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Abstract— The newly developed tin-indium (Sn-In) electrolyte
enables the electrochemical deposition of eutectic and near-
eutectic Sn-In alloys containing 45-55 wt.% indium. The reflow
process was successfully conducted at temperatures below 150°C,
approaching the eutectic melting point of Sn-In and remaining
lower than the melting temperature of pure indium. Additionally,
the results of the preliminary bonding tests are presented,
demonstrating the potential of this electrolyte for low-
temperature assembly applications.
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1. INTRODUCTION

Recently, tin-indium alloys have attracted significant
attention as promising low-melting eutectic materials for
interconnection technology in cryogenic applications such as
image sensors and quantum computing where stability of
solder at cryogenic temperature is required and low thermal
budget applications such as DRAM. The melting point of the
tin-indium alloys containing 50 wt. % indium ranges between
117-120 °C [1]. Electrodeposition of indium-tin alloys has
been explored using various acidic and alkaline electrolytes
[2-11]. However, previous research has shown that these
electrolytes were unstable and failed to achieve the necessary
indium content for eutectic coatings. Additionally, they
exhibited low cathodic efficiency and poor compositional
uniformity. A common issue with these electrolytes is the
strong oxidation of Sn?*,which leads to non-reproducible
results [3, 6-8]. To address these challenges, a newly
developed tin-indium electrolyte, formulated with eco-
friendly compounds, offers improved stability within a
working pH range of 2.4 - 2.7. The metal salts used include
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indium (1-20 g/) and tin (2-20 g/l) methane-sulfonate
compounds. This electrolyte demonstrates high cathodic
efficiency and is compatible with various anode materials,
such as platinized titanium (Pt/Ti), mixed metal oxide
(MMO), and soluble indium anodes.

One of the major challenges in advanced packaging today
is achieving a low thermal budget, not only in the soldering
process but also in the bonding of vertical interconnections.
The ideal bonding process should occur at temperatures less
than 180 °C and under pressures less than 2 MPa, without
requiring additional complex process steps such as polishing
or ultrahigh vacuum conditions [12,13]. It is important to note
that the tin-indium electrolyte is compatible with different
types of organic resist. Within a current density range of 1.0-
1.5 A/dm?, the eutectic composition of the alloy can be
achieved with a deposit thickness between 2-5 pm on a wide
range of structure types and dimensions.

Reflow under flux-free conditions has been demonstrated
by Heikkinen et al. [14], where the tin-indium eutectic was
successfully obtained through layer-by-layer deposition from
separate tin and indium electrolytes.

An important consideration during the soldering process
is the formation of intermetallic compounds. A nickel
sublayer is commonly used as a diffusion barrier following
copper electroplating. According to the phase diagrams of
nickel-tin [15] and nickel-indium [16] systems, the likelihood
of intermetallic formation is high within the temperature
range of 130-170 °C. However, the presence and
characteristics of these compounds for tin-indium alloys over
nickel remain insufficiently studied.
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Ruthenium presents an alternative diffusion barrier with
favorable properties [17]. The phase diagrams of nickel-
ruthenium and copper-ruthenium systems indicate the
absence of intermetallic compound formation up to 500 °C,
making ruthenium a strong candidate for such applications.

The primary objectives of this research are twofold: first,
to demonstrate the capability of the newly developed tin-
indium electrolyte to deposit eutectic alloys on structures of
carrying sizes with different diffusion barriers, and second, to
determine the optimal reflow and bonding conditions for the
tin-indium eutectic alloy.

II.  RESULTS AND DISCUSSION

Tin-indium alloy deposits with a thickness of Sum and
varying concentrations of alloying components were
electrodeposited onto a brass substrate using current densities
ranging from 0.75 to 1.5 A/dm?. The alloy deposition is of
regular type, according to Brenner [18]. The solidus and
liquidus temperatures of these layers were investigated,
revealing that the melting points of the electrodeposited alloys
closely matched the melting curve of their metallurgically
produced counterparts. Minor deviations of approximately 2-
3 °C were observed at a tin content of 52 wt.%, suggesting that
the eutectic melting point should be expected around 120 °C.

Fig. 1a (inset) displays the morphology of the plated tin-
indium layer with a measured indium content of 50 wt.%
deposited onto a structured substrate. The coatings typically
exhibited large crystal formations.

Fig. 1(a)

Fig. 1(b)

Fig. 1(c)

Fig. 1 (a) Tin-indium layer — morphology and composition; (b)
Cross-section of the tin-indium layer (2.5um thick) deposited onto
a nickel sublayer; (¢) Tin-indium layer deposited onto wafer
structures. Deposition was performed at 1.2 A/dm? and 40 °C.
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A cross-section of the tin-indium layer deposited onto
nickel sublayer is shown in Fig. 1b while Fig. 1c shows the
morphology of the alloy layer deposited onto wafer with
various structure dimensions, all containing 48-52 wt.% of
indium.

To investigate the formation of intermetallic compounds,
a pure indium layer was electrodeposited onto a nickel
sublayer. Fig. 2a shows the morphology of the as-plated
indium layer, while Fig. 2b illustrates the layer after annealing
at 180 °C (above the melting point of pure indium, 156 °C) for
3 minutes in a nitrogen atmosphere. Prior to annealing, the
sample was dipped in 3% HCI for 30 seconds to remove
surface oxides, following the procedure described by
Kozlowski et al. [19]. Elemental mapping of the
nickel/indium interface (Fig. 2¢) confirmed the formation of
intermetallic compounds post annealing.

“Fig. 2(0)

Fig. 2(a)
Ni La1,2 In Lal
Tpm | s e— |

Tum

Fig. 2(c)

Fig. 2 (a) Cross-section of the as-plated 2.5 um indium layer on
nickel; (b) Indium layer after annealing at 180 °C for 3 minutes in
a nitrogen atmosphere, forming a hemispherical structure post HCI
dipping; (c) Elemental mapping of the nickel/indium interface
from fig. 2b.

In Fig. 2, intermetallic compound formation was evident
with pure indium deposits on a nickel sublayer and was
confirmed by elemental mapping.

It is important to note, that the deposition of pure indium
onto the ruthenium sublayer was unsuccessful, likely due to
adhesion issues. However, electrodeposition of a tin-indium
alloy layer containing 45 — 60 wt.% indium was successfully
demonstrated on a thin electroplated ruthenium sublayer.

Fig. 3 shows cross—sections of the tin-indium alloy after
annealing. The samples were annealed at 140 °C for 10
minutes in a nitrogen atmosphere following a predip in 3%
HCI to remove surface oxides, similar to the pure indium



samples. Fig. 3a shows the alloy deposited onto a nickel
sublayer, while Fig. 3b illustrates the same alloy deposited
onto a ruthenium sublayer.

Fig. 3(a)

Fig. 3(b)

Fig. 3 Cross-sections of tin-indium alloy layers deposited onto
different sublayers: (a) Nickel and (b) Ruthenium. The nickel layer
was 2.5um thick, the ruthenium sublayer was 300nm, and the tin-
indium alloy was 3 um.

No adhesion issues were observed before or after
annealing. In the samples with direct tin-indium deposition
onto nickel, slight interdiffusion was detected post-annealing.
In contrast, no interdiffusion was observed when using the
ruthenium sublayer.

Fig. 4

Fig. 4 2 um-thick tin-indium alloy deposited onto a ruthenium
sublayer applied via PVD.

Fig. 4 shows the morphology of the deposited tin-indium
alloy (45 wt. % indium) onto Ruthenium layer (48 nm
thickness applied with a PVD process).
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To optimize the reflow process, additional experiments
were performed using a flux and varying annealing profiles.
Fig. 5 shows the reflowed tin-indium alloy (same structure as
in Fig. 1c¢) after processing under a nitrogen atmosphere for 5
minutes at 150 °C. Scanning electron microscopy (SEM)
confirmed a uniform appearance across the surface.

Fig. 5 Reflowed tin-indium alloy structures at 150 °C for 5 minutes
with flux under a nitrogen atmosphere (same structures as in Fig.
Ic).

One of the exciting possibilities of the deposited layer was
to evaluate the bonding capabilities under low-temperature
and low-pressure conditions. The bonding process was
conducted on a test layout with 50 um pillars and pitch, where
the pillars were built with a 25 pm copper layer, a 2 um nickel
layer, and a 2 pm tin-indium alloy deposited at 1.5 A/dm?
(approximately 40 wt.% indium). Two fluxed coupons (top:
~5x5 mm? bottom: ~10x5 mm?) were bonded using a
Finetech Femto2 Chipbonder under forces of 0.5, 1, and 2 N.
The bonding profile is shown in Fig. 6.

Temperature-Force Bond Profile
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Fig. 6 Bonding process profile, with an example usinga 1 N
bonding force. Total bonding time: ~120 seconds; time at bonding
temperature: ~12 seconds.



Fig. 7a-d displays a continuous, defect-free tin-indium layer
resulting from bonding two surfaces, each structured with
coppet/nickel/tin-indium sequences. EDX analysis of the
bonded layer (Fig. 7d) confirmed uniform elemental
distribution.

Fig. 7(c)
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Fig. 7 Bonding results: (a-c) Different magnifications of the
bonded pillar surfaces; (d) EDX analysis of the bonded layer from
Fig. 7c.

Post-bonding, only the samples bonded under 0.5 N could
be separated using a razor blade, while those bonded at 1 and
2 N remained intact, indicating strong adhesion. These
promising results pave the way for future investigations into
the physico-mechanical properties of the bonded surfaces.

III.  CONCLUSION

The newly developed tin-indium electrolyte exhibits high
stability, enabling the deposition of eutectic alloys containing
45-55 wt.% indium. A ruthenium layer can be applied as an
interlayer between nickel and copper, with a thickness ranging
from 50 to 500 nm, effectively serving as a diffusion barrier
for subsequent tin-indium layers.

The reflow process was successfully completed within 5
minutes at 150 °C under a nitrogen atmosphere, demonstrating
the suitability of the electrolyte for low-temperature assembly.

Additionally, bonding was achieved at a peak temperature of
173°C for approximately 15 seconds in a nitrogen
atmosphere, using a press force of 1-2 N. This process
resulted in strong and reliable bonds, confirming the
effectiveness of the electrolyte and bonding parameters for
advanced packaging applications.

REFERENCES

[1] H. Okamoto, In-Sn (Indium-Tin), “Phase Diagrams of Indium Alloys
and Their Engineering Applications”, C.E.T. White and H. Okamoto,
Ed., ASM International, 1992, p 255-257.

[2] R. Walker and S.J. Duncan, “Electrodeposition of indium and indium
alloys” (1982), Metal Finishing, part II, 1982, pp. 77-81.

[3] R.Walker and S.J. Duncan, Metal Finishing. Electrodeposition of
indium and indium alloys, part III November, 1982, pp.- 59-62.

[4] V.M. Mogilev and A.L Falicheva, “Electrodeposition of tin-indium
alloys “ (1974), Protection of Metals, 1974, pp. 182-183.

[5] S.S. Rehim, A. Awad and A. Sayed, “Electroplating of indium and
indium-tin alloys from alkaline baths”, Hungarian Journal of Industry
and Chemistry, 16(4), 1988, pp. 419-426.

[6] P.Ozga, Z. Swiatek, M. Michalec, B. Onderka and J. Bonarski, ,,Phase
structure and texture of electrodeposited InSn alloys on copper
substrate”, Archives of metallurgy and materials, 2008, 53(1), pp.307-
315.

[7] G.I. Medvedev, A.A. Rybin and N.A. Makrushin, ”A study of the
electrodeposition kinetics of a tin-indium alloy from a sulfate
electrolyte with organic additives”, Russian Journal of Applied
Chemistry, 85,2012, pp. 1163-1166.

[8] G.I. Medvedev, A.A. Rybin and N.A. Makrushin, (2013). "Leveling
power of sulfate electrolytes with organic additives in electrodeposition
of tin-indium alloy”, Russian Journal of Applied Chemistry, 86, 2013,
pp 351-354.

[9] L. Anicai, A. Petica, S. Costovici, C. Moise, O. Brincoveanu, and T.
Visan, “Electrodeposition of Sn—In alloys involving deep eutectic
solvents”. Coatings, 9(12), 2019, 800, pp. 2-14.

[10] D. Gray, US patent, 1 849 293, 1932.

[11] D. Gray US patent,1 935 630, 1933.

[12] F. Niklaus, G. Stemme, G., J. Q. Lu, R.J. Gutmann, R. J. (20006).
~Adhesive wafer bonding”, 2006, Journal of Applied physics, 99(3).

[13] S.Zhang, Z. Li, H. Zhou, R. Li, . Wang, K.W. Paik and P. He, 2022.
“Challenges and recent prospectives of 3D heterogeneous integration”.
e-Prime - Advances in Electrical Engineering, Electronics and Energy,
2,2022, 100052.

[14] A. Heikkinen, J. Gddda, P. Salonen, L. Monnoyer, L. Tlustos and M.
Campbell, ”Indium-tin bump deposition for the hybridization of CdTe
sensors and readout chips”," IEEE Nuclear Science Symposuim &
Medical Imaging Conference, Knoxville, TN, USA, 2010, pp. 3891-
3895 Advances in Electrical Engineering, Electronics and Energy, 2,
100052.

[15] H.S. Liu, J. Wang and Z.P. Jin, “Thermodynamic optimization of the
Ni—Sn binary system”. Calphad, 28(4), 2004, pp. 363-370.

1927



[16]

[17]

(18]

[19]

P. Durussel, G. Burri and P. Feschotte, ,,The binary system Ni-In”
Journal of alloys and compounds, 257(1-2), 1997, pp. 253-258.

R. Bernasconi and L. Magagnin, “Ruthenium as diffusion barrier layer
in electronic interconnects: current literature with a focus on
electrochemical deposition methods”, Journal of The Electrochemical
Society, 166(1), 2018, p D3219.

A. Brenner Electrodeposition of alloy, New York,: Academic, 1963,
vol.1, pp. 44-65.

P. Koztowski, K. Czuba, K. Chmielewski, J. Ratajczak, J. Branas, A.
Korczyc, and A. Jasik, “Indium-based micro-bump array fabrication

technology with added pre-reflow wet etching and annealing.
Materials, 14(21), 2021, p. 6269.

1928



