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Abstract
Understanding the atomic diffusion features in metallic material is significant to explain the
diffusion-controlled physical processes. In this paper, using electromigration experiments and
molecular dynamic (MD) simulations, we investigate the effects of grain size and temperature
on the self-diffusion of polycrystalline aluminium (Al). The mass transport due to
electromigration are accelerated by increasing temperature and decreasing grain size.
Magnitudes of effective diffusivity (Deff) and grain boundary diffusivity (DGBs) are
experimentally determined, in which the Deff changes as a function of grain size and
temperature, but DGBs is independent of the grain size, only affected by the temperature.
Moreover, MD simulations of atomic diffusion in polycrystalline Al demonstrate those
observations from experiments. Based on MD results, the Arrhenius equation of DGBs and
empirical formula of the thickness of grain boundaries at various temperatures are obtained. In
total, Deff and DGBs obtained in the present study agree with literature results, and a
comprehensive result of diffusivities related to the grain size is presented.

Keywords: effective diffusivity, grain boundary diffusivity, electromigration, molecular
dynamic simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Atomic diffusion in polycrystalline metals is a basic physical
phenomenon that broadly affects the performance of metal-
lic materials in practical applications. Essentially, the self-
diffusion coefficient plays a significant role in quantitatively

∗ Authors to whom any correspondence should be addressed.
4 Zhen Cui and Yaqian Zhang equally contribute to present work.

analyzing and predicting some physical processes in metals,
such as electromigration [1–4], Coble creep [5–8], nanoparti-
cle sintering [9–12], and recrystallization [13].

Determination of atomic diffusivity is not a straightforward
work. Over the past decades, various experimental methods
have been proposed to determine the diffusivity in metals. One
of the most reliable methods is the aid of tracer sectioning
techniques by means of radioactive isotopes [14]: (1) deposit-
ing a thin layer of radiotracers on the flat surface of sample.
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(2) Heating the sample to a high temperature, at least half
of the melting temperature, to promote the atomic diffusion.
(3) After a certain time, by using the methods of section-
ing, the depth of tracer diffused in sample can be measured.
(4) According to the diffusion model of thin film, atomic dif-
fusivity is determined. Moreover, the methods of nuclear mag-
netic resonance (NMR) and quasi-elastic neutron scattering
(QNS) were developed to determine the diffusivity in met-
als [15, 16]. As one example relevant to this work, table 1
summarizes the data for self-diffusion in Al. For the ‘average’
diffusivity, also called effective diffusivity (Deff), Seeger et al
[15] investigated the temperature dependence of mass trans-
port in Al by using the tracer and NMR techniques. They deter-
mined an Arrhenius equation with the pre-exponential D0 =
0.047 cm2 s−1 and activation energy Ea = 1.26 eV. Moreover,
Lundy and Murdock [17] determined that the activation energy
of Deff in Al is 1.47 eV using the radioactive Al [26]. How-
ever, in the study conducted by Demmel et al [16], a much
lower activation energy was determined to be 0.274 eV by
using coherent QNS technique.

For the mass transport in polycrystalline, grain bound-
aries (GBs) provide a fast-diffusion path [18, 19]. Experi-
mental methods to determine the GBs diffusivity (DGBs) can
be divided into two categories, direct and indirect meth-
ods. In direct measurements [20, 21], DGBs is extracted
from the penetration profile (concentration vs depth) of
radioactive tracer diffused into a polycrystal containing GBs.
The penetration profile is analysed in terms of continuum mod-
els, in which GBs are represented by a 2D ‘path’ with thickness
δGBs whose diffusivity is much larger than the lattice diffu-
sivity. By fitting the mathematical solutions to the experimen-
tal profile, the ‘average’ atomic diffusivity in grain boundary
can be determined. In indirect methods, DGBs can be calcu-
lated from the rate of a particular diffusion-controlled process,
such as internal friction [22], electromigration [23], and void
growth kinetics [24]. Essentially, it can be any process whose
rate is assumed to be controlled by GBs diffusion and for
which a model containing DGBs is available. Table 1 shows
the experimental data for DGBs in Al in literature. Only indi-
rect measurements from the kinetics of film deposition and
electromigration are available.

Atomistic modelling, as an effective tool to investigate the
material properties at the atomic-level, provides a new way to
calculate diffusivities in metals. Sandberg et al [25] calculated
the self-diffusion coefficient in Al by using first-principles
calculation. Jakse and Pasturel [26] investigated the atomic
diffusion in liquid Al using density-functional theory. But,
as the expensive cost in first-principles calculations, above
mentioned simulations were carried out using small models
without considering the effect of GBs. Recently, molecular
dynamics (MD) simulation has been shown to be able to study
the material properties related to the GBs. Suzuki and Mishin
[27] investigated the atomic diffusion along Cu GBs using the
MD simulation, identifying that vacancies migrate along GBs
by exchanging positions with individual atoms. In the study
conducted by Sorensen et al [37], the atomic diffusivity along
Cu GB

∑
= 5(210) was discovered to follow the Arrhenius

law quite accurately over a wide range of temperatures. Fur-
thermore, using MD simulation, Mohammadzadeh et al [28]
studied the effects of structure and geometry of GBs on the
diffusion kinetics in nanocrystalline Al, in which the influence
of GBs misorientation on the diffusion coefficient was investi-
gated. Arrhenius equation for the diffusivity in Al symmetric
tilt GBs was obtained as listed in table 1.

As mentioned above, different results of the atomic diffu-
sivity in Al appeared in literatures, which confuses the selec-
tion of atomic diffusivity for the study of diffusion-related
physical phenomena. Moreover, there is a lack of comprehen-
sive experimental study to quantitatively investigate the effect
of grain size on the atomic diffusivity of Al. In this paper, a
systematic study of atomic diffusion in columnar polycrys-
talline Al is presented by using experimental and simulation
methods. Using the electromigration, the mass transport pro-
cess in Al with various grain sizes at different temperatures is
conducted. According to the experimental results and electro-
migration theory, Deff and DGBs are determined accordingly.
Moreover, diffusion behaviours for atom motion along GBs
are studied by using the MD simulation. The calculated DGBs

are compared with present experimental results, and an Arrhe-
nius equation for the DGBs is determined. Lastly, the effects of
grain size and temperatures on Deff and DGBs are analyzed and
compared with literature results.

2. Methodology

2.1. Electromigration experiment procedure

2.1.1. Sample fabrication. Following the Blech’s structure
[3, 18], samples with Al as the testing metal film, TiN as
the interlayer, and SiO2/Si as the substrate are fabricated.
The details of sample fabrication are given in reference [38],
and they are briefly described here for continuity. Fabri-
cation started with the growth of 200 nm SiO2 by ther-
mal oxidation on a silicon wafer, which is intended as an
etching-stopping layer and thermal isolated layer. After ther-
mal oxidation, a 300 nm TiN layer was deposited on SiO2 layer
by using sputtering method. Subsequently, 200 nm thick Al
films were deposited on TiN using RF sputtering method at
25 ◦C, 300 ◦C, and 400 ◦C. Finally, the Al films were etched
to pattern structures using the wet etching method. In this sam-
ple, as the Al is a better conductor than TiN, thus the current
will detour from the TiN to Al to guarantee the electromigra-
tion occurring in Al stripes. Figure 1(a) shows fabricated Al
stripes with lengths of 10 μm, 30 μm, 60 μm, and 100 μm.
The width of all Al stripes is 5 μm.

2.1.2. Measurement setup and testing procedure. A
schematic overview of the electromigration measurement
setup is illustrated in figure 1(b), which is consists of a
Nextron MPS-CHH microprobe chamber with a ceramic
chuck. This chamber could be pumped down, while electrical
measurements could be performed using four available probe
needles with 20 μm rhodium coated tips. A temperature
controller could heat the chamber from 50 ◦C to 750 ◦C.
The vacuum was arranged via a Boc Edwards XDS-10 scroll

2



J. Phys.: Condens. Matter 34 (2022) 175401 Z Cui et al

Table 1. Summary of experimental data for the pre-exponential factor D0 and activation energy Ea of Deff and DGBs in Al. The dash indicates
that data is unavailable.

Effective diffusivity Grain boundary diffusivity

Literature D0 (m2 s−1) Ea (eV) D0 (m2 s−1) Ea (eV) Method

Seeger et al [15] 4.7 × 10−6 1.26 — — Tracer and NMR
Lundy and Murdock [17] 1.71 × 10−4 1.47 — — Radioactive isotopes
Demmel et al [16] — 0.27 — — Coherent QNS
Kargl et al [29] — 0.28 — — Incoherent QNS
Fradin and Rowland [30] 3.50 × 10−6 1.23 — — NMR
Stoebe and Dawson [31] 2.0 × 10−6 1.22 — — NMR
Volin and Balluffin [32] 1.76 × 10−5 1.31 — — Void shrinkage kinetics
Burke et al [33] 0.19 × 10−4 1.28 — — Dislocation climb
Levenson [34] — — — 0.55 Film deposition kinetics
Schreiber and Grabe [35] — — — 0.47 Electromigration
Wang et al [36] — — 3.2–16.2 × 10−16 — Electromigration
Sandberg et al [25] — 1.43 — — First principles calculation
Jakse and Pasturel [26] — 0.25 — — First principles calculation
Mohammadzadeh et al [28] — — 2.3–6.9 × 10−10 0.44–0.61 MD simulation

Figure 1. (a) Top view of the sample used in electromigration test. (b) A schematic overview of the electromigration measurement setup.

pump. Current loading was provided using a Keithley 2612B
source measure unit. The temperature, current loading, and
duration of the testing were controlled using a personal
computer (PC).

In present measurements, Al stripes deposited at 25 ◦C,
300 ◦C, and 400 ◦C were respectively tested under a cur-
rent density of 1 × 1010 MA cm−2 in the vacuum chamber.
Temperatures of 200 ◦C, 250 ◦C, 300 ◦C, and 350 ◦C were
maintained via the heater at the substrate. After measurements,
Keyence VK-X250 and SEM Hitachi Regulus 8230 were used
to characterize the results of electromigration.

2.2. Molecular dynamic simulation details

Present MD simulations were conducted using the large-
scale atomic/molecular massively parallel simulator. The

embedded-atom method with potential file developed by Voter
was used to calculate the interaction between Al atoms [39].
This potential has been proven to accurately calculate the
atomic diffusion property, lattice parameters, and GBs of Al
[40, 41]. Newton’s equation of motion was integrated with
the Verlet algorithm. The timestep of 2 fs was chosen for
calculation and the periodic boundary condition was applied
in the three dimensions. Polycrystalline Al with grain sizes
of ∼25 nm, ∼20 nm, ∼14 nm, and ∼10 nm were con-
structed using the Voronoi method [42, 43], as illustrated in
figures 2(a)–(c). The green region represents the atoms in
grains with fcc lattice structure and the grey region represents
the atoms in GBs with the irregular lattice structure. There
were three random polycrystalline structures at each level of
grain size. The dimensions of the model along the x, y, and
z directions were 400 Å, 400 Å, and 100 Å, respectively.

3
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Figure 2. Polycrystalline models with grain sizes of (a) 25 nm,
(b) 20 nm, (c) 14 nm, and (d) 10 nm. The green region represents the
atoms in grains with fcc lattice structure and the grey region
represents the atoms in GBs with the irregular lattice structure.

The total number of atoms was approximately one million.
The open visualization tool (OVITO) software was used to
visualize our simulation results [44].

The atomic diffusivities were calculated via four steps:
(1) system energy was minimized. The coordinates of the
atoms were iteratively adjusted until the change in energy
between outer iteration was less than 1× 10−8 eV Å−1 (2) after
that, the system was relaxed for 1500 ps in the NPT ensem-
ble with the target temperatures (300 K, 400 K, 500 K, 600 K,
700 K) at zero pressure, to obtain a stable microstructure with-
out grain boundary migration. (3) On the basics of fully relaxed
structure, the computation of polyhedral template matching
was performed with lattice distortion threshold as 0.11. In this
step, the atoms with fcc, hcp, bcc, ICO, and sc lattice struc-
tures could be identified, and the atoms with unknown lattice
structure were defined as atoms along GBs. (4) We continually
relaxed the system for 2000 ps to calculate the mean-squared
displacement (MSD) and diffusivities for atoms in GBs and
the entire models. Here, the MSDs were computed by using
the following equations [10, 45],

MSDGBs =
1

NGBs

N∑
i=1

[ri(t) − ri(0)]2 (1)

MSDeff =
1

Nall

N∑
i=1

[ri(t) − ri(0)]2 (2)

where NGBs and Nall mean the number of atoms in GBs and
the entire model, respectively. ri(t) and ri(0) are the positions
of atom i at time t and 0. Based on the calculated MSDs, the
diffusivity in solid material can be calculated via the following
Einstein relation [45–47],

DGBs = lim
t→∞

1
2n

dMSDGBs

dt
(3)

Deff = lim
t→∞

1
2n

dMSDeff

dt
(4)

where n is the dimension of the simulation structure, which
is equal to 3 for the present three-dimension model. Although
the time period used in the MD calculation of diffusivity was
only a few nanoseconds, existing studies [45, 47, 48] have
proven that the MD simulation is able to calculate the atomic
diffusivity accurately.

3. Experiment results and discussions

Figure 3 shows the electromigration results for 300 ◦C-
deposited Al stripes at 250 ◦C. Voids at cathode and hillock at
anode were observed, which is a typical failure phenomenon
due to atoms diffuse from cathode to anode. Moreover, the
void size increases with the increasing stripe length and time,
which is consistent with observations in literature. For the
10 μm conductor, void is very small and stops growing after
8 h. Obviously, a critical length to balance electromigra-
tion around 10 μm was indicated. Mechanisms behind those
phenomena will be explained in section 3.3.

3.1. Effect of temperature

Figure 4 shows the electromigration results for 300 ◦C-
deposited Al stripes at various temperatures. From 200 ◦C to
350 ◦C, void sizes in 30–100 μm stripes increase with the
increasing temperature. This indicates that the atomic diffu-
sion under higher temperature develops faster. Moreover, there
was almost no void in 10 μm Al stripes at all temperatures.
Thus, the critical length to stop electromigration seems to be
little affected by temperature in the range from 200 ◦C to
350 ◦C.

For the electromigration results measured using 25 ◦C-
deposited Al stripes under 1 MA cm−2, figure 5 shows the
similar changing trend—void size increases with increas-
ing temperature. At 200 ◦C, small voids were observed in
30/60/100 μm Al stripes. When the temperature increased
from 200 ◦C to 350 ◦C, more than half of Al stripes
were depleted at cathode. Compared to the results shown in
figure 4, electromigration development in 25 ◦C-deposited
Al is faster than that in 300 ◦C-deposited Al. Moreover, from
200 ◦C to 300 ◦C, the critical length to stop electromigration
is around 10 μm. But, there was a visible void in 10 μm con-
ductor at 350 ◦C, which indicates that the critical length could
be reduced with increasing temperature in 25 ◦C-deposited
samples.

Figure 6 shows the testing results for 400 ◦C-deposited Al
stripes. Evolution of void is qualitatively consistent with the
results shown in figures 4 and 5. Void grows faster at a higher
temperature. At 200 ◦C, voids are very small in all stripes,
indicating a slight mass transport. With the increasing temper-
ature, the mass transport is accelerated, leading to the increase
of void size. Compared to the void sizes in the 25 ◦C- and
300 ◦C-deposited Al stripes, the mass transport in 400 ◦C-
deposited Al stripes develops noticeably slower. Moreover, the
critical length is also identified to be 10 μm, same to that in
25 ◦C- and 300 ◦C-deposited Al stripes. In total, results shown

4
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Figure 3. Electromigration results for 300 ◦C deposited Al stripes with lengths of 10 μm, 30 μm, 60 μm, and 100 μm under 1 MA cm−2 at
250 ◦C from 0 to 20 h.

Figure 4. Electromigration results for 300 ◦C-deposited Al stripes under 1 MA cm−2 at 200 ◦C, 250 ◦C, 300 ◦C, and 350 ◦C at 10 h.

in figures 4–6 repeatedly demonstrate that the increasing tem-
perature can accelerate the mass transport but slightly affect
the critical length.

3.2. Effect of grain size

Except for the temperature, the rate of mass transport in
Al stripes is noticeably affected by the deposition temper-
ature. As shown in figure 7, under the same testing con-
ditions and duration, voids in 300 ◦C-deposited Al stripes
are obviously smaller than those in 25 ◦C-deposited Al
stripes. And the voids in 400 ◦C-deposited Al stripes are
even smaller. Those results indicate that the increasing depo-
sition temperature can decelerate the development of elec-
tromigration. A similar trend is also shown in figure 8 for
the samples tested at 350 ◦C for 10 h. Voids in 25 ◦C-
deposited Al are significantly larger than those deposited at
300 ◦C and 400 ◦C, indicating a rapid mass transport in
25 ◦C-deposited Al. Moreover, the voids in 300 ◦C-deposited
Al are a little bit larger than those in 400 ◦C-deposited

Al, implying a slightly accelerated electromigration using a
lower deposition temperature.

Figure 9 shows the SEM images of microstructures in
Al stripes deposited at different temperatures. Grain size
increases with increasing deposition temperature. At 25 ◦C,
the average grain size in Al is very small, ∼112 nm. When
temperature increases to 300 ◦C and 400 ◦C, the aver-
age grain size grows to 315 nm and 550 nm, respectively.
In polycrystalline metals, as the grain boundary acts as a
fast diffusion pathway, thus the increase of GBs means a
higher diffusion rate of atoms. As illustrated in figure 9, the
increase of grain size could cause less GBs, thus the effective
diffusion rate in Al tends to decrease with increasing grain
size. This is consistent with observations of electromigration
results.

3.3. Effective diffusivity and grain boundary diffusivity

3.3.1. Calculation method for diffusivity. Based on the
Nernst–Einstein equation [49], the drift velocity of mass

5
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Figure 5. Electromigration results for 25 ◦C-deposited Al stripes under 1 MA cm−2 at 200 ◦C, 250 ◦C, 300 ◦C, and 350 ◦C at 10 h.

Figure 6. Electromigration results for 400 ◦C -deposited Al stripes under 1 MA cm−2 at 200 ◦C, 250 ◦C, 300 ◦C, and 350 ◦C at 10 h.

Figure 7. Electromigration results for Al stripes with different deposition temperatures tested under 1 MA cm−2 at 200 ◦C for 10 h.

transport is given as following equation [23],

vdrift = Deff
F
kT

(5)

where Deff is the effective diffusivity (m2 s−1). F is the driv-
ing force of atomic diffusion (N ), which is consist of the
electron wind force (Z∗eρj), the stress gradient (Δσ/ΔL),
the atomic concentration gradient (ΔCa/(Ca0ΔL), and the

6
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Figure 8. Electromigration results for Al stripes with different deposition temperatures tested under 1 MA cm−2 at 350 ◦C for 10 h.

Figure 9. SEM images for Al stripes deposited at 25 ◦C, 300 ◦C, 400 ◦C, respectively.

temperature gradient (ΔT/ΔL). Thus, above equation can be
written as follows,

vdrift =
Deff

kT

(
−Z∗eρ j − kTΔCa

Ca0ΔL
+

ΩΔσ

ΔL
− Q∗ ΔT

T2ΔL

)

(6)
where Z∗ is the effective charge, e the electronic charge (C), ρ
the resistivity (Ohm m), j the current density (A m−2), and Q∗

is the heat of transfer (kJ mol−1). For pure Al, the atom motion
due to temperature gradient is largely less than electromigra-
tion [50, 51]. And, in present study the Al conductor was tested
without passivation layer, the effect from mechanical stress is
very limited [1]. Therefore, the mass transport in present test is
mainly controlled by electron wind and concentration gradient,
thus equation (6) is simplified as follows,

vdrift =
Deff

kT

(
−Z∗eρ j − kTΔCa

Ca0ΔL

)
. (7)

The void length is equal to the integral of drift velocity over
testing time t,

Lvoid =

∫ t

0
vdrift dt. (8)

As illustrated in figure 10, the total length of stripe is the
sum of Lvoid, ΔL, and Lhillock. Present experiments have shown
that the Lhillock only occupies a small part of total length of

100μm conductor. Thus, the total length of 100μm strip can be
approximately considered as L ≈ Lvoid +ΔL. Moreover, the
difference of atomic concentration at both ends is defined as
ΔCa = Ca,hillock − Ca,void. Combining above equations (5), (7)
and (8), we can obtain the following equation,

Lvoid =

∫ t

0

Deff

kT

[
−Z∗eρ j − kTΔCa

Ca0(L − Lvoid)

]
dt. (9)

When the parameters of Lvoid, L, kT, Z∗eρj, and t are
known, the effective diffusivity can be determined by solv-
ing equation (9). Additionally, Hart et al [52] provided an
equation to describe the relation between Deff and DGBs in
bicrystal materials, in which Deff is quantitatively equal to
the weighted average of the DGBs and the lattice diffusiv-
ity. Recently, Chen et al [53] improved Hart’s equation to
columnar polycrystalline materials as follows,

Deff = DGBs
HGBsδ

dGrain
(10)

where δ is the thickness of GBs, dGrain is the grain size,
and HGBs is a dimensionless numerical factor changing from
2.57 to 2.91 for different microstructure of material [54, 55].
Based on equation (10), we can determine the DGBs when Deff,
HGBs, δ, and dGrain are known.

7



J. Phys.: Condens. Matter 34 (2022) 175401 Z Cui et al

Table 2. Void lengths for the 100 μm Al stripes. Lvoid is void length, and t is the duration time.

25 ◦C deposited Al stripes 300 ◦C deposited Al stripes 400 ◦C deposited Al stripes

Temperature Lvoid (μm) t (h) Lvoid (μm) t (h) Lvoid (μm) t (h)

200 ◦C 8.75 10 1.39 10 2.98 30
250 ◦C 15.35 10 3.75 10 2.09 10
300 ◦C 33.21 10 9.95 10 4.13 10
350 ◦C 70.53 10 18.92 10 12.862 10

Table 3. Effective diffusivity (Deff) and GBs diffusivity (DGBs) for various Al stripes tested at different temperatures.

25 ◦C deposited Al stripes 300 ◦C deposited Al stripes 400 ◦C deposited Al stripes
∼110 nm grain size ∼315 nm grain size ∼550 nm grain size

Temperature Deff (m2 s−1) DGBs (m2 s−1) Deff (m2 s−1) DGBs (m2 s−1) Deff (m2 s−1) DGBs (m2 s−1)

200 ◦C 3.95 × 10−14 1.36 × 10−12 5.92 × 10−15 6.43 × 10−13 4.34 × 10−15 8.50 × 10−13

250 ◦C 7.64 × 10−14 2.63 × 10−12 1.83 × 10−14 1.98 × 10−12 1.02 × 10−14 1.99 × 10−12

300 ◦C 1.86 × 10−13 6.41 × 10−12 5.50 × 10−14 5.97 × 10−12 2.24 × 10−14 4.38 × 10−12

350 ◦C 4.68 × 10−13 1.61 × 10−11 1.14 × 10−13 1.23 × 10−11 7.74 × 10−14 1.51 × 10−11

Figure 10. The schematic for the void and concentration evolutions
during electromigration.

3.3.2. Effective diffusivity and grain boundary diffusivity. For
different Al stripes tested at various temperatures, figures 4–6
have shown that the critical length is around 10 μm. At
critical length, electromigration stops and vdrift is equal to
zero. According to equation (7), following balance condition
between electron wind and atomic concentration gradient can
be obtained,

− Z∗eρ j = kT
ΔCa

Ca0Lc
. (11)

Here, we select following parameters: e = 1.6 × 10−19 C,
ρ = 2.88 × 10−8 Ω m, j = −1 × 1010 A m−2 [2],
k = 1.38 × 10−23 J K−1, and Lc = 10 μm. In literature,
Z∗ was given from 1–10 for metals. We select Z∗ = 1 for
Al in present calculation. Based on equation (11), the dif-
ference of atomic concentration at both ends is obtained,

ΔCa = 0.068Ca0. Moreover, for 100 μm Al stripes, the void
length and duration time are listed in table 2. Applying those
parameters and ΔCa = 0.068Ca0 to equation (9), the effective
diffusivity for Al can be calculated, as listed in table 3 and
plotted in figure 11(a).

Furthermore, to determine the grain boundary diffusivi-
ties, the parameters of HGBs and δ are required. Here, we
select HGBs as 2.91 for Voronoi polyhedra microstructure cor-
responding to present Al conductors [53]. In later content,
we will show that the GBs thickness changes as a function
of temperature (see equation (12)) based on the MD simula-
tion results. Applying those parameters to equation (10), we
determined the average GBs diffusivity as listed in table 3 and
plotted in figure 11(b).

In figure 11(b), Deff has the maximum value for Al stipe
with grain size ∼110 nm at 350 ◦C. Then, Deff decreases
with the increasing grain size and decreasing temperature. This
means that Deff follows as a function of temperature and grain
size, Deff (T, dGrain). In figure 11, the magnitude of DGBs is
significantly higher than Deff. And, regardless of the grain
size, DGBs increases with increasing temperature. But, at the
same temperature, DGBs changes at the same level for the
Al with different grain sizes. This implies that the magnitude
of DGBs is irrelevant to the grain size, only affected by the
temperature, DGBs (T ). As a validation, comparsion between
present diffusivities and literature results will be presented and
discussed in sections 4.1 and 4.2.

4. Simulation results

4.1. Atom motion along grain boundary

We take a polycrystalline with ∼10 nm grains at 600 K as an
example to illustrate the diffusion features in GBs, as plotted in
figure 12. Atoms in grains remain the fcc lattice structure, and
atoms along GBs have the HPC or unknown lattice structures.
Those atoms with HPC structure represents the dislocations in
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Figure 11. (a) DGBs for Al with different grain size at various
temperatures. (b) Deff for Al with different grain size at various
temperatures.

grains. Figure 6(b) plots the contour of displacement of each
atom at 3.5 ns. For atoms in grains, the magnitude of displace-
ment is very small, nearly to zero. This indicates that atoms
in grains just vibrate at their own lattice sites, no diffusion
happens. But, for atoms at the GBs, the magnitude of dis-
placement is larger than a lattice distance of Al (∼3 Å), and
the maximum magnitude attains 8 Å, which indicates that
the atoms along GBs can jump between different lattice sites.
Moreover, figure 12(c) plots the trajectory lines for the atom
movements, in which the lines in GBs are dense and irregu-
lar, but trajectory lines in grains are loose and regular. These
indicate that the atomic migration along GBs is more active
than that in grains. Furthermore, the trajectory lines at the GBs
show that the movement direction of atoms tends to along GBs.
There is no apparent exchange of atoms between grain and
GBs.

4.1.1. Grain boundary diffusivity. Figure 13 plots the MSDGBs

at varying temperatures for the polycrystals with different
grain sizes. The symbols and error bars respectively repre-
sent the average value and standard deviations among three
different models at each grain size. Regardless of the grain
sizes, MSDGBs is larger at higher temperatures. Although for
the MSDGBS with different grain sizes at the same tempera-
ture have different error bars, the average MSDGBs changes at
the same level, slightly different from each other. The MSD,
as defined in equation (1), represents the average distance
for atomic movement. Thus, there results in figure 13 indi-
cates that increasing temperatures could significantly promote
atomic diffusion along GBs; however, the grain size has lit-
tle effect on the values of MSDGBs. Here, the MSDGBs also
includes some atoms in dislocations. Based on figure 12(a),
the number of dislocations in grains are small part of
atoms in GBs. Thus, results of MSDGBS are dominated by
atoms along GBs.

According to the equation (3), GBs diffusivities for the
models with different grain sizes at various temperature were
calculated by using obtained MSDGBS, as plotted in figure 14.
The magnitude of DGBs with different grain sizes are close to
each other, indicating a slight effect of grain size on DGBs.
Moreover, based on present experimental results of DGBs, an
Arrhenius equation with D0 = 9.34 × 10−8 m2 s−1 and
Ea = 0.474 eV was determined (see red solid line in figure 14).
Although the magnitudes of DGBs from simulation approx-
imately agree with experimental results, its slope is less
than that from experiments. This indicates a lower activa-
tion energy obtained from simulation. It may be because the
constrain conditions applied in the simulation are different
from experiments. As Al stripes are supported on TiN in exper-
iments, thus the atomic diffusion at the interface between Al
and TiN, and the stress induced due to thermal mismatch
between Al and TiN may affect the rate of mass transport.
However, those influential factors are neglected in MD simula-
tions. Moreover, the atomic diffusions along dislocations were
included in the calculation of DGBs, which may also cause a
higher diffusivity.

Furthermore, the activation energy, 0.474 eV, determined in
present study is consistent with the studies of Schreiber et al
[35] and Mohammadzadeh et al [28] (see data in table 1 and
curves in figure 14). But, the magnitudes of DGBs in present
study are higher than those given in the MD study of Moham-
madzadeh et al After careful evaluation, the DGBs calculated
by Mohammadzadeh et al were only for twin GBs. Obvi-
ously, present MD models with random misorientation angles
between grains are closer to the Al measured in experiments.

4.1.2. Grain boundary thickness. Additionally, based on the
trajectory lines of the movements of the atoms, the thickness
of the GB at different temperatures could be identified, as plot-
ted in figure 15. At a low temperature (300 K), the trajectory
lines along the GBs are slight and unclear, which indi-
cates the GBs thickness is very thin and only a few atoms
move along GBs. When temperature increases to 500 K, the
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Figure 12. (a) Microstructure for the polycrystal with ∼10 nm grains at 600 K. (b) Trajectory lines for atom movements.

Figure 13. MSDGBs at varying temperatures for the polycrystals with different grain sizes.

trajectories along the GBs become visible. At 600 K and
700 K, the outlines of trajectories along the GBs became
thicker, and the thickness of GBs increases to 6.5 Å and
8 Å, respectively. As the label shown in figure 15(a) we mea-
sured the thickness of each GBs for the polycrystals at var-
ious temperature. The average values of GB thicknesses at

temperatures from 300 K to 700 K are plotted in figure 15(b).
The thickness of the GBs increases linearly with temperature,
which is fitted as a function of temperature as follows,

δ(T) = 0.015(T − 300) + 2 (12)

where the unit of GB’s thickness is Å.
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Figure 14. DGBs at various temperatures for polycrystals with
different grain size and the plot of Arrhenius equation.

4.2. Effective diffusivity

Effective diffusivities determined from experiments and sim-
ulations in present study are plotted in figure 16. It clearly
shows that the magnitude of Deff is related to the temperature
and grain size. For polycrystalline with the same grain size,
Deff at higher temperatures is higher. At the same tempera-
ture, Deff exhibited a decreasing trend with increasing grain
size from 10 nm to 25 nm, from 110 nm to 550 nm. In con-
trast to the DGBs, the magnitude of Deff depends on the grain
size. Moreover, our Deff for Al with 110–315 nm grain sizes
are agreed well with the Deff determined by Fradin et al [30],
and both studies indicated activation energy around ∼1.23 eV
(see figure 14).

For the Deff at the higher temperature (T > 450 ◦C), elec-
tromigration method is no longer suitable to be used to mea-
sure the diffusivities in Al, as the narrow conductor could
be partially melted. Thus, we cannot obtained data at high
temperatures to directly compare with the Deff determined by
Lundy et al [17]. According to the changing trend of present
results, our Deff seems to be significantly higher than that
from Lundy. When the temperature is increased to 450 ◦C,
the accelerated atomic diffusion along GBs would promote
grain growth and simultaneously change the mechanical stress
inside the material. Commonly, the temperature of 450 ◦C is
used to annealing Al to reduce the defects and obtain a denser
microstructure, producing a more stable Al film. These phys-
ical processes induced by increasing temperature may affect
the determination of diffusivity in Al, causing the gap between
both results.

In addition, for the Deff at the low temperature (T < 200 ◦C),
the activation energy of 1.31 eV was obtained in the study
of Volin et al [32], which is a little bit higher than present
results (1.23 eV). But, the changing trend of present results
is qualitatively consistent with results of Volin. Actually, to
determine Deff at the low temperature using electromigration
method, a longer duration is needed, and a suitable current

Figure 15. (a) Trajectory lines of atom movements at different
temperatures for the polycrystals with ∼14 nm grains. (b) GBs
thickness at various temperatures for different grain sizes.

density is required to avoid the joule heating effect. This part
will be investigated in our future study.

In total, present Deff was consistent with literature results,
and a more comprehensive result of Deff related to the grain
size of Al was presented. Obviously, blindly selecting an effec-
tive diffusivity without considering grain size would cause
significant errors. Especially for the metal used in micro-
scale, as the sensitivity of grain size on Deff would increase
with decreasing grain size. Except that, present MD sim-
ulation simplified the mass transport in polycrystalline Al,
to emphasize the influences from GBs and temperatures.
Thus, the effects of mechanical stress, dislocations, voids, and
interfacial diffusion along TiN were neglected in simulations.
But, the gap between MD results and experimental results indi-
cates that those influential factors might play an important role
in accurately predicting diffusivities.
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Figure 16. Present Deff at various temperatures for Al with different grain size, and the comparison with literature results.

5. Conclusion

In this paper, the effects of grain size and temperature on dif-
fusivity of polycrystalline Al were investigated via electromi-
gration experiments and MD simulation. It was observed that
the development of electromigration increases with increas-
ing temperature and decreasing grain size. According to
the electromigration results, the effective diffusivity (Deff) and
grain boundary diffusivity (DGBs) in Al stripes were deter-
mined. It was shown that Deff changes as a function of grain
size and temperature, but DGBs is independent of the grain
size, only affected by temperature. Based on MD and exper-
imental results, Arrhenius equation for DGBs with the acti-
vation energy of 0.474 eV and activation energy of 1.23 eV
for Deff were determined. In total, present DGBs and Deff are
consistent with literature results, and a more comprehensive
results of diffusivities related to the grain size of Al was
presented.
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