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ABSTRACT As a new type of one-dimensional nanomaterial, carbon nanotubes (CNTs) have been used
as a chemical sensing material due to their excellent electrical, mechanical and chemical properties.
Several recent studies have attempted to obtain an electrochemical sensor based on CNTs, and CNT-based
humidity sensors have potential applications in industrial, agricultural and medical fields and in smart
wearable electronic devices. Although various CNT-based humidity sensors have been reported, in this work,
we investigated the humidity effects in depth and the underlying mechanisms according to CNT type, i.e.,
semiconducting (s-CNT) and metallic (m-CNT) CNTs, which is determined by the chiral vector during CNT
growth. For this purpose, we fabricated CNT-based humidity sensors with highly purified, solution-processed
99% single-walled s-CNT and m-CNT network films bridged by palladium (Pd) electrodes. The fabricated
sensors exhibited completely different humidity responses, as denoted by the film resistance as a function of
the relative humidity (RH), according to the CNT type. In the s-CNT-based sensor, the resistance tended to
decrease as the RH increased, while the m-CNT-based sensor showed the opposite tendency. Based on these
results, a humidity sensing mechanism according to the CNT type was proposed in this work. We believe
that our findings can serve as design guidelines for CN'T-based humidity sensors.

INDEX TERMS Humidity sensor, semiconducting carbon nanotube, metallic carbon nanotube, network,

Schottky barrier, charge transfer.

I. INTRODUCTION

The ability to monitor humidity in ambient air has become
increasingly important recently and is essential in the
fields of modern industrial and agricultural production,
system control, quality storage, and medical care [1]-[4].
An ideal humidity sensor should have high sensitivity, fast
responsivity, wide operating ranges, and excellent stability
and reproducibility. To achieve these sensing performance
requirements, sensors based on various nanomaterials have
been proposed for use as high-performance humidity sen-
sors [5]-[9]. Among them, carbon nanotube (CNT)-based
humidity sensors have been an area of focus due to their
attractive material properties, including high carrier mobility,
excellent mechanical flexibility and stiffness, compatibility
with solution-based processing, and large surface-to-volume
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ratio [10]-[15]. In particular, CNTs have been demonstrated
as many potential applications, including nanocomposites,
membranes, electrodes, and sensors [16]-[21]. In addition,
due to the structural advantages of one-dimensional CNTs
over other nanomaterials, research on CNT-based humid-
ity sensors has been actively performed [22]-[25]. How-
ever, most studies have been carried out in a percolation
network film with a mixed state of semiconducting CNTs
(s-CNTs) and metallic CNTs (m-CNTs); hence, to improve
the sensing ability, it is necessary to study the detailed
mechanism of the humidity response of each type of CNT.
Recently, a two-terminal sensor based on two types of
solution-processed CNTs (i.e., s- and m-CNTs) have been
reported for changes in electrical current to saturated water
vapor [26], but detail characterization by humidity responses
and their sensing mechanism have not been investigated fully.

In this article, we fabricated two different resistive-type
humidity sensors based on highly purified, preseparated
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single-walled s-CNTs and m-CNTs. The CNTs were per-
colated, resulting in the formation of CNT networks, and
they were bridged by palladium (Pd) electrodes. The changes
in the electrical resistance of the sensors were measured at
various relative humidity (RH) levels to compare the two
sensors. Notably, the humidity responses of the two sen-
sors to different RH levels exhibited exactly opposite trends.
In the sensor based on s-CNTs, Schottky barrier modulation,
which was the result of modifying the work function of the
Pd electrodes upon exposure to moisture, was the major
element in humidity sensing [27]. However, in the sensor
based on m-CNTs, the dominant humidity effect was the
electron charge transfer from the water (H,O) molecules to
the CNT channel due to the adsorption of H>O molecules
on the CNT surface [23]. In addition, s-CNT/m-CNT-based
humidity sensors with copper (Cu) electrodes, which do not
react with HyO molecules, were also fabricated to verify each
sensing mechanism. We expect that the observations in this
work may significantly influence the design and operation of
CNT-based humidity sensors for practical applications.
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FIGURE 1. (a) Schematic of the fabricated humidity sensor structure. AFM
images of a CNT network for a humidity sensing material: 99% s-CNT
solution (left) and 99% m-CNT solution (right). (b) SEM images of the
fabricated humidity sensor and the CNT networks. (c) Initial I-V curves of
the fabricated humidity sensors with two different channel materials; the
inset shows the magnified 1-V curves of the s-CNT-based sensor. The

resistance of the s-CNT-based sensor is much higher than that of the
m-CNT-based sensor.

k

Il. RESULTS AND DISCUSSION

Figure la shows a schematic of the CNT-based humidity
sensors using s-CNTs and m-CNTs as sensing materials to
compare the sensing responses in this study. To provide the
necessary electrical contacts to measure the change in resis-
tance depending on the RH levels, an interdigitated electrode
structure was introduced in the CNT-based humidity sen-
sor. The sensor was fabricated on 1.5 cm x 1.5 cm pieces
of <100> oriented p-type silicon/silicon dioxide (Si/SiO;)
wafer substrates with resistivity less than 0.005 € - cm
and thickness of 525 um (purchased from QL Electron-
ics Co.). First, after cleaning the substrate, we performed
oxygen plasma treatment to make the surface hydrophilic.
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The SiO, surface was then functionalized by a poly-L-lysine
solution (0.1% w/v in water; Sigma Aldrich) to form an
amine-terminated layer and adhere the CNTs [28], [29].
Following a rinsing process with deionized (DI) water,
the substrate was immersed in highly purified, preseparated
single-walled 99% s-CNT and 99% m-CNT solutions (pur-
chased from Nano Integris, Inc.) for 20 min to form ran-
domly percolated CNT networks. Note that the preparation
processes of the two types of CNT solutions are as follows:
First, single-walled CNTs were produced by carbon monox-
ide (CO) disproportionation using a cobalt/molybdenum
(Co/Mo) catalysts [30]. Then, the formed single-walled
CNTs are separated into high-purity s-CNTs and m-CNTs
through an additional density gradient ultracentrifugation
method [31]. Then, the substrate was rinsed with iso-
propyl alcohol (IPA) and DI water for 1 min and 30 sec,
respectively, and dried with flowing nitrogen. Atomic force
microscopy (AFM) images of the two CNT networks con-
sisting of s-CNTs and m-CNTs are shown in Figure 1a. The
AFM images show that both networks are well formed by
s-CNTs and m-CNTs on the SiO; surface. Finally, two inter-
digitated electrodes are formed by depositing a 40-nm-thick
Pd layer with 99.99% purity (EPDOSWO0005, TASCO Ltd.)
via an e-beam evaporator under a pressure of 4 x 107 Torr
at room temperature. Scanning electron microscopy (SEM)
images of the CNT-based humidity sensor and a deposited
CNT network are presented in Figure 1b. We used a finger
width of 8 mm and an interelectrode distance of 100 um in
the sensors to measure the sensing responses. To compare the
initial electrical characteristics of the sensors, we measured
the current-voltage (I-V) curves of the two humidity sensors
at room temperature, as shown in Figure 1c. From the initial
resistance values obtained from the I-V curves, the s-CNT-
based sensor has a significantly higher resistance than the
m-CNT-based sensor. Regardless of the type of CNT, the
differential resistance is constant over the operating voltage
range; the sensitivity is identical regardless of the operation
bias. That is, a low operating voltage does not hinder the
sensitivity, thus allowing low-power operation.

Figure 2a shows the experimental setup used for humid-
ity sensing measurements. The sensing responses of the
CNT-based humidity sensors in a closed vacuum chamber
were tested under different humidity conditions at room
temperature. A thin connection tube placed in the chamber
delivers the moisture-containing gas, and the RH level in the
chamber was monitored in real time by a hygrometer (TH-05,
Daekwang Instrument Inc.) at room temperature. We used
mass flow controllers (MFCs) to control the humidity. Two
MFCs were connected to the air gas: the air gas from MFC-1
flows directly to the sensor, and the air gas from MFC-2 flows
into the sensor after passing through a saturated K,SO4 solu-
tion. The K>SOy exists as Kt and SOi_ ions in H,O, which
prevent HoO molecules from escaping into the air. Upon
passing through the K>SOy solution, nitrogen (N;) and oxy-
gen (O) with high electronegativity contained in the air gas
desorb Kt and SOZ_ ions surrounded by the H,O molecules;
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FIGURE 2. (a) Schematic illustrating the RH control setup for humidity sensing measurements.
(b) Response curve of the m-CNT- and s-CNT-based humidity sensors under different RH levels
(20%-80%). (c) Relative resistance change (AR/Rg) of m-CNT- and s-CNT-based sensors

according to RH level.

in this process, the HoO molecules evaporate on the surface
of the saturated K>SO, solution, and the air gas changes
from dry air to wet air [32], [33]. As a result, the required
RH values can be acquired accurately by calibrating the two
MEC:s. Figure 2b illustrate the transient measurements of the
s-CNT/m-CNT-based humidity sensors as a function of the
RH level. In the measurements, we read out the 2-terminal
resistance of the sensors in real time under a constant voltage
of 0.5 V applied to our sensors using a parameter analyzer
(Agilent 4156C). To observe the resistance changes with
various humidity levels, we set the initial baseline RH value
to 20% and measured the resistance changes while varying
the RH level from 80% to 30%. The period of exposure to
humidity was 40 sec, and the period of exposure to dried air
was 100 sec. The fabricated sensors have a slight current drift
that did not significantly affect sensor performance; hence,
the sensing signal can be stably detected for adjustable RH
levels ranging from 20% to 80%. During the measurements,
we observed opposite trends for the two types of humid-
ity sensors, as shown in Figure 2b. The resistance of the
m-CNT-based sensor increases with increasing humidity, but
the s-CNT-based sensor shows the opposite behavior. To bet-
ter describe the resistance changes in response to humidity,
we also plotted the relative change in resistance (AR/Rg)
under various humidity levels, where AR is the value of
R — Ry, R is the instantaneous resistance when exposed to
moisture, and Ry is the initial resistance under dry condi-
tions before exposure (RH = 20%). In Figure 2c, the two
sensors clearly exhibited opposite responses under increasing
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RH levels: a positive slope (5(AR/Rg)/SRH > 0) for the
m-CNT-based network and a negative slope (5(AR/Rq)/6RH
< 0) for the s-CNT-based network. The results for the
m-CNT-based sensor can be explained by the change in the
carrier density with a Fermi level (Ep) shift. Before exposure
to moisture, the carrier density of the m-CNTs was increased
under ambient air because the Eg of the m-CNT was shifted
toward the van Hove singularity (vHs) with a high density
of states (DOS) at the valence band due to the adsorption of
O3, which is a hole dopant [34], [35]. Therefore, when the
m-CNTs predoped by O, absorption were exposed to mois-
ture, which is an electron dopant, the hole-doping effect of the
m-CNTs was compensated. Thus, as the RH level increases,
the reduced carrier density due to the Ep being away from
the vHs of the valence band resulted in the high resistance
of the m-CNTs. Similar to the m-CNTs, the s-CNTs were
also predoped by O, in ambient air. It has also been reported
that HyO can be adsorbed to CNT by oxygen defects such
as carbonyl (—CO) groups formed on the CNT surface, and
the charge (electron) is transferred from the adsorbed H,O
to the CNT [36]. Therefore, we expected that the s-CNTs
would detect H,O with the same mechanism as the m-CNTs.
However, we observed that the resistance of the s-CNT-based
sensor had the opposite tendency, as shown in Figure 2c.
It can be inferred that this tendency of the s-CNT-based sensor
is due to the existence of another mechanism. Unlike the
m-CNT-based sensor, the s-CNT-based sensor had a Schottky
barrier between the electrode and CNT; thus, the change in the
metal (i.e., Pd) work function was also an important factor
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in the s-CNT-based sensor response. Since Pd can absorb
up to 900 times its own volume [37], [38], it is known that
under hydrogen (H») conditions in ambient air, some portion
of the Pd was changed to palladium hydride (PdHx), which
possesses a lower work function than that of the initial Pd
electrode [39]. It is also reported that H;O molecules are
separated and adsorbed on Pd surface into OH groups, and
that adsorbed OH groups are combined with the H in the
PdHx, helping the PdHx convert back to Pd [27]. Therefore,
we expected that preformed PdHx in ambient air would be
transformed back to Pd during the H>O sensing experiment.
The higher work function associated with the recovered Pd
was beneficial to the transfer of holes from Pd to s-CNT
due to the decrease in the Schottky barrier of the holes,
resulting in a decrease in the overall resistance of the sensor.
These interpretations and experimental results imply that the
Schottky barrier change due to the work function change
of the Pd electrode has a more dominant influence on the
resistance change of the s-CNT-based sensor than does the
carrier density change of the CNTs due to the doping effect.
We also confirmed that the AR/Rq (54.7% at RH = 80%) of
the s-CNT-based sensor was approximately 19 times larger
than the AR/Rg (2.9% at RH = 80%) of the m-CNT-based
sensor. This difference in AR/R( might arise from the differ-
ent current dependence of each element (carrier density and
Schottky barrier), as described in the following equations:

I o gNv @))
I o e 998/ksT )

where g is the electron charge, N is the carrier density, v is
the carrier velocity, ¢p is the Schottky barrier, kg is the
Boltzmann constant, and 7 is the temperature. As shown
in equations 1 and 2, the change in current has a linear
dependence on carrier density but has an exponential depen-
dence on the Schottky barrier. Therefore, the observation
showing that the current change of the s-CNT-based sensor is
larger than that of the m-CNT-based sensor is valid because
the s-CNT-based sensor detects H,O by the change in the
Schottky barrier.

To verify the mechanism of each sensor described above,
we fabricated control sensors composed of copper (Cu) elec-
trodes that do not react with H>O. For the m-CNT-based
sensor with Cu electrodes, the resistance increased with
increasing RH, and the AR/Rgp at RH = 80% was 3.2%
(Figure 3). These results were very similar to those for the
m-CNT-based sensor with Pd electrodes mentioned above.
Therefore, we could confirm that the m-CNT-based sensor
depends on only the change in carrier density of the CNTs
according to the adsorption of H,O regardless of the type of
electrode. However, the s-CNT-based sensor with Cu elec-
trodes had an opposite tendency to the s-CNT-based sensor
with Pd electrodes, and this tendency was actually the same
as that demonstrated by the m-CNT-based sensor with Pd
electrodes, as shown in Figure 3. This result occurs because,
unlike the work function of Pd, the work function of the
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FIGURE 3. Relative resistance change (AR/Ry) of m-CNT- and
s-CNT-based sensors with Cu electrode according to RH levels.

Cu electrodes was not changed by the absorption of H»O.
Thus, these findings imply that for the sensor with Cu elec-
trodes, the carrier density change of the s-CNTs by electron
transfer is a more dominant mechanism than the change in the
Schottky barrier. As a result, the measured AR/Rq (13.1%
at RH = 80%) of the s-CNT-based sensor with the Cu
electrodes is approximately 4 times smaller than AR/R( of
the s-CNT-based sensor with Pd electrodes.

Furthermore, we also observed that the AR/R( values of
the s-CNT-based sensor and the m-CNT-based sensor with
Cu electrodes were different, although they detected H,O
through the same mechanism. This difference in AR/Rg was
caused by the difference in the DOS distributions between the
s-CNTs and m-CNTs. Since the carrier density in the CNTs
is determined by the DOS in the vicinity of Ep, the relative
rate of change in the DOS caused by the shift in Eg by H,O
practically produces a current change in the sensors. Unlike
the s-CNTs, the m-CNTs do not have an energy band gap
and have a constant DOS between the vHs of the conduction
and valence bands [40]-[42]. Therefore, the relative rate of
change in the DOS due to the shift in Er by H,O is larger
for the s-CNTs than for the m-CNTs, resulting in the higher
AR/Rq in the s-CNT-based sensors, even those with the Cu
electrodes.

To investigate the repeatability of the fabricated sensor,
we also performed cycling and hysteresis measurements on
both the m-CNT and s-CNT-based sensors with the Pd elec-
trodes (Figure 4). Figures 4a and 4b show resistance changes
of the m-CNT- and s-CNT-based sensors as a function of time
when the sensors were exposed to five cycles of a sequence of
wet air (sensing for 40 sec) and dry air (recovery for 100 sec)
according to several RH levels (30%, 40%, 50%, and 60%).
It was found that the sensors did not have much sensing
performance decay during the sensing cycles, which suggests
that the sensing characteristics were repeatable. Moreover,
the hysteresis characteristics of our sensors are also shown
in Figures 4c and 4d. The open bars in Figures 4c and
4d represent the measurement conducted during hydration
(sequentially increasing the RH level from 20% to 80%),
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FIGURE 4. Repeatability performance of (a) m-CNT- and (b) s-CNT-based sensors at different RH levels. The hysteresis
characteristic shows hydration/dehydration responses for both the (c) m-CNT- and (d) s-CNT-based sensors at varying RH

levels ranging from 20 to 80%.

whereas the solid bars represent the measurement conducted
during the dehydration process (sequentially decreasing the
RH Ievel from 80% to 20%). For the RH levels of 20% to 80%
in 10% increments, the hysteresis of our m-CNT-based sensor
was calculated as 0.31%, 0.21%, 0.20%, 0.11%, 0.19%, and
0.18%, and the maximum hysteresis value was 0.31% [43].
On the other hand, at the same RH levels, the hystere-
sis of the s-CNT-based sensor was 11.45%, 6.89%, 6.06%,
5.76%, 7.82%, 3.71%, and 1.31%, with a maximum hys-
teresis of 11.45%. It is obvious that the m-CNT-based sen-
sor exhibits a negligible hysteresis loop during the cyclic
humidity operation. However, the s-CNT-based sensor had
a narrow hysteresis loop. In other words, the resistance of
the s-CNT-based sensor did not completely recover during
dehydration. We expect that the relatively slow recovery was
due to the low concentration of H», which produces PdHx,
in ambient air. Analysis of these mechanisms for CNT-based
sensors paves the way toward optimization of sensing perfor-
mance and sensor design.

Ill. CONCLUSION

We demonstrated humidity sensors based on different types
of CNTs, including s-CNTs and m-CNTs. To evaluate
these sensors, we utilized highly purified, preseparated 99%
single-walled s-CNTs and m-CNTs. We observed that the
s-CNT- and m-CNT-based sensors with Pd electrodes had
opposite resistance tendencies according to RH due to the
difference in the dominant mechanism. It is confirmed that
the dominant mechanism of the humidity response in the
m-CNT-based sensor is the decrease in carrier density caused
by electron charge transfer from H,O to the CNT channel,
while the dominant mechanism of humidity response in the
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s-CNT-based sensor is the decrease in the Schottky barrier
due to the increase in the work function of the recovered Pd
electrode induced by H,O adsorption. Therefore, we con-
firmed that the s-CNT-based sensor with Pd electrodes was
more sensitive to HyO adsorption than the m-CNT-based
sensor with Pd electrodes due to the difference in the cur-
rent dependence of changes in the Schottky barrier and
carrier density. We also verified each sensing mechanism
by fabricating s-CNT/m-CNT-based sensors with Cu elec-
trodes. In addition, we confirmed that there was a difference
in AR/Rq according to the DOS distribution of the CNTs
used in the sensors, even though the sensing mechanism is
the same. This study indicated that the AR/R( tendency of
the sensor depends on the electrode material and type of
CNT. Furthermore, we confirmed that the fabricated s-CNT-
and m-CNT-based humidity sensors had good repeatability.
Although we demonstrated sensing experiments using only
humidity, we believe that our studies can be expanded to
other sensors, providing essential guidance for optimizing the
design of various CNT-based sensors.
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