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ABSTRACT: The aim of this article is to provide a systematic method to
perform numerical evaluation on the cross-plane thermal conductivity of
ALO5/ZnO film interface. The Equilibrium Molecular Dynamics (EMD)
simulations method is used to investigate the cross-plane thermal
conductivity of Al,O03;/ZnO film interface along the direction of Z axis at
different equilibrium temperature and film interface thickness. The
Buckingham two-body potential function and Green—Kubo linear response
theory are used for modeling and calculation. The results show that the size
effect is obvious. It implies the film interface thickness is 23.4—52 A and
the equilibrium temperature is 300—600 K. The cross section thermal
conductivity of Al,O;/ZnO film interface increases with the increase of
interface thickness, and decreases with the increase in equilibrium
temperature.
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1. INTRODUCTION

The understanding of interface between oxide materials may
develop a generation of new devices manufacturing. With the
development of microelectronics technology, the nanoscale
influence of thermal conduction between the interface structures
becomes more and more serious in microelectronic devices. In
the recent years, driven by the ongoing trend of miniaturiza-
tion and function integration, thermal, mechanical and thermo-
mechanical design, reliability and qualification of microelectronic
device manufacturing are drawing more attentions from both
industries and academic communities. With the logical devices in
integrated circuit unit approaching nanodimension, the behaviors
and properties of the micro/nano structures in the device are
going to play a key role in the device performance. There-
fore, the knowledge for the structure, cohesion and properties of
the interfaces between metal/semiconductor, semiconductor/
semiconductor or semiconductor/insulator in these devices
becomes essential to the design and fabrication of them.'™"®
Films are the common materials used in micro/nanoelectronic
devices, and the micro/nanoelectronic devices’ reliability and
service life are directly affected by the heat conductive char-
acteristics of the film." The thermal conductivity of film was
investigated by many researchers, for the nanofilm, the experi-
mental method has many deficiencies, whereas the molecular
dynamics (MD) simulations method is an effective manner.
Lukes et al.” studied the thermal conductivity of solid thin-film
by using the MD simulations, and the results showed that the
thermal conductivity increase with the increase of the film
thickness, as expected from thin-film experimental data and
theoretical predictions; and this work showed that molecular
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dynamics, applied under the correct conditions, is a viable tool
for calculating the thermal conductivity of solid thin films. For
multilayer film composed of different materials, interface is an
important part, which affected the structural stability and heat
conductive characteristics of the film. Xin-gang Liang3 investi-
gated the thermal resistance across doubled-layered nanofilm
by using the nonequilibrium molecular dynamics (NEMD) sim-
ulations, and found that the thermal resistance was influenced by
the interface structure, and the thermal conductivity of film was
obviously affected by the interface effect. Yun-fei Chen* studied
the thermal conductivity of Kr/Ar superlattice nanowires via
NEMD method, and found that the effects of interface scattering
and elastic strain were obvious. Volz® studied the heat transfer in
Si/Ge superlattice using the MDtechniques, and the effect of
interface was discussed in detail. Ping Yang et al® investigated the
thermal behavior of the interface structure between two kinds of
materials in micro/nano manufacturing by multiscale modeling
and numerical analysis methods, and the results showed that
the temperature distribution was nonuniform along the inter-
face, and the main reason is the existence of the stress near the
interface, which is caused by dissimilarity of material. The research
of Abramson’ indicated that for simple nanoscale strained hetero-
structures containing a single interface, the effective thermal con-
ductivity might be less than half the average value of the
thermal conductivities of the respective unstrained thin films,
and the results showed that the thermal conductivity of thin
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film is greatly influenced by the interface. Hegedus® investigated
the influence of interface on the thermal conductivity of hetero-
geneous system by using NEMD method. In this paper, NEMD
software was developed to study thermal transport at the nano-
scale. Results showed that the introduction of a second material
into an argon film generally decreased its overall thermal con-
ductivity. Moreover, the presence of a nanoparticle is less influ-
ential in reducing thermal conductivity than the addition of a
thin layer. Stevens’ studied thermal transport across solid—solid
interface by using NEMD simulations, and found that the inter-
facial conductance decreases with the increase in mismatch, and
there is a significant interfacial thermal transport dependence on
temperature.

So far, the researches on interface heat conduction are mainly
about metal-metal and metal-ceramic, whereas the heat
conductive characteristics of ceramic—ceramic interface
are rarely studied. Al,O; and ZnO are widely used in the opto-
electronic devices. However, the thermal characteristics of
ALO; film and ZnO film, especially the Al,O;/ ZnO film
interface are rarely reported. To understand the thermal
physical properties of Al,O; and ZnO, the thermal conductivity
of AlLO;/ZnO film interface with different thickness and
temperature is investigated by using MDsimulations method.
The results show the thermal conductivity with size effect and
temperature effect, which can provide theoretical support for
the design of the Al,05/ZnO film interface structure in micro/
nano manufacturing,

2. SIMULATIONS AND ANALYSIS

2.1. Principle of MD Simulations. In general, micro-
scopic particles (molecules or atoms) are considered in MD
simulations method.'® Then the potential function is selected
to describe the interaction force among particles in the MD
system. The particles system is built by using Newton motion
equation. The position and velocity of each particle at every
moment can be obtained by solving the motion equations. The
characteristics of the system are investigated by analyzing the
motion state of particles. There are two basic assumptions for
the MD simulation: (1) the motion of every particle follows the
classic Newton’s laws; (2) the interaction between particles
adapt to superposition principle. Therefore, the MD simulation
is a kind of approximate calculation model, which ignores the
quantum effect. The Newton motion equation of particle can
be shown as follows

i =F/m =) f/m,

j#i (1)
The force of atom i suffered can be obtained by
F = — 0U(n, n, =, 1,)/ 0 )

where, U(ry,ryr,) = 2" 2zp(r;) is the total potential
energy of the system; ¢(r,~j)is the interatomic potential function
between atom i and j.

The simulations are performed in the canonical ensemble
(NTV), and Nose—Hoover heat bath method'' is used to
control the temperature of the system. The motion equation of
the system can be described as follows

fi:P,-/mi

©)

p=E-&upp (4)
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where, m;, r, p; represent the mass, position, momentum of
atom i, respectively. £ is a coefficient, and it can be described as:

E=Y (pf)/ ) b’ o
i i S

2.2. Computation of Thermal Conductivity. The EMD
method is used to calculate the thermal conductivity of Al,O,/
ZnO film interface, and its theoretical basis of EMD method is
the Green-Kubo linear response theory. In the scale of linear
response, the Green-Kubo relation shows that the thermal
conductivity can be obtained by the time correlation of the
system’s micro heat flux, which can be described as follows

v / ~ G(0)7(0))dt

3kpT?

(6)

where kg is the Boltzmann constant; T is the equilibrium
temperature; ] is the effective heat flux; and J can be described as

1 1
v Z ey + 5 Z i i;‘"’ij)

i i#j

J=
(7)

where Vis the system volume; v, is the particle velocity; r; is the
distance between the particle i and j; r; = 1, — r;; f;; is the force
the particle j on particle i; ¢; is the total energy of every particle.

1 1
€ = 5’”"1’2 + Py Z (I)(fij) ()

2.3. Modeling and Potential Function. The simulating
model of Al,0;/ZnO film interface is built. There are four
types of crystal structure for ZnO. In this paper, the wurtzite
structure is adopted for modeling because this crystal structure
is similar with that of Al,O;. It implies that we can fabricate a
more stable interface structure with two kinds of compatible
crystal structures. The unit cell (UC) is taken as the unit, and
the size of the model is controlled by the number of UC. The
lattice parameters for ZnO were a = b = 0.325 nm, ¢ = 0.521
nm, a = f=90°, y = 120°, the lattice parameters for Al,O; were
a=b=0476 nm, c= 1.3 nm, @ = # =90° y = 120°. The model
of Al,O;/ZnO film interface is shown in Figure 1.
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Figure 1. Model of Al,O;/ZnO film interface.

The interatomic potential function is requisite for calculat-
ing the equilibrium configuration of atoms by using the MD
simulations method. The Buckingham potential function is

12—14

used in our model by referencing literatures and it can be

given as follows
—1; ] S
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where the first, second, and third terms corresponded to
Coulomb repulsive, interaction, and van der Waals attraction
energies, respectively; g is the effective charge of ions, which is
assumed to be 60% of that of full charge; A, p, and C are the
coefficients shown in Table 1. The interaction at the interface
can be obtained with the same method in ref 185.

Table 1. Parameters of Buckingham Potential Function

coefficients type A (eV) p (A) C (evV A)
O—Zn 529.70 0.3581 0.0
0-0 9547.9 0.2191 32.0
Zn—7n 0.0 0.0 0.0

2.4. Initial Conditions. The initial conditions include

simulating time, cutoff radius, and the size of cross-section,
which affect the accuracy and the efficiency of the MD model.
The periodic boundary conditions are set along the x direction
and y direction of the model. Those initial conditions are
discussed as following:

2.4.1. Simulation Time. Simulation time will affect the
results of MD simulations. The simulation cannot approach to
equilibrium if the simulation time is too short. To guarantee the
calculation accuracy, as well as decrease the calculation time,
the simulation time can be obtained by actual testing cal-
culation. The time step is set as 1 fs according the manual of
ME (Materials Explore) and ref Figure 2 shows the relationship
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Figure 2. Relationship between the thermal conductivity and the time
steps at different temperatures.

between the thermal conductivity and time steps at different
temperatures (300, 400, 500, and 600 K). It indicates that the
computation can approach to equilibrium when the time steps
is 450000 (simulation time is 0.45 ns) at different temper-
atures; and the thermal conductivity fluctuate slightly. There-
fore, the simulation time is chosen as 0.5 ns (time steps is
500 000).

2.4.2. Cut-off radius. To improve the computational
efficiency, the potential energy should be cut off in the actual
simulation. The common method is spherical truncation
method. The cutoff radius is important for simulation. In
theory, the bigger the cutoff radius, the higher the calculating
precision; however, the number of the interacting particles also
increase, which make the calculating speed slower. Figure 3
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Figure 3. Relationship between the thermal conductivity and the
cutoff radius.

shows the calculated results about thermal conductivities at
different cutoft radius. It shows that the thermal conductivity
falls between 1.8 and 1.85W/m K when the cutoff radius
increases from 7 to 9 A, and there is no significant change,
whereas the computation increases obviously. By considering
the computational complexity and the simulation accuracy, the
cutoff radius is chosen as 7 A. Thus, the interaction among the
particles outside the cutoff radius can be ignored.

2.4.3. Cross-Section Dimension. The thermal conductivity
of Al,0;/ZnO film interface is calculated with the thickness of
52 A. Figure 4 shows the relationship between the thermal
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Figure 4. Relationship between the thermal conductivity and the

cross-section dimension.

conductivity and the cross-section dimension. It indicates that
the thermal conductivity changes inconspicuous with the
increases of cross-section dimension, and the average thermal
conductivity is about 1.8 W/m-K. Figure 5 shows the
relationship between thermal conductivity and the time steps.
With the increases of the time steps, the thermal conductivity
becomes stable, and approach to a certain value. The change of
the curves about SUC X SUC and 6UC X 6UC are relatively
stable than that of 4UC X 4UC. The cross-section of SUC X
SUC can fast converge to 1.8 W/m K. With the increase of
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Figure 5. Relationship between thermal conductivity and the
simulation time at different cross-section dimension.

cross-section dimension, the number of atoms increases, which
cause the computation more complex. To ensure the calcula-
tion accuracy and minimizing the computational complexity,
the cross-section dimension of SUC X SUC is selected for
simulation.

3. SIMULATION RESULTS

Figure 6 shows the relationship between the thermal con-
ductivity and the interface thickness of ZnO and Al,O5 It
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Figure 6. Relationship between the thermal conductivity and the
interface thickness of ZnO and AL O;.

indicates that the size effect is obvious, and the thermal
conductivity of Al,O;/ZnO film interface increases with the
increase of interface thickness (the error limits of each data is
+0.0218W/K*m). The possible reason is the boundary scatter-
ing change of the thermal carriers. For ceramics materials,
phonon is the main thermal carrier, and the thermal energy is
transmitted through phonon conduction. The mobility of the
phonons determines the thermal transport properties of the
film. Based on the kinetic theory,'® the thermal conductivity
can be written as K = Cvl/3, where [ is the mean free path of the
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dominant phonons, C is the phonon specific heat and v is the
average speed of sound. Boundary scattering increases with the
increase of the ratio (I/d, d is the layer thickness)." It induces
the value of thermal conductivity increase with the increase of
interface thickness because the boundary scattering function
approach to weak situation.

Figure 7 shows the relationship between the thermal
conductivity and the temperature. It indicates that the thermal
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Figure 7. Relationship between the thermal conductivity and the
temperature.

conductivity of Al,O;/ZnO film interface decreases with the
increase of the temperature. The reasons can be induced as
following: (1) with the increase of temperature, the phonon
scattering function enhances and the mean free path of the
dominant phonons decreases. (2) Because of the difference in
structure and material property between Al,O; and ZnO, there
will be some voids in the interface, which affects the heat
conduction. Meanwhile, the existence of the interface thermal
resistance also decreases the thermal conductivity.

4. CONCLUSIONS

The thermal conductivities of Al,0;/ZnO film interface with
different thickness and temperature are calculated by using the
EMD simulations. The interface thickness is from 2.34 nm to
52 nm, and the temperature is from 300 to 600 K. The
simulation results show that the size effect and temperature
effect are obvious. The thermal conductivity increases with the
increase of interface thickness (23.4—52 A). The thermal
conductivity decreases with the increase of temperature, which
caused by the enhancement of the phonon scattering and the
decrease of the mean free path of the dominant phonons. So a
systematic method is developed to perform numerical
evaluation on the cross-plane thermal conductivity of Al,O;/
ZnO film interface, which can build a theoretical basis for
fabricating the AlL,O;/ZnO film interface in micro/nano-
manufacturing.
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