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Enhanced Thermal Transport across Self-Interfacing
van der Waals Contacts in Flexible Thermal Devices

Minho Seong, Insol Hwang, Seongjin Park, Hyejin Jang, Geonjun Choi, Jaeil Kim,
Shin-Kwan Kim, Gun-Ho Kim, Junyeob Yeo, and Hoon Eui Jeong*

Minimizing the thermal contact resistance (TCR) at the boundary between
two bodies in contact is critical in diverse thermal transport devices. Conven-
tional thermal contact methods have several limitations, such as high TCR,
low interfacial adhesion, a requirement for high external pressure, and low
optical transparency. Here, a self-interfacing flexible thermal device (STD)
that can form robust van der Waals mechanical contact and low-resistant
thermal contact to planar and non-planar substrates without the need for
external pressure or surface modification is presented. The device is based on
a distinctive integration of a bioinspired adhesive architecture and a thermal
transport layer formed from percolating silver nanowire (AgNW) networks.
The proposed device exhibits a strong attachment (maximum 538.9 kPa) to
target substrates while facilitating thermal transport across the contact inter-

The interfacial thermal resistance can be
reduced by enhancing the interfacial bond or
adhesion strength.®l Previous studies have
demonstrated that the formation of strong
covalent bonds at the interfaces by surface
chemistry through the use of self-assem-
bled monolayers (SAMs) can significantly
enhance interfacial thermal transport.?>0)
However, such an approach is usually not
appropriate for actual device applications
because the interface in a device is gener-
ally formed through physical means rather
than through chemical reactions with the
use of additional chemicals.”! In addition,
the formation of chemical bonds is only

face with low TCR (0.012 m? K kW) without the use of external pressure,

thermal interfacial materials, or surface chemistries.

1. Introduction

An interface, which is a boundary between two different bodies
in contact, causes resistance to heat flow across the bodies.! The
heat flux (q) across the contact interface is directly related to the
thermal contact resistance (TCR) for a given temperature gradient
(AT) by Fourier’s law: g = AT/R,. = GAT.”l Here, R, and G repre-
sent the TCR and the interfacial thermal conductance, respectively.
Minimizing the TCR is a critical requirement that has implica-
tions for the performance, power efficiency, and reliability of
most thermal transport devices,! including heaters and coolers.!
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effective for particular substrates.®! Further-
more, chemical bond formation essentially
requires continuous and close mechanical
contact at the interface so that the two bodies
are sufficiently close to each other.”] However, in reality, when sur-
faces come into contact, interfacial roughness due to micro- and
nano-scale asperities hinders intimate mechanical and thermal
contact and results in the reduction of the actual contact area and
the formation of air gaps with poor thermal conductivity.!'"

Thus, it is highly desirable to create intimate mechanical
contact based on van der Waals (vdW) interactions to reduce
the TCR at the interface.'! Conventionally, close mechanical
coupling is achieved by applying an external load.” Gots-
mann et al. showed that increasing the applied external load
increases the number of contact points and the actual contact
area, thereby reducing the TCR by providing extra channels for
heat transfer.'®”! This result has the implication that the for-
mation of stable mechanical contacts at interfaces can be an
important route for enhancing interfacial thermal transport.
However, the prolonged application of external high loads to
thermal devices is neither easy nor practical for actual applica-
tions. Thermal interface materials (TIMs) with high thermal
conductivity are often applied to interfaces to reduce interfacial
thermal resistance in many thermal applications.l 3] How-
ever, TIMs also have several disadvantages, such as relatively
low thermal performance, optical transparency, and interfacial
adhesion and high viscous fluidity, and their residues cause
contamination. These disadvantages limit their application in
recently emerging flexible thermal devices (e.g., flexible trans-
parent heaters), in which precise and accurate contact inter-
faces, mechanical flexibility, optical transparency, and superior
thermal properties are prerequisite requirements.["”!

Herein, we present a self-interfacing flexible thermal device
(STD) that can significantly enhance interfacial thermal
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transport by maximizing mechanical vdW coupling without
the application of external pressure or surface chemistry. The
device is composed of two crucial components, namely, a
bioinspired adhesive architecture for intimate and immediate
mechanical coupling, and a silver nanowire (AgNW) perco-
lating network for efficient heat flow. The distinctive design
of the device allows it to form strong mechanical adhesive and
low-resistant thermal contact with planar and nonplanar sub-
strates without the need for external loads or surface modifica-
tion. The device is also highly flexible and transparent; thus, it
can be utilized as a self-interfacing flexible transparent heater.
We demonstrate the reduction of the TCR by approximately
97% on flat substrates and approximately 96% on rough sub-
strates without external pressure by the device compared to a
conventional non-structured flexible thermal device (NTD),
even under a large applied pressure of 100 kPa.

2. Results and Discussion

2.1. Design and Fabrication of the Self-Interfacing
Flexible Thermal Device

Figure 1 shows a conceptual illustration of the STD proposed
in this study. The device consists of two main components,
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namely, a self-interfacing adhesive architecture and thermal
transport layers of percolating AgNW networks (Figure 1A).
The adhesive architecture has two structural components com-
prising a regular grid and micropillars with extruded tips. The
grid pattern forms the main framework of the device. The
thermal and optical properties of the device can be modulated
by controlling the geometry of the framework. However, the
grid pattern by itself does not exhibit robust mechanical adhe-
sion to the contacting substrates. We therefore endow the grid
pattern with a strong mechanical adhesion capability by inte-
grating an adhesive architecture of protruding tips along with
the grid pattern (Figure 1A). Previous studies have shown that
microstructures with protruding tips found in living creatures
such as geckos and beetles are crucial in enhancing vdW-based
mechanical adhesion by evenly distributing the contact stress at
the interfaces.'® Thus, the grid pattern with protruding wing
tips along the sidewall exhibits enhanced mechanical adhesion.
In addition to the grid with tips, we also integrated a micro-
pillar array with protruding tips between the grid pattern to fur-
ther strengthen the mechanical coupling of the thermal device
with the substrate. AgNWs are selectively deposited along the
grid pattern to form thermally conductive percolating networks
across the entire surface of the STD. Note that the AgNWs are
not deposited in the tip regions of the grid. For efficient heat
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Figure 1. Design of self-interfacing flexible thermal device. A) Conceptual illustration showing the structure of the self-interfacing flexible thermal

device. B) Thermal contact mechanisms of the non-structured (upper) and
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the self-interfacing flexible thermal devices (bottom).
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generation and direct heat transport across the contact inter-
faces, the heating layer of the STD should have high electrical
and thermal conductivity. AgNWs have a superior electrical con-
ductivity of 5 x 10’-2 x 10 S m™" compared to other conductive
nanomaterials such as carbon nanotubes (2 x 10°~1 x 10> S m™)
and graphene (8 x 10*-6 x 10> S m™)."] Although the thermal
conductivity of AgNWs (300-400 W m~! K) is lower than that
of carbon nanotubes (500-3000 W m~! K} or graphene (1000~
5000 W m™ K7), AgNWs have the highest optical transmit-
tance compared to others, making them an excellent candidate
for an active layer of transparent flexible thermal devices.[7< 1]

This intriguing design allows the device to couple intimately
to target substrates with strong mechanical vdW adhesion and
minimize the TCR without using external loading forces or
chemical adhesives. Figure 1B shows the thermal contact mech-
anisms of a flexible thermal device based on a non-structured
planar surface in contact with the target substrate (top row),
and that of a thermal device based on the self-interfacing micro-
structure (bottom row). When two planar surfaces come into
contact, discrete and partial point contacts with air gaps are
formed at the contact interfaces because the surfaces are not
perfectly flat.'»1% The non-conformal point contacts and air
gaps with low thermal conductivity decrease the thermal trans-
port at the interface."42% The proposed STD design addresses
this issue. The grid and pillar structures with extruding tips
enable strong self-coupling with substrates, whereas the AgNW
networks enable efficient thermal transport.

The STD was prepared by replica molding using a UV-cur-
able resin and AgNW solution (see Figure S1 Supporting Infor-
mation and the experimental section for details) (Figure 2A).
First, a negative pattern of grids and micropillars with pro-
truding tips was fabricated through a photolithographic pro-
cess.l?l The AgNW solution was spray-coated onto the patterned
mold. The AgNWs deposited outside of the negative pattern
were selectively removed using adhesive tape, which resulted
in selectively deposited AgNWs along the trenches of the grid.
The AgNWs dispersed in the solution could not be deposited
into the micropillar holes due to the high capillary pressure of
the small-diameter holes, while the low capillary pressure of the
grids having a large (effective) diameter allows the deposition
of the AgNWs.[22l Also, the long length (20 um) of the AgNWs
hinders their deposition in the micropillar holes (diameter:
10 um). Subsequently, UV-curable elastic polyurethane acrylate
(e-PUA) was poured over the mold, followed by UV exposure.
Removing the crosslinked e-PUA from the mold resulted in the
STD with selectively embedded AgNW networks.

The resulting STD was highly flexible and transparent. More-
over, it could intimately and firmly adhere to a curved substrate,
such as the edge of a smartphone (Figure 2B). Microscopical
regular grid and pillar structures with wing tips were uniformly
formed across the device, whereas the AgNW networks were
selectively deposited over the grid structures (Figure 2C). The
grid structures were 40 um wide and had a center-to-center
pitch of 400 um (Figure S2, Supporting Information). The pil-
lars had a stem diameter of 10 um and center-to-center pitches
of 20, 40, 64, or 80 um, and both the grid and pillars were 15 pm
high. The protruding tips of the grid and pillars were 2 um long
and 2 um thick. AgNWs with an average diameter of 20 nm
and a length of 20 um were used to form AgNW networks
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on top of the grid structure. AgNWs with larger diameters
have higher electrical and thermal conductivity.'” However,
AgNWs of larger diameters exhibit lower mechanical flexibility.
Increasing the length or aspect ratio of AgNWs improves the
connectivity of AgNWs in percolating networks.>? However,
AgNWs with a high aspect ratio have low processability. In
this study, the geometry of AgNWs was selected for the STD
to have a low sheet resistance, high optical transmittance, high
mechanical flexibility, and facile processability. Scanning elec-
tron microscopy (SEM) and energy dispersive spectroscopy
(EDS) analysis verified that the AgNWs were selectively depos-
ited only on the grid structure (Figure 2C -ii, -iii, and Figure S3,
Supporting Information). In particular, the Ag in the AgNW
percolation networks appeared only in the inner region of the
top of the grid pattern; this therefore allowed the tip region of
the grid to achieve mechanical adhesion to the target substrate.
The AgNWs were also partially embedded in the grid structures
(Figure 2C). The partially embedded AgNWs provide direct
thermal contact of AgNWs with the target surface and also
improve mechanical stability in a simultaneous manner.

The mechanical adhesion of the STD against a flat glass
substrate was investigated as a function of the applied
preload (80-400 kPa) and the pitch of the pillars (20, 40, 64,
and 80 pum) (Figure 2D). The preload was removed during
the adhesion measurements. Surprisingly, even under a rela-
tively small preload of 80 kPa, the STD with a 20 pm pillar
pitch exhibited the remarkable adhesion strength of 511.4 kPa
(AgNW coating dosage: 40 pg cm™2). Note that this adhe-
sion strength value is significantly higher than the adhesion
strength of planar PDMS (approximately 100 kPa) widely uti-
lized in existing flexible thermal devices.?3] Devices with the
pillar pitches of 40, 64, and 80 um also showed fairly high
adhesion strengths of 224.8, 128.2, and 116 kPa, respectively.
The adhesion strengths increased slightly with the preload
(Figure 2D) and saturated under a preload of 400 kPa. The sat-
urated adhesion strengths of the devices with 20, 40, 64, and
80 um pitch were 538.9, 2970, 209.0, and 184.1 kPa, respec-
tively. In contrast to the high level of adhesion of the STD,
the maximum adhesion strength of the non-structured planar
surface with the same coating dose of AgNWs (40 pug cm™2)
was only 30.3 kPa (preload: 400 kPa) (Figure S4, Supporting
Information). The protruding tips of the micropillars and grid
play a critical role in the adhesion enhancement of the STD,
since the tips maximize the adhesion strengths by increasing
the contact area and uniformly distributing stress at the con-
tact interfaces. For example, the adhesion strength of the
grid with protruding tips (211.2 kPa) is 85% higher than that
of the grid without tips (114.2 kPa) (Figure S5, Supporting
Information). The STD could maintain strong adhesion even
at high temperatures up to 100 °C (Figure S6, Supporting
Information). To evaluate the performance of the STD com-
prehensively, we measured the mechanical adhesion, sheet
resistance, and optical transmittance as functions of the
AgNW coating dose at the pillar pitch of 40 pm (Figure 2E).
With an increase in the AgNW coating dose, the adhesion
strength decreased to 606.1, 560, 415, and 297 kPa for the
AgNW coating doses of 10, 20, 30, and 40 pg cm™, respec-
tively (preload: 400 kPa, see also Figure S4, Supporting Infor-
mation). The sheet resistance could also be adjusted from
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Figure 2. Fabrication of STD. A) Fabrication procedure of the STD. The inset shows the fabricated STD. B) Photograph of the flexible STD inti-
mately attached to the curved edge of a smartphone. C) SEM images of the STD showing (i) the grid and micropillar structures, (ii) AgNWs that
are selectively coated along the grid surfaces, and (iii) enlarged AgNWs. The inset image shows that the micropillars are highly elongated owing to
their strong adhesion to the substrate. D) Adhesion strengths of the STD with four different pitches of pillars (20, 40, 64, and 80 um) as functions
of the preload for the fixed AgNW coating dose of 40 ug cm=2 (pulling rate of 1 mm s™). The image on the right side shows that the STD (area:
1% 1cm?) can support a 3 kg dumbbell against a glass substrate. E) Adhesion strength, sheet resistance, and transmittance of the STD as functions

of AgNW coating dose.

infinity to 21 Q sq! by modulating the AgNW concentration.
The transmittance ranged from 81% to 70% depending on the
AgNW dose, showing a high level of transparency. The trans-
mittance could be enhanced further at the cost of a small
reduction in the adhesion strength by reducing the pillar
density (Figure S7, Supporting Information). The adhesion,
sheet resistance, and transmittance can be modulated by con-
trolling the AgNW coating dose and dimension of the micro-
structures of the STD for specific applications.

Adv. Funct. Mater. 2021, 31, 2107023 2107023 (4 Of'lO)

2.2. Thermal Contact Resistance of the Self-Interfacing
Flexible Thermal Device

To evaluate the thermal transport performance of the STD, we
conducted TCR measurements using a steady-state method
(Figure 3). The thermal device was first attached to a flat
glass substrate (thickness: 0.17 mm) placed on a meter bar
(Figure 3A and Figure S8, Supporting Information). Then,
the active AgNWs layer of the device was heated by applying a
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Figure 3. Evaluation of thermal contact resistance of STD. A) Schematic illustration showing the experimental setup for the TCR measurement of the
STD. B) Temperature distribution along with the measurement set-up 30 mins after applying a bias voltage of 5V (input power of 0.25 W). The tem-
peratures at y;—ys were measured with thermocouples installed at 5 mm intervals from the top of the copper bar. C) Steady-state temperatures were
measured by the five thermocouples at different positions (y;—ys) when a voltage of 5 V (input power of 0.25 W) was applied to the STD for 5 min.
D) TCR of the STD and NTD as a function of applied heat flux. E) TCR of the STD and NTD as a function of external pressure for a heat flux of
2.1 kW m~2. F) Mechanical and thermal contact behaviors of the STD and NTD against a non-planar wavy substrate. G) TCR of the STD and NTD on

wavy substrates with different wavelengths.

bias voltage of 5 V (power: 0.25 W, heat flux: 2.5 kW m™?) (see
Figure S9, Supporting Information and Table S1, Supporting
Information for details of the Joule heating experiment). The
TCR was calculated using the temperatures of the AgNW-
coated side of the thermal device (Ty) and five thermocouples
(y1—ys) placed at intervals of 5 mm from the top of the copper
bar (Figure 3B). The measured steady-state temperature at each
position was determined in accordance with ASTM D5470 (the
change in temperature was less than £ 0.1 °C over 5 min) and
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used to calculate the TCR values (Figure 3C). Under steady-
state equilibrium, the temperature (T)) at the top surface of the
glass substrate can be expressed as

T =T+ 1k W

sub

where I, and kg, represent the thickness and thermal conduc-
tivity of the substrate, respectively. T, is the surface temperature

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

No
External pressure _pressure
7 1/
/ TIM-based < | Y STD/Glass (This work)
2 /  contact * | ® Quartz/Polythiophene nanofiber/Au '™
10 . * e I % | ® Ceramic/Graphene pad/Cul"®!
<~ LA s < I ®_.| A Cu-WMWCNT-nano Cu-epoxy/Cu-W !l
E A o % SICNT/AIl4
Y S B ) < CUMWCNT/s; 2
& 1k S : ¢ Cu/Commercial grease/Cu 7}
g 10 5 B\ : ®  Cu/Silicone-based adhesive/Cu 27!
% X i " | + Cu/cul™a
2 + A [24]
Y = X, oy | > Si/AlR4
%5 | o AlAI®
0 Dry Og o | X Ti-6A-4V/Ti-6Al-4V 5]
10 contact ° : | v Stainless steel/Glass 25
L -1 YL
4 7/
10 10° 102 0

External pressure (kPa)

Figure 4. Comparison of TCR of the STD with TCR of existing dry contact and TIM-based contact.["'*b13a142,d,24-262,27]

of the copper bar at the glass-copper interface, which was esti-
mated by extrapolating the temperature gradients in the five
thermocouples. g is the heat flux due to the resistive heating,
which can be obtained using Fourier’s law:

AT
Ad

Here, k¢, is the thermal conductivity of the copper bar, and
AT and Ad are the temperature and position differences inside
the copper bar, respectively. The TCR (R,) between the thermal
device and the glass substrate can be then determined using
the following equation:

q = ke (2)

Ad
ke, AT

q

(Tu—Th) ©)

For comparison, a non-structured flexible thermal device
(NTD) on one side of the planar film was coated with AgNWs
was utilized as a control. The NTD had the same sheet resist-
ance as the STD. Figure 3D shows the calculated TCR values of
the STD and NTD as functions of the applied heat flux at dif-
ferent applied loads. Under a slight external pressure of 2 kPa,
the NTD showed high R, values of 0.72-0.83 m? K kW for heat
fluxes ranging from 1.6-2.6 kW m™2. When the applied pres-
sure increased to 100 kPa, R, was reduced to 0.35 m? K kW
for all heat flux values. In contrast, the STD exhibited a much
lower R, of 0.012 m? K kW' for the given heat flux values after
applying a preload of 2 kPa, even without applying any external
loads. Figure 3E shows the measured TCR values of the two
devices as functions of the external pressure for a constant heat
flux of 2.1 kW m™2. The R, of the NTD increased rapidly from
0.35 to 15.2 m? K kW' when the external pressure was reduced
from 100 to 0.05 kPa. In comparison, the STD maintained a
low R, of approximately 0.01 m? K kW regardless of the
external pressure. This demonstrates the outstanding mechan-
ical self-attachment and thermal transport performance of the
STD.

In addition to the flat glass substrate, we also measured the
R, of the STD and NTD on rough PMMA substrates with wavy
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grooves (Figure 3F). The wavy patterns on the PMMA substrates
had an amplitude of 5 um and four different wavelengths (1)
comprising 0.2, 2, 5, and e mm. Figure 3F (bottom) shows the
SEM images of the two devices over the patterned PMMA sub-
strate. As shown, the NTD (left) could not make a conformal con-
tact with the rough substrate, whereas the STD (right) formed
a seamless and intimate contact with the substrate. The adhe-
sion strengths of the STD against a flat PMMA substrate were
overall similar to those against a flat glass substrate (Figure S10,
Supporting Information). Figure 3G shows the measured R,
as a function of the pattern wavelength. For the flat PMMA
substrate (1 = o9, the TCR values of the NTD were 1.15 and
0.56 m? K kW~ under the external pressures of 2 and 100 kPa,
respectively. In contrast, the STD exhibited a much lower TCR
of 0.02 m? K kW~ compared to that of the NTD, even without
pressure. The difference in the thermal transport performance
between the two devices was more pronounced on rougher
substrates. With a decrease in the pattern wavelength from 5 to
0.2 mm (increase in the substrate roughness), the R;; of the NTD
increased under the pressures of 2 and 100 kPa. For the rough
PMMA substrate with the wavelength of 0.2 mm, R, reached 1.55
and 0.85 m? K kW' at the external pressures of 2 and 100 kPa,
respectively. In contrast, the STD could maintain low R, values
of 0.02-0.03 m? K kW' across the entire range of wavelengths.
We benchmarked the TCR of the self-interfacing contact in our
device with those of two conventional thermal contact methods
(Figure 4 and Table S2, Supporting Information), namely,
external pressure-mediated dry contact and thermal interface
material (TIM)-based contact. In dry contact, two bodies, which
are typically Cu, Al, Ti, Si, or glass, are directly contacted without
any interfacial materials.?¥ Because these materials are rigid
and do not have intrinsic adhesion, a large external pressure
(10>-10* kPa) needs to be applied to form a conformal contact
interface between the two bodies. Despite the high external pres-
sure, the dry contact has a relatively large TCR in the range of
0.12-1.11 m? K kW (Figure 4 and Table S2, Supporting Informat
ion).1a2+25] The TIM-based contact is a method in which metal-,
ceramic-, or carbon-based thermally conductive interfacial mate-
rials are utilized to form conformal mechanical contact between

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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two bodies and eliminate the air voids, and thereby enhance
thermal transport.2%l As shown in Figure 4, the TIM-based con-
tacts exhibit low TCR ranging from 0.005 to 0.04 m? K kW,
which is comparable to that of the STD.[b13214,d.262.27] However,
the application of high external pressure is still required for TIM-
based contact owing to the lack of adhesive nature of the TIM.
Singh et al. reported that a polythiophene nanofiber-based TIM
has a low TCR once the TIM is in contact with a body without
the need for external pressure.™ However, an initial pressure
of 200 kPa has to be applied to the TIM for 10 h to achieve stable
adhesion to the body. In contrast to the existing thermal contact
methods, our STD is able to form efficient pathways for heat
flow against both planar and nonplanar target substrates with
minimal TCR without applying high pressure or chemical treat-
ment in an immediate and simple manner.

2.3. Application of the Self-Interfacing Flexible Thermal Device:
A Flexible Transparent Heater

Flexible transparent heaters have attracted much attention
recently because of their high mechanical flexibility, optical
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transparency, and applicability to non-planar surfaces.”®! These
properties enable a variety of emerging applications, which
include smart windows,?’! thermotherapy,®! and personal
thermal management.™ A transparent flexible heater should
form a conformal mechanical contact with the target substrate,
which may be nonplanar or curved, so that the heat generated
from the heater can be efficiently transported to the entire sur-
face of the substrate with minimal energy loss.*"! To evaluate
the thermal transport performance of the flexible resistive
heater, we applied the STD to a curved substrate with a bending
radius of 10 mm (Figure 5A). An AgNW-coated planar PET film
(NTD), which is a typical example of an existing flexible heater,
was used as a control. The NTD was attached to the curved sub-
strate using polyimide tape, while the STD was attached to the
substrate via self-adhesion. Both heaters were 100 um thick. The
cross-sectional temperature gradients of the heaters were meas-
ured by infrared (IR) thermography while a DC voltage of 5 V
was applied. After 5 min of voltage application, the surface tem-
perature of the curved substrate in contact with the STD heater
reached 52.5 °C. This value is identical to the surface tempera-
ture of the STD heater and indicates a negligible temperature
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Figure 5. Application of the STD as a flexible transparent heater. A) Conceptual illustration showing the STD and NTD applied on a curved substrate
with a bending radius of 10 mm. The cross-sectional temperature gradients of the heaters and substrates were examined by IR thermography while a
DC voltage of 5V (input power of 0.25 W) was applied. B) IR thermography images of the (i) STD and (ii) NTD on the curved substrate after 5 min of
voltage application. C) Surface temperatures of the thermal devices (STD and NTD) and the curved substrate as functions of the voltage application
time. D) Temperature difference between the surfaces of the thermal devices (STD and NTD) and the substrate at different horizontal positions after
applying a voltage of 5V for 5 min.
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difference between the heater and the substrate (Figure 5B-i, 5C,
and Figure S11, Supporting Information). In addition, the sur-
face temperature of the curved substrate was uniform across
the surface (Figure 5B -i). These results demonstrate that the
self-interfacing heater has high heat transfer capability with
minimal heat loss even on a curved substrate. In contrast, the
surface temperature of the curved substrate in contact with
the NTD heater was noticeably lower than that of the heater
(50.9 °C) and not uniform across the substrate (Figure 5B -ii
and 5C). For example, the temperatures of the substrate at the
center (x = 3 mm in Figure 5D) and side locations (x = 1 or
5 mm) were 2.3 and 1.3 °C lower than the surface temperature
of the heater (Figure 5B-D). This is because the AgNW-coated
side of the non-structured flexible heater could not form close
conformal contact with the substrates owing to the roughness
and non-adhesiveness of the AgNWs even when adhesive tapes
were used. We also investigated the Joule-heating behavior of
the STD heater during repeated power-on and off cycles (bias
voltage of 5V, input power of 0.25 W). The STD heater could
maintain stable heating performance for 10 repeated heating/
cooling cycles (Figure S12, Supporting Information).

3. Conclusion

In summary, we proposed a self-interfacing flexible thermal
device which can minimize heat loss at the contact interface
by maximizing the vdW coupling at the interface through an
integrated design of percolating AgNW thermal networks and
bioinspired adhesive architectures. The STD achieved the
maximum adhesion strength of 538.9 kPa and a low TCR of
0.012 m? K kW~ without the application of external pressure or
the use of surface chemistries. Thus, it can efficiently and uni-
formly transfer heat to planar or curved substrates. The TCR of
the self-interfacing device can potentially be reduced further by
incorporating other conducting nanomaterials (e.g., graphene)
or surface chemistries (e.g., self-assembled monolayers) into
the device.?>3% Anisotropic heat transfer properties can also
be realized in the self-interfacing device by utilizing aligned
nanosheets (e.g., boron nitride nanosheet).'3®! The proposed
STD device is expected to exhibit limited heat transfer perfor-
mance at higher temperatures above =150 °C because AgNWs
used in the STD device are thermally oxidized above such high
temperatures. The STD device also showed limited adhesion
strengths against rough surfaces with high root mean square
(RMS) values (e.g., textiles). In addition, scalable fabrication
methods for the STD need to be further explored. Nonetheless,
we expect that the STD, with its low TCR, strong self-attach-
ability, mechanical flexibility, and optical transparency, can
contribute to the development of advanced thermal transport
devices with dynamic and highly non-uniform surfaces, which
include smart windows, flexible heaters, wearable thermo-
therapy, thermal haptics, and energy devices.

4. Experimental Section

Fabrication of the Self-Interfacing Flexible Thermal Device: The
fabrication procedure of the STD includes photolithography, selective
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coating of AgNWs, and UV molding (Figure 2A and Figure SI,
Supporting Information). The detailed steps are as follows: The master
mold with the negative pattern of the grids and pillars with tips was
prepared on a Si wafer through photolithography.?l A lift-off resist (LOR
30 B, Microchem Corp., USA) and a photoresist (SU-8 3010, Microchem
Corp., USA) were individually spin-coated on a dehydrated Si wafer to
form a bilayer. Each spin-coating step was followed by a soft-baking
process (30 min baking at 200 °C for the LOR layer, 10 min baking at
95 °C for the SU-8 layer). The negative grid and pillar pattern in the SU-8
layer were produced through photomask-based selective UV exposure
(X =365 nm, dose = 250 m) cm™?) followed by development using an
SU-8 developer (Microchem Corp., USA) for 5 min. Subsequently, a
LOR developer (AZ 400 K, AZ Electronics Materials Corp., USA) was
utilized to selectively form a 2 pm-long undercut on the LOR layer at
the bottom of the grid and pillar pattern. Then, AgNW solution (Flexio
Corp., Republic of Korea) was deposited on the fabricated master mold,
in which the undercut of the patterns enabled selective deposition of
the AgNWs. The purchased solution contained 0.1 wt% AgNW's (20 nm
diameter and 20 pum length) dispersed in DI water. After deposition,
the AgNW-coated master mold was dried at 70 °C for 1 h to remove the
remaining solvent. The unwanted AgNW layer on the top surface of the
master mold outside the trench of the patterns was selectively peeled
off using a commercial adhesive tape. Subsequently, an e-PUA solution
mixed with 10 wt% Triton X-100 (Sigma-Aldrich, USA) was poured over
the master mold.B! The dispensed e-PUA solution was covered with a
PET film and crosslinked for 30 min by UV irradiation (1 =365 nm, dose
=300 m) cm). Finally, the crosslinked e-PUA film with microstructures
and selectively coated AgNWs was removed from the master mold to
yield the STD.

Surface Characterization: SEM and EDS images of the enlarged
microstructures of the STD were obtained using a scanning electron
microscope (Quanta 200 FEG, FEI, USA). For imaging, a 5 nm-thick Pt
layer was sputtered on the surface of the SEM samples. Real-time images
of the temperature distribution were captured using an IR microscope
system (A325SC, FLIR Systems AB, Sweden). For the measurements,
samples with a sheet resistance of =20 Q sq' were utilized.

Measurement of Adhesion Strength: The adhesion strength of the STD
was measured using a custom-built adhesion tester, which consisted
of two parts, namely, a lower part (fixed substrate) and an upper part
(vertically movable jig). STD samples (area: 1 X 1 cm?) were mounted
on the horizontal surface of the upper part with the samples facing
down. During the measurement, the samples were brought into contact
with the flat glass substrate fixed on the bottom part with a downward
preload of controlled magnitude and duration. Then, a pulling force
in the upward direction was applied until the samples were detached
from the substrates (pulling rate: 1 mm s™). During the test cycle, the
applied loads were collected through a load cell (KTOYO, Republic of
Korea) connected to the upper part of the equipment, and each test was
repeated ten times.

Analysis of Optical and Electrical Properties: The optical transmittance
was obtained using a UV-Vis-NIR spectrophotometer (Cary 5000,
Agilent, USA) over the wavelength range of 400-800 nm. The sheet
resistance was measured using the four-point probe method with
a surface resistivity meter (CMT-SR1000N, Advanced Instrument
Technology, Republic of Korea).

Measurement of Thermal Contact Resistance: The TCR was measured
using a steady-state method based on the ASTM Standard D5470.
The meter bar made of copper (thermal conductivity: 380 W m™ K)
was 50 mm high and had a square section of 10 mm side length. To
measure the TCR during the heating of the STDs, a thin electrically
insulating layer (thickness: 0.17 mm) of glass (thermal conductivity:
0.83 W m™ K™") was attached to the top surface of the meter bar. In
addition, to measure the TCR on rough surfaces, PMMA film (thermal
conductivity: 0.24 W m™" K™') was applied via an aluminum mold-based
hot-pressing process (1 MPa, 140 °C for 3 min) and used in place of
the glass substrate. The STD sample connected to a power generator
was then attached to the top surface of the glass with the samples
facing down. To measure the temperature gradient of the meter bar,
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five thermocouples (K-type) were inserted into the center of the copper
bar through five holes (1.2 mm diameter) located at intervals of 5 mm
from the top surface. The air gaps in the holes were removed by inserting
thermocouples with thermal grease (Loctite TG100, Henkel, Germany).
A heat sink was installed at the bottom of the copper bar for heat
dissipation, and the measurement system was thermally insulated from
convection and radiation using glass wool and an extruded polystyrene
foam board. Real-time data of the temperatures of the meter bar and
the STD were collected via thermocouples connected to the source
measurement equipment (DAQ970A, KEYSIGHT, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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