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Investigation of Thermal Properties )
and Thermal Reliability of Ga-based Oneck o
Low Melting Temperature Alloys

as Thermal Interface Materials (TIMs)

Yifan Wu, Rajath Kantharaj, Albraa Alsaati, Amy Marconnet,
and Carol Handwerker

Abstract Gallium-based low melting temperature alloys have been proposed as
candidates for next generation thermal interface materials (TIMs) due to their high
thermal conductivity (~30 W/m*K) and liquidity. However, poor wettability as well
as embrittling and corroding effect of Ga on metals have limited their use by the
electronics industry. Studies on the relationship between the evolution of thermal
properties and interfacial reactions between Ga-based TIMs and metal substrates
are thus vital for creating a path forward. We measured thermal conductivity and
thermal interface resistance of eutectic Ga-In alloy (EGaln) sandwiched between two
Ni-plated Cu substrates following simulated assembly and accelerated aging. The
rapid interfacial reaction between EGaln and both Ni and Cu at elevated temperatures
led to an increase in the thermal conductivity. Further study showed the change in
thermal properties was due to the depletion of Ga in the system through intermetallic
formation, creating a higher conductivity In-rich alloy.

Keywords Ga alloys + Low melting temperature alloys (LTAs) + Thermal interface
materials (TIMs)

Introduction

For electronic devices, heat dissipation is becoming increasingly challenging as a
result of both the increase in power density and the decrease in dimensions of prod-
ucts. Effective thermal management is thus critical to the design and development
of electronic devices. One aspect of thermal management is the use of thermal inter-
face materials (TIMs) at interfaces between different components to reduce thermal
contact resistance and temperature rises in the system. Thermal contact resistance
arises from the inevitable surface roughness of mating surfaces. At a solid—solid
interface, apart from a few point-point contacts, most of the interfacial volume is
occupied by air, which is a poor conductor of heat. Thermal interface materials
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improve heat conduction across interfaces by filling in the air gap and reducing the
thermal interface resistances. An ideal thermal interface material has high thermal
conductivity, high conformability, and good wetting with the target surfaces, as well
as being nontoxic and environmentally friendly.

The most extensively used TIMs are thermal greases which combinations of
silicone and thermally conductive particle fillers [1]. Due to the intrinsically low
conductivity of silicone, the thermal conductivity of even high-performance thermal
greases is generally less than 10 W/m K [2]. Gallium-based low melting temper-
ature alloys have recently emerged as candidates for next generation TIMs due to
several factors. First, Ga offers a high thermal conductivity of 30 W/m K [3] and a
relatively low melting temperature (for a metal) of only 29.8 °C. Further, unlike its
near-room temperature liquid metal counterparts, Ga is unique in the way that it is
not radioactive (like Rb), explosively reactive (like Fr and Cs), nor toxic (like Hg).
By alloying Ga with other elements (e.g., In, Sn, or Zn), a melting temperature well
below room temperature can be easily achieved. For instance, the eutectic Ga-In alloy
(EGaln with 24.5 wt.% In) has a melting temperature of 15.5 °C, and the commercial
product Galinstan (an alloy of Ga, In, and Sn) has a reported melting temperature of
—19 °C [4]. In addition to its low melting temperature, Ga and its alloys are known
experience significant undercooling due to the difficulty in nucleation upon cooling,
making it possible for Ga-based alloys to maintain its liquid state for an extended
temperature range. As a low viscosity liquid, Ga-based alloys can easily flow in the
air gaps formed at solid—solid interfaces, offering improved heat flow [5]. Further-
more, in stark contrast to mercury, the most commonly used room temperature liquid
metal, Ga, has a very low vapor pressure (10~'> mmHg) [6], making the dry-out issue
commonly found in TIMs less of a concern for Ga and its alloys.

Despite all these advantages, the wetting behavior and reactivity with other metals
have prevented Ga-based low melting temperature alloys from being widely adopted
as TIMs in commercial products. In terms of wettability, pure Ga is a high surface
tension metal. The surface tension of liquid gallium is 0.707 N/m [7], which means
Ga simply does not wet most metal surfaces. Furthermore, Ga is highly susceptible to
oxidation and rapidly forms an oxide layer (Ga,O3) when exposed to oxygen, which
lowers its surface energy [6]. The low viscosity, high surface tension liquid and its
elastic, and high adhesion oxide result in a viscoelastic behavior of Ga-based liquid
metals. This complicates their wetting behavior in oxygen-containing environments.
The high reactivity of Ga with other metals also presents a challenge. On certain metal
substrates, for example Al, Ga wets the grain boundaries and percolates the entire
structure causing subsequent structural failure, known as liquid metal embrittlement
[8]. On metals like Cu, Ga forms intermetallic compounds (IMCs) rapidly with the
solid metal substrate [9]. Since these metals are used extensively in the electronic
industry, reaction between Ga and them can lead to premature failure of the device
and thus must be mitigated.

Considerable work has been done on Ga-based liquid metal alloys, most of which
target the wettability issue. Because of the low surface tension and high adhesion
offered by the naturally formed Ga,0Os, a lot of the work tackling the poor wetta-
bility of Ga center themselves around the manipulation of the oxide layer [10].
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A common and intuitive method is to incorporate high thermal conductivity solid
particle fillers into Ga-based alloys to alter the rheology of the liquid metal [11-17].
Tang et al. [11] synthesized a series of CuGa,-EGaln amalgams by doping copper
particles into EGaln matrix with different packaging ratios with the CuGa, parti-
cles forming as a reaction product between Ga and Cu. With increasing packing
fractions, the amalgams showed a liquid-like to paste-like transition, an increase in
thermal conductivity, and improved wetting on metal surfaces. Similar studies based
on the principle of incorporating solid metal particles into Ga-based liquid metal
matrices via intermetallic compound formation can also be found in Ga-Ag and Ga-
Mg systems [12, 13]. Similar liquid metal-solid particle pastes were also achieved
using an oxide-mediated method rather than an IMC formation route in Ga-W, Ga-
Diamond, and Ga-quartz systems [14—16]. Alternatively, Gao et al. [17] devised
a method of micro-oxidation to improve wetting by increasing the percentage of
Gay 03 in the liquid metal matrix through stirring in an oxygen-containing environ-
ment. Despite its simplicity, this method suffers from the low thermal conductivity
due to the oxide. Instead of modifying the Ga-based liquid metal itself, researchers
have also explored the potential of using Ga-based alloys in liquid metal-polymer
composites [12, 18, 19]. Although the end products show lower thermal conductivity
compared to liquid metal itself, this method has the advantages of preventing leakage
of the liquid metal while greatly improve the thermal conductivity of the polymer
composite. For example, Tutika et al. [19] achieved a thermal conductivity of 11 W/m
K by dispersing EGaln in a silicone elastomer.

Most previous studies on liquid metal TIMs have focused on addressing the wetta-
bility issue while preserving or improving the thermal conductivity. However, little
work has been done to quantify the thermal performance of such materials in contact
with metal substrates. Therefore, in this study, we created Cu-LM-Cu joints using
an oxide-mediated spontaneous wetting technique. The thermal performance of the
Ga-based alloy as a TIM on a Ni-coated Cu substrate was investigated as a function of
thermal history, including aging at 125 °C. The microstructural evolution of the TIM
and the substrate due to interfacial reactions, intermetallic formation, and corrosion
has been related to changes in thermal properties and composition of the liquid metal.
The thermodynamics aspect of Ga-based alloys was also discussed to facilitate the
understanding of interfacial reactions and the resulting thermal properties.

Experimental

Materials and Sample Preparation

The liquid metal eutectic Ga-In (EGaln) was prepared by combining 75.5 wt.% Ga
and 24.5 wt. In (Rotometal). Ni-coated (5 microns, electroplated) Cu substrates were
cutinto 10 mm x 10 mm pieces and used as the metal substrate to sandwich the liquid
metal TIM, as shown in Fig. 1. To facilitate wetting, a layer of Ga,O3 was deposited



1388 Y. Wu et al.

»

=S

Fig. 1 a Image of one of the 2 sides of a Cu-LM-Cu joint illustrating the EGaln within a pocket
created on the Ni-coated Cu substrate with double-sided tape; b SEM image of the cross-section of
the Ni-plated Cu substrate; ¢ overview of the IR temperature mapping setup; d example temperature
map of a Cu-LM-Cu joint with the different regions for analysis outlined

on the surface by scrubbing a small droplet of EGaln with a cotton swab prior to the
application of the bulk liquid. Accelerated aging was carried out to study the effect
of processing and thermal aging on the stability of the interface. To mimic the reflow
process during assembly, several specimens were reflowed in a DDM Novastar GF-
12HC-HT 3-zone reflow oven for one and five cycles using a reflow profile for SAC
solders, which has a peak temperature of 260 °C. For thermal aging, specimens were
annealed at 125 °C for various amounts of time (0 day, 5 days, 10 days, and 15 days)
in a Fisher Scientific 725F annealing furnace. A commercial TIM, ARCTIC APT
2560 Thermal Pad, was also tested for comparison.

Thermal Testing and Microstructural Characterization

Two specimens that underwent the same thermal treatment were joined together
using heat resistant tapes, exposing one edge for IR temperature imaging using a
QFI InfraScope MWIR Temperature Mapping Microscope. Calculations of thermal
conductivity and thermal interface resistance were based on the principles based on
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the ASTM D-5470 standard adapted for use with infrared thermal mapping [20, 21].
In this setup, the Cu-LM-Cu joint was sandwiched between two aluminum bars.
During measurements, the aluminum bar with cartridge heaters served as the heat
source, while the one connected to a fixed temperature water chiller served as the
heat sink, as shown in Fig. 1. The top of the sample was lightly sprayed with graphite
to increase its emissivity. A total of four temperature maps with different heat flux
were taken for each sample by changing the power output of the cartridge heater.

Ateach power level, the sample was allowed to reach steady state prior to recording
the temperature profile. For analysis, a 1D temperature profile along the heat flow
direction was calculated from each 2D map by averaging the temperature normal
to the heat flow direction (each column in the image in Fig. 1d). Assuming 1D
heat transfer and minimal losses, the heat flux was constant through each layer and
across the interfaces. Thus, by measuring the slope in temperature of each layer and
the temperature jump at interfaces, the thermal conductivity and thermal interface
resistance of the Ga alloy TIM was measured based on:

/ dT
r — _k .
q 1 dx

dT

AT
ref dx -

Rinl

=k (1)

1 ref

where ¢ is the heat flux through the sample stack, k; is the thermal conductivity
of the TIM, ks is the thermal conductivity of the reference material, AT;,; is the
temperature jump at the interface, and R, is the thermal contact resistance (in m?
K/W). In this study, Cu was the reference material, thus k. has a value of 386 W/m
K.

After IR imaging, samples were taken apart. Excess liquid metal was brushed off
for differential scanning calorimetry (DSC) testing using Thermal Analysis Q2000
in copper pans. The substrates were then rinsed with 5% HCI solutions to remove as
much LM as possible to reveal interfacial reaction products. The interfacial reaction
products were imaged using SEM (Quanta 650). Energy-dispersive spectroscopy
(EDS) analysis was performed to identify intermetallic phases formed.

Results and Discussion

Thermal Properties

Figure 2 shows the evolution of the thermal conductivity with annealing and reflow.
The EGaln prior to any aging had a thermal conductivity of 29.9 W/m K, in good
agreement with existing literature. During annealing at 125 °C, it shows an initial
decrease in thermal conductivity after 5 days of aging. However, the thermal conduc-
tivity dramatically increased to 37.6 W/m K after 10 days of aging. After 15 days, the
thermal conductivity decreased to 32.7 W/m K, which is still higher than its original
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Fig. 2 Thermal conductivity of Ga-based TIMs after a annealing at 125 °C and b reflow

value. Changes in thermal conductivity as a function of reflow cycles show a similar
trend. After one cycle of reflow using a SAC alloy reflow profile, the thermal conduc-
tivity of the TIM in the joint increased to 43.3 W/m K but decreased to 36.7 W/m K
upon further reflow.

One advantage of using liquid metal as TIM is the high conformability it offers and
henceforth the low thermal boundary resistance. As shown in Fig. 3, prior to aging,
the EGaln-Cu interface is measured to have a remarkably low thermal boundary
resistance of 3.4 x 10~ m?K/W. In comparison, the ARCTIC APT2560 thermal pad’s
thermal boundary resistance was measured tobe 2.2 x 1077 m2K/W, which is an order
of magnitude higher than that of the liquid metal. After 5 days of annealing at 125 °C,
the thermal boundary resistance slightly increased to 3.5 x 10 m>K/W, before
decreasing to 2.8 x 1078 m?’K/W after 10 days. The thermal boundary resistance
after 15 days of annealing showed a slight increase from the 10 days sample but
still remained lower than the original value. A similar trend is also seen in reflowed
samples.

The increase in thermal conductivity and decrease in thermal boundary resistance
suggest an improved thermal performance of EGaln after accelerated aging on Ni-Cu
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Fig. 3 Thermal boundary resistance of Ga-based TIMs after (a) annealing at 125 °C and (b) reflow
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substrates. This is counterintuitive as generally a decrease in thermal performance
would be expected from an interface that is deteriorating as the interfacial reaction
takes place. One possible explanation for this observation could be the change in
alloy composition as a result of rapid interfacial reaction at elevated temperatures,
as discussed in Sect. “Interfacial Reaction Products”.

Interfacial Reaction Products

The EGaln/Ni-Cu interface after annealing at 125 °C and reflow is shown in Fig. 4.
After annealing for 5 days, intermetallic compound (Ni,Cu); Ga; formed as a result of

Fig. 4 EGaln/Ni-Cu interface with EGaln partially removed to reveal reaction products after a
5 days annealing at 125 °C; b 10 days annealing at 125 °C; ¢ 15 days annealing at 125 °C; d 1 x
reflow;e 5 x reflow; and f 5 x reflow + 5 days annealing at 125 °C
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Fig. 5 Cross-section of
EGaln/Ni-Cu interface after
15 days of annealing at

125 °C showing spalling of
Ni coating as a result of Ga
corrosion

Ga and Ni/Cureaction, occurring as cuboids of varying sizes. Most of the liquid metal
on this sample was successfully removed through etching, revealing the underlying
substrate. The interfaces of 10 days and 15 days annealed samples show similar
features, as shown in Fig. 4b, c. The Ga-based liquid metal became much more
difficult to remove as a result of increasing amounts of IMCs. Other than (Ni,Cu);Ga;
cuboids, large plates of CuGa, can been seen on the surface, indicating the breach of
the Ni coating by Ga. Further evidence of the breach of the Ni coating can be found
in the SEM image of the cross-section of a sample annealed for 15 days. As shown
in Fig. 5, after the Ni coating was breached, Ga came into contact with Cu and wet
the Ni/Cu interface, causing the spalling of the Ni layer.

IMCs formed during the reflow process, as shown in Fig. 4d, e, with different
morphologies than annealed samples. Colonies of large sheets of NizGa; along
with relatively small (Ni,Cu);Ga; cuboids can be seen in both samples. However,
further annealing at 125 °C for 5 days following the reflow process resulted in the
disappearance of sheet-shaped IMCs and growth of faceted (Ni,Cu);Ga; prisms.

SEM images of the interface demonstrate that IMC formation between Ga and
Ni is rapid at elevated temperatures. EGaln used in this study was able to breach
the 5 wm Ni coating within 10 days of annealing at 125 °C, leading to even greater
extent of corrosion as Ga reacts with Cu more readily. This offers a potential expla-
nation to the observed increase in thermal conductivity after aging. As the Ga/Ni and
Ga/Cu take place, the percentage of Ga in the liquid metal TIM decreases, resulting
in an enrichment of In. Since In has a higher thermal conductivity than Ga, it is thus
reasonable to assume that a more In-rich alloy would show higher thermal conduc-
tivity. The decrease in thermal boundary resistance can be explained by the decrease
in the Ni layer thickness and the spalling of the Ni coating.



Investigation of Thermal Properties and Thermal ... 1393

Thermodynamics of EGaln

Ga-based room temperature liquid metal alloys are known for their large under-
cooling during solidification as it is difficult for Ga to nucleate. Figure 6 shows a
DSC curve of an off-eutectic Ga-In alloy. The undercooling of the alloy is measured
to be 33 °C. The loop, which is also the major solidification peak, is an increase in
temperature upon solidification as a result of supercooling of the liquid, known as
recalescence.

DSC testing of EGaln before and after accelerated aging on Ni-Cu substrates
shows a further retardation of the onset temperature of solidification as a result of
aging. As shown in Table 1, after 15 days of annealing, the onset temperature of
solidification decreased by 29 °C to —47 °C, accompanied by a decrease in heat
of fusion from 69.6 J/g to 31.8 J/g. Even one cycle of reflow decreases the onset
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Fig. 6 DSC curve of near eutectic Ga-In alloy. Note that the equilibrium melting and solidification
temperature for this alloy is 15 °C. Substantial undercooling is observed on cooling

Table 1 Summary of DSC Onset temperature of | Heat of fusion (J/g)
results solidification/°C

Time 0 —18 69.6

5 days annealing | —28 44.4

10 days annealing | —30 32.0

15 days annealing | —47 31.8

1 x reflow -32 67.8

5 x reflow -32 66.4
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temperature of solidification to —32 °C, while little changes to the heat of fusion are
observed in reflowed samples.

Conclusion

Ga-based low melting temperature alloys are promising candidates for next gener-
ation TIMs. In this study, we focus on the direct measurement of thermal proper-
ties of EGaln on Ni-plated Cu substrates using an IR temperature mapping setup
and relate the measurements to intermetallic formation, interfacial reactions, and
corrosion. Thermal property measurements confirm that Ga-based liquid metal TIM
exhibits excellent thermal performance compared with conventional TIMs. Counter-
intuitively, an increase in thermal conductivity and a decrease in thermal boundary
resistance were observed after accelerated aging either by annealing at 125 °C or
reflowing.

Interfacial reaction study using SEM shows rapid IMC formation between Ga
and Ni at elevated temperatures. The 5-micron Ni coating on the Cu substrate was
breached within 10 days of annealing at 125 °C, leading to spalling of the Ni layer.
The enrichment of In in the liquid metal system as a result of Ga consumption is the
likeliest explanation for the observed increase in thermal conductivity after aging. At
the same time, the decrease in Ni layer thickness and direct contact between Cu and
Ga explain the decreased contact resistance as a result of aging. The rapid interfacial
reaction observed in this study also suggests the necessity of a protective layer to be
used on metal substrates in the presence of Ga-based TIMs.
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