm thick silicon thin films over the temperature
range of 300—700 K. The simulation results show that vacancy
defects decrease the sample thermal conductivity and the tem-
perature dependence of thermal conductivity becomes less sig-
nificant as the temperature increases. In addition, the rate of
change of thermal conductivity with the increase in vacancy
concentration is smaller for films of high temperature.

To confirm that MD simulation can provide accurate re-
sults for the thermal conductivity of semiconductor thin films
with vacancy defects, we also base the theoretical analysis on
the Boltzmann equation applied to silicon thin films to inves-
tigate the effects of vacancy defects on the thermal conductiv-

ity. The phenomenological model developed by Callaway!!°}
is a useful approach to predict the thermal conductivity of bulk
solids. The lattice thermal conductivity in Callaway theory can
be calculated using the following expression,

ka3 T 3 ,0/T x4eX
5= b (1 / (),
2720 (0) o (e¥—1)2 tl@)dx

where kg is the Boltzmann constant, wp and 6 are the Debye
frequency and temperature, which is 675 K for silicon, T is the
absolute temperature, v is the speed of sound, 7 is the overall
relaxation time, and x = hw/kgT is a dimensionless quantity.

Generally, the reduction in the lattice thermal conductiv-
ity can be realized employing the following major processes:
the normal three-phonon scattering, point-defect scattering,
boundary scattering, and phonon Umklapp scattering. So the
phonon scattering relaxation rate 7! is equal to

(10)

-1 —1 —1 —1 —1
T =1y t1p +t13 +15 .

(11)

The relaxation time due to the boundary scattering depends
on the phonon group velocity and the characteristic grain size
L. So it can be expressed as

! =v/L. (12)

The inverse lifetimes of three-phonon scattering and Umk-
lapp scattering processes are defined as

W+t = (B1 + By)w?T3. (13)

The relaxation time due to point-defect scattering can be
written as
(14)

In pure materials, the normal three-phonon and Umklapp
processes dominate and impurity and boundary scattering pro-
cesses contribute little to the thermal resistance, thus B and B,
can be deduced from the experimental data for perfect Silicon
films. The coefficient A depends on the defect concentration
and it can be formed from

Vo M:\71?
s 2 1= ()]

where Vj is the atomic volume, M; is the mass of an atom, M
is the average mass of all atoms, and f; is the fraction of atoms
with mass M;.

The thermal conductivity of silicon film with vacancy de-
fects can be calculated according to the above equations. Fig-
ures 5 and 6 show a comparison between theoretical predic-
tions and the molecular dynamics simulation results of 5.43
nm thick silicon film at 400 K and 500 K. It can be found from
Figs. 5 and 6 that the results of the theoretical model and the
molecular dynamics simulation are in good agreement in the
variation tendency, which shows that the thermal conductivi-
ties decrease significantly with increasing vacancy concentra-
tion. Theoretical analysis also shows that the major part of the
lattice thermal conductivity reduction is associated with strain
field fluctuations which cause the point-defect scattering. Al-
though the results of molecular dynamics simulation are a little
lower than the results of the lattice dynamics model, they also
indicate that the fitting of molecular dynamics simulation re-
sults is a viable alternative to direct calculation.

1 _ 4 4
1 = Aw”.

A=

(15)
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Fig. 5. Comparison between the results of MD simulation and theo-
retical analysis at 400 K.
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Fig. 6. Comparison between the results of MD simulation and theo-

retical analysis at 500 K.

4. Conclusion

Non-equilibrium molecular dynamics simulation is used
to investigate the effects of the vacancy defects on the thermal
conductivity of silicon thin films. We demonstrate a significant
reduction in the thermal conductivity in the temperature range
of 300-700 K. The calculations indicate that vacancy defects
make a very big contribution to the decline in thermal conduc-
tivity, and optical phonons have a big effect on the values of
the thermal conductivity. MD simulation results fit the lattice
thermal conductivity data well, which are obtained based on

the Boltzmann equation. The theoretical models show that the
physical mechanism of vacancy defects affecting the thermal
conductivity is the phonon scattering of impurities due to lat-
tice strain. This paper suggests a fruitful approach to reduce
the lattice thermal conductivity, which may provide important
guidance for future improvements in the thermoelectric figure
of merit of semiconductor materials.

References

[1] Lukes J R, Li D Y, Liang X G, et al. Molecular dynamics study
of solid thin-film thermal conductivity. Journal of Heat Transfer,

2000, 122: 536
[2] Tang Qiheng. A molecular dynamics simulation: the effect of fi-
nite size on the thermal conductivity in a single crystal silicon.
Molecular Physics, 2004, 102: 1959
[3] Saha S K, ShiL.Molecular dynamics simulation of thermal trans-
port at a nanometer scale constriction in silicon. J Appl Phys,
2007, 101: 074304
[4] Liu Qixin, Jiang Peixue, Xiang Heng. Molecular dynamics simu-
lation of film size and vacancy defect effects on the thermal con-
ductivities of argon thin films. Molecular Simulation, 2006, 32:
645
[5] Lauwaert J, Hensa S, Spiewak P, et al. Simulation of point defect
diffusion in germanium. Physics B, 2006, 376: 257
[6] Tersoff J. New empirical approach for the structure and energy
of covalent systems. Phys Rev B, 1988, 37: 6991
[7] Maruyama S. Molecular dynamics method for microscale heat
transfer. Advances in Numerical Heat Transfer, 2000, 2(6): 189
[8] Tenenbaum A, Ciccotti G, Gallico R. Stationary nonequilibrium
states by molecular dynamics. Phys Rev A, 1982, 29: 2778
[9] Huang Zhengxing, Tang Zhenan. Evaluation of momentum
conservation influence in non-equilibrium molecular dynamics
methods to compute thermal conductivity. Physics of Condensed
Matter, 2006, 373: 291
[10] Callaway J. Model for lattice thermal conductivity at low tem-
peratures. Phys Rev, 1959, 113: 1046
[11] Madarasz F L, Klemens P G. Reduction of lattice thermal con-
ductivity by point defects at intermediate temperatures. Inter J
Thermo, 1987, 2: 8
[12] Chen Y, Jennifer R, Li D, et al. Thermal expansion and impu-
rity effects on lattice thermal conductivity of solid argon. J Chem
Phys, 2004, 120: 3841
[13] DugdaleJ S, MacDonald D K. Lattice thermal conductivity. Phys
Rev, 1955, 98: 1751
[14] Stachowiak P, Sumarokov V V, Mucha J, et al. Thermal conduc-
tivity of solid argon with oxygen admixtures. Phys Rev B, 1998,
58:2380
[15] Zhou Z, Uher C, Jewell A, et al. Influence of point-defect
scattering on the lattice thermal conductivity of solid solution
Co(Sby—xAsx)3. Phys Rev B, 2005, 71: 235209

053002-4



