Stretchable Graphene Thermistor
with Tunable Thermal Index
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ABSTRACT Stretchable graphene thermistors with intrinsic high stretchability
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were fabricated through a lithographic filtration method. Three-dimensional Electrode

crumpled graphene was used as the thermal detection channels, and silver
nanowires were used as electrodes. Both the detection channel and electrodes were
fully embedded in an elastomer matrix to achieve excellent stretchability. Detailed

temperature sensing properties were characterized at different strains up to 50%. It
is evident that the devices can maintain their functionalities even at high stretched
states. The devices demonstrated strain-dependent thermal indices, and the

sensitivity of the thermistors can be effectively tuned using strain. The unique
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tunable thermal index is advantageous over conventional rigid ceramic thermistors

for diverse and adaptive applications in wearable electronics.

embedded elastic conductor

tretchable electronics represent a type

of innovative electronic device which is

mechanically soft and conformal and
can comply to complex nonplanar surfaces
for emerging applications such as wearable
electronics.” Recent rapid developments of
stretchable components and devices such
as elastic conductors,>~ transistors® "
sensors,'27 16 light-emitting devices,'” 2!
and energy sources®? 2> have greatly pro-
pagated the fabrication of complex, inte-
grated stretchable systems for practical
applications.?® Temperature sensing is one
of the key capabilities of integrated stretch-
able systems; however, very limited work
has been reported to date. Someya et al.
used organic field-effect transistors mounted
on a stretchable mesh for temperature
sensing.”” Buckled Si nanoribbons created
by the prestrain strategy®® were employed
as a temperature sensor.?? Rogers' group
demonstrated temperature sensing compo-
nents in epidermal electronics using serpen-
tine metal (such as platinum?® or gold®®) or
Si diodes3® However, all those works are
based on a structural engineering method
that limits the device stretchability to 25—
30%.2627293% pdvancements leap-frogging
the stretching limit would require alter-
native strategies such as using intrinsically
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stretchable materials. Herein we demon-
strate the fabrication of stretchable graphene
thermistors with high intrinsic stretchability
arising from the fully embedded device
structure.

Among the several types of temperature
sensors, the ceramic-based thermistor is
advantageous in terms of fabrication cost,
sensitivity, and response speed.?' Transition
metal oxides in bulk or thin film form are
the most commonly used materials in
thermistors;*2 3% however, the lacking of
mechanical flexibility limits their applica-
tions in emerging stretchable and wearable
devices. Graphene, a one-atom-thick car-
bon mesh with extraordinary electrical,
mechanical, and thermal (high thermal con-
ductivity and strong sensitivity to sample
size) properties,** 3% was recently used in
innovative temperature sensors>**° as
alternatives to conventional rigid ceramics.
For example, Kong et al. reported the inkjet-
printed graphene thermistors on flexible
polyethylene terephthalate (PET) substrates
for efficient temperature sensing.*® Note
that the strain upon bending is very small
(usually below 1%),*' and most conven-
tional rigid device structures can be readily
adopted onto flexible substrates. It is much
more challenging to fabricate stretchable
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Figure 1. (a,b) Schematic diagram and (c,d) representative images of the stretchable graphene thermistors at relaxed
and twisted states. Highly conductive AgNWs were used as electrodes, and resistive graphene was used as tem-
perature sensing channels. The stretchable devices are mechanically robust and can be deformed into various shapes

without fracture.

devices where the strain is much higher (>30%); that is,
the electronic device has to maintain its functionality
even when the device is severely mechanically de-
formed. In this report, graphene thermistors were
stretched up to 50% and the corresponding tempera-
ture sensing performances were characterized. The
devices possess high intrinsic stretchability with fully
embedded silver nanowire (AgNW) electrodes and
graphene detection channels. Interestingly, we found
that the thermal index (an indicator of thermistor
sensitivity defined by B = E,/2k, where B is thermal
index, E, is activation energy, and k is Boltzmann
constant)*? of our graphene thermistors can be effec-
tively tuned by mechanical strain. The observed unique
property is intrinsic to soft electronics and is in sharp
contrast to conventional rigid thermal sensors where
the device characteristics cannot be tuned once the
device is made. The tunable thermal sensitivity to-
gether with the soft nature of our graphene devices
paves the way for future diverse and adaptable appli-
cations such as temperature sensing, mapping, and
compensation in stretchable and wearable electronics.

RESULTS AND DISCUSSION

Figure 1 shows the schematic diagrams and corre-
sponding images of the stretchable graphene thermis-
tors at relaxed and mechanically deformed states. The
devices were fabricated using a lithographic filtration
method we developed earlier,’® which allows facile
nanomaterial assembly into desired patterns for differ-
ent target applications. AQNWs were used as elec-
trodes, and graphene (with nanocellulose binder)
was used as the temperature sensing channel. All
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electrodes and detection channels were fully em-
bedded inside a polydimethylsiloxane (PDMS) matrix
(Figure 2d) vto achieve intrinsic high stretchability
while maintaining thermal sensing properties (up to
50% strain as demonstrated in this work). The highly
conductive AgNWs were selected as stretchable elec-
trodes for easy and consistent electrical measure-
ments. The graphene channel was designed into
serpentine shape to augment its resistance within
limited space and enhance its dominant role in the
thermistor devices. For example, the resistances of
AgNW electrodes and the graphene detection channel
are compared in Figure S1, Supporting Information.
The resistance of AgNWs is ~6 orders of magnitude
lower than that of graphene, thus its contribution to
the overall device resistance is negligible.
Microstructural characterizations of the graphene
thermistors are shown in Figure 2. Figure 2a is the scan-
ning electron microscopy (SEM) image of the AgNW—
graphene junction after filtration but before being
embedded into the PDMS matrix (see also Figure S2,
Supporting Information). The AgNW film lies on the
bottom with graphene film covered on top. Enlarged
views of the AgQNW electrodes and graphene channel
are shown in Figure 2b,c, respectively. The assembled
AgNW and graphene films exhibited macroporous
structures, which are critical for their successful em-
bedding into the PDMS substrate to achieve excellent
stretchability. In particular, unlike previous compact
graphene paper based on planar graphene nano-
sheets,” the macroporous structure of our graphene
detection channel originates from its unique crumpled
morphology.'? Figure 2d is the SEM image of the
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Nanocellulose

Figure 2. (a) SEM image of the AQNW—graphene junction before being embedded into PDMS. (b,c) Enlarged views of the
AgNW electrode and graphene detection channel. Nanocellulose was used as the binder to improve the processability of
crumpled graphene. (d) SEM image of the junction area after being embedded into the PDMS matrix.

junction area after being embedded into PDMS. Note
that the AgNW film which was originally below the
graphene channel (Figure 2a) is now exposed on top as
the contacting electrodes (see schematic illustration in
Figure S2, Supporting Information). It is evident that
both AgNW film and graphene channels are fully
embedded inside the PDMS substrate, enabling out-
standing stretchability and mechanical robustness.

Figure 3a shows the images of the stretchable
graphene thermistor at relaxed (0% strain) and
stretched (50% strain) states. We first measured the
thermistor performance at the relaxed state. Figure 3b
shows the [—V curves of the thermistor when tempera-
ture was increased from 30 to 100 °C (plotting step is
10 °C for clarity, although the measurement step is
5 °C). At a fixed voltage of 10 V, the current of the
device increased from 0.79 uA at 30 °C to 1.34 uA at
100 °C, a clear indicator of negative temperature
coefficient (NTC) behavior.?' Figure 3c shows the resis-
tance variation with temperature, which provides a
direct view of the decreasing device resistance upon
heating. The resistance decreased from 12.63 MQ at
30 °C to 7.45 MQ at 100 °C. A closer examination of
Figure 3c suggests that the resistance did not vary
linearly with temperature (see fitting curves in Figure
S3, Supporting Information) but can be described with
the following expression:*’

E B
R = Roexp <ﬁ) = Roexp (?> (M

where R is the resistance at temperature T, Ry is the
resistance at T = oo, E, is the thermal activation energy,
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k is the Boltzmann constant, and B is the thermal index.
Equation 1 can be rewritten as

E. B
In(R) = In(Ro)+ﬁ = |n(R0)+? )]

where a linear relationship between In(R) and 1/T is
expected. The dependence of In(R) on 1/T for our
graphene thermistor is shown in Figure 3d, where
the straight line is the linear fitting result for measured
data (open circles). The linear relationship is of great
importance for practical applications as it simplifies the
post-measurement processing steps.

The graphene thermistor performances at stretched
states were characterized in Figure 4. The device was
placed on a glass slide substrate, stretched to desired
strains, and fixed using binder clips (Figure S4, Sup-
porting Information). Good Ohmic conductions were
observed at all strains within 0—50% (Figure S5, Sup-
porting Information). The dependence of thermistor
resistance on temperature at different strains is shown
in Figure 4a (strain step 10%). It is evident that the
graphene thermistor can maintain its functionality
even when being stretched up to 50%. The decreasing
trends of resistance with temperature indicate consis-
tent NTC behaviors. Fitting curves for In(R) versus 1/T at
different strains are shown in Figure 4b, and excellent
linear relationships were observed for all strains,
although the fitted slopes (corresponding to thermal
index B, based on eq 2) changed with strains. While a
low index of 847 K was obtained at 0% strain, the index
increased to 1203 K at 10% strain. Relatively stable
thermal indexes within 1200—1400 K were maintained
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Figure 3. (a) Images of the stretchable graphene thermistor at 0 and 50% strains. (b) /—V curves of the thermistor at 0% strain
in the temperature range of 30—100 °C (temperature step set as 10 °C for clarity). (c) Resistance variation with temperature
showing a nonlinear relationship. (d) Dependence of In(R) on 1000/T showing a linear relationship.
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Figure 4. Graphene thermistor performance variation upon stretching. (a) Resistance variation with temperature (30—100 °C)

within 0—50% strains (step 10%). (b) Fitting curves showing the linear dependence of In(R) on 1/T at all strains. (c) Thermal
index B variation with strains (0—50%).

within 10—40% strains but increased to 1712 K upon
further stretching to 50%. Figure 4c shows the ther-
mal index variation upon stretching based on mea-
surements of three devices. An increasing trend of
thermal index was observed upon stretching. Note
that the thermal sensing properties of graphene
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thermistors are stable. The thermal index can return
to initial values after repeated mechanical stretch-
ing to 50% for 100 cycles (Figure S6, Supporting
Information).

Other important characteristics of thermistors such
as E, and temperature coefficient of resistance (TCR)
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TABLE 1. Device Performance Variation with Strains
within 0—-50%

strain (%) thermal index, B (K) activation energy, E, (eV) TCR at 300 K (% K™

0 945 + 252 0.16 4= 0.04 —1.05+ 028
10 1411 £ 181 0.24 £ 0.03 —157 £0.20
20 1463 £ 76 0.25 £ 0.01 —1.63 +0.08
30 1432 £ 294 0.25 % 0.05 —1.59 £ 033
40 1530 £ 211 0.26 4= 0.04 —1.70 £ 0.23
50 1895 £ 204 0.33 4 0.04 —211+023

within 0—50% strains are also calculated, as shown in
Table 1. From eq 2, E, can be obtained using

E, = 2kB (3)
TCR is defined by the following expression:*°

drR 1
TR = —- - 4
dT R @
Combining eqs 2 and 4, we can correlate TCR to
thermal index as follows:

B
TCR = T2 (5)

The TCR values for graphene thermistors in Table 1
are calculated at room temperature (300 K) as univer-
sally adopted for conventional ceramic devices.' The
negative signs indicate the NTC behaviors of graphene
thermistors.

The temperature-dependent electrical properties of
graphene have received significant attention. Due to
its unique electrical properties (semi-metal with zero
band gap), studies on pristine graphene (mainly fabri-
cated by mechanical exfoliation) have led to quite
diverse results, where both increasing®*** and de-
creasing® trends of device resistivity at increasing
temperature were reported. The resistivity dependence
on temperature is a combined effect of semiconducting
behavior (dominated by thermally activated charge
carriers; resistance decreases at higher temperature)
and metallic behavior (dominated by charge carrier
scattering; resistance increases at higher temperature).
The diverse results originate from the distinct device
and measurement conditions, such as graphene crystal-
linity, layer number, carrier density, scatter wave inter-
ference, etc.” For example, metallic behaviors are
usually observed for graphene with high carrier density,
which might be induced by gate bias, but semiconduct-
ing behavior is usually observed for samples with a
Fermi level near the Dirac (charge neutrality) point.
However, studies on chemically derived graphene
(reduced graphene oxide) suggested quite consistent
semiconductor-like behaviors.3**° This is because it is
very difficult to completely reduce graphene oxide;
the remnant oxygen and hydroxyl groups on the
surface convert zero-gap graphene into a finite-gap
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semiconductor or even insulator at high oxygen
coverage.***° This is consistent with our observations,
where the measured NTC characteristics of our stretch-
able graphene thermistors are clear indicators of intrin-
sic semiconducting behaviors. Meanwhile, we suggest
that the chemically derived, more defective graphene is
beneficial to the thermistor sensitivity. Structural defects
such as those derived from chemical processing steps
can reduce carrier densities as well as thermal conduc-
tivity. A lower carrier density is preferred to achieve
higher sensitivity of NTC thermistors. For example, Wang
et al®® reported that the temperature coefficient of
resistance of Si nanowire temperature sensors increased
from —0.15 to —0.37% K~ ' when the doping concentra-
tion was reduced from 3 x 10'® to 4 x 10"*/cm>. The
thermally activated carriers can induce larger resistance
variations when the carrier density is low.

Thermal index B is an indicator of thermistor sensi-
tivity. Devices with low B values are useful in circuit
temperature compensation and cryogenic measure-
ments, and high B value devices are desired for high-
temperature sensing.®’ Most ceramic materials (typically
transition metal oxides) exhibit thermal indexes within
2000—5000 K.2" The thermal indexes of our graphene
thermistor are lower than those for conventional
ceramic devices but are comparable with previous
graphene-based devices. For example, graphene on
flexible PET substrates showed a thermal index of 1860 K
within the temperature range of 298—358 K37 Interest-
ingly, this is the first demonstration of thermistors with
tunable thermal index. Conventional rigid thermistors
have fixed device structure and hence performance
characteristics which cannot be tuned for diverse appli-
cations. However, our stretchable graphene thermistors
with robust mechanical properties allow facile tuning of
electrical resistances and thermal sensitivity, which may
open up innovative practical applications. Although the
thermistors in this work are yet capable of sensing tem-
perature where the strain also changes (since stretching
also induces resistance change), they can find applica-
tions like temperature mapping of nonplanar curvilinear
surfaces where there is no variations of strains; more-
over, the thermal indexes can be effectively tuned for
applications at different occasions.

The strain-dependent thermal sensitivity can be un-
derstood based on the contact-resistance-dominated
electrical conduction, although detailed mechanisms
will require further studies. The device resistances are
dominated by contact resistances. For example, the
resistance (at 30 °C) changed from 12 MQ at 0% strain
to 147 MQ at 50% strain (Figure 4a). The resistance
variation mainly comes from the contact resistance
since the crumpled graphene balls are analogous to
crumpled conducting paper balls with structures simi-
lar to those of buckled structures/surfaces that showed
no resistance change with strains."”> Upon stretching,
the interconnected crumpled graphene “balls” were
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Figure 5. (a) Response behaviors of the graphene thermis-
tor at 0 and 50% strains. (b) Detailed view and comparison
of a single response at 0 and 50% strains, showing the
similar response behaviors at different strains.

stretched, resulting in decreased contact areas and
hence increased contact resistances, which is equiva-
lent to the increase of conduction barrier height.
That is, charge carriers have to overcome higher
conduction barriers at stretched states. Analogous
conduction-barrier-dominated resistance was also
observed in previous percolating semiconductor nano-
wire films.>' The conduction barrier at the semiconductor—
semiconductor interface is composed of two back-to-
back surface depletion layers, and the width of the
depletion layer W can be described using®?

4
W o< \/% (6)

where Vis the barrier height and N is the carrier density.
Thus, for a certain increase of charge carrier density
(thermally activated), a larger decrease of depletion
layer width is expected for higher barriers based
on eq 6. This may help to explain the fact that our
graphene thermistors exhibited a trend of higher
sensitivity at stretched states due to the more signifi-
cant conduction barrier modulations at higher strain.
Response behaviors of the graphene thermistors are
shown in Figure 5. The device was held at 50 °C with
intentionally introduced temperature perturbations
for response measurements. To prevent the effect of
strain-induced resistance change, a touchless tem-
perature perturbation was employed by blowing cool
air (room temperature, 25 °C) to the hot device surface.
A typical cooling perturbation period was 3 s, after
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which the device was allowed to recover to its back-
ground temperature (50 °C) naturally. Response behav-
jors at 0 and 50% strains are shown in Figure 5a.
Detailed views of a single response cycle from 0 and
50% strains are compared in Figure 5b. The resistance
increased rapidly upon cooling and then gradually re-
covered when the cooling perturbation was stopped.
Similar response and recovery behaviors were ob-
served at 0 and 50% strains (Figure 5b). The thermal
responses of graphene thermistors were dominated by
the heat transfer processes. Since the graphene detec-
tion channel was exposed on top of the PDMS matrix
(Figure S7, Supporting Information), cool air was in
direct contact with the graphene channel and a fast
response process was observed. The recovery process
(~20 s, Figure 5b) was slower than the response pro-
cess because the recovery was determined by the rate
of heat transfer from the underlying heating stage,
through the glass slide and PDMS substrates to the
graphene detection channel. PDMS has a low thermal
conductivity of 0.15 W-m~'-K™" (at 25 °C),>® and for
comparison, glass substrates (soda lime microscope
glass) typically exhibit thermal conductivity of 0.9—
13W-m'-K ' (at 25 °C),>* which is at least 6 times as
high as that for PDMS. Thus, the thermal conduction
through the PDMS substrate is the rate-limiting step for
the recovery process. Note that the PDMS substrate
and hence embedded graphene layer may undergo
slight relaxation during the response measurements at
50% strain. The relaxation may induce contact instabil-
ity between the crumpled graphene balls and lead to
larger noise on the measurements, as observed in
Figure 5. It is evident that our graphene thermistors
can respond and recover very fast within tens of
seconds, which is beneficial for their practical applica-
tions such as wearable temperature sensing. The re-
sponse speed can be further optimized. For example,
the substrate thickness can be reduced to expedite the
heat transfer process; a thinner substrate with lower
thermal capacity will lead to faster heating or cooling
rates. Alternative stretchable substrates with higher
thermal conductivity are also desired to improve the
response speeds.

CONCLUSIONS

In conclusion, we demonstrate the fabrication and
characterizations of highly stretchable graphene thermis-
tors based on conductive AgNW electrodes and a resis-
tive graphene detection channel. Typical semiconductor-
like NCT behaviors were observed. The devices were
stretched up to 50% and could maintain their func-
tionality even at highly stretched states. Linear rela-
tionships between In(R) and 1/T were observed at all
strains within 0—50%, indicating consistent device
characteristics. An increasing trend of thermal index
B upon stretching was observed, which was attributed
to the strain-induced electrical connection change
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between adjacent crumpled graphene. The tunable
thermal index is a unique feature of soft electronics as
compared with conventional ceramic thermal sensors
with unchangeable device characteristics and is ex-
pected to enable diverse applications for the same
graphene thermistor. Response behavior measurements

METHODS

Device Fabrication. The stretchable graphene thermistors
were fabricated using our innovative lithographic filtration
methods as described earlier.> Briefly, crumpled graphene
(Time Nano, China) was fabricated by thermal reduction at
1200 °C with inert N, atmosphere. The unique crumpled
morphology was attributed to the capillary force as has also
been observed during graphene ball formation.>® Nanocellu-
lose fibril (University of Maine, USA) was used as the binder to
improve the processability of crumpled graphene. For device
fabrication, AgQNWs (diameter 40—100 nm, length 20—100 um,
Seashell Technology LLC, USA) dispersed in ethanol (1 mg mL™)
were first filtered as electrodes using polycarbonate (PC) filter
membranes (Millipore GTTP, pore size 220 nm). Graphene and
nanocellulose dispersed in deionized water (1 mg mL~’, weight
ratio 1:1) were then filtered as the detection channel to connect
the AgNW electrodes. Filtration masks with straight (for AgNW
filtration) and serpentine (for graphene/nanocellulose filtration)
patterns were used to obtain nanomaterial films with desired
patterns. The PDMS base and curer (Sylgard 184, Dow Corning,
USA) in liquid form was thoroughly mixed, poured on top of the
filtered AgNW and graphene films, degassed in a vacuum
desiccator for 30 min, and then cured at 60 °C for 2 h. The
functional AGNW electrodes and graphene detection channels
were fully embedded inside the PDMS matrix, and highly
stretchable devices were obtained after peeling off the solidi-
fied PDMS from the PC filter membrane.

Device Characterization and Testing. The devices were character-
ized using field-emission SEM (JSM 7600F, Japan). Electrical
properties of the thermistors were measured using a Keithley
analyzer (model 4200) equipped with a heating stage. For mea-
surements at stretched states, the device was placed on a glass
slide substrate, stretched to desired strains, and then fixed at
the two ends using binder clips. The temperature was increased
from 30 to 100 °C with a step of 5 °C. The device was stabilized
for 5 min to achieve thermal equilibrium at each temperature
point before electrical measurements. A stainless steel block
was placed under the glass slide substrate for heat transfer
between the heating stage and thermistor device. Home-built
stretching stages were also used to show the excellent stretch-
ability of the graphene thermistors.
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