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Improving the Thermal Performance of Liquid Metal
Thermal Interface Materials: The Role of Intermetallic
Compounds at the Gallium/Copper Interface

Xudong Zhang, Yuxia Dong, Yanzheng Du, Lei Yang, Weigang Ma, and Bingyang Cao*

Room-temperature liquid metal has been widely used in electronic packaging
due to its high thermal conductivity, but its thermal performance is strongly
impeded by the dominated thermal boundary resistance between liquid metal
and solid material. Here, first an order-of-magnitude reduction of thermal
boundary resistance (from 1.11 X 10~7 (m2:K)/W to 6.94 X 10~° (m?-K)/W) is
reported by self-synthesizing the intermetallic compound at the liquid

the miniaturization of transistor size and
the increase of packaging density, the
heat generation of chips has reached an
unprecedented level, and the heat gen-
eration of gallium nitride GaN and gal-
lium oxide Ga,0; gates has even ex-
ceeded 10 kW cm~2.[>1% The traditional
direct brushing method is unable to cope
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gallium/solid copper interface. This significant thermal transport
improvement is attributed to the conversion of heat carriers from phonons to
electrons, and bonding force from van der Waals force to metallic bond, which
is thoroughly analyzed by the microscopic phonon and electron diffuse
mismatch models, complemented by molecular dynamic simulations. Chip
application demonstrates that brushing liquid metal assisted by the
intermetallic compound can surprisingly obtain the equivalent interfacial
temperature difference (10.2 °C) to that of InSn solder welding (8.3 °C), which
is much smaller than that of the conventional oxidation method (30.1 °C).
This study provides a comprehensive understanding of electron/phonon
transport at Ga/Cu interfaces and facilitates the giant thermal transport

enhancement of liquid metal thermal interface material.

1. Introduction

Interface acts as a devil for heat transfer, and how to reduce the
contact thermal resistance between two solid surfaces is a typi-
cal problem in electronic packaging.['] A common method is to
brush a thermal grease on the interface, which serves to fill micro
voids.[*%l However, the simple brushing method is far less effec-
tive in heat transfer than the welding method.[”#] Nowadays, with
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with such a large heat flux, and weld-
ing method will result in processing
complexity and low operation efficiency.
Therefore, it is challenging but highly
desirable to find a new thermal inter-
face material (TIM) with low contact ther-
mal resistance R, and high processing
efficiency, which is to say that the ulti-
mate pursuit of TIM is to realize equiv-
alent thermal performance of solder
welding by a fast brushing method.'!]

Liquid metal gallium and its alloys
have emerged as high performance
TIMs.['2l The intrinsic high thermal
conductivity and favorable hydraulic
characteristics of liquid metal make it
possess the potential of ultralow R. and large brushing
efficiency.['*] However, physical brushing of liquid metal still has
a far worse thermal performance than solder welding. The fun-
damental reason lies in the differences in bonding forcel'*1%]
and heat carriers('®!7] across interfaces. Typically, the metal bond
formed at the welding interface is much stronger than the van
der Waals force at the brushing interface, and the electron heat
transport at the metal interface is more effective than phonon
heat transport at the brushing interface.l'®2%] Previous reports
are mainly devoted to the improvement of thermal conductiv-
ity of liquid metal TIM by adding solid fillers (diamond,/*!]
tungsten,!??] copper,[?}! graphenel?l and carbon nanotubel?>2°])
and constructing percolation network.[?”] However, as we an-
alyzed (Note S1, Supporting Information), increasing thermal
conductivity has a limited contribution to reducing R, while the
main obstacle of liquid metal TIM is the large thermal boundary
resistance R, between liquid metal and solid material, which is
about 60-90% of R, (Figure S1, Supporting Information).

In air, the gallium droplet is almost spherical on the copper
surface,®%! and poor wettability makes it difficult for gallium
to enter the nano/microvoids, thus resulting in a large R,.>"
The traditional interface treatment method is to oxidize the lig-
uid metal to improve interface adhesion,*"*?) but the treated
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Figure 1. Improvement of interfacial thermal transport across liquid gallium
process; b) SEM image of the CuGa,; c) Contact angle; d) Wettability cha
g) Microscopic heat transfer mechanism.

interface, incorporated with gallium oxide, is still determined by
the van der Waals force and there is a type mismatch of heat car-
riers between gallium oxide (phonons) and gallium/solid metals
(electrons). As a result, brushing liquid metal with partial oxi-
dation method does not achieve a significant thermal conduc-
tion enhancement. Recently, it has been found that the wetta-
bility between liquid metals and solid metals can be greatly im-
proved by the formation of intermetallic compound at the inter-
face through chemical processes.[****] We speculate that this in-
terface treatment method will simultaneously improve the inter-
facial heat transfer. However, there is no research on the inter-
face thermal characteristics of liquid gallium/solid metal assisted
by intermetallic compound, especially from the perspective of
micro/nanoscale theoretical analysis and experimental measure-
ment of interfacial heat transfer.

Here, we report an order-of-magnitude reduction of ther-
mal boundary resistance and contact thermal resistance, by
self-synthesizing the intermetallic compound at the liquid gal-
lium/solid copper interface, experimentally measured by time-
domain thermoreflectance (TDTR) and laser flash apparatus
(LFA). This significant enhancement of interfacial thermal trans-
port is due to the facilitated electron transport and strong inter-
facial bonding force at gallium/copper interface. By converting
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/copper heterointerfaces by self- synthesizing CuGa,. a) Chemical treatment
racteristic; e) Thermal boundary resistance; f) Contact thermal resistance;

the interface from Ga/Ga,0;/Cu to Ga/CuGa,/Cu, the thermal
boundary resistance is reduced from 1.11 X 107 (m?-K)/W to
6.94 x 107° (m?-K)/W, the contact angle decreases from 145° to
41°, and the bonding force increases from 128 to 1241 mN m—2.
Chip application shows that when the heat flux is 200 W cm~2,
the interfacial temperature difference between the chip and the
heat sink can reach 10.2 °C by this method, which is close to that
of solder welding (8.3 °C) and much smaller than that of conven-

tional oxidation method (30.1 °C).

2. Results

2.1. Interface Preparation and Characterization

The intermetallic compound was synthesized via an intermetal-
lic wetting mechanism, 431 which has been applied in some in-
vestigations about room-temperature liquid metal. In our study,
gallium and copper were selected as liquid metal and solid ma-
terial, respectively, and hydrochloric acid solution was used as
the trigger. The preparation process of Ga/CuGa,/Cu is shown
in Figure 1a. First, the gallium was dropped on the copper,
which was immersed in 1 mol L=! HCI solution. When the gal-
lium came into contact with the copper, it suddenly collapsed
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and extended to the copper. After 1 min, a new material was
self-generated at the Ga/Cu interface, and it was determined as
CuGa, by Scanning Electron Microscope (Figure 1b). CuGa, is
a stable intermetallic compound. Its stable chemical structure
endows it with excellent resistance to long-term environmental
influences. During Ga diffusion into Cu, an interface structure
of Ga/CuGa,/CuyGa,/Cu evolves due to the Cu/Ga atomic ra-
tio gradient. Given that the CuGa, layer exhibits a significantly
greater thickness compared to the ultrathin Cu,Ga, phase,[**2]
both phases were pragmatically lumped together as CuGa, in our
sequential compositional analysis. Figure 1c shows the spreading
process. The gallium quickly spread from a spherical shape to a
plane and adhered tightly to the copper. After the gallium was si-
phoned off, a layer of gray material remained on the surface of
copper, which was copper-gallium alloy. Thus, by using the HCI
solution, it is easy to self-synthesize a thin layer of CuGa, at room
temperature and to transform the conventional Ga/Ga,0,/Cu
structure into Ga/CuGa, /Cu structure. Such composition trans-
formation results in a decrease in the contact angle from 145°
to 41° (Figure 1d). What is worth to say that the contact angle of
145° was measured in the presence of an oxide film, not the real
contact angle.[*}]

R, of the Ga/Cu interface was experimentally measured
by TDTR, a micro/nanoscale non-contact measurement
technique,[**! which were 1.11 X 1077 (m?2-K)/W and 6.94 x 10~°
(m?-K)/W before and after treating the copper with HCl solution,
respectively (Figure 1le). TDTR measurement confirmed that the
interface thermal transport at the Ga/Cu interface was enhanced
almost sixteen times by inverting the Ga/Ga,0,/Cu into the
Ga/CuGa,/Cu. This was the first measurement of thermal
boundary resistance at the micro/nanoscale. R. was measured
by the laser flash apparatus (Note S3, Supporting Information),
which were 0.188 (cm?K)/W and 0.0126 (cm?-K)/W before
and after treating the copper with HCI solution, respectively
(Figure 1f). The contact thermal resistance was reduced by 90%
through converting Ga/Ga, O, /Cu composition to Ga/CuGa, /Cu
composition. This reduction is attributed to the reduction of
thermal boundary resistance, in which R, of Ga/CuGa,/Cu is
just 5% of R_, while the R, of Ga/Ga,0,/Cu is 85% of R..

Figure 1g presents the microscopic interfacial heat transfer at
Ga/CuGa,/Cu structure and Ga/Ga,0,/Cu structure. The color
highlights the temperature distribution contrast between the
CuGa, and Ga, 0, interfaces under same heat flux, and the tem-
perature decrease with the color form red to dark blue. The heat
flux was applied at the bottom surface, and the bottom tempera-
tures were also same. Specifically, the reduced interfacial thermal
resistance at the CuGa, interface leads to a smaller temperature
gradient across the material compared to the Ga, O, interface((T;-
T,) < (T,-T;)), resulting in the different temperature at the top
surface (T,>T;). From a microscopic perspective, the heat trans-
fer enhancement is due to the transition of heat carriers transport
from phonon dominated (Ga/Ga,0,/Cu) to electron dominated
(Ga/CuGa,/Cu). The heat transfer at Ga/CuGa,/Cu is through
real electron transport across interface, while the heat transfer at
Ga/Ga,0,/Cu is the combined effect of the interaction between
electrons (Cu) and phonons (Ga,0;), as well as the phonon trans-
port (Ga,0;). Usually, the thermal boundary resistance domi-
nated by electron is smaller than that of dominated by phonon.*’]
In addition, from the perspective of bonding force, The CuGa,
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alloy is bonded to copper and gallium through metallic bonds,
while Ga, 0, is bonded to metal through van der Waals forces.
The stronger the bonding force, the more favorable it is for the
transport of electrons and phonons.[*!

2.2. Interfacial Thermal Conductance

Since liquid metal is an opaque fluid, traditional TDTR measure-
ment for the transparent liquid is not suitable for liquid metal.
Here, we designed new sample structures and testing procedures
(Note S4, Supporting Information). Using 500 pm transparent
sapphire as the substrate, 80 nm aluminum, 5 nm nickel, and
100 nm copper were deposited in sequence to form a solid sample
A (Figure 2a). Aluminum was the sensing layer whose surface re-
flectivity varies linearly with temperature. By obtaining the laser
reflectivity of the aluminum surface, the temperature can be ob-
tained. Nickel was a transitional layer that increases the adhesion
between copper and aluminum. The liquid metal was placed in a
cubic container, and then the copper side of the sample A was in
contact with liquid metal. The laser was injected from the direc-
tion of the transparent sapphire substrate (Figure 2b). For mea-
suring the thermal boundary resistance assisted by intermetallic
compound, we needed to pre-treat the copper with HCI solution
(Figure 2c). Sample B, consisting sapphire and aluminum, was
first measured to pre-determine some thermophysical parame-
ters (Figure 2d). The thermal conductivity of sapphire and the
thermal boundary resistance of the Al/SiO, were measured to be
1.39 W/(m-K) and 5.56 x 1072 (m?-K) /W, respectively (Figure 2e).
Figure 2f,g shows the raw data before and after treating with
HCI solution. The thermal boundary resistances of the Ga/Cu
interface were fitted to be 1.11 x 1077 (m?-K)/W and 6.94 x 10~°
(m?-K) /W, respectively.

The thermal boundary resistances were theoretically calcu-
lated below. For Ga/CuGa,/Cu interface, the electron diffusive-
mismatch model (DMM) was used.[*’*8] The thermal boundary
resistance was equal to the thermal resistance of the Ga/CuGa,
interface plus that of CuGa,/Cu interface, and the thermal re-
sistance introduced by 100 nm CuGa, layer was negligible (Note
S5, Supporting Information). R, cuca, and Reygarycu Were then
calculated to be 2.7 x 1071 (m?-K)/W and 2.3 x 107'° (m?*-K)/W,
respectively. The thermal boundary resistance of Ga/CuGa,/Cu
was calculated as 5.0 X 1071° (m?-K) /W, as exhibited in Figure 2h).
For Ga/Ga,0,/Cu interface, the thermal boundary resistance can
be estimated by the sum of thermal boundary resistance across
the Ga/Ga,0; and the Ga,0,/Cu interface, as well as the in-
trinsic thermal resistance of Ga, O, interlayer (Note S6, Support-
ing Information). Remarkably, the thermal boundary resistances
of Ga/Ga,0; interface and Ga,0,/Cu interface were theoreti-
cally calculated by the Landauer formula combined with phonon
DMM.[“-31] Since the orientation of the interface was not avail-
able, the thermal boundary resistance was averaged over dif-
ferent interfacial orientations. Notably, the intrinsic thermal re-
sistance of the Ga,0O; interlayer was calculated from the effec-
tive thermal conductivity of $-Ga,0;.52! In the almaBTE pack-
age, the effective thermal conductivity was predicted by solving
the phonon Boltzmann transport equation (BTE), in conjunction
with a suppression function to account for the additional phonon
scattering induced by the film boundaries.>3] The calculated ther-
mal boundary resistances of Cu/Ga,0,;, and Ga/Ga,0, were
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Figure 2. Experimental test and Theoretical analysis of Ry. a) Sample A; b) Test procedure of untreated sample A; c) Test procedure of HCl treated
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thermal boundary resistances.

1.96 x 10~° (m2-K)/W, and 5.95 x 10~° (m?:K)/W, respectively.
The thermal boundary resistance was calculated as 1.01 x 107%
(m?-K)/W, as shown in Figure 2i.

Based on the above theoretical analysis, it can be con-
cluded that the electron-dominated Ga/CuGa,/Cu structure
has a smaller thermal boundary resistance than the phonon-
dominated Ga/Ga,0,/Cu structure. The decreasing percentage
of theoretical calculation is consistent with that of experimental
measurement. However, as shown in Figure 2j, the experimental
values of thermal boundary resistance are larger than theoreti-
cal values. This is because theoretical values are actually for the
ideal interfaces, and do not consider the various defects at the
practical interface and the interlayer are not considered. In ad-
dition, the DMM predicted transmittance is only frequency de-
pendent, which leads to an overestimation of the contribution
of phonons with large incident angles. As a result, the predicted
thermal boundary resistances are smaller than the experimental
values.

2.3. Interfacial Hydrodynamic Characteristics
Surface tension y is used to evaluate the physical property of gal-

lium itself, which is about 707 mN m~'. And adhesion work W is
used to evaluate the interaction between liquid metal and copper.

Adv. Mater. Interfaces 2025, 2500041 2500041 (4 0f8)

The theoretical adhesion work can be estimated by the following
Equation (1)*):

W =y-(1+4cosb) (1)

where 0 refers to the contact angle, and y represents the sur-
face tension of gallium. To determine the adhesion work for
Ga/Cu interface in the presence of intermediate layer of CuGa,
and Ga,O;, the force balance method was adopted, as shown in
Figure 3a. The experiment was conducted in a commercial solder-
ability tester. As the copper strip slowly inserting into gallium, the
force of copper strip was balanced vertically by the pulling force
from the device F, buoyancy force from gallium F, and the wet-
ting force in the vertical direction ylcos6 (Figure 3b). The pulling
force evolution (Figure 3c) shows that there was a significant dif-
ference in bonding force at Ga/Cu interface before and after us-
ing HCl. By measuring F and calculating F,, ycosf were then
obtained, which is 0.326 m] m~2 for Ga/CuGa,/Cu structure.
And then adhesion works were calculated as 1033 m] m~? for
Ga/CuGa,/Cu structure. More measurement principles and cal-
culation procedures were detailed in Note S7 (Supporting Infor-
mation). The theoretical adhesion work for Ga/CuGa,/Cu struc-
ture and Ga/Ga, 0, /Cu structure was calculated by Equation (1),
by using y = 707 mN m™! and 6 = 41°, 145°. The value of
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Ga/CuGa,/Cu structure was calculated to be 1241 m] m~2, which
was close to the experimental values 1033 m] m~2. And that of
Ga/Ga,0;/Cu structure was 128 m] m~2.

There is a criterion for judging the type of bonding forcel>!:
Van der Waals physical bonding exists if the adhesion work is
less than 0.2 times of the cohesive force, but chemical bonding
exists if the adhesion work is greater than 0.2 times of the co-
hesive force, as shown in Equations (2) and (3). The cohesive
force of gallium is calculated to be 1414 m] m2, as calculated
by Equation (4). Therefore, the interface bonding force is Van
der Waals force in air, while the interface bonding force is the
metallic bond after the interface with HCl treated. Consequently,
assisted by metallic compound, the bonding force of Ga/Cu in-
terface changes from van der Waals force to metallic bond, and
the adhesion work is improved by almost ten times.

Vander Waals Force : W < 0.2 - W_ ... (2)

Chemical Force or Metallic Force : W > 0.2+ Wy, ... (3)

Adv. Mater. Interfaces 2025, 2500041 2500041 (5 0f8)

2y “)

cohesion

To reveal the wetting mechanism at the Ga/Cu interface, a
molecular dynamic (MD) simulation was conducted. The total
dimensions were 14 nm X 14 nm X 12 nm, the dimensions of
copper were 14 nm X 14 nm X 3 nm, and the diameter of the
spherical gallium was 4 nm (Figure 3d). Modified EAM (MEAM)
was used to simulate the interaction between gallium atoms,>¢>7]
and the MEAM potential was also used to model the interaction
between copper atoms.[*® The Lennard-Jones potential function
was adopted to model the interaction between gallium and cop-
per atoms. The Lennard-Jones potential function was controlled
by two parameters: the sphere of influence ¢ and potential depth
e. o was calculated by first principles to be 2.102 A. Based on the
experimental contact angle of the gallium on the copper surface,
o was obtained by fitting & = 0.5338 eV. The time step of the sim-
ulation was set to 1 fs and the total simulation time was 5 ns. The
surface tension calculated from molecular dynamics simulation
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was 854 mN m~' (Note S8, Supporting Information), which was
close to the experimental value of 707 mN m~1.5%

The hydrodynamic behavior of gallium on copper was a
wetting-diffusion process (Figure 3e). Within 500 ps, the spheri-
cal gallium diffused rapidly on the copper and the wetting angle
decreased from 145° to 40° and it stabilized at 40°. At the same
time, gallium and copper diffused into each other at the interface,
forming a Cu-Ga alloy layer. Therefore, this period was named the
wetting—diffusion stage. After 500 ps, the contact angle and atom
distribution remained almost unchanged (Movie S1, Supporting
Information). In order to quantitatively characterize the diffusion
process of copper and gallium atoms, thin slices were cut parallel
to the x-y plane with a slice spacing of 0.12 nm. Figure 3f shows
the variation of gallium atom ratios at different times. The thick-
ness of the diffusion layer gradually increased with time and the
rate of increase slowed down with time. It can also be seen that
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the gallium atoms diffused deeper into the copper. This is be-
cause the copper atoms at the far end have a strong attraction
to the copper atoms at the interface, while the gallium atoms at
the far end have a weaker attraction to the gallium atoms at the
interface. Figure 3g shows the atom fraction in the range of z =
3.05~3.25 nm, and intermetallic compound CuGa, was found.
Moreover, the atom fraction did not change with time after 1 ns,
which verifies that CuGa, was a stable product, as found it in
Figure 1b.

2.4. Chip Applications with Different TIMs

The heat transfer properties of different TIMs were compared,
including untreated liquid metal (LM), HCI treated LM, InSn
solder and SnAgCu solder (Figure 4a). TIM was filled into
the interface between two copper plates, forming a sandwich

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85U801 7 SUOWILLOD 8AIEaID 3|qeol|dde ay) Aq peusenob afe Sajolie YO ‘88N JO SanJ Joj AkeiqiT 8ulUO /|1 UO (SUOHIPUOD-pUR-SWIB} W00 A8 1M AeIq1jeuluo//Sdiy) SUORIPUOD pue SWLB | 38U} 88S *[5202/50/80] U0 A%eiqiT8ulluo A8|IM ‘T#000SZ0Z IWPe/Z00T OT/I0p/W0d" A3 | 1M Are.q 1 pul U0 peoueApe//Sdiy ol pepeojumod ‘0 ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

structure. The thermal diffusivities of four samples were tested
by LFA (Figure 4b). It can be seen that the HCI treated liquid
metal has a thermal diffusivity of 80 mm? s™!, which is close to
that of solder welding (100 mm? s7!). The thermal diffusivity of
the untreated liquid metal is just 30 mm? s~!. Thermal conduc-
tivities of four samples are equal to density multiplied by specific
heat capacity multiplied by thermal diffusivity. Due to the rela-
tively small weight of the TIM compared to copper, the density
and specific heat capacity of the four samples can be approxi-
mately equal to that of copper. Therefore, the thermal conduc-
tivity is directly proportional to the thermal diffusivity. Notably,
the contact thermal resistances of four TIMs are obtained by sub-
tracting the thermal conduction resistance of copper from the to-
tal thermal resistance. As can be seen in Figure 4c, the contact
thermal resistance of solder welding is very closed to that HCI
treated liquid metal, which is about 20% that of untreated lig-
uid metal. Thus, the brushing gallium grease assisted by metallic
compound achieves the equivalent contact thermal resistance as
solder welding. Moreover, it has a stable thermal performance in
the range of 20-60 °C, as shown in Figure 4d.

The chip applications were conducted to present the thermal
performance of TIMs (Figure 4e; Note S9, Supporting Informa-
tion). The chip was a high heat flux heat source and heat sink was
a water microchannel cooler. The interface between the chip and
the heat sink was filled with TIM. Thermocouple A and B were
inserted into the interface to monitor the temperatures of heat
sink and chip, respectively. Notably, the smaller the AT (Ty-T,),
the better the performance of TIM. Figure 4f shows AT at differ-
ent heat fluxes. When the heat flux was equal to 100 W cm~2, the
temperature differences for untreated LM, HCI treated LM and
InSn welding were 15.6, 5.4, and 4.1 °C, respectively. The temper-
ature difference of the HCI treated LM was much smaller than
that of the untreated LM, which was close to that of the InSn sol-
der welding. Even at a heat flux of 200 W cm~2, the temperature
difference for gallium with HCI treated was only 10.6 °C, which
indicated the excellent thermal performance of this method. The
brushing method, on the other hand, can handle a heat flux of
200 W cm~2 and the maximum chip temperature can be kept be-
low 71 °C, as shown in Figure 4g.

3. Discussion

In this study, the thermal boundary resistance of the liquid
Ga/CuGa,/Cu structure (1.11 X 1077 (m?-K)/W) has an order-
of-magnitude reduction compared to that of conventional lig-
uid Ga/Ga,0,/Cu structure (6.94 x 10~° (m?-K)/W) as measured
by the time-domain thermoreflectance method. This giant im-
provement is attributed to the conversion of heat carriers from
phonons to electrons, and bonding force from Van der Waals
force to metallic bond. Chip application shows that at a heat flux
of 200 W cm~2, our method results in an temperature difference
between the chip and the heat sink of 10.2 °C, which is close to
that of InSn welding (8.3 °C) and much smaller than that of con-
ventional oxidation method (30.1 °C).

Our work is the first to comprehensively analyze how
the transition from phonon-dominated heat transfer in the
Ga/Ga,0,/Cu structure to electron dominated heat transfer
in the Ga/CuGa,/Cu structure occurs. We have quantitatively
demonstrated the superiority of electron based heat transfer in

Adv. Mater. Interfaces 2025, 2500041 2500041 (7 of 8)

www.advmatinterfaces.de

reducing thermal boundary resistance through a combination of
advanced theoretical models and experimental validations. This
new understanding of the heat carrier conversion mechanism
can serve as a guiding principle for the design of next generation
thermal interface materials. It is believed that this method will
play an important role in promoting the thermal performance
of liquid metal TIMs and dealing with the extreme heat dissipa-
tion of chips. Such a strategy also inspires improving the wetta-
bility between liquid metals and non-metals such as diamond,
graphene, boron nitride and carbon nanotubes by coating a thin
metal.
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