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Abstract

This paper investigates thermomigration (TM) and
electromigration (EM) in SWEAT structure. Firstly, the
distribution of temperature along SWEAT structure during
EM is obtained by using finite element (FE) simulation.
The FE simulation results show that the temperature is
almost uniformly distributed in the most region of narrow
line in SWEAT structure, but temperature decreases
rapidly at both sides of conductor. Accordingly, the
temperature gradient in the narrow line of SWEAT
structures is calculated. Then, we apply the obtained
temperature and temperature gradient in the governing
equation of EM in terms of atomic concentration. The
numerical results show that the TM caused by temperature
gradient causes the material depletion near both ends of
conductor. At the same time, atoms diffuse from the middle
region of conductor to both sides driven by the atomic
concentration, causing the voids in middle of conductor.

1. Introduction

Electromigration (EM) in interconnects has become a
major reliability issue in recent years because of the
miniaturization trend to meet the demand of higher
performance of microelectronic devices. EM essentially is
an enhanced mass transport process driven by high current
density [1-8]. The electron wind force, attributed to the
momentum exchange between conducting electrons and
metal atoms, pushes atoms diffusing from cathode to anode.
At the same time, the mass transport driven by temperature
gradient, namely thermomigration (TM), is inevitably
accompanied with EM [9-11].

In accelerated EM tests, one of the typical structures
to explore the effect of temperature and temperature
gradient on EM is either the standard wafer-level EM
acceleration test (SWEAT) or SWEAT-like structure[6, 10,
12-14]. In this structure, narrow metal line at two ends is
connected to large-area pads, allowing atom fluxes
between metal line and pads. Using the SWEAT-like
structure, it was observed that the void formation occurs at
the middle region of metal line, and there is no failure at
both ends of metal lines [10, 15, 16]. In recently published
papers, Cui et al.[10] compared the EM failures in SWEAT
structure and Blech structure. It was found that a broad
region in the middle of the conductors has void formations.
And SWEAT can sustain higher current density and last
longer time before EM damage, compared to Blech
structure. This type of damage was believed to be caused
by TM at elevated current density.
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Kim et al.[17] obtained the analytical expressions for
estimating the temperature profile along SWEAT-like
structure due to the Joule heating generated by a high
current density. It was found that the SWEAT structure
with 12 pm narrow line has the maximum temperature in
the center of conductor, and the temperature gradually
decreases from the center to both ends of conductor. Jing
et al. [18] did the electrical-thermal FEM simulation to
obtain the temperature distribution in SWEAT structure
with 10 um narrow line. A current density of 15 MA/cm?
was used in simulation. Although simulation results
showed that there exists a significant temperature gradient
along conductor length, the impact of TM on EM was
ignored in analyzing failure results. In recent papers, Cui
et al.[10] obtained several important conclusions about the
impact of TM on EM with increasing current density.
Based on the results, to be shown in this paper, most of the
Joule heating generated in the metal lines is dissipated
through the silicon substrate. Only a very small fraction of
heat was conducted through metal lines. To obtain the
analytical solution, an over-simplified temperature
distribution was obtained with the introduction of
“modified thermal conductivity” in [10]. To further
evaluate the effect of temperature and temperature gradient,
a more accurate approach in obtaining temperature and
temperature gradient is required.

In this paper, the coupled electrical and temperature
modeling in SWEAT structures during EM testing are
performed using finite element simulation. Temperature
variations under different current densities due to Joule
heating effect are obtained. After that, we apply the
obtained temperature and temperature gradient to the 1D
governing equation of EM with TM, to evaluate the impact
of actual temperature profiles.

2.  Governing Equation
The coupled thermal-electrical governing equations
can be expressed as follows,

v
V'(?) =0 (1)
V- (kVT)+%|VV|2 =0 )

where T is temperature, V is the electrical potential, & is
thermal conductivity, and p is the electric resistivity. The
joule heating is expressed by the second term on the left
side in Equation (2). Above equations can be solved with
the appropriate boundary conditions. Steady-state
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temperature distribution is assumed. The relationship
between current density j and the electrical potential V'is as
follows:
vV
p

j= (€))

After the electrical and temperature fields are solved,
the governing equation in terms of atomic concentration in
a 1D stress-free metal line during EM can be obtained by
using following equation (4). Please see details in refer. [10]
for the derivation of Eq. (4).

1-foc,

Z epjoC, 0%*C,
c, ot

A knT, 0x | 0xZ
L@ 0C,dT  Q*C, d*T
kgTy? 0x dx = kpT,,% dx?

“4)

where C, is the atomic concentration, D, is the atomic
diffusivity, Z* is the effective charge number (Z*>0), e is
the elementary charge, kg is the Boltzmann constant, and
O* is the heat of transport.

3. Finite Element Model

FE simulation was performed by using ANSYS 19.1
software to obtain the distribution of temperature in the
SWEAT structure. The FE model was constructed based
on the SWEAT structure used in experiments in refer. [6,
10]. As shown in Fig. 1, a 1 um-thick SiO, layer was
created on a 200 um-thick Si substrate. The width and
length for SiO; layer are 200 um and 1100 pm, respectively.
Then, a 300 nm-thick TiN layer was built on SiO; layer.
After that, a 200 nm-thick Al layer was constructed as
SWEAT structure. The length and width of narrow line in
SWEAT are 800 pm and 5 pum width, respectively. In an
actual EM test set-up, the silicon substrate is 1000 mm by
1000 mm. We took a small portion of the silicon substrate
in our FE model as temperature is almost uniform beyond
certain distance from the metal line.

Fig. 1. Global model for SWEAT structure, and local regions for
Al conductor, TiN layer, SiO2 layer, and Si substrate.

The global thermal-electric coupled field model used
the regular hexahedral Solid-186 element in ANSYS,
where 7860 solid elements for SWEAT structure was used.
According to the testing conditions for EM in refer. [6, 10],
following boundary conditions are applied:

(1) On one end of the Al layer, the voltage potential
is set grounded (zero), while the other end is given voltages
of 1440 mV, 864 mV, and 288 mV, to generate 1, 3, and 5
MA/cm? current density in the conductor.

(2) The temperature at bottom of Si substrate was set
as 525 K (~ 250 °C).

(3) The thermal isolation was assumed for the other
surface of structures (radiation effect neglected).

The thermal and electrical parameters used in FE
simulation are listed in Table 1.

Table 1. Material properties of Al used in simulations.

Property Value

Al electrical resistivity 3.22x10* Ohm'm
Al thermal conductivity 239 W/(m-°C)
TiN electrical resistivity 6x10° Ohm'm
TiN thermal conductivity 5 W/(m-°C)

SiO2 thermal conductivity 0.15 W/(m-°C)

Si thermal conductivity 50 W/(m-°C)

4. Temperature and Temperature Gradient

Fig.2 (a) and (b) show the contours of current density
and temperature in SWEAT structure under current density
of 5 MA/cm?. From Fig. 2 (a), the current density in narrow
line is uniformly distributed over the entire region except
both ends. From Fig. 2(b), the middle segment of narrow
line has the maximum temperature of 582 K, and the
temperature decreases rapidly at the region near both ends.
The temperature at pads is 525 K that is the same with the
ambient temperature.

Fig. 3 plots the temperature along the length of
SWEAT structure under current densities of 1 MA/cm?, 3
MA/cm? and 5 MA/cm?. The locations from 0 to 150 pm
and 950 to 1100 um represent the region for big pads. The
location from 150 um to 950 um represents the narrow line.
It can be seen that the SWEAT structure has maximum
temperature at the middle region, and the temperature is
almost uniformly distributed at the region from 200 pum to
900 pm. This is different from the analytical solution for
temperature profile presented in [10]. Moreover, the
maximum temperature increases from 527 K to 582 K with
the increasing current density from 1 MA/cm? to 5 MA/cm?,
which are consistent with the results of analytical solutions
in [10]. At both sides of narrow line, temperature drops
rapidly. At big pads, the temperature decreases to ambient
temperature of 525 K.
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(a) Current density, mA/mm?

5.0527e7 Max
44914e7
3.9301e7
3.3687e7
2.8074e7
2.2461e7
1.6848e7
112357

5.6213e6
8134 Min

(b) Temperature, K

582.43 Max
576.12
569.82
563.51
557.21

550.9

544.6
538,29

531.99
525.68 Min

Fig. 2 (a) Current density contour and (b) temperature conductor in SWEAT structure under current density of 5 MA/cm?.

electrical resistivity (p) is 3.22x10-8 Ohm-m, electrical
390 S 1MAfem2 ~¢3MAJcm2 ~8=5 MA/cm2 charge (e) is 1.6x10-19 C, Effectivity charge number (Z)
580 is 1.1, heat of transport (Q") is 0.3, vacancy volume
¥ 570 relaxation factor (f) is 0.7, and atomic diffusivity (Da) is
< 8x10%exp(-0.57eV/ksT) m/s.
1
5 560
o 550 Table 2. Input of temperature gradient along SWEAT structure
8 in calculations for atomic concentration. Location from 150 pm
E 540 to 950 pm is the region for narrow Al line of SWEAT structure.
= 530 X Current Temperature gradient in different region
50 | “Se density | 150-200 pm | 200-900 um [ 900-950 pm
0 100 200 300 400 500 600 700 800 900 10001100 | MA/em? | 230 K/em 0 -230 K/em
3 MA/cm? 2280 K/cm 0 -2280 K/cm
Location, pm 5 MA/ecm? [ 6430 K/cm 0 -6430 K/cm

Fig. 3. Temperature distribution along the length of SWEAT
structure under current density of 1/3/5 MA/cm?.

5. Atomic Concentration C,

To calculate C,, we only considered the narrow line
in SWEAT structure from 150 pm to 950 pum (in a 800 pm
conductor). To solve Eq. (4):

(1) Boundary condition: C; at both ends of narrow
line was set as a constant value (C,(150 pm, t) = C4(950
pum, t) = Cy ).

(2) Initial condition: Ca(x, 0)=Cy for entire length
of conductor.

(3) The temperature along the conductor length was
simplified as a piecewise function as the dash line plotted
in Fig. 3. The temperature linearly increases from both
sides to middle region and keep constant temperature from
200 pm to 900 pm. The magnitude of temperature gradient
in narrow line under current densities of 1/3/5 MA/cm? are
listed in Table 2.

(4) According to the FEM results, a constant current
density along conductor was considered in calculation.

Moreover, following parameters are used for solving
Eq. (4) [10, 19, 20]: atomic volume (Q) is 1.66x10-29 m?,

Fig. 4 plots the results for the Ca/Ca at 5/10/15 h
along the SWEAT structure under current density of 3
MA/cm?. The atomic concentration starts to decrease at the
region near both sides, due to the temperature gradient at
both sides causes atoms diffusing out of conductor.
Moreover, the region with C, decreasing spreads from both
sides to middle region with time increasing. And there is
no temperature gradient in the middle region. Therefore,
the decrease of atomic concentration is due to the atomic
concentration near both sides is lower than that in middle
region, the atomic concentration gradient drives atoms at
the middle region diffusing to both sides.

Fig. 5 plots the variations of Ci/Cy at 5 h under
different current densities. Under 1 MA/cm? current
density, Cia/Cao changes slightly. With the increasing
current density, the conductor near both sides has lower
atomic concentration. And the region with C, decreasing
under 5 MA/cm? is larger than those under 1 and 3 MA/cm?,
Those results indicate that the conductor would form void
at the region near both sides. And, the region with void
formation could spread to the middle region of conductor.
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Fig. 4. C,/Cy along the length of SWEAT structure at 5h,

10 h, and 15h under current density of 3 MA/cm2. L, is
equal to 800 um that is the length of narrow Al line.
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Fig. 5. Ci/Cy along the length of SWEAT structure at 5 h
under current densities of 1, 3, and 5 MA/cm?.
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Fig. 6. C)/Cy along the length of SWEAT structure at
steady state under current densities of 1, 3, and 5 MA/cm?.

At steady state, Ci/Cy at the entire conductor
decreases, as shown in Fig. 6. Under the current density of
1 MA/cm2, Co/Cy reaches the steady state at time around
2.5%10% s, and Co/Cy slightly changes, indicating no void
formation for SWEAT structure under j=1 MA/cm?. When

the current density increases to 3 MA/cm? and 5 MA/cm?,
Ca/Cyo reaches the steady state at time around 1.5%103 s and
1 x10° s, respectively. And C./Cyo decreases sharply at the
region near both sides, due to the temperature gradient. At
the middle region, Ca/Cyo decreases slowly and reaches the
minimum value near the anode side.

4. Conclusions

Electrical-thermal simulation results showed that the
SWEAT structure has the uniform temperature at the
middle region of narrow line. At the region near both ends
of narrow line, the temperature decreases rapidly, causing
high temperature gradients. By using the results of
temperature field from FE simulation, the numerical results
showed that under the current density of 1MA/cm?, the
impact of TM on EM is negligible. However, when the
current density increases to 3 MA/cm?, TM leads to an
obvious decrease of atomic concentration near both sides
of conductor. Subsequently, atoms at the middle region
would slowly diffuse to both sides under the driving force
of atomic concentration gradient, causing the decrease of
atomic concentration for entire SWEAT structure.
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