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As the demand for high-power-density microelectronics rises, over-
heating becomes the bottleneck that limits device performance. In
particular, the heterogeneous integration architecture can magnify
the importance of heat dissipation and necessitate electrical insula-
tion between critical junctions to prevent dielectric breakdown.
Consequently, there is an urgent need for thermal interface materials
(TIMs) with high thermal conductivity and electrical insulation to
address this challenge. In this work, we synthesized thermally con-
ductive polyethylene (PE) bars with vertically aligned polymer chains
via a solid-state drawing technique to achieve a thermal conductivity
of 13.5 W m~! K~ with a coverage area of 2.16 mm?. We utilized
wide-angle X-ray scattering to elucidate the molecular structural
changes that led to this thermal conductivity enhancement. Further-
more, we conducted a device-cooling experiment and showed a 39%
hot spot temperature reduction compared to a commercial ceramic-
filled silicone thermal pad under a heating power of 3.6 W. Thus, this
bulk-scale thermally conductive PE bar with nanoscale structural
refinement demonstrated superior cooling performance, offering
potential as an advanced thermal interface material for thermal
management in microelectronics.

Introduction

Thermal management in microelectronics is a critical challenge
for next-generation electronic devices. Adverse temperature
rises are exacerbated by high power density and heterogeneous
or 3D integrated architectures, with consequences of reduced
signal quality, shortened device lifetime, and even catastrophic
failure."™® Thus, effective heat dissipation is a vital task to
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New concepts

We demonstrate a pure polyethylene (PE) bar that achieved a record-high
thermal conductivity of 13.5 W m~" K~ ' with an applicable coverage area
of 2.16 mm®. Previous studies have shown that PE could be engineered
from thermal insulation to thermally conductive materials by
disentangling and aligning polymer chains. However, most previous
research mainly focused on increasing thermal conductivity, with
practicality constrained by the nano- and micro-scale coverage areas. To
attain a large cross-section as the end product, a large preform is
required. Yet, the primary challenge lies in securely gripping and
uniformly drawing larger preforms. We overcome this challenge by
developing a novel and reliable drawing method that leverages carefully
selected crosshead speed, chamber temperature, and preform geometry.
This new approach enabled uniform drawing of thick preforms, achieving
high thermal conductivity while retaining a substantial coverage area.
This innovation enabled us to perform the first device-level cooling test
using aligned PE, demonstrating superior cooling performance with a
39% hot spot temperature reduction compared to a commercial ceramic-
filled silicone thermal pad under 3.6 W heating power, showcasing its
potential as a thermal interface material (TIM). Our approach opens new
avenues for polymer-based TIM development, addressing the growing
demands of thermal management in microelectronics.

conquer. Thermal interface materials (TIMs) are the critical
junctions between the die and the heat spreader (TIM1) and
can also be placed between the heat spreader and the heat sink
(TIM2) to bridge the air gap formed from the imperfect contact
due to the asperities on each of the meeting surfaces.””®

In general, an ideal TIM should possess high thermal
conductivity to minimize thermal resistance, thereby achieving
optimal heat dissipation. Meanwhile, excellent electrical insu-
lation is vital for TIMs to prevent dielectric breakdown, which
can cause short-circuit failure and threaten the safety of both
devices and users.”™" Therefore, thermally conductive and
electrically insulated TIMs are needed for effective heat dis-
sipation while avoiding electrical failure.

There is always a tradeoff between high thermal conductivity,
mechanical compliance, and electrical insulation for conven-
tional TIMs. Metal-based TIMs such as solders,">** sinters,****
and liquid metals'®'” offer high thermal conductivity but are
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electrically conducting and suffer from thermomechanical
stress due to the rigidly connected surfaces with different
thermal expansion coefficients, which could gradually crack the
TIMs.®> 81 Due to their fluid nature, liquid metals may leak or
overflow, leading to contamination of device components and
electrical short-circuit failure in applications requiring electrical
insulation."®"® Polymer nanocomposite TIMs, such as thermal
greases and pads, are composed of a polymer matrix integrated
with highly thermally conductive fillers. They are mechanically
compliant and typically electrically insulating but exhibit much
lower thermal conductivity compared to metal-based TIMs.”®
Although a higher filler loading ratio enhances thermal con-
ductivity, it also causes a problematic increase in the viscosity of
greases and hardened pads, resulting in reduced compliance
and increased contact thermal resistance.”’**> Pure polymer
TIMs with high thermal conductivity are desirable, yet are out
of reach so far.>***

One way to achieve the high thermal conductivity of a pure
polymer is to engineer the molecular structures and morphol-
ogy. Polyethylene (PE) appears to be a promising candidate for
enhancing the intrinsic polymer thermal conductivity with an
excellent electrical insulation property.>**® Previous numerical
predictions showed that aligned PE chains could exhibit thermal
conductivity several orders of magnitude higher than amorphous
PE.***® Experimental fabrication of the thermally conductive PE
fibers (~104 W m™ ' K ') and films (~62 W m ' K 1>
demonstrated two-orders-of-magnitude higher thermal conductiv-
ity than the bulk PE (0.2-0.5 W m ™" K '). Despite the high thermal
conductivity, their limiting dimension is in the nano and micro
scale, which is impractical for real-world applications.?™?

Inspired by previous works, we leveraged polymer chain
alignment for thermal conductivity enhancement. In this work,
we synthesized a thermally conductive PE bar with a thermal
conductivity of 13.5 W m ™' K~ ' while preserving an applicable
coverage area of 2.16 mm? with the smallest dimension larger
than 1 mm. A device-cooling experiment was done to demon-
strate the practicability and high performance of the fabricated
PE bar. To the best of our knowledge, this is the record-high
thermal conductivity for a pure polymer at this bulk scale. Our
findings open up new avenues to engineer polymer TIMs for the
thermal management of microelectronics.

Methods

Thermally conductive polyethylene bar fabrication

We started by preparing a PE preform by solution-casting. 2 wt%
ultra-high molecular weight polyethylene (UHMWPE) powders
(Sigma-Aldrich) were homogenously mixed in 100 g xylene (Bean-
town Chemical) for 1 hour using an ultrasonic processor (Fig. 1a).
Then, the well-mixed solution was submerged in an oil bath (IKA
HBR 4 control) and heated at 125 °C while stirring at 400 RPM
until the Weissenberg effect was observed. The polymer solution
was kept at 125 °C without stirring for 2 hours to dissolve the
UHMWPE powers into xylene completely (Fig. 1b). The dissolved
polymer solution was then poured into a cylindrical mold
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(diameter ~ 36 mm and height ~ 310 mm) (Fig. 1c). A
cylindrical-shaped polymer gel was initially formed by cooling
the solution in the mold at room temperature for approximately
12 hours. Once the shape of the polymer gel was temporarily
created, providing sufficient stability to support its own weight,
the gel was transferred into a flat-bottom container (diameter ~
165 mm and depth ~ 75 mm) for a more efficient drying and
further shaping process. Finally, the polymer gel was periodi-
cally flipped to gradually form the PE preform with a rectangular
cross-section, which was favored in the solid-state drawing
process (Fig. 1d). Too small preforms would not be able to
result in a large enough coverage area while excessively large
preforms were prone to fracture during the drawing process due
to the stress developed from the significant volume deformation
around the gripping area. Therefore, meticulously selecting a
sufficiently large rectangular-shaped preform is important.

A two-stage solid-state drawing technique was implemented
to align the polymer chains uniaxially. The PE preforms were
approximately 10-11 mm in width, 6-7 mm in thickness, and
~30 mm in height. Two-millimeter interval markings were
labeled on the preform to indicate the initial drawing ratio.
As Fig. 1e shows, the PE preform was held and heated at 125 °C
in the temperature chamber attached to the tensile tester
(zwickRoell Z010) for 20 min to ensure spatially uniform
temperature distribution of the preform. This softened the
preform to facilitate the drawing process without causing it to
melt. A constant crosshead speed of 10 mm min ', and a
chamber temperature of 125 °C were applied to complete
drawing stage I. At a lower draw ratio, we need a higher drawing
rate to apply sufficient force to initiate the necking process in
the bulk preform. At a higher draw ratio (around 20), we
lowered the crosshead speed to 5 mm min~* to avoid fracture
failure and increased the chamber temperature to 130-135 °C
for drawing stage II. This elevated temperature could further
soften the drawn PE, which has gained enhanced strength from
the previous drawing stage. For each drawing stage, the optimal
crosshead speed and chamber temperature were determined
through a series of controlled experiments to ensure successful
drawing while preventing fractures in the large cross-section of
the samples. Drawn samples were held and cooled to room
temperature after the drawing was completed to preserve the
aligned and disentangled polymer chains (Fig. 1f). The drawing
ratio was calculated by dividing the length of the after-drawn
interval by the length of the initial interval.

Characterization of thermal and mechanical properties

The steady-state thermal conductivity measurement method
was applied by using the Physical Property Measurement
System (PPMS) equipped with the Thermal Transport option
(TTO) from Quantum Design. Drawn PE bars were cut into
10 mm sections for measurement. As illustrated in Fig. 2a, the
sample was connected to the PPMS by the gold-plated copper
leads assembly. Copper leads were attached to the sample for
heating, cooling, and data acquisition by silver epoxy (EPO-TEK
H20E). A high-vacuum condition (~10~* torr) was maintained
during the measurement to minimize convection heat transfer.

This journal is © The Royal Society of Chemistry 2025
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(c) Gelation (d) Drying

(e) Drawing

Fig. 1 Polyethylene preform synthesis procedure: (a) ultrasonication for homogeneous distribution of PE powders. (b) Dissolving PE powders in an oil
bath to ensure uniform temperature distribution. (c) Gelation of the polymer into the desired shape. (d) Drying PE preform. Solid-state drawing
demonstration: (e) drawing the PE preform while maintaining the elevated temperature inside the temperature chamber (f) cooling the drawn sample at
room temperature to fix the polymer chain alignment. Horizontal lines are tracking markers for draw ratios, and vertical squiggles are a demonstration of

polymer chains.
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Fig. 2 (a) Measured thermal conductivity of PE bars as a function of draw ratio with their coverage area. Thermal conductivity measurement of a PE bar
with leads attached for connecting TTO to PPMS. (b) Sample dimension comparison with previous research work, nanodiamond (ND) and graphene
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Radiation heat transfer was minimized by covering the sample
with a radiation shield. The samples were prepared by trim-
ming them into suitable dimensions and attaching the neces-
sary parts as required in the system operation manual.*

The sample was heated by an electrical heater and cooled by
a heat sink. The temperature difference across the sample was
measured as a function of the heating power. Thus, the thermal
conductance C was determined using eqn (1) below,

(IR — Prq)

c=~_——"nd
AT — Cshoes

1)

where I and R are the current and resistance of the heater, P..q
is the radiation loss from the sample, AT is the temperature
difference across the sample, and Cgpoes is the intrinsic thermal
conductance loss from connections of the data acquisition
(shoe) assembly which was estimated from the system.** The
radiation loss from the sample P,,q was calculated by using

eqn (2),
S 4 4
Prag =01 X 5 ><8><(Thot 7Tcold) (2)

where o is the Stefan-Boltzmann constant, S is the total
sample surface area, ¢ is the infrared emissivity of the sample
surface, and Tyo and T.,q are the hot side and cold side
temperatures. Thermal conductivity k was determined by incor-
porating the sample dimensions as shown in eqn (3),

L

where L is the distance between the T}, and T4 leads, and A
is the cross-section area of the sample. All measurements were
conducted in continuous measurement mode, ensuring con-
tinual data acquisition, with the adaptive software adjusting
parameters such as heater power and period of heating and
cooling to optimize the measurements. The reported data were
acquired after conducting at least four measurements, during
which the measured values stabilized to ensure reliability.

To investigate the thermal limit of the fabricated PE bars, we
characterized the melting temperature (7,,) and degradation
temperature (T4) of the PE samples by utilizing a differential
scanning calorimeter (DSC) (TA Instruments DSC Auto 2500)
and thermogravimetric analyzer (TGA) (TA Instruments 5500),
respectively. Undrawn PE and samples at a draw ratio of 37
were used for both analyses. For DSC experiments, we ran the
heat-cool-heat experiment with a heating rate of 10 °C min™"
and a cooling rate of 5 °C min~ . For TGA experiments, we set
the heating rate to 5 °C min~ ', and the furnace environment to
nitrogen to avoid the influence of oxidation. T, was deter-
mined from the heat flow versus temperature graph output by
the DSC (shown in Fig. S3a and b, ESIt). The initial degradation
temperature (Tg;) and degradation temperature at the
maximum weight loss (T4,) were extracted from the weight loss
versus temperature graph produced by the TGA (shown in
Fig. S3c and d, ESIt). Due to the measurement device limita-
tion, we were unable to measure the thermal conductivity of the
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PE bars as a function of increasing temperatures, but the
information can be inferred from a prior work.**

To understand the mechanical response of the thermally
conductive PE bars, we measured Young’s modulus and coeffi-
cient of thermal expansion (CTE). We performed tensile experi-
ments (ZwickRoell Z010) for samples at draw ratios of 0 (PE
preform), 25, and 40 along the drawing direction under room
temperature. Young’s modulus was determined by fitting the
slope of the stress versus strain curve shown in Fig. S1 (ESIT). We
conducted thermal expansion experiments (TA Instruments
Q400EM Thermomechanical Analysis) to acquire the dimension
change of material as a function of temperature for samples at
draw ratios of 0 (PE preform), 25, and 37 (see Fig. S2 in the ESIf).
CTE value was calculated based on eqn (4),

AL

TE=-"—~"
¢ LoAT )

where AL is the change in sample length corresponding to the
temperature difference AT, with L, being the initial length of the
sample at room temperature.

Polymer morphology characterization

To capture and visualize the molecular structure evolution process
resulting from the solid-state drawing, a scanning electron micro-
scope (ZEISS Geminis 500 SEM) was used. Wide-angle X-ray
scattering (WAXS) from Bruker D8 General Area Detector Diffrac-
tion System (GADDS) with cobalt (Co) radiation source was utilized
to investigate the molecular structure of the polymer samples.
Crystallite orientation was quantified by analyzing the azimuthal
intensity distribution along the {110} peak using Herman’s orien-
tation factor (HOF) calculation, as shown in eqn (5) and (6),*

i
(cos? &) = L%I(%) sin(p) cos” (p)dop -
[71(p)sin(p)do
HOF — % ©

where I(p) is the azimuthal angle intensity profile across the
scanned peak and ¢ is the azimuthal angle. The value of HOF
ranged from 0 as randomly oriented crystallites to 1 as perfectly
oriented crystallites. Crystallinity was acquired by taking the ratio
of the area of crystalline peaks (4.) to the area of amorphous (4,)
regions as shown in eqn (7).*>

Ae )

Crystallinity = At A
C a

Prototype device-cooling testing

We in-house manufactured a heater and heat sink assembly to
mimic the real-world microelectronic operational environment.
The drawn PE bar was used as the thermal interface material
bridging the heater and heat sink, as presented in Fig. 5a.
Transient infrared images (Fotrio 618 C) were taken throughout
the heating process to capture the surface temperature of the

This journal is © The Royal Society of Chemistry 2025
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heater. The heater was constructed by soldering nichrome
resistive wire between two copper plates with a surface area
of 2 mm by 2 mm. Heating power was controlled by the DC voltage
power supply. The heat sink was maintained at 20 °C and con-
tinuously cooled by a recirculating chiller (Buchi F-105) with
ethylene glycol and water (1:1 volume ratio) as the coolant. The
upper surface of the heat sink was coated with a graphite coating
(GRAPHIT 33 from KONTAKT CHEMIE) to reach black-body radia-
tion conditions, optimizing the accuracy of captured temperature
from the IR images. Interfaces between the heater, thermal interface
materials, and heat sink were filled with silver epoxy (EPO-TEK
H20E) to secure the stability of the assembly. Undrawn PE preforms,
commercial ceramic-filled silicone thermal pads, and PE bars with a
draw ratio of 35 were tested under the same heating and cooling
conditions. All samples were trimmed to similar widths, thick-
nesses, and heights to ensure the consistency of the comparison.

Results

The thermal conductivity of the fabricated PE bars was plotted as
a function draw ratio, as presented in Fig. 2a. The PE preform was
labeled as a draw ratio of 0. We measured the undrawn sample to
have a thermal conductivity of 0.375 W m~' K~ ', which matched
the literature result,*® thus validating that our measurement
method was adequate for this type of polymer sample. As the
trendline indicated, the thermal conductivity of PE increased
almost linearly with increasing draw ratio. At a draw ratio of 35,
the thermal conductivity reached 13.5 W m™" K, which was
significant for a pure polymer. Moreover, the coverage area was
retained at 1.8 mm by 1.2 mm, orders of magnitude higher than
in previous works,?*? as illustrated in Fig. 2b. This area falls in
the ballpark of the required TIM dimensions for practical appli-
cations. Thermal conductivity would increase with higher draw
ratios. However, further increasing the draw ratio presented a
tradeoff between increasing thermal conductivity and shrinking
coverage area.”>* To balance these factors and enhance practical
applicability, a larger coverage area was prioritized. Most com-
mercial polymer-based TIMs rely on thermally conductive fillers,
such as ceramic, boron nitride, or diamond powder, to reach
thermal conductivities of 1 to 10 W m~* K~ *. Remarkably, our
pure PE bar without any fillers achieved a thermal conductivity of
13.5 W m ' K, surpassing these products.

T, Ta1, and Ty, are summarized in Table 1. From the DSC
results, the melting temperature was ~ 136 °C for the undrawn
PE preform and ~ 145 °C for the PE at a drawn ratio of 37. The
alignment of polymer chains seems to increase the melting
temperature of the PE, which is better for high operating
temperatures. From the TGA results, the initial degradation
temperature was ~432 °C for the undrawn PE preform and

Table 1 Melting temperature and degradation temperature

Sample Tm (°C) Ta1 (°C) T4z (°C)
Undrawn PE 136.02 431.83 484.26
DR 37 144.99 434.18 478.35

This journal is © The Royal Society of Chemistry 2025
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~434 °C for the PE at a draw ratio of 37. The degradation
temperature at the maximum weight loss was ~484 °C for the
undrawn PE preform and ~478 °C for the PE at a draw ratio of
37. The degradation temperatures of the preform and drawn PE
exhibited negligible deviation, indicating the polymer chain
alignment did not affect the degradation temperature of PE.

Both Young’s modulus and CTE for samples at various draw
ratios are shown in Fig. 3. The Young’s modulus along the
alignment direction increased with increasing draw ratio. CTE
decreased with increasing draw ratio, indicating that the align-
ment of polymer chains minimizes thermal expansion. The
CTE of drawn PE more closely matched that of inorganic mating
surfaces, such as copper, alumina, silicon, and sapphire, than it
matched undrawn PE. Therefore, the drawn PE bar could greatly
reduce the thermal stress developed between the interface of the
TIM and the chip during the heating and cooling cycles, thereby
strengthening the reliability of the devices.

In order to verify the alignment of polymer chains from the
drawing mechanism, we used SEM to visualize the drawn PE bar
at different draw ratios and compared them with the undrawn
polymer preform. As depicted in Fig. 4a-c, there was a clear
transition from the randomly orientated polymer blocks to uni-
directionally orientated polymer chain bundles. For the undrawn
sample (Fig. 4a), the randomly orientated fiber blocks acted as
phonon scattering points, significantly impeding phonon trans-
port and thus lowering the thermal conductivity. At a lower draw
ratio (DR 17, Fig. 4b), polymer chain bundles started to show a
trend of alignment but still had the randomly distributed inter-
connecting chain bundles between each aligned chain bundles,
which hindered the thermal transport along the chains. At a
higher draw ratio (DR 35, Fig. 4c), polymer chain bundles were
much more uniformly aligned toward the drawing direction, as
indicated. The number of interconnecting chain bundles was
significantly minimized compared to the sample with a lower
draw ratio, thus improving the phonon transport along this
direction and enhancing thermal conductivity.

To uncover the thermal transport physics behind this
enhancement in thermal conductivity, we implemented WAXS
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Fig. 3 Young's modulus and CTE as a function of draw ratio.
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Fig. 4 SEM images of (a) undrawn PE preform from solution casting; (b) PE bar with a draw ratio of 17; (c) PE bar with a draw ratio of 35. WAXS patterns:
(d) PE preform; (e) PE bar with drawn ratio 35. (f) Crystallite orientation and degree of crystallinity acquired from WAXS.

to analyze the crystallite orientation factor and the degree of
crystallinity. The WAXS pattern presented in Fig. 4d and e
showed the comparison between the preform (DR 0) and drawn
PE bar (DR 35), revealing an obvious transition from concentric
arcs to discrete dots that indicated the orientation preference of
the initially randomly orientated crystallites resulting from
solid-state drawing. Specifically, the peaks of the undrawn
sample (Fig. 3d) at {110} and {200} groups evolved from iso-
tropic arcs to concentrated dots (DR 35, Fig. 4e) along the
drawing direction (chain alignment direction). The orientation
preference of the crystallites was quantified by using Herman’s
orientation factor, as shown in Fig. 4f. Herman’s orientation
factor quickly increased from 0 for the solution-casted preform
to 0.95 for the solid-state drawn PE bar. This drastic increase in
crystallite orientation matched the thermal conductivity
enhancement, which increased from 0.375 W m~"' K~ (DR 0)
to 13.5 Wm ™' K~ ' (DR 35). Crystallinity also increased with the
increasing draw ratio, from 0.55 for the PE preform to 0.73 for
the PE bar with a draw ratio of 35, as plotted in Fig. 4f. There-
fore, the escalation of thermal conductivity could be revealed to
correlate with the rise in polymer crystallite orientation prefer-
ence and crystallinity through the drawing mechanism.>**%3%37

To demonstrate the practicability of the PE bar in thermal
management, we conducted a prototype device-cooling test
(Fig. 5a). As shown in Fig. 5b, IR images were taken as the heating
progressed to track the heater surface temperature so that the
cooling effect from different thermal interface materials could be

2962 | Mater. Horiz., 2025, 12, 2957-2964

visually observed. The surface temperature of the heater ranged
from lowest to highest when bridged to the heat sink by using a PE
bar (DR 35), the commercial ceramic-filled silicone thermal pad
(k ~ 1.2 Wm ' K ), and undrawn PE. The result clearly demon-
strated that our PE bar (DR 35) was significantly more capable of
removing the heat from the heater to the sink. Quantitatively, Fig. 5c
and d showed the time-dependent temperature plot extracted from
the IR images for different thermal interface materials at different
heating powers. At the steady state of the 1.6 W heating, we observed
a 7 °C heater surface temperature reduction between the PE bar (DR
35) and the commercial ceramic-filled silicone thermal pad, and a
21 °C reduction between the PE bar (DR 35) and the undrawn PE.
For the 3.6 W heating, the heater surface temperature was lowered
by 20 °C using the PE bar (DR 35) as the thermal interface material
compared to the commercial ceramic-filled silicone thermal pad.
The substantial heater temperature reduction convincingly demon-
strated the superior cooling performance of our PE bar. This
advantage would be amplified if the device operated at an even
higher power. In addition, the success of conducting this proof-of-
concept experiment has brought pure polymer TIM one step closer
to real-world microelectronic cooling applications.

Conclusions

In conclusion, we developed a fabrication method to achieve a
record-high thermal conductivity for an electrically insulated

This journal is © The Royal Society of Chemistry 2025
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(a) In-house manufactured device-cooling prototype model. (b) Time-dependent IR images for 1.6 W heater. (c) Extrapolated hot spot

temperature for 1.6 W heater. (d) Extrapolated hot spot temperature for 3.6 W heater.

pure polymer at an mm?® coverage area. More specifically, we
produced a thermally conductive polyethylene (PE) bar
(~13.5 W m ' K ') with a millimeter-scale coverage area
(~2.16 mm?), which was orders of magnitude larger than the
coverage area in previous works. The high thermal conductivity
combined with the large coverage area made our PE bar
possible for device-scale cooling testing. We demonstrated
the correlation between the boost in thermal conductivity of
the PE bar and the molecular structure change from the solid-
state drawing by utilizing wide-angle X-ray scattering. Further-
more, we performed prototype device-cooling tests to compare
the cooling capability of the PE bar, commercial ceramic-filled
silicon thermal pad, and undrawn PE. The heater hotspot
temperature was reduced by 7 °C at 1.6 W heating power and
20 °C at 3.6 W heating power when using the PE bar (DR 35) to
bridge the thermal interface between the heater and heat sink,
compared to the commercial ceramic-filled silicon thermal
pad. Therefore, this excellent cooling performance made our
PE bar a promising candidate as a thermal interface material in
the thermal management of microelectronics.
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