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ECM has long been recognized as a significant
potential failure mode in many electrical and
electronic systems [1] [6] [7] [8] [9] [10] [11].

The ECM is a well-known mechanism, under the

Abstract

Metallic Electro Chemical Migration (ECM) is a
phenomenon has long been recognized as a
significant failure pathway of electronic devices. In
this work, silver ECM was investigated and
analyzed in commercial silicon power diodes.
Dedicated test procedures have been performed in
order to study the Ag ECM triggering and evolution.
2D TCAD simulations were used to analyze the
ECM phenomena at the diode edge termination,
identifying design solutions able to mitigate such
effect. Finally, the proposed device has been
experimentally validated and results highlight a
significant reduction of devices failure.
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Fig.1: Schematic diagram of early stages
of dendrite growth (adapted from [1]).

influence of an applied electric field, divided in three
steps (Fig. 1): metal dissolution at anode, metal ions
transportation along the moisture path and
deposition of metal ions, as pure metal, on the
cathode [1] [6] [12] [13].

The metal migration is recognizable like a sort of
dendritic and filament structures with a wide variety

1. INTRODUCTION

Soldering is one of the key technologies for
assembling microelectronic component [1][2][3].
Recently surface mount technology has become the
primary process to produce high functional, high
response compact and light weight electronic
products [4]. Also the size of the component and

conductor spacing has been reduced. A board with
a high density of components generates much more
heat during operation resulting in more severe
thermal fatigue of soldered joints [5]. Various
metallization type are applied in advanced high-
density interconnection systems. The integration of
these metallization processes is determined, not
only by technological factors, but also by those
physical and chemical processes that could cause
short circuit formation [5].
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of shapes (Fig. 2) [14]. The morphology differences
between the dendritic structures could be related to
the magnitude of the electric field, the metal
composition, impurities, substrate, water film
absorbed and pH distribution [15].
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Fig.2: Examples of silver filament.

These filaments bring the formation of metallic
bridges between two adjacent electrodes; these
conductive pathways induce leakage failure or
short-circuit in the devices [6].

The humid ECM is promoted by moisture [16],
contaminations on the insulator surface [17],
voltage difference between conductors, narrow
spacing widths, elevated temperatures [1] [18] [19]
[20] [21].

The migration ability of metallization systems is
correlated with the solubility products of metal
hydroxide. The ECM ranking can be defined as
follows: Ag > Pb > Cu > Sn [5].

In particular, the Ag, with an anodic dissolution rate
that can reach 10'A/cm?, which corresponds to a
catastrophic removal rate of 35.6 nm/s [12], is very
susceptible to ECM phenomena.

This contribution is focused on humid ECM, which
appear as metallic dendrites resulting in electrical
failures of microelectronic devices. In particular, the
ECM failure mode has been analyzed on diodes in
four different designs. The design parameters,
modified in the tested samples, were: the protection
of the insulator from the moisture, obtained with the
presence of a Passivation Layer (PL) and a new re-
shape of the termination part of Ag layer able to
prevent the formation of an electric field peak on the
silver layer. TCAD simulations [22] show the
beneficial effect introduced by the new design
solution, resulting in a movement of the maximum
electric field peak from the Ag layer to a different
metal layer, less susceptible to ECM phenomena
[5].

The samples were employed in a typical application
for 168 hr. After the use, the presence of silver trees
has been evaluated and correlated with a
characteristic parameter, i.e. the leakage current (Ir)
[23], which is a commonly used as reference
parameter to identify the devices degradation.
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2. EXPERIMENTAL DETAILS

2.1. Tested devices

The tested devices are commercial p-n junction
diodes 200V rated with Ag electrodes. Fig. 3 shows
the schematic cross section of the device.

Active area

Termination area

Fig.3: Schematic cross section view of the device
termination under study.

The structure composed by an Active Area (AA) and
a termination area [24]. At the end of termination
there is an Equal Potential Ring contact (EQR),
connected to the n-substrate. In forward condition,
the anode potential is positive with respect to the
cathode potential and therefore with respect to the
EQR. On contrary, in reverse blocking, the cathode
potential is higher than the anode one.

The metal layer consists of four layers: aluminum
(Al) top covered by titanium (Ti), nickel (Ni) and
silver (Ag) for the anode contact and Ti, Ni and Ag
for the EQR. The ratio between layers thickness is
15AL:1Ti:1Ni:5Ag.

The metal process has been divided in two main
steps:
e Al deposition, mask and etch metal process.

e Ti, Ni, Ag deposition, mask and etch metal
process.

The etch solutions were chosen for their selectivity
in the metal etching [25]. The wet etch isotropic
nature [25] generates an under etching of the metal
and creates a sort of “roof” in the metal layer (Fig.4).
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Fig.4: Tri-metal process etching divided step by step.
Step 1: Ag etch with NH4OH:H202:H20 solution, step
2: Ni etch with HNO3:H20 solution, step 3: Ti etch
with HF:H20 solution. The presence of the metal
“roof” depends of the isotropic nature of the wet etch.

The Ag roof on the SiOy, is achieved with a Standard
Metal Process (SMP) etch, creating a region, in
which the moisture can be trapped. By using a
different mask design, the Ag roof has been
eliminated (Fig. 5).

The resulting new structure is called Pull-Back
design (PB).

PB design

Resist

Fig.5: the Pull Back mask design eliminated the "Ag
metal roof”.
In the new tests Ag layer has been modified on the
edge and with the two different option proposed a
PL has been added. Four different designs where
studied (Fig. 6).
Standard metal process (SMP) is the design that
shows a sort of Ag roof that creates a region, where
moisture can be trapped. With the PB design the Ag
roof it was removed.
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The effect of a PL has been considered with the
structure: SMP+PL and PB+PL respectively (Fig.6).

Standard
Metal
Process
(SMP)

Pull Back
Process
(PB)

SMP
+
Passivation
Layer (PL)

Pull Back
Process
+
Passivation
Layer

Fig.6: Schematic cross section views and SEM
pictures of the four design in exam. SMP standard
metal process, PB pull back process, SMP+PL
standard metal process with passivation layer,
PB+PL pull back process with passivation layer.

Finally, the devices have been assembled with
standard Surface Mount Packages (SMP).

2.2. Test equipment

The adopted test accelerates the degradation
condition that the device would have during its
whole lifetime. The test consists on positioning the
devices in a pressure cooking temperature (PCT)
for 24 hours, at 121 °C, humidity 100%. In order to
saturate the devices and the packages with
moisture and simulate an environment with high
humidity concentration. Afterwards the devices
have been tested in a commercial set-up with a fly-
back circuit for 168hr. The driver circuit switches at
50 kHz, working in forward and reverse polarization,
in a range of 180-200 V with a forward current of 2
A.

At the end of the test, each device has been
electrically characterized by a standard probe
system, measuring the leakage (Ir) value.

In order to carry out the morphological analysis to
verify the presence of silver bridges between AA
and EQR, the package was removed by using
H.SO. etching. The microscopic analysis were
carried out with a ZEISS Auriga dual beam-field
emission scanning electron microscope (Field
Emission Scanning Electron Microscopy (FESEM)).
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3. TCAD SIMULATIONS.

ECM phenomenon can be associated to different
physical causes, including the presence of a high

Electric Field (EF). Such phenomenon was
analyzed in detail by means of 2D TCAD
simulations. The structure of Fig.3 was

appropriately realized using the suite of tools
Sentaurus simulating a real operative condition for
the devices.

Simulations have been led by considering the whole
edge termination structure of Fig.3. During the turn-
off condition, the device is in reverse polarization
and the voltage drop between the two contacts can
led the generation of a high EF in the structure.
Fig.7 and Fig.8 show the EF distribution of the
analyzed structure; during the reverse polarization
highlighting the presence of the high electric field in
both device structures SMP and PB. It is pointed out
as the EF, for the former, directly occurs at the edge
of the metallic Ag plate while the PB solution
considerably reduces its effect on the Ag metal.

Standard process Pull back process

ElectricField (V*em®-1)
1.0e+05 1.0e+06 2.0e}406

Fig.7: TCAD simulation in reverse voltage. A) Electric
field distribution in SMP Ag shape layer, B) electric field
distribution in PB Ag shape layer.

Standard process Pull back process

ElectricField (V'emA4))

. .e+02 5.e+04 |9.e+04
I

Fig.8: TCAD simulation in forward voltage. A) Electric
field distribution in SMP Ag shape layer, B) electric field
distribution in PB Ag shape layer.
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The Ag roof (Fig.7A and Fig.8A) generated by the
etching, can lead to void areas interposed between
Ag plate and silicon dioxide. In this condition, a high
EF is generated into the air zone due to the lower
dielectric constant of this last. It can be explained by
applying the Gauss’s law to the interface layers:

Egir€air = Eox€ox = Esi&si

where Ex and ex are the EF and dielectric constant
of material X, respectively.

Since the ear = 1, €ox = 3.9, €5i = 11.9, it turns out
that Eair is about 4 times higher than in the oxide
layer and 12 time higher than in silicon. This
situation (Fig.9) might lead to the electrostatic
discharge generation due to the low air dielectric
rigidity (3 kV/mm). Under the EF effect at the Ag
surface, ions can move from the cathode to the
anode promoting the ECM phenomenon.
Appropriate design solution has been introduced in
order to reduce the possibility of ions migration. It
consists of reducing the Ag layer width and
extending the Ni-Ti layer beyond, taking away any
possibilities to generate vacuum zones during the
chemical etching. In this way the high EF was kept
distant from the Ag surface by reducing the portion
of Ag that overlaps the Ni-Ti layer (see Fig.7B and
Fig.8B).

Metal
Air (E air)

Silicon

Fig.9: Dielectric stack between metal and silicon.
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4. RESULTS

For each group the same amount of devices have
been tested, all samples failed in the electrical test
and Fig. 10 shows the typical appearance of the
failed devices.

.’

Fig.10: Failed device show the typical ECM “tree”. It
creates a conductive path and bring short circuit.

The failure rates relevant to the four analyzed
designs are shown in Fig.11. In particular, the
different failure behaviors are analyzed with the
presence of the PB design and the PL. With the
SMP, the failed devices were a certain amount (X),
adding the PL on the devices termination the
devices failed were reduced at X/3. The PB process
without PL have showed a failure rate of X/5, with
the PB process and the PL no devices showed
leakage fail after the test.

In order to determine significant differences
between the expected frequencies and the
observed frequencies, the statistical test chi-
squared has been used, the statistical significance
between the population groups with a probability
level of 5% has been assumed. These results show
as in presence of PL and the PB solutions the
device failure rate is considerably reduced.
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Fig.11: Failure rate for different designs in study.
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5. CONCLUSION

The ECM has long been a significant potential
failure mode in many electrical and electronic
systems, recognizable like a sort of dendritic and
filament structure with a wide variety of shape.
These filaments bring the formation of metallic
bridges between two adjacent electrodes; these
conductive pathways induce leakage failure or
short-circuit in the devices

The ECM is a well-known mechanism, under the
influence of an applied electric field, divided in three
steps: metal dissolution at anode, metal ions
transportation along the moisture path and
deposition of metal ions, as pure metal, on the
cathode.

Many different parameter work for the promotion of
humid ECM in particular:

e Moisture creates a low resistance
electrolytic path
e Contamination on the insulator

increases the adsorption of water, the
conductivity and the silver dissolution

o Electricfield is the major driver in moving
Ag* ions

e Elevated temperature increases the
conductivity of the electrolytic surface

The literature reports different possibility for a good
ECM prevention but not all are applicable on real
commercial devices, in particular when it is request
a complex material and geometry change. In this
work, a test system has been developed to test
commercial devices and many tests; it reaches a
significant mitigation of ECM phenomena. The best
design conditions have been achieved combining
the presence of a passivation layer, to protect the
device from the moisture, and reducing the portion
of Ag in the termination.

The chemical etch process generates void zone
adjacent to Ag metal. The 2D TCAD simulation
showed as the presence of the Ag roof in the
termination design presents a high EF generated in
a void zone adjacent to Ag metal due to the lower
dielectric constant.

To reduce the possibility of ions migration, it has
been removed void zone with a pull-back process.
Furthermore, the high EF was kept distant from the
Ag surface by reducing the portion of Ag that
overlaps the Ni-Ti layer.
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