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Thin, compliant substrates are increasingly being used for flexible electronics, displays,wearable devices, etc. The
dissipation of heat generated in such devices is likely to be an important technological challenge that has not
been investigated sufficiently. This paper reports measurement of the out-of-plane thermal conductivity of
materials for thin substrates, which is a key material property that governs thermal performance. One-
dimensional, steady state thermal conduction is set up in the substrate of interest. Measurements of temper-
ature gradient induced by an imposed heat flux result in the determination of out-of-plane thermal conductivity.
Thermal contact resistance between the substrate and experimental setup is also obtained. Measurements are
carried out on polyethylene naphthalate (PEN) and polyethylene teraphthalate (PET) substrates of varying
thicknesses. Based on the measured thermal conductivity, simulations are carried out to compare the thermal
performance of a thin substrate with a traditional substrate. Though flexible electronic devices dissipate very
less power, the low thermal conductivity measured here, and the low substrate thickness indicate the critical
need for thermal management of such devices. Results reported here indicate an upper limit on power
dissipation in a flexible device compared to a traditional device for maintaining similar thermal performance.
Measurements reported in this paper may help in the fundamental understanding of thermal transport and
thermal management strategies in flexible electronics and displays.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

While traditional microelectronic devices are manufactured on
thick, hard substrates, there has been a lot of recent interest in thin
substrates, with applications including flexible displays [1,2], wearable
electronics [3,4], electronic textiles [4], sensors skins [5,6], and thin-
film transistors (TFTs) [7–11]. Substrate thickness for such devices can
be as low as 25 μm [1]. As these technologies evolve, there will be a
need to evaluate the thermal management of these devices. Even
though such devices typically generate very less power compared to
traditional electronic devices, there are likely to be several thermal
management concerns. The dramatically reduced substrate thickness
hinders heat spreading. Non-traditional substrates such as plastics
introduce additional thermal concerns, such as low thermal conductivity
[1,2], excessive thermal expansion, and low glass transition temperature
[12]. The unavailability of traditional thermalmanagement tools such as
heat sinks and heat pipes may further exacerbate the challenge of
thermal management in such applications. As the complexity and
power consumption of flexible devices is expected to increase in the
future [13,14], it is critical to understand the nature of thermal transport
in these substrate materials and establish power limits to ensure device
reliability.

Thermal conductivity is a keymaterial property that determines the
thermal performance of devices and substrates [15]. In general, thermal
conductivity may be anisotropic, depending, for example, on grain
orientation for crystalline materials [16]. In the case of substrates for
electronic devices, the out of plane thermal conductivity may be more
critical, since it directly affects thermal conduction from the device to
the substrate backside, from where it may be dissipated into the ambi-
ent. A number of experimental techniques exist for thermal conductiv-
ity measurements on electronic materials [15–18]. These methods are
usually based on steady-state, transient or periodic heating of the test
material, and measurement of subsequent temperature rise at one or
multiple locations [15–18]. Both electrical and optical methods for
heating and temperature detection have been investigated [15]. Within
electrical methods, both DC and AC-based methods have been used
[19–23]. Separate methods have addressed either relatively thick
substrates (hundreds of μm or thicker) [22], or thin films (a few μm or
thinner) deposited on a thick substrate [21,23]. Sinusoidal heating of a
thick substratewith a thermal penetration depth smaller than substrate
thickness has been used widely [22]. Thermal conductivity of thin films
has been measured based on the difference in thermal response of a
thick substrate with and without the thin film [21]. Thermal conductiv-
ity of free-standing thin films has also been measured [18]. However,
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there is a lack of experimental measurements on thin substrates in the
thickness range of a few tens of μm, for which methods for neither
thick substrates nor thin films are appropriate. For example, the use of
3-ω method [22] for this thickness range would require unrealistically
large heating frequencies. While bulk-form thermal conductivity has
been measured in the past for materials commonly used for thin sub-
strates such as polyethylene naphthalate (PEN) and polyethylene
teraphthalate (PET), an in situ measurement on substrates of the thick-
ness of interest to flexible devices – a few tens of μm – is desirable,
since thermal conductivity is known to depend strongly on processing
conditions [15].

In this paper, one-dimensional steady-state thermal conduction is
set up in a substrate of interest for measurement of out-of-plane
thermal conductivity of the substrate. Temperature and heat flux mea-
surements are used to determine total thermal resistance of the sub-
strate. Measurements on multiple substrates of the same material but
different thicknesses result in determination of thermal conductivity of
the substrate.

The next section describes the experimental setup. Data analysis and
results are presented next, followed by a discussion on the implications
of the measured thermal conductivity on thermal management of
flexible electronic devices.

2. Experiments

Fig. 1 shows an image and a schematic of the experimental setup.
The setup utilizes two identical copper blocks. The substrate of interest
is sandwiched between the two blocks. The two faces of copper blocks
that come in contact with the substrate are polished in a two-step pro-
cess, using a 120 grit sandpaper belt on a LECO BG-30 polisher, followed
by a 1200 grit sandpaper drenchedwith 0.05 μmaluminamicroparticles
on LECO VP-150 polisher. A thin Kapton heater of the same size as the
block cross-section is attached to the face opposite to the polished sur-
face of one of the blocks. A through-hole is drilled close to the face oppo-
site to the polished surface of the other block. This through-hole is
connected to flexible tubing carrying cooling water from a chiller.
Seven holes of 1.0 mm diameter extending to the center of the block
are drilled along the length of each block. The holes are spaced closer
to each other near the polished surfaces. T-type thermocouples are
inserted all the way into the holes to measure the block temperature
as a function of distance in each block. Holes are drilled along expected
isotherms in order tominimize heat loss down the thermocouple wires.
Based on the thermocouple wire dimensions and material, and the
Fig. 1. (a) Image, and (b) schematic of the experimental measurement setup for out of
plane thermal conductivity measurement of a flexible substrate.
maximum temperature reached during experiments, the worst-case
heat loss due to thermal conduction down the thermocouple wires is
estimated to be only 0.2% of the applied heat. Omega CC High Temper-
ature cement is used to fix thermocouples in place and provide good
thermal contact with the copper block. All faces of the copper blocks
except the polished faces are then insulated with fiberglass insulation
tape. The Kapton heater attached to the top block is electrically heated
using a power source. A Keithley 2100 digital multimeter is used to
monitor voltage across the heater. Electrical resistance of the heater is
found to remain nearly constant within the temperature range of this
experiment. Thus, the heater provides a constant heat flux through
the experiment.

Temperature measurements are recorded with 1 Hz frequency
through a National Instruments 9213 DAQ and LabView software.
Fig. 2 plots the measured temperature at steady-state as a function of
distance away from the heater end for PEN substrates of different thick-
nesses. In each case, the temperature profiles in the top and bottom
heater are both linear, with nearly the same slope. This indicates linear,
one-dimensional heat flow in the experiment. The offset between the
two lines when extrapolated to the interface location determines the
temperature difference across the two heater blocks. Figure S.1 in Sup-
plementary Information plots the temperature difference as a function
of time after initiation of heating for five different substrate thicknesses.
This plot shows that temperature difference across the blocks increases
with time, and eventually reaches steady state, at which time all heat
generated in the heater conducts through the copper blocks, and no
heat is stored within. Steady state is reached in these experiments
typically within 1300 s.

3. Results and discussion

At steady state, the total thermal resistance across the copper blocks,
Rtotal is obtained from

Rtotal ¼
ΔT
Q

ð1Þ

where ΔT is the steady state temperature difference across the interface
and Q is the heat flux. Q can be obtained from Fourier's law using the
measured temperature slope dT / dx in the two copper blocks.

Note that Rtotal includes contributions from material thermal resis-
tance in the substrate, Rsubs and thermal contact resistance at the interface
between copper and substrate, RCu-subs. The relative proportion of these
Fig. 2. Measured temperature as a function of distance away from heater for 25 μm PEN
substrate.



Table 1
Measured thermal conductivity and thermal contact resistance (TCR) of PEN and PETfilms
to copper. A 15% uncertainty is estimated for these data.

k (W/m·K) RCu-Subs (μK·m2/W)

PEN 0.22 248
PET 0.26 260
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contributions is not known since RCu-subs depends on surface roughness
and the micro-mechanics of how the surfaces come in contact with
each other [24,25], whereas Rsubs depends on the substrate thermal
conductivity, which is the quantity of interest. In general,

Rtotal ¼ 2RCu−subs þ
Lsubs
ksubs

ð2Þ

where Lsubs and ksubs are the thickness and thermal conductivity of
the substrate respectively. Note the factor of 2 in Eq. (2) due to the
presence of two interfaces between copper and the substrate.

Since RCu-subs is not known in advance, measurement of ΔT and Q is
required for substrates of different thicknesses. Fig. 3 plots Rtotal as a
function of Lsubs for PEN and PET substrates, which are widely used for
flexible electronics [1,2]. Lsubs is measured using Vernier calipers. Fig. 3
shows a linear variation of Rtotalwith Lsubs for both substrates, as expect-
ed from Eq. (2). Thermal conductivity of the substrate material is deter-
mined from the inverse of the slope of the linear curve in Fig. 3. On the
other hand, RCu-subs is determined as half of the y-intercept of the curve.
Table 1 summarizes themeasured values of ksubs and RCu-subs for PEN and
PET films. The somewhat low values of ksubs obtained from these mea-
surements, while expected for plastic-based substrates, have significant
impact on thermal modeling and management of flexible substrates,
as discussed later in this paper. A 15% measurement uncertainty is
estimated for the measurements summarized in Table 1.

For further validation of themeasurements, experiments are repeat-
ed while applying external pressure on the interface. Metal weights are
placed on top of the experimental setup. Variation of Rtotal with Lsubs
with 7.4 kPa external pressure is also shown in Fig. 3 for both PEN and
PET films. Compared to the casewith no external pressure, these curves
have approximately the same slope, but much lower y-intercept. This
indicates, as expected, that the application of external pressure leads
to reduction in RCu-subs, because of a more intimate contact between
the two surfaces. RCu-subs reduces to 139 and 212 μK·m2/W for PEN
and PET respectively. On the other hand, ksubs, which is related to the
slope of the curve remains relatively unaffected by pressure. This is
also expected, since ksubs is an inherent material property of the sub-
strate, which should be largely independent of pressure.

As an alternate to the approach of measuring Rtotal on substrates of
different thicknesses, experiments are also carried out on stacks of
multiple substrate samples of the same thickness. Comparison of Rtotal
as a function of total thickness for both approaches for PEN substrate
Fig. 3. Measured total thermal resistance for PEN and PET substrates as a function of
substrate thickness, for 0 and 7.4 kPa external pressure.
is included in Fig. S.2 in Supplementary information. It is found that Rtotal
is higher when multiple substrates are stacked together to obtain a
certain thickness compared to using a single substrate of the same
thickness. This is due to the additional thermal contact resistance
incurred when substrates are stacked on each other. The larger the
number of substrates in the stack, the larger is the expected additional
thermal contact resistance compared to a single thickness substrate.
This is seen in Fig. S.2 where the gap between the two sets of data
widens as total thickness increases. Experiments are also carried out
on 100 μm total thickness obtained from either a single 100 μm thick
substrate, or two 50 μm thick substrates, or four 25 μm thick substrates.
As expected, Rtotal is found to be the highest for the third case
(1200 μK·m2/W), lower for the second case (1080 μK·m2/W) and low-
est for the first case (961 μK·m2/W).

Note that the measurement of ksubs outlined above depends upon
the availability of substrates of different thicknesses, since stacking
multiple samples to increase overall thickness results in introduction
of additional, unknown thermal resistance. It is also assumed that differ-
ent samples offer the same thermal contact resistance to copper, which
may be reasonable if the samples aremanufacturedwith similar surface
finish.

Flexible electronic devices are likely to be used primarily for display-
related functions, which dissipate much lesser power compared to
traditional, computation-intensive electronics [13,14]. However, the
poor thermal conductivity measured here, compared to substrates for
traditional electronics such as silicon, and the lack of active cooling are
expected to present challenges in thermal management of flexible elec-
tronics. Further, the ultra-low thicknessmay also contribute to the ther-
mal challenge by preventing heat spreading from local regions of high
heat dissipation. Finite-element thermal simulations are carried out to
compare thermal performance of flexible electronic devices fabricated
on PEN and PET substrates with traditional electronics on a thick silicon
substrate. These simulations quantify the impact of factors listed above
on the thermal performance of flexible electronics. Mechanical defor-
mation due to thermal expansion is neglected, since the effect of the
small change in substrate shape and dimensions is likely to have only
a negligible effect on the temperature field. Fig. 4 compares a 25 μm
electronic device (device A) with a 750 μm silicon-based traditional
electronic device (device B). Thermal conductivity measured for PEN
in this work is used for device A. Both substrates are 10 mm by
10mmin size. A heat generation hotspot of size 1mmby1mmdissipat-
ing 1.0 W/mm2 is assumed to be located at the center of device B. A
similarly sized hotspot at the same location, but with much lower
power of 0.001 W/mm2 is assumed for device A. While a traditional
heat sink is modeled on the backside of device B, device A is assumed
to be cooled entirely through natural convection. The impact of thermal
contact resistance between the device and substrate, while important in
general, can be neglected here, since typical device fabrication processes
such as transfer printing are designed for good adherence [26], and
hence good thermal contact between the device and the substrate.
The effect of strain on heat generation or physical size of device A is
also neglected, since realistic strains in flexible devices are not expected
to significantly affect power generation or substrate size. Results indi-
cate that despite the much lower power in device A, the temperature
rise is comparable to the traditional device B. Simulation results indicate
that for conditions outlined above, the flexible device may dissipate no
more than 0.1% of the power dissipated in the traditional device to
maintain the same temperature rise as the traditional device. These



Fig. 4. Comparison of temperature distribution in flexible substrate and traditional substrate, based on measured thermal conductivity.
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simulations and measurements may also be important to account for
glass transition that these substrates undergo at fairly low temperature
[12]. This provides a thermally-driven limit on computation capability
of flexible electronic devices. It is imperative to recognize the thermal
challenges due to low thermal conductivity reported here, and accord-
ingly develop effective thermal management strategies.

4. Conclusions

In conclusion, this paper presents measurements of out of plane
thermal conductivity of substrates of relevance to flexible electronic
devices. Measurements of the total thermal resistance on substrates of
different thicknesses result in determination of the thermal conductivi-
ty as well as thermal contact resistance. The measured thermal conduc-
tivity is quite poor, indicating the need for thermal management of
future flexible electronics that may dissipate significant heat. The simu-
lations presented in this paper highlight the trade-offs between flexible
and traditional substrates due to differences in the thickness, power
dissipation and availability of traditional thermal management strate-
gies. Results indicate that a flexible electronics devicemay not dissipate
more than around 0.1% of the power dissipated in a traditional device
for comparable thermal performance. Themeasurement and simulation
results presentedheremayhelp understand thermalmanagement chal-
lenges, and may help ensure high performance and reliability through
effective dissipation of heat.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mee.2015.06.008.
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