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ABSTRACT

In electronic devices, a high-density electric current applied to the wires causes atoms or vacancies drifts,
which is called electromigration. Electromigration produces voids and holes at the cathode side, especially
at the wire ends and Via, eventually causing wire failure. The atom and void mass flux due to
electromigration is affected by the current density, atom (or void) concentration, stress, and temperature. In
this study, we investigated the effects of temperature and heat transfer on void generation, void growth, and
microwire failures associated with electromigration. Thermo-reflectance imaging (TRI) was used to
simultaneously measure the two-dimensional temperature distributions with the visualization of the voids.
The TRI technique was validated by comparing the temperature distribution of an Au microwire heated by
Joule heating to numerical computation results. Electromigration measurements were conducted using an
Al microwire in which void generation was observed at the cathode end. The growth pattern of the void
changed with time, giving different curves for the increasing rate of void size. Furthermore, the local
temperature and its gradient significantly affected the void growth. The void growth rate and local
temperature exhibited an exponential relationship, highlighting that the diffusivity of the atom (void)
plays an important role in local void growth characteristics.
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1. INTRODUCTION

Thermal damage is an important issue in semiconductors and electronic devices. Local temperature
increase owing to Joule heating can become significant as the wire size of these devices are markedly
reduced. The high-temperature condition induces thermal fatigue and failure at the wires and gates of
the semiconductor and accelerates electromigration and stress migration, resulting in wire breakage
(failure). Electromigration is a phenomenon wherein the metal wire atoms migrate and diffuse, and is
driven by the electron collision of the electric current. The atom migration decreases the atom density
on the cathode side and generates voids and holes in the wire. As electromigration progresses, void
growth occurs, which eventually causes an open circuit to form [1,2]. Electromigration magnitude
increases significantly with increasing current density and temperature. Therefore, reliability evaluation
of lifetime failure due to electromigration is important for miniaturized wiring and interconnections in
electronic devices, and numerous studies have been conducted to understand and model electromigration
since the 1960s. From these studies, it is commonly understood that the atom (or vacancies) flux in
electromigration relies on the current density, overall temperature, and physical properties of the wire
material such as the diffusion coefficient [1-4].

With the advancement of electronic devices, a higher accuracy is required for modern device reliability
analysis. To understand and model the reliability and lifetime of the wire accurately, the transient
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characteristics of electromigration and effects of local physical quantities should be investigated in
addition to the average and overall characteristics. As previously mentioned, the effects of current
density, average temperature, and external factors on void generation and wire failure have been studied
extensively [1-4]. However, the effect of the temperature distribution on void generation, growth, and
coalescence is largely unknown, especially for the time characteristics, owing to measurement
difficulties [5,6].

Herein, we visualized the time variation of void size and location, and simultaneously measured the
surface temperature distribution of an Al microwire (electrode) when electric current was applied to
induce electromigration. The thermoreflectance imaging (TRI) technique was used to measure the two-
dimensional temperature distribution. The TRl method measures variations in the target surface
reflectance by measuring the intensity of the pulsed light reflection after irradiation on the surface using
a high-resolution camera. The camera measurement and sub-micron second light pulse realizes the two-
dimensional measurement with high spatial and temporal resolutions. The resolution of the TRI method
applied herein is on the order of submicron in space (~500 nm) and nanosecond in time (~200 ns). To
validate the measurement method, the temperature distribution of a 10 um wide Au wire under Joule
heating was compared with numerical calculation results. The area of the void generated by
electromigration was measured as a function of time at the cathode side of the Al wire, whose width and
thickness were 10 um and 75 nm, respectively. The distribution can be divided into three regions based
on the slopes of the log-log graphs. These regions represent different void states, namely, the void
appearance at the wire surface, increasing size of each void (void growth), and void coalescence.
Furthermore, the effects of temperature and its gradient in the regions upstream, downstream, and
between the voids on the void growth rates were evaluated.

2. EXPERIMENTAL METHODS

TRI measures the two-dimensional distribution of surface temperature by examining material
reflectance changes with temperature (thermo-reflectance). The surface temperature is obtained by
measuring the reflectance and applying the following relationship:
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Where R and T are the reflectance and temperature, respectively. With the reflected light intensity denoted
as |, we obtain the relationship between the variation in 1 and T as follows:

% = (355) AT = CrgAT @)
In Eq. (2), the relation enclosed in parentheses is the thermoreflectance coefficient Ctr. The value of Ctr is
a physical property of the material and depends on the light wavelength. The TRI method irradiates the
material with light of a specific wavelength and measures the reflectance, which can then be converted to
temperature. Thermoreflectance measurements are generally used to determine the thermal conductivity of
a material. In such measurements, laser is used as the light source to heat the material, and a photomultiplier
is used as the light detector. For the TRI technique, a camera was used to measure the two-dimensional
distribution of reflection [7]. Unlike point measurements, the two-dimensional distribution of the
instantaneous (phase average) temperature can be obtained. However, the measurement accuracy decreases
as the reference light cannot be obtained from the same light source, and the camera may exhibit a lower
sensitivity than the photomultiplier. Furthermore, accurate position control in the planar and focal directions
of the object during the measurement and post image processing are important for temperature measurement
accuracy.

Fig. 1 shows a schematic of the measurement apparatus. An LED was used as the light source and the object
was irradiated with light through a half mirror and an objective lens. Reflection images were recorded using
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Fig. 1 Schematic of the experimental apparatus and optical system for the TRI measurement.
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Fig. 3 Photograph and schematic of the Au and Al micro-wires.

a CMOS camera (Andor, Zyla 4.2 plus). An autofocus system was installed in the measurement system to
obtain focused images during the measurement.

For wires of electronic devices that suffer from electromigration, the applied electric current varies
periodically and irregularly over time. Therefore, we periodically applied current to the microwire, which
will be shown shortly, in a square waveform. This process also increases the measurement accuracy because
a thermal steady state is difficult to obtain using Joule heating devices. In addition, periodic heating can
reduce the effect of object drift caused by thermal expansion. Fig. 2 shows the timing chart of the applied
measurements. The signal for the camera exposure, current supplied to the wire, and LED flash were



synchronized. The camera exposure time was set to 80 ms and several cycles of current supply (heating)
were applied during one camera exposure with an LED flash emitted at a specific phase during each current
supply. The time widths of the current supply and LED flash were 50 and 3 ps, respectively. The period of
these cycles was 1 ms, and the number of cycles in each exposure was 55. Several flash cycles applied
during exposure can increase the reflection image intensity. The LED flash was emitted under two timing
conditions in each cycle: one immediately before the current was applied and the other before the current
supply ended. The former timing provides images of the object under cooled conditions (reference image)
and that obtained by the later timing gives the maximum temperature (hot image). The reference and hot
images were taken alternately as a set, and 10,000 sets were measured for each measurement.

Fig. 3 shows the Au and Al wires used for the measurements, where the Au wire was used to validate the
measurement method. The width, length, and thickness of the Au wires were 10 um, 1 mm, and 200 nm,
respectively. The Al wires were used for the electromigration experiments with widths, lengths, and
thicknesses of 10 um, 1 mm, and 75 nm, respectively. The Au and Al wires were patterned on quartz glass
using electron beam deposition and lithography. For the Au wire, a 50 nm thick Ti layer was deposited
between the Au and glass as a bonding layer.

3. RESULTS AND DISCUSSION

3.1 Calibration Measurements The thermo-reflectance coefficient Crr was obtained from the
relationship between temperature and reflectance. Calibration was conducted using a constant-temperature
stage and thin films of Au and Al. A 200 nm thick film was patterned on quartz glass and placed on the
stage and the film reflectance was measured at various temperatures. The surface temperature was measured
using a thermocouple attached to the surfaces of the Au and Al films. Blue (center wavelength 470 nm) and
orange LEDs (center wavelength 617 nm) were used for the Au and Al measurements, respectively, and
were chosen to maximize the Crr values [8, 9]. The objective lens magnification was x100 (Olympus,
LMPLFLN NA=0.8) and the image resolution was 65 nm/pixel.
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Fig. 4 Calibration measurement of the thermo-reflectance coefficient Ctr using Au and Al films
deposited on glass substrates.

The relationship between the film temperature and normalized intensity Al/l.s is shown in Fig. 4 and the
data for Au show a positive slope (Fig. 4(a)). The Cr value obtained from the graph was 3.20x10* K,
which agrees well with the sign and value of 3.40x10* K reported by Tesseir et al. [8] and Fabaloro et al.
[9]. Although not shown here, the Ctr measured using a green LED light showed a negative value, which
agrees with the reports by Tesseir et al. [8] and Kendig et al. [10]. The Ctr value obtained for the Al wire is
shown in Fig. 4 (b) at 1.54x10* K%, in good agreement with the value of 1.4x10** K reported by Fabaloro
etal. [9].



3.2 Validation To validate the two-dimensional temperature measurements, we applied an electric current
to the Au wire, as shown in Fig. 3(a), and measured the temperature distribution caused by Joule heating
using the TRI method. The experimentally obtained results were compared with those of a numerical
simulation. A current of 100 mA was applied to the wire with a period of 200 us and a 5% duty rate (current-
applied time of 10 us). The measurement timing was 9 ps after the current was applied, which captured the
highest temperature moment. Fig. 5(a) shows the measured temperature distributions of the wire and
connecting electrodes, while Fig. 5(b) shows the temperature distribution along the wire centerline from the
connecting electrode to a certain point on the wire indicated by the dashed line in Fig. 5(a).

In Fig. 5(a), a temperature increase is observed at the wire, which was attributed to Joule heating. The
temperature decreases significantly at the ends of the wire owing to heat conduction to the connecting
electrodes. Numerical computations were conducted using the COMSOL Multiphysics software (ver. 4.3)
to solve the heat conduction equation for the domain, which includes the Au wire, connecting electrode,
and glass substrate. The calculation results are shown as solid lines in Fig. 5(b). The temperature
distributions of the computation and experimental measurements agreed well, confirming the validity of the
measurements.
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Fig. 5 Temperature measurement of Au wire under Joule heating and comparison with numerical
computation of the temperature along the centerline near the longitudinal ends of the wire.

3.3 Electromigration in the Al wire Measurement of the effects of electromigration and temperature
on void generation was conducted using an Al wire. An electric current of 32 mA was supplied to the wire
to apply a current density 4.4x10° A/lcm?.

Fig. 6 shows the results of the bright-field observations and temperature distribution measured by the TRI
method at the cathode side. The value t is the elapsed time after the voltage was applied to the Al wire. Fig.
6(a) and (e) show the results before applying current to the wire. Fig. 6(b) and (f) are for t=945 s, and Fig.
6(c) and (g) are for t=1062 s, respectively. Fig. 6(d) shows a photograph of the Al wire after wire breakage
(failure) at t=1071s, and Fig. 6(h) shows a magnified view of Fig. 6(d).

As shown in Fig. 6 (a)—(d), void (hole) generation in the Al wire and their growth until wire breakage
(failure) can be clearly visualized. During the initial stage of void generation, voids appear at the surface
and increase in size. The void size fluctuated as it grew and even decreased at some points (void filling),
but not observed again once the void reached a certain size. Subsequently, the voids began to coalesce as
they reached a critical size and number. VVoid coalescence developed into voids connections in the
spanwise direction, and the wire failed when the void connection extended across the wire width.
Considering that the current density of the Al wire was 4.4x10° A/lcm?, the main cause of void generation
and growth was the transport of Al atoms driven by electromigration. In addition, the low aspect ratio of the



Al wire can produce a certain amount of stress migration caused by the internal stress gradient formed in
the wire [3].

Fig. 6(e)—(g) show the local temperature increases in the Al wire with increasing void size. The wire
temperature was approximately 35 °C at t=0 s, which was used to determine the overall temperature increase
at the moment the current was supplied. At t=945 and 1062 s, the overall temperature of the wire increased
to approximately 45 °C, and a significant high-temperature region appeared near the end of the wire. This
was attributed to the increase in local current density and local heat flux caused by void generation, which
decreased the cross-sectional area of the wire.

Comparing the void pattern and temperature distributions shown in Fig. 6(c), (d), and (g), the temperature
in the x=22-27 um area was 55 °C, and a large temperature gradient developed near this region. Comparing
Fig. 6(c) and (d), the area at which the wire fails corresponds to the high-temperature regions; and to be
more precise, the region of large temperature gradients. The migration (drift) velocity of the Al atoms (or
vacancies) due to electromigration is proportional to the diffusivity, current density, atom (vacancy)
concentration, and stress [2]. Temperature affects the diffusivity and atom (vacancy) mobility, and the
migration velocity varies in regions with a large temperature gradient. In these regions, the atom (vacancy)
concentration increases or decreases, depending on the temperature gradient sign. In the previously shown
results, wire failure was observed where a positive temperature gradient existed. The difference in the local
migration velocity owing to the temperature gradients enhanced void generation and led to wire failure.
This trend agrees well with theoretical analysis, which has long been discussed in electromigration research.
Herein, we were able to visualize this phenomenon locally and continuously over time.

(a)t=0s (b) =945 s (c)t=1062s (d) t=1071 s (breakage)

(e)t=0s (f) =945 s (g)=1062s (h) magfined image of (d)

Fig. 6 Photographs and temperature distribution of the Al wire at the cathode side with
electromigration effects. (a)—(d) Bright field views of the wire; (e)-(g) TRI measurements; (h)
Magnified view of the area shown by the red square box in (d).

To evaluate the characteristics of void generation and growth, the void areas in the images were
measured. Fig. 7(a) shows the sum of the void area sizes Ay and the local temperature of the wire T in
relation to the current supply time t on a log-log graph. The temperature was measured at a point close
to the area where the wire broke. The vertical axes of the areas A, and T are shown on the left and right
sides of the graph, respectively.

In Fig. 7(a), Av increases with time, showing three regions with different slopes of the power law at t=0—
3000, 3000-5650, and 5650-8864 s, denoted as Phases 1, 2, and 3, respectively. Phase 1 is the period
wherein the void nucleus generates in the Al wire and begins to appear at the wire surface as it increases
in size [2]. During Phase 2, the voids observed at the surface expanded. And Phase 3 featured void
coalescence with the connection extending in the spanwise direction. In this case, the area of the current
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Fig. 7 Time profile of the void area size (total) and local temperature at a position near the wire
breakage area.

path (non-void area) of the wire decreased significantly following the phenomena similar to percolation
theory. Therefore, Ay and T significantly increased during this phase.

To discuss the effect of the base temperature on void generation and wire failure characteristics, the void
growth rate was compared between two base temperature conditions. That is, the glass substrate was set
at room temperature and high temperature by placing the substrate on a hot plate at 112 °C. The area of
each void appearing on the wire surface was measured together with the local temperature near each
void. The void growth rate was then evaluated using the rate of increase of the number of vacancies per
unit time AN/At as shown in Eq. (3):

AN Ay
o = Nd—- (3)

Where N is the number of vacancies, Ny is the number of vacancies per volume, d is the Al wire thickness,
and A, is the void area. The average values of AN/At for the room and high-temperature conditions were
1.28x10° and 5.17x10° s, respectively. We then applied the following equation for curve fitting to the
data (n=21) obtained from the base temperature of high-temperature.

AA—IZ = exp(aT + b) 4)

Parameters a and b were a=1.97x102 K'* and b=12.35, respectively. We then extended the function to
the low-temperature region. The deviation of the data obtained at the base temperature of room
temperature from the function was evaluated and the value was 13%. Therefore, the relationship between
the void growth rate and local temperature follows an exponential function. This is reasonable because
the temperature effect on the migration velocity of the atom (vacancy) mainly appears in the diffusivity.
The temperature and diffusivity have an exponential relationship, and that is what was reflected in the
experimental results based on the local temperature and void growth characteristics.

4. CONCLUSIONS

Visualization of void generation and growth due to electromigration and temperature measurement using
thermo-reflectance imaging was achieved for Al microwires after electric current application. Void
generation was observed on the cathode side of the Al wire. Based on the visualization of the void and



the total void area, the void generation process could be divided into three phases. Voids appeared
discretely on the wire surface, increase in size, and finally coalesce, which can be clearly observed in
the relationship between the void size and time. The temperature measurements showed that Joule
heating increased the overall wire temperature and the local temperature at which the voids were
generated. The voids decreased the cross-sectional area of the wire, which increased the current density
and heat flux, leading to a large temperature gradient. The high temperature and large gradient enhanced
the void migration velocity owing to the increased diffusivity. The effect of temperature on the void
generation characteristics was accurately fitted using an exponential function.
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