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Carbon nanotubes based flexible temperature sensors
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This paper presents the design, fabrication and investigation of carbon nanotubes (CNTs) based flexible AI/CNT/AI
temperature sensor. The sensor has been fabricated by the deposition of CNTs on the adhesive elastic polymer tape and
packing it in the elastic casing. The diameter of multiwall nanotubes (MWNTS) was in the range of 10-30 nm. The nominal
thickness of the CNTs layers in the samples was ~ 300-430 pym. The inter-electrodes distance (length) and width of the
surface-type samples were in the range of 4-6 mm and 3-4 mm respectively. The investigations showed that DC resistance
of the sensor decreases in average by 1.4 times as the temperature increases from 20 C to 70 C. The resistance-
temperature relationship shows wide range sensitivity, and the simulation is in good agreement with the experimental

results.
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1. Introduction

Temperature sensors are widely used in industry, in
particular, aerospace, nuclear, mechanical, chemical and
medical technologies. Since their discovery in 1991carbon
nanotubes (CNTSs) are intensively investigated [1]. CNTs
are interesting due to their unique electronic and
mechanical properties. Electronically, CNTs can be
metallic, semiconducting, or small-gap semiconducting
(SGS), depending on the orientation of the graphene lattice
with respect to the axis of the tube [2]. Different types of
sensors on the base of single-wall carbon nanotubes
(SWNTs) [3-6], double-walled carbon nanotubes
(DWNTs) [7] and multi-walled carbon nanotubes
(MWNTS) [8] have fabricated and investigated.

The temperature and chemical sensitivity of carbon
nanofilms made on diamond surface by high temperature
surface modification followed by plasma treatment were
also investigated [9]. The structure of nanofilms was found
amorphous. The films electrical conductance was sensitive
to temperature and exposure to vapors of different organic
compounds. In another study highly disordered
multiwalled carbon nanotubes of large outer diameter (60
nm) were fabricated by means of a chemical vapor
deposition process and their temperature dependent
electrical transport was investigated [10].

So called flexible electronic sensors [11-15], in
particular, flexible temperature sensors, which improve
greatly the functionality of integrated bio-parameter
monitoring systems becoming more interesting for the
researchers, especially for body temperature controlling
systems. The miniaturized flexible temperature sensors
based on polymer compositions filled with multiwalled

carbon nanotubes were described [16]. This sensor didn’t
show tensometric effect that was very common for other
carbon-polymer sensors. The temperature sensitivity of the
sensor was around of 0.13%/K. Based on an array of
carbon nanowires temperature sensor that was written by a
30 KeV Ga' focused ion beam on diamond substrate has
been developed [17]. In the temperature range from 40 to
140 “C the sensor shows an exponential increase of current
with temperature at a rate of 0.1dB/'C. Low-temperature
resistance sensor based on CNTs grown on nickel film
using ion beam deposition technique for measurement at
10 K-300 K was developed [18]. It was found that CNTs
behave as semiconductors.

In continuation of our efforts for the fabrication of
various types of sensors [19, 20], we designed, fabricated
and investigated the carbon nanotubes based flexible
temperature sensors.

2. Experimental procedure

Commercially produced (Sun Nanotech Co Ltd.,
China) CNTs powder was deposited on the adhesive
elastic polymer tape of thickness of 35 um, with built-in
Al foil electrodes, and then it was covered by the same
kind of tape. As shown in figure 1 the tape played a role of
elastic casing. The diameter of multiwalled nanotubes
(MWNTSs) was in the range of 10-30 nm. The nominal
thickness of the CNTs layers was ~ 300-430 pum. The
inter-electrodes distance (length between electrodes) and
widths of the surface-type samples layers were in the
range of 4-6 mm and 3-4 mm respectively. DC resistance
of the samples was measured by using ESCORT ELC-132
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A meter. Laboratory setup for the measurement of the
influence of temperature to the resistance of the samples
was used for the experiments. The experimental error in
the measurement of the temperature was +1°C.
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Fig.1. AI/CNT/AI resistance temperature sensor.

3. Results and discussion

Fig. 2 shows resistance-temperature relationship for
one of the AI/CNT/AI sensors. The DC resistance of the
sensors was decreased in average by 1.4 times respectively
with the increase in temperature from 20 'C to 70 'C. The
effects of temperature to the sensors’ resistances were
approximately same for the thicker CNT films (~430 pm)
and thinner films (~300 pm).

The resistance temperature coefficient (S) of the
sample can be calculated by:

S = AR/(R, AT) @)

where R,, AR and AT are initial value of the sensor’s
resistance, change in the resistance and temperature
respectively. From data presented in figure 2 it can be
found that at 20 'C the value of S is -1.26% C™. The
temperature sensitivity of the investigated AI/CNT/AI
sensor was found larger than that of hydrogenated
multiwalled carbon nanotubes (S = - 0.16% C™) [10],
carbon nanofilms deposited on diamond crystals (S = -
0.14% 'C™) [9] and carbon-polymer flexible temperature
sensor (S=-0.13% K™) [16].
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Fig.2. Resistance-temperature relationship of the one of
AI/CNT/AI sensors.

The sensor’s resistance (R) is determined as [21]:
rR-dp_d @

A oA

where d is the length or inter-electrode distance and A is
the cross-section of the CNT layer, and p is the resistivity

1
(0 =— where ¢ is conductivity) of the CNT layer. As
o

CNT is a nanopowder, for the observed resistance-
temperature relationship the increase in the conductivity of
the CNT film under the effect of temperature may be due
to the increase in concentration of charge carriers, same
like in semiconductors [22]. Using an exponential function
given in equation (3), the relationship can be represented
as given in equation (4) [23]:

f(x)=e" ©))
R/Roze-AT (Tm/T)K (4)
where R is the sample’s resistance at elevated

temperatures (T) , T, is maximum temperature, K is
resistance temperature factor. From the experimental data
shozv\!n iln Fig. 2, the calculated average value of K is 0.689
10 C™.

Experimental and simulated (by using equation (4))
results are plotted in Fig. 3 and can be observed in good
agreement.
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Fig. 3. Experimental (solid line) and simulated (dashed
line) relative resistance-temperature relationships of the

Al/CNT/AI sensors (R, and R are initial resistance and
resistance at elevated temperatures respectively).

The mechanism of conductivity in CNT samples can
be considered as transitions between spatially separated
sites, or particles that can be attributed to the Percolation
Theory [24, 25]. According to Percolation Theory, the
effective conductivity (o) of the CNT samples can be
calculated as;

o} L ©®)

LZ

where L is a characteristic length, depending on the
concentration of the sites, Z is the resistance of the path
with the lowest average resistance. With an increase of
temperature, the CNT layer will be heated that will cause
the reduction of Z due to generation of charge carriers. On
the other hand, as the CNT nano-particles are
encapsulated, due to the thermal expansion the particles
will be squeezed and the contact areas between particles or
effective cross-section of the sample (equation 2) will be
increased as well that will decrease the resistance of the
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sample As a result, the conductivity of the CNT samples
increases and the resistance decreases with increase of
temperature accordingly, as is observed experimentally
(Fig. 2). The CNT system can be assumed as a bulk hetero
system that results to high sensitivity of the CNT layers to
the effect of temperature. With the rise in temperature the
increase in inter-particles contact areas and intrinsic
conductivity of the nanoparticles takes place that results in
an increase of the conductivity and decrease of the
resistance of the samples accordingly.

Formally, the structure of the investigated sensors is
the same as presented in [26], as in both cases the flexible
substrates are used for deposition of the CNT layer. But in
[26] the flexible substrate was fixed on silicon wafer by
gluing. Moreover in our case the CNT layer is actually
encapsulated in plastic casing to prevent effect of humidity
to the resistance as CNT based layers are very sensitive to
the influence of humidity [3-8], i.e. in this case the
influence of the humidity to electric properties of the
sensors is neglected.

As the experimental resistance-temperature (Fig. 2)
relationship for the AI/CNT/Al sensor is quasi-
exponential, it may be easy to linearize it by nonlinear op-
amps [27].

4. Conclusions

The surface-type AI/CNT/Al flexible temperature
sensors were designed, fabricated and investigated.
Resistance of the sensors decreases as the temperature
increases, i.e. resistance-temperature relationship has
semiconductive behavior. The average temperature
sensitivity of the samples is -1.26% C™. The resistance-
temperature relationship of the sensor was simulated. For
the explanation of a conduction mechanism, the
percolation theory is used. The CNT system is assumed as
a bulk hetero system that results to a high sensitivity of the
CNT layers to the effect of temperature. In this system the
increase in the inter-particle contact areas and intrinsic
conductivity of the nanoparticles takes place as well,
which results in increase of the conductivity and decrease
of the resistance of the samples with increase of the
temperature accordingly. The temperature sensors show
good performance, and as the CNT layer is encapsulated in
flexible elastic casing the effect of humidity to the electric
properties of the sensors is neglected.
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