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This paper reports on the thermoresistive properties of
graphite on paper (GOP). A negative temperature coeffi-
cient of resistance (TCR) from -2,900 to -4,400 ppm/K was
observed for the GOP. This negative and large TCR is at-
tributed to an increase in the thermionic emission current
over a low potential barrier with increasing temperature.
The potential barrier was found to be 33 meV between the
graphite grains. The paper also demonstrates the use of
the GOP in a highly sensitive (0.83 mV/(m/s)0.8/mW) GOP-
based anemometer, indicating strong feasibility of using
this material for low-cost and sensitive thermal sensing ap-
plications.

The thermoresistive effect has been widely utilized in thermal
sensors with numerous successful applications such as flow
sensors1,2, inertial sensors3,4, and temperature sensors5–7. To
date, various thermal sensing materials have been employed,
including metals (platinum, nickel, copper, etc) and semicon-
ductors (silicon and polysilicon). Micromachining has suc-
cessfully been used to fabricate thermal-based sensors, taking
advantage of the maturity of microelectronics technology3–9.
However, the expensive materials, clean room facilities and
specialised wafer processing equipment raise the cost of such
devices, especially for small scale production.

Recent studies have paid a great deal of attention to paper-
based devices for diagnostics, electronics and microfluidics
applications10–12. The main advantages of this technology are
the low cost, diversity in material choice, disposability and
ease of fabrication13. Graphite on paper (GOP), in which
graphite layers are deposited on paper by either graphite-
ink printing techniques14,15, or manual pencil drawing tech-
niques16, has been utilized as the sensing element in flexible
sensors for strain sensing and chemical analysis16–19. Addi-
tionally, the excellent electrical conductivity of graphite and
the low thermal conductivity of porous paper make GOP an
attractive material for thermoresistive sensors. Consequently,
GOP, as a transducing element for thermal-based sensors, has
remarkable advantages such as low cost, cleanroom-free fab-
rication and high sensitivity.
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a Queensland Micro-Nanotechnology Centre, Griffith University, Queens-
land, Australia.
b School of Engineering, Griffith University, Queensland, Australia.
† Electronic Supplementary Information (ESI) available: The impact of the
thermal expansion and bending of the paper on the resistance change and the
time response of the GOP-based anemometer. See DOI: 10.1039/c000000x/

To the best of our knowledge, no work has been reported on
the temperature dependence of electrical properties of GOP
using pencil graphite on paper. Therefore, this work focuses
on the thermoresistive property and conduction mechanism of
the GOP material, and its application. We also demonstrate
by using the example of an anemometer, the feasibility of us-
ing this material for thermoresistive sensors. The insights into
the temperature dependence of GOP gained from this study
could open a new perspective for the development of a range
of paper-based thermal sensors.

The graphite on paper (GOP) material is created by hand
drawing a 5B grade pencil line (Faber-Castell) on a paper
sheet (Staples). The main components in the 5B grade pen-
cil lead include 82 wt % graphite particles bound together by
12 wt % clay and 5 wt % wax20. The GOP material was cut
into 20 mm×10 mm strips for the subsequent thermal char-
acterization. 3MTM aluminum tape and low resistive silver
epoxy (186-3616, RS Components) were employed as electri-
cal readout pads. Figure 1(a) shows a schematic sketch of the
fabricated GOP mounted on a supporting base for thermore-
sistive property characterizations.

The properties of the GOP were then investigated utilizing

(c)

1000 2000 3000

In
te

n
si

ty
 [

ar
b
. 
u
n
it

]

Raman shift [cm-1]

D

G

2D

(a)

(d)

Pencil trace

Aluminum tape

Paper

PCB

Silver epoxy

(c)

(b)

20 μm

100 μm

(c)

(b)

Fig. 1 Graphite on paper material: (a) Schematic sketch of the
graphite resistor (not to scale); (b) SEM image of the paper
substrate; (c) SEM image of the pencil trace; (d) Raman spectrum of
the pencil trace.
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optical measurements. Figure 1(b) shows the scanning elec-
tron microscopy (SEM) image of the paper sheet, illustrating
the cellulose fibres and the porosity of the paper. The SEM
image of the pencil trace (Fig. 1(c)) also indicates that a con-
tinuous graphite film was deposited on the paper. In addition,
Raman measurements were performed to characterize the de-
fect quantity in the GOP. The Raman spectrum of the pen-
cil trace (Fig. 1(d)) shows three main prominent peaks at the
wavenumbers of 1350, 1580 and 2725 cm−1 corresponding to
the D, G and 2D bands of graphite material, respectively21,22.
The level of the D-band peak is proportional to the number of
defects and boundaries in the graphite trace, while the G band
provides information about the sp2 bonded carbon networks
inside the graphite film21. Additionally, the 2D band functions
as an indication of stacking type in the direction perpendicular
to the graphite plane. Based on the intensities of these bands,
the average crystallite size L of the graphitic material can be
estimated using the following equation23:

L = 2.4×10−10×λ
4×

(
ID

IG

)−1

(1)

where λ is the laser line wavelength used in the Raman mea-
surements, and

(
ID
IG

)
= 0.37 is the ratio of the D and G band

intensities. Consequently, the crystallite size L was calculated
to be approximately 45 nm, which agrees with the range of 20
to 490 nm reported in23.

The linear current-voltage characteristic of the GOP was
measured using a HP 4145B analyzer, indicating a good ohmic
contact between the electrodes and the graphite trace (the inset
Fig. 2(a)). The thermal characterization of the GOP was then
performed in the temperature range of 300 to 380 K with an
interval of 10 K in an oven (TD-330F model, Thermoline Sci-
entific). The temperature inside the oven was monitored us-
ing a K-type thermocouple (resolution 1◦C, accuracy ±3%),
while the resistance of the GOP was measured by an ohmme-
ter (Fluke 117 true-rms multimeter, accuracy 0.1 Ω).

Figure 2(a) shows the variation of the electrical resistance
of the GOP with temperature. It can be seen that the resistance
significantly decreased by approximately 24% when the tem-
perature increased from 300 to 380 K. The change in the re-
sistance of the GOP also showed good reproducibility in that,
after raising the temperature to 380 K and then cooling it down
to room temperature, the resistance of the GOP returned to its
original value with an error of ±0.5%. The decrease in the
electrical resistance with increasing temperature indicates that
the conduction of the GOP is thermally activated; this phe-
nomenon can be explained as follows.

When the temperature changes, the thermal expansion and
bending of the paper and the change of GOP resistivity con-
tribute to the resistance change of the GOP. The maximum
relative resistance change ∆R/R of the GOP due to the ther-
mal expansion and bending of the paper was respectively es-
timated to be approximately 1.2% and 1.8% at 380 K (ESI†).
These contributions are much smaller than the total resistance
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Fig. 2 Thermoresistive characteristics of the GOP: (a) Electrical
resistance versus temperature (number of samples N = 10; inset
shows the I-V curve); (b) Schematic sketch of graphite grains and
potential barriers at their boundaries; (c) Arrhenius plot of GOP
thermoresistance; (d) Temperature coefficient of resistance (TCR).

change (24%). Therefore, the thermal expansion and bending
of the paper have a small influence on the resistance change
and can be neglected.

Consequently, the decrease in the electrical resistance is
mainly caused by the temperature dependence of GOP resis-
tivity. It is believed that the resistance of the graphite trace
comes from graphite grain resistance and their boundary resis-
tance25,26. Due to the large number of defects

(
ID
IG

)
= 0.37,

free carriers are trapped in the boundaries between graphite
grains, creating a potential barrier Φ which impedes the mo-
tion of carriers from one graphite grain to another grain (Fig.
2(b)). Since the resistance of graphite grains is much smaller
than that of boundaries27,28, the GOP resistance can be ap-
proximated as the boundary resistance, which is expressed in
the following form :

R∼ exp
(

Φ

kT

)
(2)

where k is the Boltzmann constant. Therefore, the relation-
ship between the resistance change and the temperature can
be expressed as:

ln(R/R0) = Φ
1

kT
−b (3)

where b = Φ(kT0)
−1 is a constant (R0 is the GOP resistance

at the reference temperature T0). From the slope of ln(R/R0)
versus 1/kT shown in Fig. 2(c), the barrier height, Φ, was
found to be approximately 33 meV. This result is compara-
ble to that (5 to 34 meV) attributed to a polysilicon material29

which also has boundary structures. We hypothesize that when
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the temperature increases, the thermally excited carriers can
pass through the barrier by quantum-mechanical tunneling.
They can also move over the barrier by thermionic emission.
However, due to the low potential barrier (Φ = 33 meV ), the
thermionic emission is considered as the dominant contribu-
tion to the significant decrease in the electrical resistance of
the GOP29,30. The resistance change of the GOP is then quan-
tified using the temperature coefficient of resistance (TCR)
which is defined in the following equation:

TCR =
1
R

dR
dT

=− Φ

kT 2 (4)

The measured TCR ranges from -2,900 ppm/K to -
4,400 ppm/K, which is comparable to that of common tem-
perature sensing materials such as platinum (3920 ppm/K),
copper (4300 ppm/K) and nickel (6810 ppm/K)8. Based on
Eq. 4 and the defined Φ value, the well fitted TCR function is
shown in Fig. 2(d). The large TCR obtained in this study indi-
cates that the GOP is a good candidate for thermal-based ap-
plications such as GOP anemometers which will be presented
hereafter.
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Fig. 3 Flow measurement: (a) Fabricated GOP anemometer; (b)
Schematic sketch of four-point measurement setup (not to scale); (c)
Schematic sketch of flow measurement setup (not to scale).

A GOP-based anemometer was fabricated utilizing the
same method as mentioned in the previous section. A cavity
beneath the GOP was formed to thermally insulate the paper
from the substrate. Figure 3(a) shows an image of the fab-
ricated anemometer. The working principle of the fabricated
GOP anemometer is the same as that of conventional thermal
flow sensors31. That is, when constant heating power is ap-
plied to the GOP, the temperature of the GOP heater increases
as a result of the Joule heating effect. As the air flow sur-
rounding the heater increases, the convective heat loss from
the heater increases, leading to the decrease of its tempera-
ture. As a result, the resistance of the GOP increases owing
to its negative TCR. By detecting the resistance change of the
sensor, the air flow velocity can be determined. In this study,
the resistance change of the GOP was detected by applying a
constant current and measuring the differential output voltage.
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Fig. 4 The response of the GOP anemometer to different air flow
velocities.

In order to monitor the output voltage of the sensor, the
four-point measurement was employed as shown in Fig. 3(b).
A USB modular source measurement unit (Agilent U2722A)
was utilized as the current supply and the multimeter. Figure
3(c) shows the schematic diagram of the experimental setup
for flow measurement. An air blower (LB0115-002, Industrial
Equipment and Control) generated air flow ranging from 1 to
4 m/s at room temperature (23◦C), while a hot wire anemome-
ter (AM-4204, RS Components) was used as a reference flow
sensor.

The Reynolds number Re = Dυρ/µ of the setup varied
from approximately 6500 to 26000 when the flow velocity υ

changed from 1 m/s to 4 m/s. The diameter of the flow chan-
nel pipe D is 10 cm, ρ and µ are the density and viscosity of
air, respectively. The high Reynolds number indicates that the
flow passing the GOP sensor was turbulent32. We evaluated
the impact of the strain induced by the air flow, by measuring
the resistance of unheated GOP anemometer at different flow
velocities. The resistance of the GOP anemometer showed a
very small change of less than 0.1% when applying a maxi-
mum air flow velocity of 4 m/s. This result indicates that the
influence of the strain induced by the air flow on the output
signal of the anemometer can be neglected.

The voltage across the GOP sensor was measured for dif-
ferent air velocities and at a constant current of 10 mA, shown
in Fig. 4. It is evident that the output voltage increased sig-
nificantly with increasing air flow rate, which is due to the
fact that the hot-film GOP anemometer operates based on the
heat transfer from the graphite-trace heater to surrounding air
as mentioned in the previous section. Furthermore, the resis-
tance of the GOP increased with increasing air flow rate and
returned to the initial value when the air flow rate equaled zero,
indicating a very good reversible characteristic of the GOP.
The response of the sensor to different flow velocities was also
measured at different constant currents of 8 and 6 mA, Fig. 5.
In the constant-current mode, the differential output voltage
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Fig. 5 Performance of the GOP anemometer at different applied
constant currents.

∆V and flow velocity υ follow King’s law:

∆V = a+bυ
n (5)

where a, b and n are empirical constants8. Figure 5 indi-
cates the highest sensitivity (0.83 mV/(m/s)0.8/mW) of the
GOP sensor at a constant current of 10 mA and a power
consumption of 120 mW. This sensitivity is almost 1.2 times
higher than that of a hot-film sensor made of platinum as re-
ported previously in9. The high TCR of the GOP and the
low thermal conductivity of the porous paper (approximately
0.1 W/m.K33) clearly improve the performance of the GOP
anemometer. The time response of the anemometer was also
investigated at room temperature (23◦C) in quiescent air and
under atmospheric pressure34. The obtained result indicates
that the 90% response time of the GOP anemometer is ap-
proximately 2.3 s (ESI†), which is comparable to that of other
thermal flow sensors31.

In conclusion, the themoresistive property and conduction
mechanism of the GOP were investigated. The application of
the GOP for flow measurement was also demonstrated. The
high TCR of the GOP from -2,900 ppm/K to -4,400 ppm/K
was found for the temperature range of 300 to 380 K. The
GOP anemometer displayed a relatively high sensitivity of
0.83 mV/(m/s)0.8/mW, demonstrating a good feasibility of us-
ing GOP for highly sensitive and low-cost paper-based ther-
moresistive sensors.

This work was performed in part at the Queensland node of
the Australian National Fabrication Facility, a company estab-
lished under the National Collaborative Research Infrastruc-
ture Strategy to provide nano and micro-fabrication facilities
for Australia’s researchers. This work has been partially sup-
ported by the Griffith University’s New Researcher Grants.
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