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Amorphous Silicon and Carbon Nanotubes
Layered Thin-Film Based Device for

Temperature Sensing Application
Vineet Rojwal, Monoj Kumar Singha, and T. K. Mondal

Abstract—This paper proposes an integrated layered
doped and undoped amorphous silicon thin-film based tem-
perature sensing device. Temperature sensing performance
has been measured for thin film p-i-n (p-type- intrinsic-
n-type) configuration-based diode. Linear dependency of
voltage on the temperature for forward-biased diode at a
constant bias current is demonstrated in the temperature
range of 30 - 200 ◦C. Further, the same device has been intro-
duced with double-walled carbon nanotubes (DWCNTs) to
improve the linearity of the sensor. Comparative performance
of two configurations p-i-n and p-i-n/DWCNTs for temperature
sensing application has been studied. Moreover, this paper
discussed the effect of the DWCNTs on the sensor parameters
such as sensitivity, S and coefficient of determination, R2. The maximum sensitivity of the sensor, 22.34 mV/ ◦C for p-i-n
configured device and 21.06 mV/◦C for p-i-n/DWCNTs configuration in a biasing current range of 10- 60 mA have been
found. We achieved a maximum value of the coefficient of determination equal to 0.99889 for a p-i-n configuration and
0.99922 for a p-i-n/DWCNTs configured device.

Index Terms— Amorphous silicon, coefficient of determination, double-walled carbon nanotubes, sensitivity, tempera-
ture sensing device.

I. INTRODUCTION

S ILICON indeed is the most usable material in the elec-
tronic industry for many practical and research applica-

tions. In silicon-based technology, amorphous silicon (a-Si)
has its own benefits because of the ability to be developed
in thin film formation (use in less quantity of material).
Amorphous silicon has been proved a very attractive thin film
material for manufacturing of large surface area microelec-
tronic and micro-photonic devices due to its optoelectronic
properties. Currently, a-Si is being used in many interesting
optoelectronic applications such as thin-film transistor [1],
position sensor [2], temperature sensor [3], photodetec-
tor [4], colour sensor [5], images sensor [6], flat panel
display [7], solar cell [8], flat panel detector [9] radiation
detector [10] etc.

Temperature sensing is one of the basic optoelectronic
applications at any thermal based reactor environment, and
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used in any specific part of the machine, furnace, wearable
device etc. [11]. Considering this application, some devices
are already being used like RTD (Resistance temperature
detector) [12], thermocouple [13], thermistor [14] and semi-
conductor based temperature sensor [15] etc. Surface/ skin
sensing is a convenient way to non- invasively measure the
temperature at process pipelines, furnaces, tanks and chemical
plants. Replacement/ repairing of RTDs or thermocouples of
reactors under the insulation covering is challenging; requires
highly skilled workers to do, and resulting a high cost of own-
ership for the end user. To eliminate these ongoing obstacles
for normal skin temperature monitoring, thin film-based tem-
perature sensors need to be developed. Previous studies have
demonstrated few advanced, flexible, cost saving, ecofriendly
and high performance sensors which may be suitable in such
environment [16], [17].

A-Si is an important material for a semiconductor tempera-
ture sensing regarding large surface utilization. Thin film a-Si
based temperature sensor is suitable with integrated circuit
technology and low-cost research & development. Moreover,
previous research suggests that diode voltage linearly depends
on the temperature in forward-bias condition, as a result
perpetuating a high sensitivity [18], [19]. A-Si thin film can be
deposited onto various substrates such as quartz, glass sheet,
metal sheet/ foil, already treated silicon (Si) wafer, plastic
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and any high mechanical flexible substrate [20]–[22]. Recent
electronic research has gained much attention to develop more
advance and reliable electronic devices based on organic and
flexible materials [23].

In this work, doped (Boron for p-type/ Phosphorus for
n-type) and undoped amorphous silicon thin films [24] based
diode is used for temperature sensing application with p-i-n
configuration. Later, the same diode has been modified with
Double-walled carbon nanotubes (DWCNTs). The diode para-
meters depend on the temperature such as barrier voltage,
reverse saturation current, reverse breakdown voltage and
bias current. When the amorphous silicon diode with p-i-n
configuration is kept forward biased, charge carriers (holes
and electrons) are injected from both the regions (p-type
and n-type) into the intrinsic region. This process allows the
current to flow through all the layers. The generated charge
carriers do not recombine immediately, but basically, as the
temperature rises the concentration of the intrinsic charge
carriers increases, which push FERMI level of the diode closer
to the intrinsic region FERMI level [25].

For temperature sensing measurements, the diode must be
forward-bias with a constant bias current over the selected
temperature range. The voltage across the diode with respect
to temperature has been measured. There is a drawback of this
method, as applied high bias current might generate excessive
heat cause excessive charge carriers and the small size devices
might get damaged. Therefore, applied bias current must be
optimized according to the size of the device (for higher
bias current device size must be large). It is necessary to
apply a lower/optimized value of bias current to remove
these negative effects like parasites series resistance which
is the cause of degradation in device performance (linearity
or sensitivity) [26]. In some recent research, a few examples
of amorphous silicon-based diode have been studied as a tem-
perature sensor and proposed device showed excellent linearity
and a sensitivity of 3.2 mV/ ◦C [3]. From literature, the diode
current ID is often written as in terms of voltage VD across
the diode using well known Shockley diode equation [27]:

ID = IS

(
e

qVD
ηkT − 1

)
(1)

where IS is reverse saturation current, VD is the voltage across
the diode, η is the emission coefficient, q is the electron charge,
T is the temperature of the diode and k is the Boltzmann
constant. For the condition of qVD � η.k.T, the relation
between the voltage of the diode and temperature can be
expressed from equation (1) as:

VD = kT
q

ηln
(

ID

IS

)
(2)

Equation (2) expresses the linear relationship between volt-
age and temperature, as long as the non-linear input of the
reverse saturation current IS, can be considered very low with
compare to ID. The device measurements were performed
during forward-biasing at constant bias current, where the
diode voltage linearly depends on temperature [28], [29]. The
sensitivity of the sensor can be measured by the following

expression:
S = εV

εT
(3)

where εT is temperature resolution, measuring temperature T,
εV is measurement system resolution and sensor sensitivity,
S = dV/dT.

Further analysis of sensor parameter which is the coefficient
of determination, R2 has been calculated to find out the
interconnection between the experimental results and their
linear best-fit, fL(T) [30]. The coefficient of determination is
used for the statistical analysis of the sensor, which evaluates
how good the model is and gives more results. In this case,
measurement of R2 allows us to find out the quality of the
sensor in terms of linearity, by fitting with a linear model.
There would be some mismatch between calculated values
of linear best-fit and experimental data, so corresponds to
this, root mean square (RMS) error value eT[◦C] has been
calculated and eventually converted into error in temperature
measurement using the following equation [31]:

eT[0C] =

√
n∑

i=1
(VD(Ti)−fL(Ti))2

n

S
(4)

where: n is the number of set points.
Carbon nanotubes are carbon allotropic have a unique

nanostructured cylindrical structure, large in length with
nanoscale diameter. All carbon nanotubes have exceptional
thermal conductivity along the tube, indicating the property
is known as ballistic conductivity whereas shows excellent
insulating feature to the axis of the tubes laterally. These
properties make carbon nanotubes an interesting material for
optoelectronic applications [32]–[36]. Carbon nanotubes have
exceptionally high thermal conductivity, stability, electronic
property and flexibility. However, In case of SWCNTs, some
physical properties are very sensitive and can be demolished
easily by excessive heating, chemical modification or inducing
defects [37], [38]. Flexibility and thermal conductivity are the
more important property for this application. Although, use of
multi-walled carbon nanotubes (MWCNTs) or double-walled
carbon nanotubes (DWCNTs) can get the better of these issues
due to their uniqueness than single-wall structure. Because
of more layers, more thermal and mechanical stability can
be obtained [39]–[41]. Moreover, the development point of
view, MWCNTs and DWCNTs are better than SWCNTs
to synthesizes on a large scale as it is easier, stiffer and
cheaper.

The logical conclusion is that now, DWCNTs/ MWCNTs
would be better options as a heat absorption layer for this
application. As the number of walls increases in carbon
nanotubes drop in thermal conductivity takes place. DWCNTs
is being used over MWCNTs here. Eventually, DWCNTs are
a synthetic mixture of both SWCNTs and MWCNTs, they
have good thermal and electrical stability, and flexibility when
compared to individual SWCNTs and MWCNTs [39]–[44].
Double walled carbon nanotubes were used as a heat absorp-
tion layer of the sensor surface in this application. Because
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Fig. 1. Schematic diagram of amorphous silicon-based p-i-n and
DWCNTs layered temperature sensing device.

of the heat from heated molecules or heated objects in the
surrounding can enter into CNTs, that transfer and hold
this heat at the surface of the sensing device for precise
temperature measurement. It has been observed that carbon
nanotubes temperature stability estimated up to 2800 ◦C in a
vacuum and 750 ◦C in the air [45]–[47].

II. EXPERIMENTAL

All the experiments of the temperature sensor, Keithley
probe station with the temperature-controlled chuck (to apply
temperature at device surface) setups were performed under
dark environment. Amorphous silicon-based diode as a tem-
perature sensing device was used, which is made of doped
and undoped thin film layers with p-i-n configuration. For
the fabrication of the device, indium tin oxide (ITO) layer
thickness of ∼200- 250 nm on the glass/ quartz substrate has
been deposited for the contact using the sputter deposition.
Integrated layers of a-Si for n-type, intrinsic and p-type have
been deposited thicknesses of ∼20–30 nm, ∼300–350 nm
and ∼20–30 nm (recipes have been optimized in the pre-
vious research [24]) respectively one after another using
PECVD (plasma enhanced chemical vapor deposition) tool.
After that, metal Aluminum (Al) contacts have been deposited
using thermal evaporation. Furthermore, later for modification,
the same device was introduced with DWCNTs (added with
N, N DIMETHYL FORMAMIDE 99 %) through drop cast
and spin coating (shown in Fig. 1).

For the measurements, the diode is kept at constant bias
current ID, by varying voltage VD across the diode. The device
was placed on the surface contact of heating chuck (accuracy
with ± 0.4 ◦C) in order to monitor temperature under the dark
environment and the temperature set points varied from 30 to
200 ◦C during measurement. By using a Keithley semiconduc-
tor device parameter analyzer, testing of the device were made
for ID varied in a range from 10 to 60 mA (steps of 10 mA,
±50 pA accuracy and 20 pA resolution) and the corresponding
diode voltage VD has been measured. The sensitivity, S of the
sensor was measured and calculated from VD-T characteristics
which equivalents to temperature derivative of Equation (1).
The coefficient of determination, R2 was measured at the
selected bias-current range that allows us to quantify the
degree of linearity of the sensor by fitting the experimental
data [30]. The power dissipation PD of the sensor with
respect to temperature in the current range of 10–60 mA was
characterized.

Fig. 2. (a) Current-voltage (ID-VD) characteristics of amorphous
silicon-based temperature sensor with p-i-n/ DWCNTs configuration for
temperature ranging from 30 ◦C up to 200 ◦C; (b) Measured forward
voltage versus temperature (VD − T) curve at bias current range (ID = 10
- 60 mA); (c) Measured power dissipation versus temperature (PD − T)
curve at same bias current range.

III. RESULTS AND DISCUSSION

Fig 2(a) shows ID-VD characteristics, for a considered
temperature range of 30 - 200 ◦C. Increased temperature
leads to break the covalent bonds into the material that
increase the number of charge carriers (both majority and
minority). The built-in potential of the diode decided by
FERMI level difference between p and n-doped regions.
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Fig. 3. Absorbance spectra of double-walled carbon nanotubes (DWC-
NTs) using UV-Vis-IR spectroscopy.

Fig. 4. Raman spectra of DWCNTs is showing D-band and G-band
peaks.

As diode temperature increases, the FERMI level in both
regions starts moving closer to the center of the bandgap,
as a consequence, the built-in potential is decreased. From
ID-VD-T characteristic exhibits a highly linear of voltage
across of diode on the temperature. Result shows, the diode
voltage linearly decreases with the temperature at considered
constant bias-current range (10–60 mA)., shown in Fig. 2(b).
Power dissipation, PD by the temperature sensor for considered
current range ID = 10–60 mA is shown in Fig 2(c). The values
of PD linearly decrease with the temperature in the considered
current range [26].

Absorption of double walled carbon nanotubes layer has
been recorded by UV-Vis-IR spectroscopy. Before spread and
coat on the sensing device, DWCNTs has been deposited on
the quartz substrate (using the same recipe and timing as on
device). Fig 3 shows the absorbance curve demonstrates that
UV, Visible and IR photons are being absorbed by DWCNTs.

Raman scattering is an easy and quick characterization
technique to characterize for all types of carbon nanotubes,
particularly this technique well suited to molecular morphol-
ogy of any carbon material. The Raman spectrum was recorded
using LABRAM HR tool with a laser exciting beam of 532 nm
wavelength. Since each spectrum band shows the specific
frequency of vibration mode of molecules in the material.
Similarly, Raman spectrum of single walled carbon nanotubes
(SWCNTs) and double-walled nanotubes (DWCNTs) present
three main characteristics

Fig. 5. Comparison of p-i-n and p-i-n/DWCNTs configured for bias
currents between ID = 10–60 mA. (a) Coefficient of determination, R2;
(b) Sensitivity, S.

High frequency mode is associated with tangential stretch-
ing (G-band) in the range of ∼ 1500-1600 cm−1, indicates
a sign of carbon nanotubes. The large D-band peak cor-
responds to ∼1350 cm−1 indicates an amorphous carbon
material is allocated to a Raman scattering accompanied by
double-resonance in sp2 carbon (see Fig 4) [48], [49]. Another
low frequency range of Raman peaks have to be overserved
in the range of 100- 400 cm−1 generally known as radial
breathing mode (RBM). The peak intensity of RBM seems
very weak or could be rarely observed to the large diameter
of nanotubes [50]–[52]. RBM is proportionate to the diameter
inversely, whereas the tangential stretching (G-band) mode
depends on the diameter very weakly. The defects in the walls
of the nanotubes and different other carbon forms to these
series of bands are still under research and not completely
understood.

Furthermore, analysis of sensor parameters, the coefficient
of determination, R2 and sensitivity, S of temperature sensor
are shown in Fig 5 for the whole current range. As a result, R2

decreases with the bias current (without DWCNTs). However,
in case of DWCNTs, values of R2 exhibit significantly higher
and sustain, which indicates the higher linearity of the device
over the considered temperature range (see Fig 5 (a)). The
heat generated from heated molecules or heated objects in the
surrounding can enter into DWCNTs, that transfer and hold
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TABLE I
THE SENSITIVITY OF SENSOR, S AND COEFFICIENT OF DETERMINATION, R2 CALCULATED FROM ID -VD -T

CHARACTERISTICS OF THE TEMPERATURE SENSOR FOR BOTH CONFIGURATIONS

Fig. 6. Linear fit fL(T) with the Error bar of VD versus T, were character-
ized five times (a) p-i-n configuration; (b) p-i-n/ DWCNTs configuration
(measurement cycles were done from 30 ◦C to 200 ◦C at a bias current
30 mA).

this heat at the surface of the sensor. Therefore, measured
linearity of the device is higher in case of DWCNTs version.
With the data measured in the same figure, the best calculated
linear pattern with a good degree of linearity is obtained.
Calculated values of the coefficient of determination vary
from 0.99883 up to 0.99182 (without DWCNTs) and from
0.99692 up to 0.99617 (a device introduced with DWCNTs)
over the considered temperature range leading to a temperature
sensing device were measured. The maximum value of R2 is
0.99922 for the modified device (p-i-n/DWCNTs configured)
and 0.99889 for p-i-n configured occurs in the selected bias
current range of 10–60 mA.

Sensitivity, S of the sensor increases with the bias current
in both cases, shown in Fig 5 (b). As a result, sensitivity
varies from 17.39 mV/◦C up to 20.06 mV/◦C (in case of a
device introduced with DWCNTs) and 18.03 mV/◦C up to
22.34 mV/◦C (without DWCNTs) occur in the bias current
range of 10–60 mA. Within the same current range, similar
sensitivity variation stands at the same bias current points
in both cases which indicates that no significant change in
sensitivity has appeared, in case of DWCNTs presence too.

The Error analysis for sensing application is summarized in
Fig 6 with the help of error bar, for selected bias current point
ID = 30 mA in both cases. The calculated maximum RMS
error (eT [◦C]) values have been found lower than ± 2.85 %.
In addition, the coefficient of determination is R2 = 0.99889,
the corresponding sensitivity is S = 20.89 mV/◦C for p-i-n
configuration and R2 = 0.99922, the corresponding sensitivity
is S = 20.07 mV/◦C for p-i-n/DWCNTs configuration have
been reported.

IV. CONCLUSION

We have proposed, the comparative performance of two
configurations of p-i-n and p-i-n/ DWCNTs based tempera-
ture sensor in this work (sensors configurations were made
of amorphous silicon and double walled carbon nanotubes).
Analysis of sensitivity, S and coefficient of determination,
R2 regarding temperature sensor have been measured for a
device active area of 5.51 × 5.77 cm2 in the biasing current
range ≈ 10-60 mA. The gained high sensitivity of sensor
indicates that small change in temperature could be detectable.
Many cycles of measurement were recapitulated five times
diode showing excellent stability and output repeatability.
The proposed amorphous silicon-based temperature sensor
(introduced with DWCNTs) has been reported with excellent
sensitivity, linearity and operating stability. These properties
make it highly suitable to large surface area temperature
sensing application.

V. FUTURE DIRECTION

Ability to be deposited on flexible substrate, makes a-Si very
useful material to develop wearable devices in critical situa-
tion like dangerous radiation, charging of electronic devices,
detection of IR rays etc. Thin film-based temperature sensor
on flexible substrate can be useful for skin temperature mea-
surement through wearable fabric. Moreover, attachment with
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athlete’s kit would be more useful for real time temperature
record and any other parameters like battery charging.
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