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This work presents the fabrication and temperature sensing properties of the carbon nanotubes-silicon
(CNT-Si) nanocomposites based sensors. The multi-walled carbon nanotubes used for the fabrication
of sensors have diameter in the range of 10-30, while the silicon powder (1.99 um) is obtained by the
milling of p-Si crystal wafers containing impurity (boron) concentration of 10*® cm2. For the synthesis
of nanocomposites the silicone adhesive (Hero Gum) and organic polymer (GMSA) are used as an
binding materials. Four different types of composites are prepared for the fabrication of sensors. Film
deposition is carried out by using drop casting and doctor blade technology. In all the sensors entire
thickness of composite film is equal to 100 um. The temperature Sensitivity is found in the range of -
0.53 %/ 'C to -0.74 %/ C. Depending on composition, ratio of components and kind of adhesive
materials the initial resistance values of the sensors are in the range of 260 Q to 34 kQ. The simulation
of experimental results is carried out by using exponential function and the simulated results are in
good agreement with the experimental results.
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1. INTRODUCTION

Although, existence of cementite nanowires and CNTs in some antique engineering products
has been proved recently [1], but the discovery of CNTs by lijima in 1991 [2, 3] brought a revolution
in the world of scientific research and it has become the most investigated material of 20™ century. It
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all is because of its exceptional mechanical, thermal and electronic properties [4]. Depending on the
chirality of the tube, carbon nanotubes are electronically categorized as semiconducting (wide or small
bandgap) and metallic [4, 5]. The CNTSs in the form of single-walled, double-walled and multi-walled
tubes have been studied as an active material for various types of sensors [3, 6-14]. Because of their
piezoresistive nature, CNTs are interesting for electromechanical sensors like accelerometer, pressure
sensors, displacement sensors and strain sensors. Due to their temperature dependent resistivity carbon
nano tubes are also considered very promising active material for temperature sensors [15], that can
offer extensive miniaturization, low power consumption, high sensitivity and quick response [16, 17].
These sensors may be used in MEMS, medical, agriculture, food, chemical, mechanical, nuclear and
aerospace industries.

Volder et al. fabricated low power consuming miniaturized temperature sensors by growing 3D
bridge of CNTs on TiN electrodes by using Ni as a catalyst, while silicon wafer is used as a substrate
[17]. The reported sensitivity of the these sensors between 300K and 420K is 0.1 %/K. Ali et al.
reported the controlled growth of CNTs on silicon (Si (100)) substrate by using yttrium iron alloy as a
catalyst and they tested the samples for temperature sensing [18]. The reported sensitivity is 4.21 x 10
°C™ with ultrafast response. Karimov et al. reported the fabrication of CNTs based sensors on a paper
substrate by the sequential deposition of glue and multi walled carbon nanotubes films, which show
sensitivity of -0.24%/°C [19]. These sensors are fabricated by deposition of 30-40 um thick CNTs
films, while the sensors width and inter-electrodes distances are 4 and 5 mm respectively. A carbon
nano-wires array on a diamond substrate is fabricated by using focused ion beam (30 KeV Ga") for
temperature sensing in the range of 40-140 °C by Zaitsev et al. [20]. The sensing mechanism is based
on change in current with change in temperature. Semiconducting CNTs grown by ion beam
deposition method on nickel film is characterized for low temperature sensing by Saraiya et al. [21].
The current study is focused on temperature sensing properties of CNTs and CNTs-Si based
composites.

2. EXPERIMENTAL

For the fabrication of sensors commercially produced (Sun Nanotech Co Ltd., China) CNTs
powder is used. The diameter of multiwalled carbon nanotubes (MWNTS) varies between 10-30 nm.
The silicon powder is obtained by the milling of p-Si crystal wafer, which with has 10 *® cm™ impurity
(boron) concentration. Average size of the particles in silicone powder is equal to 1.99 um that is
found by particle size analyzer SA-CP 3. As adhesive materials the Hero Gum (silicone adhesive) and
GMSA (organic polymer) are used. The composites are obtained by mixing the components. The
medical glass slides are used as substrate, which are cleaned and dried prior to the deposition of
blends. Four different types of sample are prepared by the sequential use of drop casting and doctor
blade technology. The composition and the dimensions of the composite films are given in Table-1.
Figure 1 (a) and (b) show schematic diagrams of the samples 1-3, and 4 respectively. The thickness of
active films is equal to 100 um in both single (1-3) and bi-layer sensors (4). In bi-layer structure the
thickness of p-Si-adhesive and CNT-adhesive composites are equal to 80 um and 20 pum, respectively



Int. J. Electrochem. Sci., Vol. 10, 2015 3786

(layer-1 and layer-2 in Fig.1 (b)). Terminals of the sensors are connected to the composites layers by
the silver paste. After fabrication, the samples are dried for two days at room temperature conditions
followed by heating at 90 'C for two hrs by using hot-plate. The resistance and temperature are
measured by FLUKE 87multi-meter.

Multimeter —> Metal Contact Multimeter —> Metal Contact

Silver Paste
Composite-2
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Figure 1. Schematic diagrams of the sensors

3. RESULTS AND DISCUSSION

Resistance-temperature relationships of the sensors are shown in Figs. 2(a)-3(b). It is evident
from the figures that the DC resistance of the sensors decreases with increase in temperature. This
decrease in resistance is in the range of 12% to 29%. The initial resistance values of the sensors are in
the range of 263 Q to 34 kQ, depending of composition, ratio of components and kind of adhesive
material. The sensors based on nanocomposites of CNTs-GMSA and CNTs-Herogum show low initial
resistance, while the sensors based on CNTs-Si-Herogum nanocomposites show high resistance. The
addition of p-Si causes to increases the initial resistances of the sensors from 662 Q (3:7 CNT-Hero-
gum nanocomposite) to 34 kQ (2:4:4 CNT-p-Si-Hero-gum nanocomposite). The reasons behind this
behavior may be the high resistance of the Si as compared to CNTs (a) and the possible formation of
hetero-junctions between Si and CNTs (b). It is evident from the resistance temperature behaviors of
the sensors that the sensors based on double layer of composite (Fig.3(b)) show more linear behavior
as compared to the sensors based on single layer of composite (Figs.2(a) to 3(b)). It also depicts that
the properties of the sensors can be easily changed by changing the composition, ratio of components
in the composite and the design of sensor. For the calculation of resistance-temperature coefficient (S)
following equation is used:

s=-22100 (1)

Ry AT
where R, initial resistance, 4R is change in resistance and AT is change in temperature. It is
found that the sensors have sensitivity in the range of -0.53 %/ °C to -0.74 % °C, which is far more
better than the sensitivities of hydrogenated multiwalled CNTs (-0.16%°C™) [22], CNTs based micro-
bridge sensors (-0.1 %/K) [17], flexible temperature sensor based on carbon-polymer composite (-
0.13%K™) [20], CNTs grown on silicon substrate by using Ye-Fe catalyst (4.21 x 10 °C™) [18] and
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the temperature sensors based on CNTs glued film on paper substrates (-0.24% C™) [19]. More over
the obtained sensitivities are also better than the sensitivity of the platinum based resistance
temperature detectors, which is reported as +0.35 %/C [23]. It reveals that in the sensor’s
performance, composition and film processing technology play very important role. Table-1 shows the
sizes, compositions and the electrical parameters of CNT and p-Si based resistive temperature sensors.
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Figure 2. Resistance-temperature behavior of CNT-GMSA (a) CNT-Hero-gum (b) nanocomposite
based sensor
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Figure 3. Resistance-temperature behavior of CNT-p-Si-Hero-gum (a) double layers (b)
nanocomposite based sensor

The resistance (R) of the sensor can also be determined as [24]:
_dp; _ a
R="F/y=~ (2)
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where d and A are the inter-electrode distance or length and cross-section of the active layer
(composite) respectively, while p is composite layer’s resistivity (p = 1/, and o is the conductivity).
The resistance-temperature relationships shown in Figs. 2(a)-3(b) reveal that the conductivity of all p-
Si and CNT composites films increases with increase in temperature, which is regarded to the increase
in charge carrier concentration. The behavior of CNTs under the effect of temperature is exactly like
other semiconductors [25]. The simulation of experimental data is carried out by using the exponential
function shown in Eq. 3 [26].

f)=e™* ©)

Table 1. Electric parameters and composites compositions of the CNT and p-Si based resistive
temperature sensors

Size L . Composition (wt.%)
No. Ro(Q) | S(%°CH) | 6(Qcm™)

L (mm) | W (mm) T (um) GMSA CNT Hero Gum p-Si
1 45 10 100 263 -0.54 1.7 50 50 | - | -
2 40 15 100 662 -0.53 068 | - 30 70 | -
3 40 15 100 | 34x10° -0.74 78x10% | --e- 20 40 40
3 ) 3 Layer-1 50 50

4 30 15 100 31x10 0.72 6.4 x 10 Layer-2 30 70

For CNT-GMSA and CNT-Hero-gum nanocomposite based sensors, the above relationship is

modified as given in the Eq. 4.

R _ oo™k 4)
Ro

where R, and R are resistances at initial and elevated temperatures (T), respectively, while AT
and T, are change in temperature and maximum temperature. The Kj is the resistance temperature
factor and its value is 2.0 10° °C* and 2.8 10° °C* for CNT-GMSA and CNT-Hero-gum
nanocomposite based sensors respectively. The exponential function is also modified for CNT-p-Si-
silicon adhesive nanocomposite based sensors and for layered structured sensors as follows:

R -
R_o =e ATK, (5)

In above equation K is a resistance temperature factor. The value of K, is 3.9 10° °C*and 5.8
107 °C* respectively, for CNT-p-Si-silicon and layered structured sensors. These values are calculated
accordingly from the data presented in Fig. 3(a) and 3(b). The comparison of experimental and
simulated results is shown in Figs. 4(a) to 5(b). It can be seen that simulated results are in good
agreement with the experimental results.
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Figure 4. Comparison of experimental and simulated results of CNT-GMSA (a) CNT-Hero-gum (b)
nanocomposite based sensor
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Figure 5. Comparison of experimental and simulated results of CNT-p-Si-Hero-gum (a) double layers
(b) nanocomposites based sensor

The mechanism of conductivity in p-Si, CNTs and p-Si-CNTs based sensors may be considered
as transitions between spatially separated sites, or particles which may be attributed to the percolation
theory [27, 28]. Keeping in view the percolation theory, the effective conductivity (o) of the composite
may be calculated as

c== (6)

where L and Z are characteristic length (it depends on sites concentration and the path
resistance (having lowest average resistance), respectively. With the raise in temperature the composite
layers are heated and resultantly charge carriers are generated which cause to reduce the Z. Conversely,
as the semiconducting (p-Si or CNTs) powder particles are dispersed in the composite films, the
squeezing of the particles may takes place because of thermal expansion. Moreover the sample’s

effective cross-section or the contact area between particles (Eq. 2) may also increases which may
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decrease the sample’s resistance. Consequently, with increase in temperature the conductivity of
composite samples increases and in turn the resistance decreases, as observed in Figs. 2(a)-3(b). The
composite systems may be considered as bulk hetero system which causes the high sensitivity of
composite films toward the temperature effect, where the increase in inter-particles contact areas as
well as the intrinsic conductivity of particles takes place; so as an outcome the conductivity of the
samples increases and the resistance decreases with increase in temperature.

4. CONCLUSION

In this work the results of investigations of the electric properties of the CNT-Si hanocomposite
based resistive temperature sensors are presented. By the measured resistance-temperature
relationships, it is found that sensitivity of the sensors is in the range of -0.53 %/ C to -0.74 %/ C,
which is comparable with sensitivity of the platinum based resistance temperature detectors.
Depending on the composition, ratio of components, kind of adhesive material and the design of sensor
the initial values of the sensors are in the range of 263 Q to 34 kQ. The simulated results are in good
agreement with experimental results.
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