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Indium chloride bath was characterized towards the application of low-temperature thermal compression bonding. The electrochemical behavior of
the indium chloride bath was analyzed using the cyclic voltammetry method. Electrochemical deposition of indium was carried out at various
deposition factors on different materials such as copper, nickel, and cobalt. Based on the results of indium deposition obtained from the blanket
films, indium bumps were electrochemically fabricated inside a through-resist hole pattern at various current densities. In addition, stacked indium
bumps with various metals (Cu/In, Cu/Ni/In, Cu/Co/In) were formed for a practical application of micro bump bonding. Moreover, the formation of
the intermetallic compounds between indium and under bump metallization was investigated. © 2022 The Japan Society of Applied Physics

1. Introduction

In the past decades, the performance of electronic devices
was well improved along with Moore’s law. However, in
recent days, the scaling was confronted with several limita-
tions such as design complexity, exponentially increased
manufacturing cost, and low yields of processes when the
feature size shrunk under several nanometer scales.
Therefore, three-dimensional (3D) packaging technologies
have become inhibitable for high-performance electronic
devices.” Among these 3D packaging technologies, thermal
compression bonding (TCB) by solder base micro bump was
one of the critical technologies for stacking. Tin (Sn) is the
material widely used for solder bump bonding. However, the
sequence of (relatively slow) ramp-up and compression
during die stacking increases the throughput for die-to-wafer
stacking, which increases the cost of ownership. The
previous report by Lin Hou et. al confirmed that low-
temperature bonding reduces total stacking process time
since the ramp-up time can be shortened.” In order to reduce
the interfacial temperature with good connectivity with Sn, a
unique bottom pad is utilized in the stacking. For further
simplification of the low-temperature stacking, replacing Sn
with a low melting point metal is ideal.

Indium was one of the promising alternatives for low-
temperature bump bonding due to its low melting tempera-
ture (157 °C). In addition, indium has several unique
properties, such as high thermal and electrical conductivity
and good ductility in cryogenic environments.>® Therefore,
indium has been comprehensively investigated for bump
application, in particular for infrared (IR) detector array,
silicon readout electronics, IR focal plane array, silicon pixel
detector, and X-ray detector’ " where CTE mismatch can be
a limiting factor when high-temperature bonding is used.
Indium enables low-temperature bonding for such devices
mitigating the CTE mismatch between Si and III/V or II/VI
substrates for lower than 20 pum pitch micro bumps.
Therefore, the number of pixels can be very high using
high-density interconnects which is critical for some space
and medical devices such as MRI. These indium bumps were
deposited by vapor phase evaporation methods®® and
electrochemical deposition (ECD).>*'922 Most of the
indium bumps were fabricated by the ECD method because
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ECD is suitable for filling into high-aspect-ratio structures
with a high deposition rate compared with the vacuum
deposition method. Indium sulfamate bath has been mainly
used for indium bump fabrication.>'372D However, indium
sulfamate bath has a complex composition, and indium
sulfamate salt has hard accessibility. Furthermore, a study
on indium bump ECD on under bump metallization (UBM)
materials has also been insufficient. A deep understanding of
ECD indium on UBM materials is essential to determine
reflow temperature and bonding temperature.

This research investigated the ECD of indium film and
bump using indium chloride bath on various UBM materials.
As for the candidates of UBM, we have been investigated Co
on top of standard Sn system UBMs, which are Ni and Cu. In
our previous study, we found that Co is a promising Sn
system UBM because the Co/Sn IMC growth is suppressed
compared with others when the temperature is below
150 °C.2¥ Therefore, we have analyzed Co as well in this
study since In system is typically lower temperature than the
Sn system.

In addition, the chloride bath has the advantage of self-
cleaning the UBM oxide layer prior to plating which is
essential to get good adhesion or IMC formation between the
indium and UBM layer. The electrochemical behavior of the
indium chloride bath was analyzed by the cyclic voltammetry
method. Indium films were deposited at various current
densities and UBM materials based on the cyclic voltam-
metry results. A stacked 20 ym pitch bump structure with
indium and various UBM were fabricated. At last, IMC
formation behavior between indium and various UBM
materials was studied.

2. Experimental methods

All ECD and analysis were conducted in a glass cell with a
conventional three-electrode system described in Fig. 1.
Cleaved blanket and patterned substrates were mounted in
a sample holder with an opening area of 1.54 cm” connected
with a rotating disk electrode (RDE) system. The sample
mounted on RDE was used as a working electrode. Blanket
substrates were prepared on 300 mm Si wafers followed
50 nm plasma-enhanced chemical vapor deposition of SiN,
physical evaporation deposition (PVD) of TiW (30 nm)/Cu
(150 nm). Both Ni and Co substrates were prepared by ECD

© 2022 The Japan Society of Applied Physics
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Fig. 1. (Color online) Cell configuration for indium film and bump electrochemical deposition.
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Fig. 2. (Color online) Schematic diagram of stacked bumps deposited on various UBM materials.

with 1 pm thickness on Cu blanket substrate. A 14 um
photoresist was coated and patterned on the PVD Cu seed
layer for the bump patterned sample. The through-resist hole
pattern was 8 pm diameter (20 ym pitch) and 14 pm height.
A Pt-coated Ti plate was used as the counter electrode and a
3.0M Ag/AgCl electrode as the reference electrode.

Reagent-grade chemicals were utilized for all indium ECD
and electrochemical analysis experiments. The electrolytes
for indium ECD consisted of 0.25 M indium chloride (InCls),
0.50 M potassium chloride (KCl) in 250 ml of 18.6 Mohm
deionized water. The pH value of the as-mixed indium
electrolyte was 3.2, and pH was adjusted to 1.5 by using
hydrochloric acid (HCI).

Electrochemical analysis and deposition were conducted
using a potentiostat/galvanostat (PARSTAT4000, AMETEK
Co). For the analysis of electrochemical behavior and
appropriate current density selection, cyclic voltammetry
(CV) analysis was conducted at the potential range between
04 and —14V versus Ag/AgCl with a scan rate of

10 mV s~ ' without agitation. Indium film and bump were
deposited galvanostatically at —10 and —50 mA cm > with
the rotation speed of 100 rpm until total deposition charge
density was accumulated to 7.5 C cm 2. For the observation
of indium bumps on various UBM materials, Cu/In, Cu/Co/
In, and Co/Ni/In stacked bumps were fabricated through
several steps of ECD presented in Fig. 2. For the Cu/In
stacked bump, the Cu bump with 5 pum height was firstly
deposited on a patterned substrate, and then In with 5 pym
height was deposited on Cu. For the case of the Cu/Co/In and
Co/Ni/In stacked bumps, Cu with 5 pm height was firstly
deposited on the patterned substrate, then Co or Ni bump
with 1 pm height was deposited on Cu, and finally In with 5
pm height was deposited on Cu/Co or Cu/Ni. Deposited
indium films and bumps were observed using scanning
electron microscopy (SEM; FEI, Nova NanoSEM) and
atomic force microscopy (AFM; Bruker, Icon PT). The
behavior of IMC formation between indium and various
UBM materials was studied using the in situ resistance

041003-2 © 2022 The Japan Society of Applied Physics
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Fig. 3.

measurement method reported by Lin Hou et al.>* The
measurement was performed in a closed chamber with a
thermal chuck and four electrical probes under N, atmo-
sphere. Resistance was measured every 15 s. Three indium on
UBM samples that Cu/In, Ni/In, and Co/In were measured
using this in situ resistance measurement method. All the
measurements were conducted at 140 °C for 24 h.

3. Results and discussion

3.1. Electrochemical analysis of indium chloride bath
For analyzing the electrochemical behavior of indium
chloride baths and determining the appropriate current
density range, cyclic voltammetry was conducted. Cyclic
voltammograms from indium chloride bath at pH 3.2 and 1.5
are shown in Figs. 3(a) and 3(b), respectively. The inset
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(Color online) Cyclic voltammogram of indium chloride electrolyte at (a) pH 3.2 and (b) pH 1.5 on Cu, Co, and Ni substrate.

graph in Fig. 3 was indicated an enlarged part of the cathodic
scan to distinguish the potential where the reduction was
initiated. Overall, regardless of pH value, indium reduction
was observed at the cathodic direction scan, and indium
oxidation was observed at the anodic direction scan. Similar
electrochemical behavior of these cyclic voltammograms was
observed in the previous report.'” At pH 3.2, indium
reduction potential on Cu and Co was —0.6 V, and reduction
potential on Ni was —0.7 V. However, the reduction potential
of indium was slightly shifted to the negative direction at
pH 1.5; —0.68 V on Cu and Co substrates and —0.8 V on Ni
substrate. This negative shift was not typical behavior.
Reduction potential is generally shifted to positive when
the pH is decreased, according to the Nernst equation. It
indicates that this abnormal behavior was caused by the effect

© 2022 The Japan Society of Applied Physics
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Fig. 4. SEM images of indium films electrochemically deposited at (a) pH 1.5, —10 mA cm ™2, (b) pH1.5, —50 mA cm 2, (c) pH 3.2, —10 mA cm 2, and

(d) pH 3.2, =50 mA cm 2.
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Fig. 5. XRD pattern of indium film electrochemically deposited at pH 1.5,
2

—10 mA cm 2 with a charge density of 7.5 C cm ™2,
of chloride ion concentration; in other words, chloride ions
might form a complex with metal ions at high chloride
concentration.>”

3.2. Characterization of ECD indium films deposited
from indium chloride bath

Based on the results of CV analysis, indium films were
electrochemically deposited on Cu blanket substrate at each

041003-4

pH (1.5 and 3.2) and current densities (—10 and —50 mA
cm?) with a charge density of 7.5C cm 2 These SEM
images and roughness values from AFM analysis were
shown in Fig. 4. All indium films were deposited uniformly
on the Cu blanket substrate. There was no significant change
on deposited indium films regardless of deposition condition;
however, the roughness was increased when pH and current
density were increased. From the CV analysis, it was known
that the current density of —50 mA cm > was higher than that
of the limit current density. Therefore, the morphology of
indium film at —50 mA cm 2 was rougher than that of
indium film at —10 mA cm 2. To confirm that the deposited
indium film is metallic pure indium, XRD analysis was
carried out on indium film deposited on Cu blanket substrate
at pH 1.5 and —10 mA cm 2 as shown in Fig. 5. Body-
centeredtetragonal indium (JCPDS 01-085-1409) was ob-
served at this XRD pattern; therefore, it was confirmed that
deposited indium films from indium chloride electrolyte were
metal indium. Not only on Cu UBM, ECD of indium film
was also conducted on Ni and Co blanket substrates at pH 1.5
with current densities of —10 and —50 mA cm 2. Figure 6
shows the top view SEM images of Indium deposited on Co
and Ni film. Uniform growth of indium films was also
observed on Ni and Co. The surface roughness was decreased
as current density decreased, which is similar behavior to Cu.
However, indium films on Ni were rougher surface than

© 2022 The Japan Society of Applied Physics
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Fig. 6. SEM images of Indium films deposited on (a) Ni UBM at —10 mA cm™2, (b) Ni UBM at —50 mA cm 2, (¢) Co UBM at —10 mA cm™2, and (d) Co

UBM at —50 mA cm ™2

indium films on Cu and Co, while the surface of indium film
on Co was similar to that on Cu. It was because indium
reduction potential on Ni was more negative than the
reduction potential on Cu and Co as we observed in Fig. 3.
3.3. Through-hole resist plating

By these results of indium film ECD, indium bumps were
fabricated at pH 1.5 and current densities of —10 and
—50 mA cm 2. Figure 7 shows the tilt view SEM images
of indium bump directly deposited on the Cu seed layer.
Indium bumps were successfully formed by ECD from
indium chloride bath and its bump shape was similar to the
bump shape formed from indium sulfamate bath.'*'**" By
changing the current density, the top surface of the bump was
expected to be changed as it was seen on flat samples.
However, their top surface was not drastically changed
regardless of current density. It might be due to the indium
ion concentration being lower inside through-resist hole than
the flat surface; therefore the diffusion flux of indium ion was
limited at the bottom part of the hole pattern regardless of
current density. It resulted in similar shapes of bump top
surface at both current densities of indium deposition.

Cu underneath the indium bump is necessary to achieve
better resistivity as an aspect of the micro bump application.
Therefore, Cu/In stacked micro bumps were fabricated on a
patterned substrate at pH 1.5 and current densities of —10 and
—50 mA cm “. Figure 8 shows tilt view SEM images of

041003-5

Cu/In micro bumps. the Cu/In micro bumps were success-
fully fabricated without any defects at the interface. Unlike
the case only deposited indium inside the through-resist hole,
the Cu/In bumps surface was controlled by current density as
we observed on flat samples. It may be due to the aspect ratio
towards the bottom of the pattern. The diffusion of indium
ion at the bottom part (here, top of ECD Cu) was much closer
than diffusion towards the PVD Cu (bottom of the resist).
Therefore, the deposition reaction becomes like blanket
samples.

After the indium bump on Cu, indium bump ECD on other
UBM materials was also conducted. Cu/Ni/In and Cu/Co/In
stacked micro bumps were fabricated at pH 1.5 and a current
density of —10 mA cm 2. Figure 9 shows the tilt view SEM
images of Cu/Ni/In and Cu/Co/In micro bumps. These metal
stacks were also successfully fabricated without any defects
at the interface. However, the surface shape of Cu/Ni/In
bumps was concave while that of Cu/In and Cu/Co/In bumps
was seemed to flat. It was caused by the negative reduction
potential of indium on Ni UBM as confirmed by previous
results.

3.4. Characterization of ECD indium films deposited
from indium chloride bath

In addition to fabrication of In bumps on various UBM
materials, it is essential to know about the behavior of IMC
formation between In and UBM materials at high storage

© 2022 The Japan Society of Applied Physics
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Fig. 7. SEM images of indium bump deposited on patterned substrate at (a) —10 mA cm ™2, and (b) —50 mA cm ™.

temperature for the reliability of bump bonding. Therefore,
IMC formation behavior of Cu/In, Ni/In, and Co/In structures
was observed using the in situ resistance measurement
method at 140 °C for 24 h. The transients of resistance and
vertical SEM images of the samples before and after
measurements were presented in Figs. 10 and 11, respec-
tively. Resistance of Cu/In sample was rapidly increased at
the beginning, and it was gradually increased until the
measurement was finished as shown in Fig. 10(b). It indicates
that Cu-In IMC was rapidly formed and the diffusion
continues during the measurement. The confirmation of
IMC should be executed by qualitative elemental analysis,

041003-6

e.g. energy-dispersive X-ray, or X-ray Fluorescence. In fact,
we have executed these analyses for indium and metal stacks.
However, the sample prep for the thin film caused some
artifacts to distinguish between indium and IMC. Therefore,
we defined the IMC formation by contrast difference in SEM
and refer to previous reports on relatively thick films. The
Cu-In IMC formation was confirmed from the SEM images
in Figs. 11(a) and 11(d). It is worth noting that Cu—In IMC
already existed at the as-deposited Cu/In sample because
Culn, can be spontaneously formed even at —40 °C.*® The
IMC is being formed even at staging at room temperature.
From the resistance transient of Ni/In structure in Fig. 10(c),

© 2022 The Japan Society of Applied Physics
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Fig. 8. SEM images of Cu/In stacked bump deposition on patterned substrate at (a) —10 mA cm 2, and (b) —50 mA cm 2.

Fig. 9. SEM images of various types of stacked bump deposition on a
patterned substrate; (a) Cu/In, (b) Cu/Ni/In, and (c) Cu/Co/In.

resistance was also continuously increased until the measure-
ment was finished. IMC formation between Ni and In was
also observed from Fig. 11(e). However, indium was not
fully reacted with Ni UBM compared with Cu/In structure.
On the contrary, the resistance of Co/In was not significantly
increased during the measurement in Fig. 10(d). In addition,
it was not easy to distinguish IMC in Fig. 11(f). These in situ
resistance measurements were indicated that IMC formation
was shown in different behaviors on UBM materials. IMC
formation was suppressed in the case of Ni and Co UBM
while indium IMC was significantly formed on the Cu UBM.
Further analysis such as EDX and cryogenic FIB are required
to identify the corresponding IMC phases. A similar trend has
been observed from the Sn base system as we reported
before.”” It was found that CoSn; IMC grows slow at
temperatures below 150 °C. However, it has rapid growth
at temperatures above 150 °C due to very low activation
energy and very high interdiffusion coefficient. We would
assume a similar principle can be applied for indium with
cobalt. The observations suggest that Cobalt is the best
candidate of diffusion barrier for low-temperature stacking
with indium-based solder.

4. Conclusions

Using a simplified indium chloride electrodeposition bath, we
successfully fabricated the indium films and micro-bumps on
various UBM materials. Indium chloride bath was shown

041003-7 © 2022 The Japan Society of Applied Physics
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(Color online) Time transients of resistance during In-situ resistance measurement at 140 °C for 24 h (a) whole samples, (b) Cu/In, (c) Ni/In, and (d)

Cross-sectional SEM images of in situ resistance measurement samples; before the measurement of (a) Cu/In, (b) Ni/In, (c) Co/In sample, and post-
measurement of (d) Cu/In, (e) Ni/In, and (f) Co/In sample.
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similar electrochemical behavior of indium sulfamate bath. 9)
Equivalent indium films and bumps were also formed from
the indium chloride bath compared to the indium sulfamate 10)
bath. It was indicated that a simple indium chloride bath can
be used as an alternative to an indium source for the 3D
application. IMC behavior between indium and various UBM 1)
materials was studied using the in situ resistance measure- 12)
ment method. The IMC barrier properties are varied on the
different UBM materials. Co outperforms Ni and Cu for 13)
staging temperature at 140 °C for 24 h.
The feasibility study of generating indium solder and 4)
cobalt UBM barrier is performed in 20 pum pitch through
resist pattern. Provided that can be reduced TCB temperature
to realize high throughput and scaled micro bump stacking. 15)
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