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Abstract: The article introduces the analysis of thermal degradation mechanisms related

to the heating and melting of metallization system, as well as the contact fusion in transient

conditions, and carries out an investigation of the thermal damage of metallization systems

under the influence of current pulses. The method of pulse impact on the structure of the

metal-semiconductor. The results showed that both thickness and thermal conductivity of the

underlayer strongly influence the dynamics of heating of the multilayer system. The results

obtained during the experiments show that the various heat-conducting properties of the SiO2

and Si3N4 films are clearly reflected in the connection oscillograms. As a result of defects, a

local reduction of the film cross-section leads to an increase in current density, temperature,

and consequently, appearance of a local molten area. Electron microscopy confirmed the pres-

ence of contact melting at the interface Al-Si. Phase analysis conducted in the border region

has shown that the amount of Si impurities in the eutectic makes about 63%. The occurrence

of the interface temperature gradients leads to stress, which contributes to the formation of

structural defects near the source of thermal shock. The resulting temperature gradient causes

the thermoelastic critical condition that could lead to a violation of the adhesion of the metal

film, the formation of structural defects and failure of the test compound. The experimental

results of thermal degradation of metallization systems, as well as the calculation of physical

indicators are described.
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1. Introduction

At the moment, the share volume of R&D at the microelectronics market (es-
timated as $348 billion in 2015) comes to 8-10%, or about $35 billion in cash.
The high investment cost provokes the interest of researchers to this sector of
economics, resulting in a significant technological breakthrough in this direc-
tion.

The main trends of modern microelectronics are reducing the topological
size of models, shifting into low gear power consumption and improving the
quality of products. All mentioned above is impossible without a detailed anal-
ysis of the structures composing the modern microelectronic devices. The ther-
mal degradation analysis of metallization systems and semiconductor structures
and contacts becomes the most important component of such investigations [1].
This issue has been studied by many scientists.

Hyung Giun Kim and T.A. Nguyen in their research are contemplating a
simple test structure [2, 3] which allows capturing just an integral characteristic
of the entire track [4]. The initial stages of degradation processes as well as
spreading of melted zones (speed and direction) are almost impossible to be
recorded on structures of this type.

Nowadays, no analysis of degradation mechanisms (in terms of their sepa-
ration) under nonstationary actions in metal-semiconductor systems is repre-
sented in scientific studies. For example, melting and directed contact fusion
mechanisms in these structures develop almost simultaneously, but the litera-
ture does not describe experimental procedures which allow their separation.

Moreover, the degradation processes may be accompanied by the formation
and subsequent proliferation of fused areas both on the surface and in the
bulk of the semiconductor crystal. This aspect, in relation to the micro- and
nanoelectronics structures, isn’t treated thoroughly. The development of such
methods is particularly relevant from the point of view of their application to
new conductive materials as well.

At present, many attempts have been being made to create new types of
metallization systems, including nanoelectronics structures: Cu, titanium sili-
cide TiSi2 [5].
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2. Materials and Methods

Analyzing the contact pairs with regard to new composition and geometry, one
needs to pay attention primarily to the plot λ (∆t1) on a pilot U -shaped curve
of reliability [6], which represents the dependence of λ bounce from the time of
operation of metallization t.

λ(∆t1) plot is a test site, where metallization systems of semiconductor
structures (burn-in testing, thermal cycling) are tested. In cyclograms of such
tests a profile of operating external exposure factors on the studied structures
is repeated in an accelerated form.

In the segment I − λ(∆t1) the reliability of the metallization, a degree of
defect-free manufacturing and yield rate of products are revealed. This segment
is to be minimized, as it requires a significant expenditure of resources, to get to
the area of stable operation of products II − λ(∆t2). Regarding to the section
III − λ(∆t3) of the curve, it goes beyond the effective life of the product as a
whole and is related to the termination of operation of products thereby it is
not analyzed in detail [7].

Apart from the selection of materials for metallization systems, the oper-
ating conditions of structures are of great importance as well. Operation of
metallization systems and contacts in conditions of high electrical and thermal
load contributes to their accelerated degradation.

It should be noted that despite an active search of new materials for metal-
lization systems aluminium keeps being the most widespread material. There-
fore, the aim of this article is to study the thermal degradation of metallization
systems including mechanisms occurring in the metal-semiconductor structures
under pulse action starting from the aluminum metallization heating up to the
formation of molten zones and their migration.

For registration of temperature changes in the near-surface layers of silicon a
test structure in a form of metallization track (A1) was applied to the semicon-
ductor surface by the technique [1]. Originally rectangular-shaped pulses with
the electric power (P > 3.0 ÷ 5.0.109A/m2), which doesn’t destroy the struc-
ture were passed through the plot. We are talking about the common thermal
heating of a metallization system [8]. Besides rectangular pulses, other forms
of current pulses were used (pulses with a ramp up leading edge, sinusoidal).

An aluminium metallization with proportions 100 × 200µm, coated on a
silicon substrate, was used as a sample. The thickness of aluminum metalliza-
tion is 1 ÷ 3µm, the thickness of the semiconductor substrate 350 ÷ 400µm.
Besides aluminum films, polycrystalline copper films with a similar dimension
type sprayed onto the silicon plates were studied.
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For consideration of thermal modes of metallization systems, inclusion oscil-
lograms U(t) as described in [1] were analyzed. Its meaning is as follows: during
the pulse advancing I(t) (supplied with special sondes) the voltage drop U(t)
from a plot of the test is removed by the corresponding probes. The shape of
the current pulse and waveforms was fixed by a digital storage oscilloscope. In
this case temperature dynamics of the metallization track T (t) was calculated
by the change in the voltage drop U(t):

α · (T (t)− T0) =
U(t)

I(t) ·R0
− 1 (1)

where R0 – resistance of the metallization track at T0 = 290K, measured by
a voltmeter-ammeter; α – temperature dependent drag coefficient. Equation (1)
allows us to experimentally analyze the dynamics of the temperature dependent
operation of the metal-semiconductor interface ∆(t) = T (t)− T0.

In the study of metal-semiconductor systems with different sublayers the
equation previously obtained in [1] was used:

∆T (t) = T1(t)− T0 =
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where the subscript “1” corresponds to the Al-film; “2” – to a dielectric
thin film with a thickness h2,m; “3” – to a semiconductor matrix. Where I –
current, A; R̄1 – metallization path resistance, Ω; S – heat transfer area, m2;
λ2 – silicon thermal conductivity coefficient, W/(m ·K); t – time, s; c3 – heat
capacity, J/(kg · K); d3 – density, kg/m3, a – thermal diffusivity, m2/s. The
bar over the corresponding symbol means the average integral (temperature
dependent) value.

3. Results and Discussion

The results showed that both thickness and thermal conductivity of the under-
layer strongly influence the dynamics of heating of the multilayer system. The
results obtained during the experiments show that the various heat-conducting
properties of the SiO2 and Si3N4 films are clearly reflected in the connection
oscillograms. Dynamics of the metallization track heating is shown in Figure 1.
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Figure 1: U -shaped curve of the reliability of metallization systems of
modern semiconductor devices and structures.

The results showed that the dynamics of heating of the multilayer system
is strongly influenced by both thickness and thermal conductivity of the under-
layer. It is easy to see that a variety of heat-conducting properties of the SiO2
and Si3N4 films is clearly reflected in the connection oscillograms (Figure 2).

Figure 2: Waveforms of connection of the system Si-insulator-Al while
passing the single-pulse current with an amplitude j = 3 · 1010 A/m2 and a
duration of 440µs, h1 = 5µs : 1− h2 = 0; 2− Si3N4; h2 = 0.5µm; 3− SiO2;

h2 = 0.5µm.

Previously, it was revealed [1] that degradation processes when exposed
to rectangular current pulses in metallization systems based on aluminium are
connected with formation of fused areas (reaching the melting point of the metal
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film) and contact fusion at the interface Al−Si. The last one begins to appear
when reaching the system’s eutectic point (Figure 3).

OB plot (similar O’B ’and O”B”) in Figure 3 is characterized by a mono-
tonic increase of U(t) with a relatively small time t after the pulse which is
related to the heating of the structure (of a thin metal film) and is determined
by the regime of the heat removal to a semiconductor plate meanwhile power
per time unit allocated in the aluminum does not manage to be completely
discharged into the silicon substrate, whereby the structure is heated.

In sections AB, A’B’, A”B” of these structures the starting of the phase
formation was recorded, shown in the oscillograms as a sharp deviation from
the monotonic growth (potential jump), which is related to the processes of
melting aluminum (melting point of Al = 661◦C), i.e. the formation of the
molten zone and its spreading along the metallization track.

Figure 3: I – A view of connection waveforms U(t) during the passage of a
single current pulse through an aluminum metallization track lying on silicon.
The pulse duration τi = 500ms, the amplitude j (A/m2): 1 – 4.5 · 1010; 2 –
5.0 · 1010 (contact fusion, without melting Al); 3 – 5.2 · 1010 (contact melting,
partially melting Al); 4 – 5.6 · 1010 and 5 – 5.8 · 1010 (complete melting of Al).

II – the view of the waveform type according to the applied load.

Plot BC, B’S ’B”S’ ’is characterized by the contact fusion process at the



DESTRUCTION OF METALLIZATION SYSTEMS ON... 359

aluminum-silicon interface: potential growth and its subsequent “reset” (eu-
tectic point of the system Al − Si is 577◦C) and extension of the conduc-
tive layer. These processes are developed at current densities (called critical)
j ∼ 6 · 1010 A/m2 (τ > 150 ms, the resistance of the structure at room temper-
ature R0 = 0.8Ω).

The photos of destruction during a single rectangular current pulse propa-
gation through the aluminum metallization track lying on silicon are shown in
Figure 4.

In most cases, the test structure geometry violation occurs in places of poor
adhesion of the film to the semiconductor. Indeed, experimental tests confirm
that the adhesive strength of the samples depends on the dimensions (thickness,
width) of the structure, as well as the direction and speed of application of
an external current load. During the adhesion, weak in comparison with the
cohesion, an adhesive separation occurs. In a case of relatively weak cohesion
a cohesive rupture of the adhesive substance is possible.

Figure 4:Photographs of the test structure fragments after rectangular
current pulse propagation with duration of 500µs and an amplitude of:
a− j = 5.0 · 1010 A/m2 (the initial stage of the melted zone formation

corresponds to curve 2, Figure 2); b− j = 5.1 · 1010 A/m2 (development of the
melted zone); c, d− j = 5.2 · 1010A/m2 (the formation of a melted zone and

the beginning of its transfer corresponds to curve 3, Figure 3);
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ej = 5.6 · 1010A/m2 (dynamics of the melted area, including processes of
“meeting” of adjacent molten portions, corresponds to curve 3, Figure 3);

fj = 5.8 · 1010A/m2 (melting of the entire structure corresponds to the curve
4 in Figure 3). The width of the track is 75 µm.

On the scale this violation of the examined film geometry is shown as a
waveform U(t) peak drift to the right. This drift of the waveform maximum
point with potential unloading from various parts of the test track is shown in
Figure 5. This distribution characterizes a time shift in the spreading of the
liquid film.

Figure 5: Waveforms U(t), taken from two sections of test structure of
Al − Si system during the single rectangular current pulse propagation with
an amplitude of 5.8 · 1010A/m2 and a duration of 480µs. The signal was taken
from sites with a length of 660µm, located at 1.5 mm (curve 1) and 1.8 mm

(curve 2) of the negative electrode; ∆τ = 22µs.

Let us thoroughly consider the mechanism of fused areas formation and the
direction of their propagation in metallization systems.

We associate the formation of fused areas with electrotransport and ther-
modiffusion processes in defective parts of the metal tracks. For samples that
were studied in this work multistage tunnel-recombination processes involving
surface states [2] can be considered as a main mechanism of current transport.

As an example, let’s investigate the effect of current transport to the met-
allization path when passing a current pulse with a duration of τ = 600µs and
j = 3.0 · 1010A/m2. Aluminium diffusion coefficient is D = 1.7 · 10−5 cm−2.
The shift of the substance during the pulse propagation can be calculated by
the formula:

x = 2 ·
√
D · τ (3)

As a result we find that after the current impact the displacement x is about
2.0 · 10−5cm, which is a negligibly small quantity.
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Regarding the thermal diffusion, it should be noted that the thermal impact
on the silicon surface causes the formation of strong temperature gradients that
lead to high mechanical stresses. The recrystallization process at the substrate-
metallization boundary the diffusion of Si to the aluminum layer occurred,
which also leads to the stress formation. Whereby linear defects in the region
of maximum gradient in the {111} plane of the plates are formed.

During the thermodiffusion of a two-layer system under the assumption that
the external forces are equal to zero, and the pressure is the same at all points
of a test sample:

D12∇c1 +D′
12c1(1− c1)∇T = 0 (4)

where c1 is the concentration of Al, m−3; D12 – usual diffusion coefficient,
m2/s; D′

12 – thermal diffusion coefficient, m2/s.

The ratio of the thermal diffusion coefficient to usual diffusion coefficient is
described by the equation:

sT =
D′

12

D12
= −∇c1

∇T

1

c1(1− c1)
(5)

where sT – Soret coefficient [6].

In addition to poor adhesion of the film to the substrate, the thermoelec-
tric properties are affected by the volume defects of the structure. One of the
common causes of such defects in metal-dielectric substrate systems are dust
and foreign debris coming from the environment in the manufacturing process
(moving in the manufacturing zone, lithography, etc.). It is also possible that
Si particles breakaway and get to the surface when handling plates during man-
ufacturing operations. It should be noted that oxide packaging faults, resulting
in increased current leakage and failure of circuits, isolated hillocks in epitaxial
layers, pinholes in insulating films may also be regarded as defects [10].

As a result of defects, a local reduction of the film cross-section leads to
an increase in current density, temperature, and consequently, appearance of a
local molten area.

Formation of such a section when j ∼ 4.0 · 1010A/m2, usually occurs at
the early stages (∼ 50µs) of the pulse propagation. With a current density
increasing to j ∼ 8.0 · 1010A/m2 and current pulse durations τi > 100µs such
sites can spread along the metallization tracks. The direction and the average
speed of the melted area displacement V (t) during the propagation of the cur-
rent pulse were estimated by the dynamics of oscillograms (Figure 3). Knowing
the distance between sites, which were filmed with oscillograph, and time, one
can estimate the value of V . For the applied pulses this value was 10-50 m/s.
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It is obvious that the molten zone undergoes various changes, both geomet-
ric (increase of the size of the molten zone) and thermochemical (diffusion), in
the process of a current pulse propagation.

Distribution of the molten zone related to the heat emission on its boundary
was experimentally fixed (Figure 6).

Figure 6: Scheme of spreading of melted zones in the aluminum metal track
(a), an experimental model (b). On the photo – areas of a structure meltback

after the propagation of the single current pulse with an amplitude of
7.0 · 1010A/m2 and a duration of 400µs, a pulse energy of 64mJ .

The boundary of the solid (s) and the liquid (l) Al is an area of coexistence
of phases having a finite thickness lx. Unbalanced heat emission in this area
can be calculated by the formula:

[

I(τ)2(ρol − ρos)
lx
S

]

dτ = H · S · dx (6)

where I(τ) = k ·τ ; ρol = 2.4 ·10−7, Ω ·m; ρos = 0.98 ·10−7, Ω ·m – the resistivity
of the liquid and solid aluminium, b = 75 µm, h = 5 µm – width and thickness
of the tracks, respectively, S = b · h – cross-sectional area of conductor.

If we consider that Wsl (at the aluminium melting point) is used for melting
certain volume of metal S · dx, we have:

Wsl · dτ = ·H · S · dx (7)

where H = 10.2 · 108J/m3 – specific heat of aluminium melting, dx – length
of the melted part of the track, which was formed during the current pulse
propagation with Wsl output during the melting time dτ , and from (6) and (7)
it follows that:

[

I(τ)2 · (ρol − ρos)
lx
S

]

· dτ = H · S · dx (8)

The last form can express the length of the fused area:

dx =
I2(τ)(ρol − ρos)

√
a1τ

S2H
dτ (9)
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x =
(ρol − ρos)

√
a1

S2H

τ
∫

0

I2(τ)
√
τdτ (10)

x =
(ρol − ρos)

√
a1

S2H

τ
∫

0

k2τ2
√
τdτ (11)

x =
(ρol − ρos)

√
a1

S2H
k2

τ
∫

0

τ
5

2 dτ. (12)

Let lx commensurable with the thickness of the layer within which heat is
distributed during the exposure time: lx = 2

√
a1τ = (1−4) ·10−4 m (the ratio

is usually used for impulse effects of different kinds: laser, electric, etc.), where
a1 = 1.6 · 10−5m2/s – thermal diffusivity of aluminium, τ – fragment [0 . . . x]
of metallization track fusion time (counted from the moment A – or A’, A” –
on the oscillograms of Figure 3).

Then, integration of the equation (12) allows us to obtain the dependence
of the length of the fused metallization track xl from the time τ for the surge
current with linearly rising edge:

x(τ) =
(ρol − ρos)

√
a1

S2H
k2

2

7
τ

7

2 . (13)

In the case of a rectangular current pulse:

x(τ) =
(ρol − ρos)

√
a1I0

2

S2H
τ

3

2 (14)

A verification of equations (13, 14) was made on Al-SiO2-Si and Al-Si struc-
tures. For that single current pulses with an amplitude j > 5.0 · 1010A/m2 and
duration τi > 200 ms were passed through these structures. Upon reaching the
“critical” current densities on the surface of the aluminum film the appearance
of molten zones was observed. The formation of such areas was haphazard so
they appeared in various places of the test structure. However, regardless of the
place of origin, interphase boundaries with τi > 200µs started moving. After
turning off the pulse, the melted portions crystallized.

From equation (14) the dependence of the resistivity of molten aluminium
on the contact boundaries with Si and SiO2 can be determined:

ρol2 = ρos + η(ρol1 − ρos) (15)
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where η – the tangent of the inclination angle in the coordinates of dependence
of the length of the fused area on the melting time (Figure 6).

Experimental results for systems of Al-SiO2-Si and Al-Si with a rectangular
current pulse (Formula 14) are shown in Figure 7.

Figure 7: Dependence of the length of the fused area on melting time τ for
systems: 1 – Al-Si, 2 – Al-SiO2-Si. The amplitude of the current pulse

j = 6.0 · 1010A/m2, and τi duration varied from 300 to 500 µs.

It is easy to see that, given the numerical values of the parameters used,
the value of xl is consistent with the experiment for both Al-Si binary system
and the multi-layer structure Al-SiO2-Si, that is the evidence in favor of the
mechanisms described above.

However, attention is drawn to the difference in the dynamics of structures’
reflow (straight lines tilt angles in Figure 6). In our opinion, this is determined
by the different conditions of heat removal during the current pulse propagation,
as well as the possibility of current bridging by near-surface layers of the semi-
conductor in the system Al-Si. Indeed, in the area of considered temperatures
(∼ 660◦C) in a binary system, a true current density is lower the calculated
one in comparison with a system with a dielectric underlayer because of current
bridging bynear-surface layers of the semiconductor. Therefore, at the equal
electric power of acting pulse, the size of the molten aluminium film portion
in the system Al-SiO2-Si is larger than that in the binary system. Especially
clearly this distinction is observed when melting time τ > 35s.

Speaking about the possible impact of contact melting processes, it should
be emphasized that in the context of the experiment carried out at Al-Si struc-
tures, directed fusion mechanisms prevail over contact melting in the initial
stage of heating of structures (for example, see Figure 3, curves 3, 4, 5) wave-
form portion OA – heating of the metal film, AB – fusion, and further – contact
melting (BC section).

The mechanisms of contact and directed fusion depend on the duration and
amplitude of the pulse passed through the sample. For example, if you impose
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a pulse of long duration τ but a small current amplitude I through the plating,
then there is the prevalence of contact reflow. On the other hand, if the pulse
duration τ is relatively small compared with the value I, then the structure will
be dominated by the directional reflow mechanism.

Figure 8: View of inclusion waveforms accompanying degradation processes
in the system Al-Si, during the propagation through the structure of a single

current pulse with an amplitude: 1 – j = 8.8 · 1010/m2; 2 –
j = 8.6 · 1010A/m2; 3 – j = 8.2 · 1010A/m2; 4 – j = 6.7 · 1010/m2; 5 –

j = 6.6 · 1010/m2; 6 – j = 6.1 · 1010A/m2

This was observed experimentally. It is clear that for certain values τeq and
Ieq there will be a balance of contact and directed plating reflow mechanisms.
Experience has shown that for Al-Si structure τeq and Ieq data were obtained
(Figure 8) by propagating rectangular pulses with j = 66.1 × 1010 ÷ 8.8 ×
1010/m2 [1]. Curve 4 in Figure 8 is very different from the curve 5 by the
angle of inclination, which means that at the given pulse parameters with j =
6.7 × 1010A/m2 degradation mechanisms (directed fusion), which differ from
the degradation mechanisms implemented at pulse transmission with j = 6.6×
1010/m2 (contact melting), are prevailing in the structure.

In addition to the analysis of the process of fused in situ areas formation,
it is important to have data on the state of the sample after crystallization of
melted areas of the metal film.

Due to this, the electron microscopic studies were performed (Figure 9)
on the two-beam scanning electron microscope Helios NanoLab 660, allowing
measurements in high vacuum conditions 6 × 10−4 Pa with an accelerating
voltage of 500 – 30 000 V . During the examination the depth and the structure
of the recrystallized layer were investigated.
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Figure 9: Photographs of the melted portions of test structures, obtained
with a scanning electron microscope Helios NanoLab 660: left – the structure

of crystallized eutectic Al-Si; right – the structure of the interface
Al − SiO2 − Si.

Electron microscopy confirmed the presence of contact melting at the inter-
face Al-Si.

Phase analysis conducted in the border region has shown that the amount
of Si impurities in the eutectic makes about 63% (Figure 10).

Worth noting that the occurrence of the interface temperature gradients
leads to stress, which contributes to the formation of structural defects near the
source of thermal shock, this fact requires further research. Through analysis of
the thermoelastic state by the method proposed in [12], based on the calculation
of thermoelastic stress in binary systems according to formulas (16), (17), the
numerical calculation results were obtained for the study of structures (Figure
11):

Figure 10: To the phase analysis in the border area of a crystallized eutectic
Al-Si.
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Figure 11: The calculation of thermal stress in binary systems.

Where: 1 – copper layer, 2 – ceramic layer

σ1(T ) =
(α1(T )− α2(T ))∆T

(1/E1h1 + 1/E2h2)(1/h1 + (h1 + h2)E1y/(2(E1I1 + E2I2)))
(16)

σ2(T ) =
(α1(T )− α2(T ))∆T

(1/E1h1 + 1/E2h2)(1/h2 − (h1 + h2)E2y/(2(E1I1 + E2I2)))
(17)

where αi – temperature coefficient of linear expansion; Ei – modulus of elas-
ticity; ∆Ti – temperature difference; Ii – moment of inertia of the detail cross-
section, where i = 1, 2 (hereinafter, subscript 1 refers to the metal layer, re-
spectively, and 2 – to the ceramic layer).

I1 = ((h1 + e)3 − e3)/3, (18)

I2 = ((h2 − e)3 + e3)/3 (19)

where e is the distance from the interface surface to the neutral layer:

e = (E2h2
2 − E1h1

2)/(2(E1h1 + E2h2)). (20)

Where y is the distance from the considered point to the neutral layer (positive
direction down).

For Al-Si system using formulas (16), (17) the numerical value of thermoe-
lastic stress were obtained. In this area of the temperature drop between the
aluminium layer and the silicon ∆T = 10 − 100K voltages are linear (Figure
12).

Figure 12: Calculation of thermoelastic stress in binary systems. Here: 1 –
calculation for the aluminium film, 2 – for the silicon substrate.
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Stresses in the aluminium film are significantly higher than the voltage in the
aluminium layer, which suggests the possibility of further degradation capacity
of the system, for example, when in conditions that differ from normal. Thus,
if such a system is under a low temperature, Al-film gets warmed considerably
faster than Si substrate at the pulse propagation. The resulting temperature
gradient causes the thermoelastic critical condition that could lead to a violation
of the adhesion of the metal film, the formation of structural defects and failure
of the test compound, which requires a separate study.
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