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Carbon nanotubes dispersion for humidity sensor devices

Yawar Abbas, Firdous Ahmad Deader, Heba Abunahla, Mohammad Baker and Moh’d Rezeq

Abstract— Due to their stability, single-walled carbon
nanotubes (SWCNTs) have been used for multiple
applications in the semiconductor industry. Herein, we report
the humidity sensing capability of SWCNTs by comparing the
different densities of SWCNTs dispersed on the sensing area
of the planner sensor device. Three different humidity sensors
have been fabricated by preparing three different densities of
CNTs diluted in deionized water and drop cast on the channel
of 100 pm width between 2mm x 1mm gold electrodes. It is
observed that for very low density and high density of
SWCNTs sensing layer, the sensing behavior either lacks in
the detection range and response time, respectively. However,
we found the optimized density of SWCNTs in deionized water
for a highly sensitive, fast, and high-range humidity sensor for
the optimized density of SWCNTSs in deionized water.

1. INTRODUCTION

Gas sensors are compact analytical tools that deliver
real-time and ongoing information on the presence of certain
gases. Humidity sensors are widely used in many
applications such as food quality monitoring, manufacturing
and process control medical equipment, and so forth, where
accurate and reliable water content measurements in various
environments and materials are essential. Owing to the size-
dependent physical and chemical characteristics of
nanomaterials, like nanoparticles [1-5], quantum dots [6, 7]
and nanowires [8, 9], the research interest in these materials
has been substantially increased. The resistive-based
humidity sensors have been investigated extensively using
polymer materials with less ability to detect humidity[10].
Due to the less sensitivity of carbon-based polymers, carbon
nanotube (CNT)-based sensors have been developed.

The excellent electrical and mechanical properties of the
CNTs and their ability to functionalize and integrate with
electrical circuits make them the best choice for the sensing
materials in humidity sensors. CNTs are cylindrical-shaped
structures made up of carbon atoms that are arranged in a
unique way. CNTs are known for their extraordinary
properties, including high strength, electrical conductivity,
and thermal conductivity. There are two main types of
CNTs: single-walled carbon nanotubes (SWCNTSs) [11] and
multi-walled carbon nanotubes (MWCNTSs)[12]. Single-
walled carbon nanotubes (SWCNTSs) are made up of a single
layer of carbon atoms that are arranged in a cylindrical
shape. They have a diameter of only a few nanometers but
can be several micrometers long. SWCNTs are known for
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their unique electronic properties, which are highly
dependent on their diameter and chirality. Depending on
their diameter and chirality, they can be either metallic or
semiconducting. Due to their unique electrical and
mechanical properties, SWCNTs have great potential for use
in nanoelectronics[13, 14], nanoelectromechanical systems,
and nanocomposites. MWCNTs are composed of multiple
graphene sheets rolled into concentric cylinders. The layers
are separated by about 0.34 nanometers, which is the
distance between adjacent graphene sheets. MWCNTSs can
be either open-ended or closed-ended, depending on how
they are synthesized. They have a larger diameter than
SWCNTs, typically ranging from 2 to 100 nanometers, and
can be several micrometres long. MWCNTSs have excellent
mechanical properties and are very strong, making them
ideal for use in composites and reinforcing materials.
SWCNTs and MWCNTs have unique properties that make
them attractive for various applications. However, SWCNTs
are more expensive to produce than MWCNTs, and their
properties can vary significantly depending on their
diameter and chirality. MWCNTs are easier to synthesize
and have more consistent properties, making them more
attractive for large-scale production. However, MWCNTs
are more prone to defects and impurities due to the larger
number of layers, which can affect their properties. Overall,
both SWCNTs and MWCNTs have tremendous potential for
use in various applications, including electronics, energy
storage, sensors, and composites. Researchers continue to
explore new ways to synthesize and manipulate these
materials to take advantage of their unique properties and
unlock their full potential.

In this work, we explore the humidity-sensing capacity
of the SWCNTSs by drop-casting them in different densities
in the sensing area of the planer device. The sensor
characteristics like response time, recovery time, dynamic
response and humidity sensing range are observed to depend
exclusively on the density of the SWCTNs film in the
sensing area.

II. EXPERIMENTAL PROCEDURE

The highly dense water-dispersed SWCNTs diameter of
~10 nm and length of 3 um are purchased from US Research
Nanomaterials, Inc to investigate the effect of SWCNTs
density on humidity sensing. Three different densities of
CNT solutions were prepared by adding 0.2 mL, 0.4 mL and
0.6 mL from the original solution in 50 mL of deionized (DI)
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water. The highly cleaned cyclic olefin copolymer (COC)
substrate was prepared by rinsing it with deionized water.
Then it was washed with isopropyl alcohol for 15 min and
acetone for the same duration using a sonicator. The
substrate was further dried with the help of an N, gun. After
cleaning the COC substrate, the Au thin film of around 200
nm was deposited using the DC magnetron sputtering. The
positive photoresist is spin-coated on the Au-coated COC
substrate, and the 2 mm x lmm patterns with 100 pm
spacing is designed with the help of a laser writer. Followed
by development, the etching process is carried out with the
help of a gold etchant. The final substrate with the gold
electrodes with 100 um spacing between them is prepared in
this fabrication. Finally, the different density CNTs were
dropped cast in a 100 um channel to test the humidity
sensing of the devices. The dispersion density of SWCNTs
in the channel is confirmed with the help of a Field Emission
Electron Microscope (FESEM). The impedance of the
devices was monitored with the use of an LCR meter in
different humidity environments. To prepare the targeted
humidity environment the saturated salt solutions of K»SOs,
KCl, NaCl, NaBr, MgCl,, C;H3KO, and NaOH salts in DI
water are prepared in half of the glass jars, and the lid of the
jar is kept closed. Allow time for humidity to stabilize by
observing the humidity values using a standard humidity
sensor. We adjusted the humidity by adding more salt for
higher levels or DIwater for lower levels. In this way, we
prepared the relative humidity of 97%, 86%, 75%, 57%,
33%, 22%, and 6%.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the schematic diagram of the complete
sensor fabrication process and the set-up for measuring
humidity measurements. Figure 1 (a) shows the device
fabrication schematics of the humidity sensor.

(a)

Device Fabrication Schematics .
Initial substrate Gold deposition and

laser writing

Ll drop A Gold wet e&ng for electrodes

b Humidity Testing Setup LCR meter
ﬁ i i o
Figure 1. (a) The complete fabrication flow of the humidity sensor and
(b) the schematic diagram of the humidity measurement test.

Au thin film of 200 nm is deposited on the COC substrate,
and the electrode pattern is designed using a laser writer on
the positive photoresist.

The Au thin film is etched using the standards potassium
iodide solution to obtain the 2 mm x 1 mm standards
electrodes with a spacing between them of 100 um, as shown
in Fig. 1 (). Finally, the different concentrations of SWCNT
solution are drop cast between the electrodes to obtain the
complete humidity sensor, as shown in Fig. 1 (a). Figure 1
(b) depicts the humidity measurement set up for the sensor
in which the different humidity environments in closed
chambers are generated with the help of different salt
solutions.

Figure 2. The SEM micrographs of (a) humidity sensor, (b) dispersion
of high-density drop cast CNTs, (c) medium-density drop cast CNTs and
(d) low-density drop cast CNTs.

The standard humidity set-up is prepared by the K>SO,
KCIL, NaCl, NaBr, MgCl,, C,H3KO, and NaOH salt
solutions with the relative humidity of 97%, 86%, 75%,
57%, 33%, 22%, and 6% respectively.

The fabricated devices are further carried out for the SEM
analysis. Figure 2 shows the SEM micrographs of the device
and magnification images of SWCNTs dispersion in the
sensing region of the sensors.

Figure 2 (a) shows a clear image of the 100 um sensing area
between the Au electrodes, whereas, Fig. 2 (b), (¢) and (d)
shows the highly dense, monodispersed and low dense
SWCNTs in the sensing area of the sensor, respectively.

After confirming the distribution of SWCNTs in the sensing
area of the humidity sensors, the devices are tested to
investigate their sensitivity in different relative humidity
(RH) levels. The percentage RH (% RH) is measured with
the help of a standard humidity sensor in this experiment.
Figure 3 shows the initial test of the humidity sensors in
which the impedance of the devices is measured by exposing
them to the humidity with the help of the commercially
available humidifier, and the impedance of the devices is
measured at different humidity levels. Figure 3 (a), (b) and
(c) shows the sensitivities of sensors when exposed to
constant humidity periodically. It is observed that the
impedance of all devices increases when exposed to standard
humidity periodically, but a clear drift in impedance
(increase) is observed as compared to its previous value.
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An increase in humidity causes the impedance of all
humidity sensors to increase due to the adsorption of water
molecules onto the SWCNT surface. As the sensor is
exposed to humid air, the water molecules are adsorbed onto
the CNTs, leading to an increase in the interfacial resistance,
also known as the charge-transfer resistance. In addition, the
adsorbed water molecules act as a dielectric material, and the
thickness of the dielectric layer increases with an increase in
humidity. This, in turn, causes a decrease in electrical
conductance between the SWCNTSs, resulting in an increase
in impedance, which can be measured and calibrated to
measure humidity accurately.
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Figure 3. The dynamic response curves of the sensors with (a) high-
density CNTs, (b) medium-density CNTs and (c) low-density CNTs in the
channel, whereas (d), (¢) and (f) show the impedance response of high,
medium and low humidity sensors, respectively.

The SWCNT humidity sensor’s impedance change is
influenced by various factors, such as the diameter and
length of the SWCNTs, the type of metal used as electrodes,
and the thickness of the SWCNT film. Therefore, the
sensor's sensitivity can be enhanced by optimizing these
parameters and employing appropriate functionalization of
the SWCNTs. Overall, the CNT humidity sensor's increase
in impedance with an increase in humidity results from the
adsorption of water molecules on the CNT surface, which
has made it possible to develop highly sensitive and
selective humidity sensors based on CNTs. Figure 3 (d), (e)
and (f) the impedances of the sensors for the % RH of 97%,
86%, 75%, 57%, 33%, 22%, and 6%. Interestingly, the high-
density CNT-based sensor exhibited the full range
sensitivity, whereas the ranges of medium and low-density
CNT-based sensors were 20 % ~100 % and 35 % ~75 %,
respectively.

Finally, the transient response of the impedance of all
sensors is investigated by inserting the sensor in the 97 %
humidity from the atmospheric humidity, i.e. 36% and
monitoring its change in impedance with time, as shown in
Figure 4. The impedance response time for the high-density,
medium-density and low-density CNTs-based sensors are
calculated as 200 s, 15 s and 4 s, respectively. At the same
time, the recovery time for the high-density, medium-
density and low-density CNTs-based sensors are calculated
as 300 s, 146 s and 53 s, respectively, calculated from Fig. 4
(a), (b) and (c).
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Figure 4. The transient response and recovery curves of humidity

sensors based on (a) high-density CNTs, (b) medium-density CTNs and (c)
low-density CNTs.
From Fig. 3 and 4, it can be clearly seen that the high-density
CNT-based sensor has a very long response and recovery
time, and there is drift in its impedance when it is exposed
to maximum humidity periodically. On the other hand, in the
case of a low-density-based sensor, their response and
recovery time are faster than medium-density CNTs, but it
has a very poor humidity sensing range of 35 % ~75 %.
Hence, if one compromised on the slightly less response and
recovery time of a medium-density CNTs-based sensor, it is
obvious that the monodispersed CNTs-based sensor is the
best candidate for practical applications with the nearly
linear range of 20% ~100 %.

IV. CONCLUSION

In conclusion, we designed and investigated a humidity
sensor based on CNTs. Different CNTs densities, as a
sensing layer, were dispersed between two Au electrodes
separated by 100 um width. The high, medium, and low
densities of CNTs in the sensing area of the humidity sensor
are confirmed with the help of SEM micrographs. It is
observed that the high density of CNTs in the sensing of the
sensor gave us the full range of the humidity. Still, its
response and recovery times were very high, i.e. 200 s and
300 s, respectively, which is not preferable for humidity
sensors. Compared to medium-density CNTs, a low-
density-based sensor responds and recovers more rapidly.
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Nevertheless, its 35%—75% humidity detecting range is
incredibly inadequate. Because of its monodispersed nature
and virtually linear sensing range of 20%—100%, a medium-
density CNTs-based sensor is preferable for practical
applications if one is ready to accept slightly slower
response and recovery times.
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