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Effective heat dissipation remains a grand challenge for energy-dense devices
and systems. As heterogeneous integration becomes increasingly inevitable in
electronics, thermal resistance at interfaces has emerged as a critical bottle-
neck for thermal management. However, existing thermal interface solutions
are constrained by either high thermal resistance or poor reliability. We report
a strategy to create printable, high-performance liquid-infused nanos-
tructured composites, comprising a mechanically soft and thermally con-
ductive double-sided Cu nanowire array scaffold infused with a customized
thermal-bridge liquid that suppresses contact thermal resistance. The liquid
infusion concept is versatile for a broad range of thermal interface applica-
tions. Remarkably, the liquid metal infused nanostructured composite exhibits
an ultra-low thermal resistance <1 mm? K W at interface, outperforming state-
of-the-art thermal interface materials on chip-cooling. The high reliability of
the nanostructured composites enables undegraded performance through
extreme temperature cycling. We envision liquid-infused nanostructured
composites as a universal thermal interface solution for cooling applications in
data centers, GPU/CPU systems, solid-state lasers, and LEDs.

Efficient heat dissipation is essential for saving energy and preventing
malfunction in all kinds of energy-dense devices and systems'™.
Globally, data centers consume about 240-340 terawatt hours of
electricity annually (1-1.3% of total electricity used on earth each year),
which will continue to grow with the development of cloud computing
and artificial intelligence®*. Cooling demands account for as much as
33-40 % of data center energy usage and consume billions of tons of
water per year’. Meanwhile, heat fluxes of high-power electronics, such
as solid-state lasers, wide bandgap transistors, and phased array
radars, have reached unprecedented ~-1kW cm™ 8, which, without
effective thermal solutions, will lead to rapid device performance and

lifetime degradation’. As heterogeneous integration becomes
increasingly inevitable in future electrical devices and systems'’,
thermal resistance at interfaces has emerged as a critical bottleneck for
efficient thermal management. While thermal interface materials
(TIMs), such as solders, greases, compounds, and pads, have been
widely applied to alleviate thermal interface resistance®, they must
exhibit both a low bulk thermal resistance and a low contact thermal
resistance to ensure optimal thermal performance. In addition, TIM
should possess mechanical softness to effectively absorb the thermal
stress resulting from the mismatch in coefficient of thermal expansion
(CTE) at the interface'*". Meeting these stringent requirements poses
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formidable challenges in the development of a high-performance
multifunctional TIM.

Traditional solders and solderable nanostructured TIMs have high
thermal conductivity and low contact resistance but rely on high-
temperature soldering processes limited to specific material surfaces,
which hinders their applications as universal joints® . Although
polymer composite TIMs such as thermal greases and compounds
have high compliance, they struggle with “pump-out” issues, which
cause poor reliability, and low thermal performance due to the scat-
tered heat conduction among dispersed conductive fillers™'*"°, Com-
pared with liquid-form thermal greases/compounds, solid-state
thermal pads are more programmable on the material alignment and
thereby can potentially achieve a higher thermal conductivity***.
However, the substantial thickness (typically hundreds-of-um) caused
by the fabrication limitations and direct (“dry”) thermal contact with
substrates result in high bulk and contact thermal resistances,

Liquid bridg

I
S

e D

Ultra-thin

b Unit: um . c

ry contact

compromising their overall thermal performance. To date, there is still
a lack of a universal high-performance TIM that can meet the crucial
demands of thermal management.

Here, we demonstrate a printable liquid-infused nanostructured
composite (LINC) as a universal high-performance TIM. As shown in
Fig. 1a, a LINC is comprised of a unique mechanically compliable and
thermally conductive double-sided Cu nanowire (CuNW) array scaf-
fold infused with a customized thermal-bridge liquid. Vertically
aligned CuNWs with a typical diameter of 200 nm and height of
~25um are grown on both sides of a thin Cu foil (-10 um thick) by
scalable templated electrochemical deposition (Fig. 1b~d and Sup-
plementary Fig. S1). Also, the CuNWs have high uniformity with a
height difference <3um, as shown in Fig. 1b and Supplementary
Fig. S2. The double-sided CuNW arrays, alongside the center Cu foil,
function as a conductive and compliant scaffold due to the high
thermal conductivity of Cu and the high aspect ratio (>100) of

Fig. 1| Liquid-infused nanostructured composites (LINCs). a Schematic illus-
tration of LINCs, where an ultra-thin, mechanically compliant, and thermally con-
ductive double-sided copper nanowire (CuNW) array scaffold is infused with a
customized thermal-bridge liquid. CUNW arrays comply with the target surface like
“nano-springs” and serve as efficient heat flow channels across the interface.
Infused liquid effectively bridges the CUNW tips thermally to the target surface and,
therefore, largely suppresses the contact resistance of LINCs. The multifunctional
thermal-bridge liquid allows for pre-packaging provides reworkability when using

non-adhesives, and enables thermal bonding of two substrates at room tempera-
ture akin to soldering but with extended applicability to non-solderable materials
when using adhesives, therefore is highly customizable for a broad range of
applications as a universal high-performance thermal interface material (TIM).

b Top-view atomic force microscopic image of the CUNW scaffold. ¢ Cross-
sectional scanning electron microscopic (SEM) image of the CuUNW scaffold, scale
bar, 20 um. Pictures of (d) CuNW scaffold, (e) Glycerol-LINC, (f) Liquid-Metal-LINC,
at the size of ~30 x 30 mm.
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Fig. 2 | Thermal and mechanical characterization. a Typical frequency-domain
thermal reflectance (FDTR) data plot and the best least-square fitting to the heat
transfer model. Inset: picture of tested sample and 9 test spots marked in blue,
scale bar, 5 mm. b Histograms summarizing thermal conductivity of the copper
nanowire (CuNW) array layer extracted from the FDTR measurements at different
test spots, error bar data listed in Supplementary Information Table S1. ¢ Schematic
showing the principle of ASTM D5470 standard thermal measurements. d Pressure-
dependent thermal resistance of liquid-infused nanostructured composites (LINCs)
without and with different thermal-bridge liquids, tested under the ASTM

D5470 standard, in which the Liquid-Metal-LINC shows an extremely low thermal
resistance (<1 mm?K W) above 50 Psi. Two commercially available thermal pastes

with reported thermal conductivities of 8.5W m K™ and 14.2 W m K™ are measured
in the same setup as references, error bar data accessible in Source Data. e Stiffness
characterization of an isolated CuNW bundle using in situ cylindrical flat punch
indentation. Inset: Scanning electron microscopic image of the nanoindentation
process on an isolated nanowire bundle, scale bar, 5 pm. f Displacement vs Stiffness
curve in the continuous stiffness measurement showing the stiffness results for
single-sided and double-sided films each from three different indentation loca-
tions, where the double-side film shows about half the stiffness measured from the
single-sided film, indicating the structural benefit of the double-sided design.
Source data are provided as a Source Data file.

CuNWs. The high compliance of CUNW arrays ensures that they
conform to the morphology of an object surface like “nano-springs”,
thereby serving as efficient heat flow channels across the interface.
By transforming the nanowire-surface point-to-point “dry” contact
into nanowire/liquid-surface composite contact, our novel liquid
infusion method can effectively bridge the CUNW tips thermally to a
target surface and therefore largely suppress the contact resistance
of LINCs, considering that the thermal conductivity of liquids is
usually more than one order of magnitude larger than that of air.
When employing a high thermal conductivity infused liquid, such as
liquid metal, it also contributes to the substantial reduction of the
bulk thermal resistance of LINCs. Hence, in contrast with existing
TIM studies that primarily focus on reducing the bulk resistance,
LINCs simultaneously achieve a low bulk resistance and a low contact
resistance, both of which are equally crucial aspects in practical
applications. Moreover, the infused liquid is multifunctional and
highly customizable for a broad range of applications. As shown in
Fig. 1e, f, when using non-adhesive liquids (e.g., non-volatile solvents,
liquid metals, etc.), LINCs allow for pre-packaging and provide high
reworkability, facilitating convenient and repeated uses (Supple-
mentary Movie S1). Unlike the high-temperature soldering process
with restricted material compatibility, the utilization of a low-
viscosity liquid adhesive (e.g., resin, super glue, etc.) in LINCs
enables thermal bonding of two substrates at room-temperature
(Supplementary Fig. S3a, b), which not only maintains strong struc-
tural integrity at the interfaces akin to soldering but also expands its
applicability to non-solderable materials such as polymers and
ceramics.

Results and discussion
Thermal and mechanical characterization of LINCs
We implement the well-established frequency-domain thermore-
flectance (FDTR) method??* to measure the bulk thermal properties
of the CuNW scaffold in LINCs (Supplementary Text S1). The FDTR
method is a pump-probe optical technique in which the modulated
pump beam excites the sample while the probe beam measures the
changes in the temperature-dependent reflectance. The phase lag
between the pump and probe lasers is measured as a function of the
modulation frequency, where the thermal properties including in-
plane and cross-plane thermal conductivities and thermal interface
resistance of the sample can be extracted by fitting the measured data
to a 2D heat conduction model for multilayer thin films (Supplemen-
tary Fig. S4)****. A typical data plot is presented in Fig. 2a with a photo
of the tested sample included as inset. Figure 2b summarizes thermal
conductivity measurements of the CUNW layer fitted from the phase-
frequency plots obtained from 9 different locations on the sample. The
average thermal conductivity of the CUNW layer is determined to be
704+139Wm™ K7, corresponding to a thermal resistance of
0.36 +0.07mm*KW™ (Supplementary Text S2 and Table Sl). The
measured thermal conductivity of the 10 pm Cu foil in the middle of
LINCs is 376.6+37.7Wm™ K with an effective bulk resistance of
0.027 +0.003 mm?’K W™, The thermal contact resistances at CuUNW/
Cu-base interfaces are determined to be 0.027 + 0.005 mm* K W™, The
overall effective thermal conductivity of the CuNW scaffold is
76.0+13.6 Wm™ K™, corresponding to the thermal resistance of
0.79 + 0.14 mm> K W™, Therefore, CUNW layers give rise to the majority
(91.1%) of the total thermal resistance of the CUNW scaffold. In addition
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Fig. 3 | In situ power cycling and temperature cycling tests of liquid-infused
nanostructured composites (LINCs). a Real image, and (b) a schematic of the

in situ power cycling test setup for testing the cycling stability of thermal interface
materials (TIMs). ¢ Typical cycling temperature profile of Liquid-Metal-LINC.

d Measured temperature difference between the ambient and equilibrium heater
temperature for >2600 power cycles. The Liquid-Metal-LINC shows high reliability
with no obvious performance degradation. e Picture of the assembly mounted on a
Linkam stage equipped with a liquid nitrogen pump to control the temperature
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precisely and rapidly. f 1000-cycle accelerated aging test under an extreme tem-
perature range from - 55 °C to 125 °C using the Linkam stage. g Schematic showing
the temperature history measurement before and after temperature cycles, where
a thermal infrared microscope is used to monitor the top surface temperature of
the carbon-steel substrate when the built-in 38 W ceramic heater is turned on.

h Real-time carbon-steel substrate surface temperature data. The Liquid-Metal-
LINC assembly shows stable thermal performance after 1000 cycles. Source data
are provided as a Source Data file.

to vertical heat conduction, the CuNW scaffold also has a large lateral
thermal conductivity of 69.5+16.1Wm™K™" because of the highly
conductive Cu-base layer in the middle and the laterally cross-linked
CuNWs on both sides (Supplementary Text S3). The Cu-base layer
further performs as a lateral heat spreader to increase heat flux uni-
formity and mitigate the local hot spot issue. Therefore, LINCs can
synergistically regulate heat flow along an interface in both vertical and
lateral directions, offering an advantage over vertically aligned
nanowires'®®, graphene?®?*, CNTs**”, polymer fibers®®, and semi-
conductor pillars?**° that mainly regulate heat conduction in the ver-
tical direction.

Following the ASTM D5470 standard, the overall thermal resis-
tance of LINCs, including both bulk and contact resistances, is char-
acterized through the 1D thermal measurement, as depicted in Fig. 2c.
A pressure-dependent thermal performance of LINCs with different
infused liquids is obtained through progressively increasing the
mechanical load from approximately 20 to 100 Psi. As illustrated in
Fig. 2d, the overall thermal resistances of the bare CUNW scaffold,
Glycerol-LINC, and Liquid-Metal-LINC consistently decrease with
increased pressure. Under 100 Psi, the bare CuNW scaffold shows a
large overall thermal resistance of 28.72 +1.14 mm2K W™, which is
notably suppressed to 10.53 + 0.36 mm2K W™ with glycerol infusion,

and remarkably, <1.0 mm? K W™ with liquid metal infusion. Two com-
mercially available thermal pastes with reported thermal conductivity
of 8.5Wm™K™ and 14.2 W m™ K™ are measured in the same setup as
references, showing thermal resistance of 3 ~6 mm?K W™, Our Liquid-
Metal-LINC achieves an ultra-low thermal resistance <1.0 mm2KW™
under the ASTM D5470 standard at the pressure of 50 Psi, surpassing
the previously reported TIMs.

We also measure the mechanical characteristics of CUNW arrays
via in situ cylindrical flat punch (diameter ~10 pm) indentation mon-
itored under SEM (Fig. 2e, Supplementary Text S4, and Movie S2).
Since the CuNW array in this work is partially cross-linked (Fig. 1c), we
use focus ion beam milling to obtain an isolated CuNW bundle with a
diameter of ~ 10 um so that the influence from the cross-linked CUNW
structure on the indentation experiment can be eliminated. With
in situ monitoring under SEM, the cylindrical flat punch is located right
on top of the isolated CUNW bundle. As a result, the array of CUNWs
with an aspect ratio of ~125 exhibits a low Young’s modulus of
~2.5 GPa, which is about two orders of magnitude lower than that of
bulk Cu. Furthermore, the stiffness of the double-sided CuUNW array
film is found to be only half that of the monolayer CUNW array struc-
ture (Fig. 2f), which can thereby better accommodate the object
morphology.
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Fig. 4 | Demonstration of CPU cooling tests. a Home-built open desktop test
station equipped with a 65 W standard office level CPU and an air cooler, right-side
pictures showing the thermal grease and LINCs applied on the tested CPU.

b Schematics showing the mechanism of the thermal bridging effect from the
infused liquid, where the nanowire-surface point-to-point “dry” contact is trans-
formed into the nanowire/liquid-surface composite contact with largely sup-
pressed contact resistance. ¢ Temperature data of the tested CPU at full load when
using liquid-infused nanostructured composites (LINCs) without and with different
thermal-bridge liquids. Thermal conductivity (k) of air, IPA, glycerol, water, and
liquid metal is around 0.024, 0.140, 0.287, 0.600, and 73 W m K, respectively. The
improved heat dissipation with increased k and the observed two-stage tempera-
ture behavior of the IPA bridged interface clearly verify the thermal transport

Time (s)

Power density (W/mm?)

mechanism by thermal-bridge liquids. d Temperature data of the tested CPU at full
load when benchmarking state-of-the-art thermal interface materials (TIMs) with
the Liquid-Metal-LINC. Reference TIMs 1, 2, and 3 are widely used thermal greases
and phase change material pads with claimed thermal conductivities of 3.8, 8.5, and
14.2 W m K7, respectively. e Temperature data of the tested CPU at full load using
the Glycerol-LINC before and after 20-time assembling and disassembling. The
stable thermal performance indicates the robust reworkability of LINCs. f Thermal
model simulating the interfacial temperature gap reduction at different power
densities, where a - 4 K temperature reduction would occur when the TIM thermal
resistance is decreased from 4 mm?K W™ to 1mm? K W™, Source data are provided
as a Source Data file.

In situ power cycling and extreme temperature cycling of LINCs
Both power and temperature cycling experiments are conducted to
evaluate the long-term reliability of LINCs. We establish an in situ
power cycling setup (Fig. 3a, b) equipped with a ceramic heater and
an active air-cooler. In our power cycling tests, the CTE mismatch
between the metal heat sink and the ceramic heater is ~ 4 times. With
a constant cooling power, the heater is periodically turned on and
off to cycle the TIMs from room temperature to an equilibrium
temperature of >100 °C (Fig. 3¢c). A high heating power density of
~ 46 W/cm?is applied to magnify the temperature difference between
the ambient and equilibrium (maximum) heater temperature,
AT =T peater — T ampiens» Which directly indicates the thermal perfor-
mance of the TIMs. The degradation of the TIM performance can be
observed in real-time through monitoring AT. As shown in Fig. 3d for
>2600 cycles, our Liquid-Metal-LINC shows no observable degrada-
tion during the entire test period. The high reliability of our Liquid-
Metal-LINC may be attributed to its composition as a metal compo-
site, which eliminates “dry-out” issues. In addition, the hydrophilicity
and friction with CuNWs can effectively trap the infused liquid,
preventing it from being pumped out. As shown in Supplementary
Fig. S5, pure liquid metal tends to form droplets and leak from the
interface, while our Liquid-Metal-LINC retains the minor squeezed
liquid metal and mitigates its movement.

We carry out a 1000-cycle temperature cycling test on our
Liquid-Metal-LINC under an extreme temperature range from
—-55°C to 125°C, which is an industrial standard test condition. As
shown in Fig. 3e and Supplementary Fig. S6, we first apply the
Liquid-Metal-LINC between a carbon-steel substrate and a ceramic
heater, which gives rise to a ~4-time CTE mismatch. The whole

assembly is then integrated onto a Linkam stage equipped with a
liquid nitrogen pump for precise and rapid temperature control,
with the carbon-steel surface in thermal contact with the stage. For
each cycle, it takes 2 min to rise from - 55°C to 125°C and 30 s for
dwelling, then 2 min for ramping down to - 55°C and maintaining
the temperature for another 30s (Fig. 3f). To characterize the
thermal performances of the Liquid-Metal-LINC before and after
temperature cycling, we employ a thermal infrared microscope to
monitor the temperature history of the carbon-steel surface when
turning on the built-in ceramic heater to provide ~38 W heating
power to the assembly, shown in Fig. 3g. Under the same heating
condition, Fig. 3h shows the real-time temperature data of the hot
spot before and after the temperature cycling test. The temperature
rises of the Liquid-Metal-LINC sample before (O cycle) and after
1000 cycles almost overlap with each other, which indicates con-
sistent thermal transport behavior and, thus, high reliability. As a
reference experiment, we also measure the temperature rise of a
commercial high-performance graphite thermal pad based on the
same assembly, which exhibits a more sluggish temperature rise
due to the larger thermal resistance.

Considering that the viscosity of the infused liquid may change
with temperature and impact the LINC performance, we further con-
ducted a high-power constant heating experiment on the Epoxy-Resin-
LINC (Supplementary Figs. S7a, b). We specifically choose an epoxy
resin with low initial viscosity and negligible shrinkage after setting. A
hydraulic cooler is used to maintain a low working temperature, thus
enabling slow curing of the epoxy resin. Throughout the curing pro-
cess, its viscosity changes from 300 cP to infinity (fully cured solid). In
Supplementary Fig. S7c, there is no observable temperature change
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during the curing process, indicating a negligible impact of viscosity
change on the thermal performance.

Mechanical reliability of LINCs under repeated thermal stress is
further studied via a repeated compression test on a Glycerol-LINC
with results presented in Supplementary Figs. S8, S9, and Text S5. A
rebound effect on thermal performance in the LINC sample is
observed when pressure is released, clearly demonstrating the “nano-
spring” effect. However, gradual degradation of this “nano-spring”
behavior is observed with repeated compression, suggesting that
some nanowires may undergo plastic deformation, permanently con-
forming to the surface roughness of the object under high pressure
(e.g., 80 psi).

Demonstration of CPU cooling and liquid thermal bridge

We directly apply the LINC on a CPU (- 29 x 29 mm?) for heat dissipa-
tion tests (Fig. 4). A home-built open desktop equipped with a 65W
standard office-level CPU and an air cooler is assembled as the test
platform with consistent heat flow and mounting pressure (Fig. 4a). We
evaluate the cooling performance of LINCs by monitoring the tem-
perature of the CPU at full load (monitored to be consistently - 69 W)
using its built-in temperature sensors under similar ambient tem-
perature (<1°C fluctuation) and cooling conditions. Here, LINCs are
tested under the CPU platform with different infused liquids to eluci-
date the thermal transport mechanism and the function of thermal-
bridge liquids. When using the CuNW scaffold solely as a TIM, the
contacts between the nanowire tips and the target surface are limited
to point-to-point “dry” thermal contacts (Fig. 4b), which results in a
high CPU temperature of ~70°C due to the large thermal contact
resistance (Fig. 4c). When glycerol is applied as the thermal-bridge
liquid on the same CuNW scaffold (Fig. 4c), the CPU temperature is
significantly decreased to ~ 60 °C. Since the thermal conductivity of
glycerol (-0.3Wm™K™) is two orders of magnitude lower than the
CuNW scaffold and barely contributes to the bulk thermal conductivity
of the composite layer, the substantial improvement in thermal per-
formance is mainly attributed to the infused liquid that thermally
bridges the nanowire tips and the target surface with a low contact
resistance (Fig. 4b). When using adhesives such as epoxy resin and
polydimethylsiloxane (PDMS) for permanent bonding, the resulting
full-load CPU temperature is also ~ 60 °C (Supplementary Fig. S3c). To
verify the contribution of the thermal-bridge liquids, evaporative iso-
propanol alcohol (IPA) is applied with the same CuNW scaffold. We
observe that the full-load CPU temperature first stabilizes at ~ 62 °C, for
~4 min but then rises to over 67°C indicating the loss of bridging
effects after the evaporation of IPA. In Fig. 4c, it is evident that a liquid
with higher thermal conductivity, such as water (-0.6 Wm™K™),
enhances the overall performance of LINCs (~ 58 °C) as compared to a
liquid with lower thermal conductivity, like glycerol or IPA, by further
reducing the contact resistance. To maximize the thermal perfor-
mance of LINCs, the LINC infused with a liquid metal further decreases
the CPU temperature to ~ 56 °C in our test platform. We benchmark the
Liquid-Metal-LINC with commercially available state-of-the-art TIMs in
Fig. 4d. Compared with Reference TIM 2 (high-performance phase-
change material, reported thermal conductivity: ~8.5W m™K™) and
Reference TIM 3 (high-performance thermal grease, reported thermal
conductivity: ~142Wm™K™), our Liquid-Metal-LINC demonstrates
superior thermal performance by further reducing the CPU tempera-
ture for >2°C, which corresponds to a chip-to-coolant efficiency
improvement for >5%. With the non-volatile solvents (e.g., glycerol,
oil), LINCs can be pre-packaged for easy applications and achieve high
reworkability. As shown in Fig. 4e and Supplementary Movie S1, the
CPU test platform using the Glycerol-LINC is disassembled and
assembled more than 20 times to simulate the reconfiguring process.
Consistently, steady-state CPU temperatures of ~ 60 °C are observed
before and after the process, indicating the stable performance of
LINCs with robust reworkability. In Fig. 4f, we estimate the

contribution of the TIM performance evolution using a thermal model
(Supplementary Text S6). For modern high-end chips with high ther-
mal design power density (e.g., NVIDIA AD102, -1.3 W mm™), the
thermal interface resistance reduction from 4mm*KW™' to
1mm?K W can contribute to up to 4K reduction on the interfacial
temperature gap and benefit the chip cooling, especially for data
centers where the chip-to-coolant temperature difference is typically
smaller than 30 K.

In summary, we report a printable LINC as a versatile and high-
performance TIM. In the LINC scheme, the high thermal conductivity
(>76 Wm™K™) of the CuNW scaffold achieves a low bulk thermal
resistance, whereas the infusion of thermal-bridge liquids effectively
mitigates the contact resistance and results in a significant reduction
of overall resistance from 28.72 +1.14 mm2K W™ for the bare CUNW
scaffold to an ultra-low value of <1.0 mm?’K W™ for the Liquid-Metal-
LINC under ASTM D5470 standard tests. With a compliant and
hydrophilic CUNW array on both sides serving as a “nano-spring” and
retaining the infused liquid, LINCs demonstrate stable performance in
both >2600 power cycles and 1000 temperature cycles over wide
temperature ranges and large CTE mismatch. In the CPU cooling test,
our Liquid-Metal-LINC demonstrates overperformed thermal perfor-
mance as compared to state-of-the-art TIMs. The highly customizable
nature of thermal-bridge liquids allows LINCs to be either mechanically
bonded like soldering or highly reworkable as a thermal pad. Overall,
LING:s facilitate a substantial reduction in interfacial thermal resistance
while maintaining robust reliability. LINCs thus show high potential for
enhancing the thermal management of energy-dense devices and
systems, contributing to future energy efficiency and sustainability.

Methods

Fabrication of LINCs

High-purity (99.9%) Cu foil with a thickness of ~ 10 or ~ 20 pum is used as
the “Cu base” and sandwiched between two hydrophilic track-etched
polycarbonate (TEPC) template films with pore-size of 200 nm or
800 nm and thickness of ~25 or ~50 pm (Millipore). The Cu electro-
plating is then conducted on the Cu foil in a Cu electrolyte bath (Sigma-
Aldrich) to allow the direct growth of CuNW arrays inside the TEPC
template films (Supplementary Fig. S1). After that, the sample is
washed sequentially with deionized water and IPA and dried gently by
a nitrogen gun. Templated films are then etched/dissolved via
dichloromethane bath immersion. Thermal bridge liquids are then
drop casted on top of the resulting hydrophilic CuNW array and
infused into the nanostructure driven by capillary force. The oxide
shell and high surface tension of liquid metal require one more step of
acid treatment. All the liquids that are infused in LINCs are based on
the hydrophilicity between the liquids and the nanostructured Cu
scaffold. When using an adhesive as the thermal-bridge liquid, the
obtained CuNW scaffold is rinsed with adhesive liquid or precursors
(e.g., glue, resin, epoxy, etc.) and inserted in the target interface. Under
mild pressure, the soft CUNW arrays conform to the mating surface
morphology and direct contact with the surface, while the glue pre-
cursors cure with time/heat and maintain the interface integrity. When
using a non-adhesive liquid as the thermal-bridge liquid, the scaffold
film can either be pre-packaged in protection layers with the pre-
infiltrated liquid or simply rinsed with the liquid before being applied
in the target interface.

ASTM D5470 standard thermal characterization

In compliance with the ASTM D5470 protocol, the TIMA 5 system
(Nanotest), a 1D steady-state measurement apparatus, is employed for
evaluating the thermal properties of LINC samples. The experimental
steps involve positioning the sample between two Cu bars, subjecting
it to a gradually increasing load ranging from 10 to 100 Psi. Heat flow
through the bars is quantified using three thermocouples on each bar,
with calculations grounded in Fourier’s law. The interface temperature
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of the sample is extrapolated based on the location and readings of the
six resistance temperature detectors (RTDs) with an uncertainty of
0.2K and an interfacial temperature uncertainty of 0.05K. The effec-
tive thermal resistance is calculated by dividing the temperature dif-
ferential across the sample by the average heat flux between the two
Cu bars, following the equation: R= &< Noteworthily, the extremely
low thermal resistance of the Liquid-Metal-LINC is below the mea-
surement limit of the test platform of 1mm2K W, so we report the
value as being lower than 1mm2KW™ instead of the exact
recorded value.

Mechanical characterization

Cylindrical flat punch indentation is performed on the single-sided and
double-sided CuNW array films. The flat punch indenter has a nominal
diameter of 10 um. Indentation is performed under the displacement
control mode with a displacement rate of 0.1ums™. The continuous
stiffness measurement (CSM) method is applied to measure the stiff-
ness, which indicates the relative softness of the material under com-
pression. The CSM is set as a displacement control mode with a
frequency of 100 Hz and an amplitude of 0.003 um. Focused ion beam
milling is performed to isolate a CuNW bundle with a diameter of
approximately 10 um to eliminate the influence of the surrounding
cross-linked CuNW structure on the tested area, which matches the
size of the flat punch tip. An in situ indentation monitored under SEM is
essential for accurately positioning the flat punch tip directly on top of
the isolated CUNW bundle. For a double-sided CuNW array film, flat-
punch indentation is directly performed on 3 random locations.

Power cycling and in situ degradation monitoring

In the tests, the Liquid-Metal-LINC is assembled between a copper-
coated aluminum air-cooler and a ceramic heater (28 V,-1.65A,~46 W,
1x1cm?) with a clamping pressure controlled by standard screws and
springs (Fig. 3a, b). A size-matched copper heat spreader with an
inserted k-type thermocouple is attached to the back side of the
ceramic heater. The bottom side of the heat spreader is thermally
insulated by a silicone sheet. For each power cycle, the heater is turned
on for 450 s and off for 450, with the cooler running at full load.
Thermocouple data are collected through an Omega data collection
hub at 0.36 Hz. The last 15 data points of each cycle are averaged to
represent the equilibrium temperature of each cycle. The equilibrium
temperature data for every 15 cycles are shown in Fig. 3d.

Temperature cycling and degradation analysis

The TIM is applied between a 2 mm thick carbon-steel sheet and a
ceramic heater (24 V, - 1.6 A, -38 W, 1.5 x 1.5 cm?) with a mild pressure
(<40 Psi) controlled by standard screws and springs (Fig. 3g and
Supplementary Fig. S6). The back side of the heater is thermally
insulated by a silicone sheet on top of a glass plate. The assembly is
mounted onto the Linkam stage (HFS600E) equipped with a liquid
nitrogen pump (LNP96) to control the temperature precisely and
rapidly (Fig. 3e). A thin layer of thermal grease is applied between the
assembly and the Linkam stage surface to reduce the thermal barrier.
The cycle profile applied to the stage is as follows: 2 min from - 55°C
to 125°C and dwelling for 30s, then 2 min ramping down to —55°C
and keeping the temperature for another 30s. To characterize the
thermal performance before and after thermal cycling, we employ a
thermal infrared microscope (QFI InfraScopeTM) to measure the
temperature history of the carbon-steel top surface immediately
after turning on the 38 W built-in ceramic heater (Supplementary
Fig. S6). With a silicone sheet insulating the back side of the ceramic
heater, heat is mainly conducted to the carbon-steel substrate. In this
case, any change in the TIM performance can be observed from the
temperature response curve. A reference graphite thermal pad is also
subjected to the same procedure. The infrared imaging data are

processed by averaging the hot-spot region of the same size and
plotted in Fig. 3h.

CPU cooling demonstration

A home-built open desktop equipped with a 65 W standard office-level
CPU (Intel Xeon E3-1225 3.1 GHz, actual operating power ~ 69 W) and an
air cooler is assembled as the test platform. Both the CPU and radiator
surfaces are lightly polished before testing to ensure a non-bent, ori-
ginal state to rule out possible interferences. The open-source soft-
ware FurMark is used to concurrently stress the CPU & integrated GPU
at 100% workload, while another open-source software, Open-
HardwareMonitor is used to record the real-time core temperature,
power consumption, and core frequency of the CPU from the built-in
sensors. All the tests are conducted at a monitored room temperature
of around 22 °C. All the TIMs are properly applied following instruc-
tions and fairly compared under the same setup and pressure.

Data availability

The authors declare that the main data supporting the findings of this
study are contained within the paper and its associated Supplementary
Information. All other relevant data are available from the corre-
sponding author upon reasonable request. Source data are provided in
this paper.
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