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This work reports on the investigation of homogeneity of the inside of indium micro-bumps/
columns placed on Ti/Pt/Au under bump metallisation. This is very important for connection
resistivity, long-time durability, and subsequent hybridisation process (e.g., die-bonding).
Gold reacts with indium to form intermetallic alloys with different chemo-physical
parameters than pure indium. The geometrical and structural parameters of intermetallic
alloys were analysed based on transmission electron microscope images. Distribution of
elements in the investigated samples was determined using the transmission electron micro-
scope with energy dispersive spectroscopy method. A thickness of intermetallic alloy was
1.02 um and 1.67 um in non-annealed (A) and annealed (B) indium columns, respectively.
The layered and column-like interior structure of alloys was observed for both samples,
respectively, with twice bigger grains in sample B. The graded chemical composition of
Au-In intermetallic alloy was detected for the non-annealed In columns in contrast to the
constant composition of 40% of Au and 60% of In for the annealed sample B. The atomic
distribution has a minor impact on the In column mechanical stability. A yield above 99%
of an In column with a 25 um diameter and a 11 pm height is possible for a uniform

columnar structure of intermetallic alloy with a thickness of 1.67 pm.

1. Introduction

Indium is widely used for electrical interconnections in
various semiconductor devices due to its physicochemical
properties. This is especially true for producing infrared
(IR) photodetectors and focal plane arrays. A high flexi-
bility, even at low temperatures, predisposes it as a material
of choice for micro-connections in cooled devices [1-3],
regardless of whether or not it is subjected to thermal
cycling due to either cryogenic or thermoelectric cooling.
Furthermore, it can reduce the stress resulting from different
values of thermal expansion coefficients of the connected
components [4, 5]. Nowadays, in IR detection applications,
typical indium bumps have a diameter between 5 pm and
20 pm. Such short connections provide excellent electrical
characteristics (e.g., smaller inductance), which is important
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for operation at very high frequencies [6, 7]. The use of
densely packed micro-meter-sized indium bumps signifi-
cantly increases the signal-to-noise ratio of the device
[8, 9]. Tomada ef al. have estimated that the resistance of a
single indium bump is about 2 Q after flip-chip bonding
[10]. The resistance is dependent on the structure and
durability of the intermetallic alloy layer. In addition, the
low melting point of indium (156 °C) and high plasticity
guarantee no structural damage to both the detector and
mount/readout electronics [11, 12]. Nevertheless, some
problems in indium-based micro-bump array technology
were identified. The mechanical stability of indium columns
is one among them [13]. It impacts the yield and electrical
properties of the connection between joined elements.

Our previous experiment showed that In columns have
better adhesion to under bump metallisation (UBM) after
annealing at 120 °C [14]. Increasing the temperature
accelerates the process of Auln, phase formation, which
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leads to a strengthening of the bonding between the In
column and the underlying Au layer. The obtained yield
was above 99% for 320 x 256 focal plane arrays. The issue
of the uniformity of the intermetallic alloy layer and the
optimal thickness of the Au layer for the ratio of the UBM
layer to the diameter of In columns was left open. In this
article, this problem has been clarified.

2.  Experimental procedures

Indium columns were formed using thermal evaporation
and a lift-off technique according to all technological
procedures described in Ref. 14. Briefly, in a 200 nm thick
Si0O, passivation layer, 5 um in diameter circular contact
windows were opened for a UBM deposition. Then, a stack
of 10 nm thick Ti, 20 nm thick Pt, and 300 nm thick Au was
deposited. Next, indium was thermally evaporated in a
Balzers 510 apparatus. The deposition rate was about
5 nm/min and the substrate was kept at about 10 °C during
the process. Indium columns of about 21 pm in diameter
and 11 pum high formed a 320 x 256-pixel array with a pixel
pitch of 30 um. To investigate intermetallic alloys between
In columns and the Au layer from UBM, three cross-
sections of the columns (three samples) were made using a
focused ion beam (FIB) technique. The cross-sections of
non-annealed (sample A) and annealed at 20 °C for 5 min
in nitrogen atmosphere (sample B) indium columns were
prepared without cooling during FIB preparation. The third
cross-section was made for the annealed In column using a
cooled FIB stage (sample C). The samples were prepared
in a Helios NanoLab 600 FIB/scanning electron microscope
(FIB/SEM) system, which uses liquid nitrogen as a coolant.
The cooling process was carried out using a Kammrath &
Weiss LN, Cryo Module installed in a FIB/SEM chamber.
The samples were placed directly on the cooled stage;
only the sides of the samples were glued to the plate with
carbon tape. A cross-section of sample C was made at
a temperature in the range from —70 °C to —50 °C. Without
cooling, the temperature in the FIB/SEM system chamber
is typically about 25 °C. SEM imaging was carried out at
a temperature of about —50 °C. Transmission electron
microscope (TEM) and energy dispersive spectrometry
(EDS) were also used during cross-section investigations.
The structures of indium-based micro-bumps were observed
in an SEM at 20 kV of beam energy. All FIB processes
leading to the fabrication of TEM lamellas were performed
using an ion-beam energy of 30 kV and an ion-beam

current ranging from nanoamperes to picoamperes. Deposi-
tion of protective layers was not used during the fabrication
of TEM lamellas in FIB. TEM observation and TEM/EDS
analysis were performed at a beam energy of 200 kV.

3. Results

The yield of mechanically stable In columns on sample
A was 50—60% while on samples B and C above 99%. The
yield for sample A was dependent on the time elapsed since
its fabrication. The cross-sections of In columns selected
from the first row of the array were made for all investi-
gated samples. SEM images of the cross-section of sample
A with non-annealed In columns made without FIB stage
cooling are shown in Fig. 1. The cross-section of In column
selected for TEM analysis is presented in Fig. 1(b). Voids
between an intermetallic compound and indium are visible
in the lamella, Fig. 1(c), but much more clearly in Fig. 2(a),
where the TEM image is presented. The width of the
observed slit is in the range from 0.1 um to 0.4 pm,
depending on the measurement site. The intermetallic alloy
is 1.22 pm thick at its thickest point. It can be seen that the
intermetallic alloy contains three areas with different
textures marked in Fig. 2(b): a solid layer close to the
dielectric layer (1), a layer with small grains (2), and bigger
grains (3). The diameter of the biggest grain with clearly
defined boundaries in the area labelled as (3) reaches
600 nm. EDS was used to determine the composition of the
intermetallic alloy. Both discrete measurements and EDS
maps were taken. The former were performed in the three
areas of the intermetallic alloys marked in Fig. 2(b). The
EDS map is presented in Fig. 2(c). The material in point 1
probably contains 100% Au. The material in point 2
contains 61% Au and 39% In. The material in point 3
contains 40% Au and 60% In. The rest is also mainly
silicon. The material above the voids is pure indium, while
the layer above the SiO; is composed of pure gold. The
EDS map shown in Fig. 2(c) confirms the presence of pure
indium, a void, Au-In alloy with graded composition, and
pure gold near the SiO; layer.

To increase the column yield and time-dependent
stability, the In columns have been annealed in an N,
atmosphere at 120 °C for 5 min. It resulted in a yield above
99%. The cross-section of sample B was also made without
the FIB cooling stage. The results are presented in Fig. 3.
Similarly to sample A, the cross-section revealed voids but
smaller ones. The slit width is 0.2 um on average [Fig. 3(a)].

Fig. 1. SEM images of sample A: In columns (a), FIB cross-section made without cooling stage (b), lamella of In column prepared for
TEM investigations (c).
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Fig. 2. Sample A: TEM cross-section of In column with voids (a), TEM image of the centre of
the area visible in Fig. 2(a) (b), EDS map showing changes in Au/In concentration with
distance from the UBM, red colour — Au, blue colour — In (c).
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Fig. 3. Sample B: TEM cross-section of annealed In column with voids (a), TEM image of the
right side of the area visible in Fig. 3(a) (b), the EDS map showing constant Au/In
concentration ratio in the alloy volume, red colour — Au, blue colour — In (c).

The intermetallic alloy is 1.67 um thick at its thickest point
and has a uniform composition. It contains only column-
shaped grains with a height of up to 1.67 pm and a width of
up to 1.1 um. The intermetallic alloy composition was
verified similarly to sample A in a few cross-sectional points,
in analogous areas marked in Fig. 2(b), starting from the
area close to the SiO; layer. The composition values are
similar in all measured points. The intermetallic alloy is
uniform and contains 40% Au and 60% In. The material
above the void is pure indium, while pure gold is

underneath the SiO; layer. The EDS map confirms the
presence of pure In above the void, Au-In alloy with
constant composition, and a very thin layer of pure Au near
SiO; layer, as shown in Fig. 3(c).

The third sample (C) was prepared to clarify the issue
of the voids between the intermetallic alloys and pure
indium. The cross-section of annealed In columns was made
with the cooled FIB stage. SEM images are shown in Fig. 4.
Since no voids were observed, the preparation of cross-
section for TEM measurements was abandoned. In Ref. 15,
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Fig. 4. Sample C: SEM images of In columns annealed at 120 °C during Smin (a), FIB cross-section made with plate cooling (b), FIB
cross-section under higher magnification (c).

the authors observed similar gaps and concluded that the
lack of cooling during the FIB preparation was the reason
for sample degradation at the Au-In alloy and pure indium
material interface.

4. Discussion

The intermetallic alloy in non-annealed In columns is
1.21 um thick (in the thickest point), including a layer of
pure gold underneath. The estimated thickness of the Au
layer is about 190 nm, whereas the starting thickness was
300 nm. The remaining Au layer did not participate in the
process of forming the intermetallic alloy. This means that
Au atoms migrated about 1.1 um from the 110 nm thick Au
layer within 3 h at room temperature (RT) from the start of
the indium deposition. The intermetallic alloy has a graded
composition starting from pure gold and terminating with
Au-In alloy with a composition ratio of 40—60%. The yield
of non-annealed In columns changed in time: from 50—-60%
the day of their deposition to 70-80% after a few months,
kept at RT. The In columns fell off in 1M HCI, leaving
a grey circular field shown in Fig. 5(a). The colour of the
material left over from the columns (observation under
an optical microscope) indicates that it is an alloy rather
than gold. TEM investigations revealed that the remaining
material is a textured intermetallic alloy with a graded
composition. Four areas were extracted from the TEM
cross-section presented in Fig. 5(b). The first one is
represented by a solid black zone located close to the SiO»
layer. Three others with grains of different dimensions are
shown as dark grey, light grey, and white (with texture)
areas. It was observed that the brighter the area, the bigger
the grains are. These areas differed in chemical composition.

The quantitative data are presented in Table 1. As can be
seen, the chemical composition is constant within the
selected area. Indium concentration increases from the
bottom to the top up to about 63%. As a result, the
composition of the Au-In alloy near and at the surface is on
average 37-63%. It is close to the one obtained from the
TEM-EDS cross-section of intermetallic alloy near the void
(40-60%) for sample A. Similar composition (40—60%)
was measured for the annealed column on sample B, where
the yield was above 99%. This means that the differences
in the chemical composition of the alloys were not the
cause of the columns falling off. The origin of this problem
can be found in other differences between samples, namely
the thickness of inter-metallic alloy layers, their homo-
geneity, and grain sizes.

The thickness of the intermetallic alloy was 1.02 um
(without the pure Au layer of 190 nm — sample A).
Annealing of In columns at 120 °C increases the Au
diffusion length and reduces the thickness of the pure Au
layer, which, in the authors’ case, ended up being almost
zero. It means that the entire 300 nm thick Au layer was
used to form the 1.67 pm Au-In alloy. The thickness of the
alloy for sample B is 50% higher (by 650 nm) as compared
to sample A. Au atoms diffused up to about 1.37 um during
the annealing (120 °C, 5 min), if we assume that the void
indicates the border of Au-In alloy. The latter was formed
at the interface between Au-In alloy and pure indium
material by removing In grains as they have smaller
hardness than the alloy (Mohs hardness is 1.2 and 2.5 for
In and Au, respectively). In Ref. 4, the Au layer of a 4 pm
thickness was used to form a 1.6 um thick intermetallic
layer during a 5 min long annealing. There was no
information on whether it increased over time. In the

Atomic content (%)

Measurement Au In
1 100.00 0

2 82.34 17.66

3 77.65 22.35

4 60.65 39.35

5 57.59 42.41

6 40.80 59.20

7 39.39 60.61

8 38.50 61.50

9 37.43 62.57

(c) 10 36.76 63.24

Fig. 5. Sample A: SEM image of the remnant of non-annealed In column (a), STEM-BF (bright field) image of In column remnant (b),
TEM-EDS quantitative analysis of chemical composition across the In column remnant (c).
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authors’ case, the intermetallic alloy has comparable
thickness, but it was formed from only an initial 0.3 pm
thick Au layer. The theoretical calculation presented in
Ref. 16 shows that a unit volume of Au results in 4.2 unit
volumes of Auln2. A value of 5.6 was obtained for our
experiment, which is 30% higher than the cited calculation.
The non-uniformity of the intermetallic alloy, along with
smaller grains, can also be considered as a potential cause
of In columns falling off. The layered structure of Au-In
alloy for sample A resulted in smaller grains as compared
to sample B, where the column-shaped grains were formed
during the coalescence process at elevated temperatures.
The average grain size in sample A was twice smaller than
for sample B. Assuming cubic geometry, this translates into
an eight-fold increase in the number of grain boundaries
and a twelve-fold increase in specific surface area, which
enhances the etching rate along the grain boundaries due to
their higher energy compared to the bulk, resulting in the
In columns falling off. In other words, the improvement of
yield to above 99% originates from a uniform Au-In alloy
layer consisting of large grains in the shape of wide
columns.

5. Conclusions

TEM cross-sections of In columns have been
investigated to explain the difference between yields from
fabrication processes with and without annealing. EDS
analysis allows for distinguishing the chemical composi-
tion of intermetallic alloys in non-annealed and annealed In
columns. The voids at the interface between intermetallic
alloy and indium were identified to be caused by non-
cooled FIB preparation. The gap appears probably due to
the removal of In grains from the interface of Au-In and
pure In layer by the ion beam. This gap allowed for the
determination of the intermetallic alloy thickness. It was
1.02 um and 1.67 pm for samples A (non-annealed) and B
(annealed), respectively. In the case of sample A, the pure
Au layer with a thickness of 190 nm did not participate in
the formation of the intermetallic alloy, while for sample B
the entire Au layer (300 nm) reacted with In. The Au-In
inter-metallic alloy had a graded chemical composition
ending with 40-60% at the surface and a constant compo-
sition of 40-60% for samples A and B, respectively. The
surfaces of the remnants left after the In columns fell off
were made of Au-In alloy containing 38% Au and 62% In.
This proved that the chemical composition did not impact
the yield. On the other hand, the intermetallic alloy
thickness, its uniformity, and grain size can play a decisive
role. The intermetallic alloy was layered and columnar for
samples A and B, respectively. The grains were twice as big
in the case of sample B. Thus, an intermetallic alloy thick-
ness of 1.67 um and a uniform structure containing column-
shaped grains with a base diameter of about 1.0 pm were
decisive factors in the improvement of yield to above 99%.
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