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ABSTRACT: Stabilization techniques for n-doped carbon nano-
tubes (CNTs) are essential for the practical use of CNT devices.
However, none of the reported n-dopants have sufficient
robustness in a practical environment. Herein, we report a highly
stable technique for fabricating n-doped CNT films. We elucidate
the mechanism by which air stability can be achieved by
completely covering CNTs with n-dopants to prevent oxidation;
consequently, the stability is lost when exposed to scratches or
moisture. Therefore, we introduce parylene as a protective layer for
n-doped CNTs and achieve air stability for more than 365 d.
Moreover, we demonstrate outstanding robust thermo-electric
power generation from strong acids, alkalis, and alcohols, which
cannot be realized with conventional air-stable n-dopants. The proposed stabilization technique is versatile and can be applied to
various n-dopants. Thus, it is expected to be a key technology in the practical application of CNT devices.
KEYWORDS: n-doped carbon nanotube films, air stability, stabilization technique, parylene coating, thermo-electric power generation

1. INTRODUCTION
Since their discovery in 1991 by Iijima,1 carbon nanotubes
(CNTs) have attracted attention as promising materials
beyond conventional solid-state materials and have been
extensively studied in a variety of fields.2−5 The advantageous
features of CNTs, which are one-dimensional nanostructures
composed of carbon, are characterized by superior physical
properties, such as electrical conductivity6 and thermo-electric
power,7 broadband absorption spectra from near-infrared
(NIR) to terahertz (THz) frequency range based on plasmon
resonance in the length/diameter directions of CNTs,8−10 high
robustness,11 and flexibility.12−14 These advantages have
enabled the development of various applications and research
on transistors,15,16 motion sensors,17,18 terahertz sensors,19,20

biosensors,21,22 thermo-electric generators,23,24 triboelectric
generators,25,26 optical filters,27,28 and reinforced compo-
sites.29,30 As an example of the device mechanism, photo-
thermo-electric devices, including thermo-electric generators
and photothermal sensors, are primarily based on the Seebeck
effect, which is expressed as ΔV = S × ΔT, where S denotes
the Seebeck coefficient and ΔT indicates the temperature
gradient.19 Therefore, improving the Seebeck coefficient of
CNTs is a fundamental strategy for improving the performance
of these photo-thermo-electric devices. The physical properties
of CNTs are governed by their Fermi level; for instance, the
Seebeck coefficient of CNTs can be changed from positive (p-
type) to negative (n-type),31 and the NIR−THz absorbance
(the plasmon resonance) can be tuned along with Fermi-level

control using field-effect techniques.32 Meanwhile, chemical
dopants are applied as a powerful technique for the Fermi-level
control of CNT structures, such as fibers and films. Most
chemical molecules adsorb onto CNTs via van der Waals
interactions based on the π−π interaction, and charge carriers
are injected into the CNTs based on the π-electron system.
Hole (p-type) or electron (n-type) injection can be controlled
by the molecular structure. To enhance the performance of
photo-thermo-electric devices, p−n junctions are typically
utilized to increase the alternative Seebeck coefficient of
materials; therefore, as a pristine state under air conditions, n-
dopants for p-CNTs are particularly important and have been
developed in various methods, such as polyethyleneimine,33

nitrogen-containing molecules,34,35 amidine-based molecules,36

imidazolium salts,37−39 and supramolecular complexes.40,41

However, the critical problem of the n-doped stability in air
remains because the CNTs gradually accept holes from oxygen
molecules (oxidations) in air and are dedoped to p-type in
several days up to months. Furthermore, although the features
of these dopants, which are soluble in water and alcohol, make
it easy to fabricate devices, they have the disadvantage of
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impeding the wearable and outdoor use of CNT devices.
Previously, we reported CNT-based NIR−THz sensors and
related photo-thermo-electric sensing applications.8,19,32,42−47

However, the air stability of the sensor has not been discussed
thus far. In fact, our sensor malfunctioned after operating for
several months under air conditions. The problem limits the
practical use of CNT devices. Therefore, it is essential to
develop a technology for stabilizing n-doped CNTs on a yearly
basis in air conditions and additionally against physical/
chemical stimuli, such as physical contact, scratching, sweating,
and rain.
Herein, we report a stabilizing technique for n-doped CNTs.

We clarify the factors that control stability and deterioration by
investigating the transient thermo-electric properties. Based on
these findings, we employed parylene coating technology to
enhance the stability of the macroscopic device and achieve
stabilization of n-doped CNTs for more than 1 year under
atmospheric conditions. Furthermore, by utilizing the high
physical and chemical resistance of parylene, we demonstrate
thermo-electric power generation from a strongly alkaline
solution of sodium hydroxide (NaOH). These ultra-robust n-
doped CNTs far exceed the stability of conventional n-doped
CNTs (several months under air conditions) and thus are
expected to be widely employed in thermo-electric devices,
wearable devices, and photothermal sensors.

2. RESULTS
2.1. Investigation of Transient Thermo-Electric Prop-

erties of n-Doped CNTs. Although there are several reports
on n-dopants, their stabilization and degradation mechanisms

have not been elucidated in detail.33−41 Therefore, we aim to
clarify the factor that governs n-dopant degradation by
measuring the transient response of the thermo-electric
properties of n-doped CNTs under various conditions. Figure
1 depicts the fundamental properties of the n-doped CNTs
used in this experiment. We utilized supramolecular complexes
made from benzo-18-crown-6 ether (B18C6) and potassium
hydroxide (KOH) solution as n-dopants.40 In the solution, K+
cations were captured by the cavities of the B18C6 to form the
inclusion complexes of [K-B18C6]+OH− . For [K-
B18C6]+OH−, OH− is highly activated as the “naked anion”,
which could promote the electron injection to the CNTs
ideally as follows:

+ [ ] +CNT OH CNT
1
2

H O2 2 (1)

We expect that the B18C6 complex absorbed onto the
surface of the CNTs stabilizes the transferred electrons, as
illustrated in Figure 1a. The single-walled CNT film was
filtered and transferred onto a polyimide film. Following that,
by immersing the CNTs in an n-dopant solution, the
benzocrown ether complex adsorbs and injects electrons into
the CNTs (n-doping) (see Section 4 for more details). Figure
1b, the photograph of the interface between the pristine and n-
doped CNTs, clearly shows that the n-doped CNTs are
covered with the benzocrown ether complex. The thickness of
the benzocrown ether complex is proportional to the
concentration of the dopant solution (Figure 1c,d). Figure 1f
illustrates the results of the Seebeck coefficient of CNTs
immediately after n-doping measured using the homemade

Figure 1. Basic properties of n-doped CNTs. (a) Formation methods and n-doping of CNTs. CNTs and devices were formed via the mask-through
filtration method and then immersed into the n-dopant solution of the B18C6 complex. (b) Photographic image of n-doped CNTs. (c) Height
profile of the n-dopant, where the sampling line is indicated by the blue line in (b). (d) Thickness versus concentration of the n-dopant. (e)
Schematics of the homemade thermoelectric property measurement system. (f) Doping characteristics of n-doped CNTs. The Seebeck coefficient
of the pristine CNTs changed from positive (55 μV K−1) to negative (−50 μV K−1) with increasing concentration of n-dopants.
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thermo-electric property measurement system depicted in
Figure 1e. It can be observed that the Seebeck coefficient
decreases as the dopant thickness (dopant concentration)
increases and saturates at −60 μV K−1 when the dopant
concentration exceeds 0.05 mol L−1. This is a general feature of
chemical doping, which differs from field-effect techniques,
which indicates that doping cannot exceed the electron
injection capability derived from the structure of the dopant.
Subsequently, we stored the n-doped CNTs with different

dopant concentrations in air and measured the transient
response of the thermo-electric properties. Figure 2a−c
indicates the transient response of the Seebeck coefficient S,
electrical conductivity σ, and power factor PF of CNTs that are
doped with a dopant concentration of 0.01 mol L−1. When
doping with a low dopant concentration (0.01 mol L−1), it was
found that electron dedoping started immediately after doping
and returned to the original p-type after 60 min. This dedoping
behavior was simultaneously observed for the Seebeck
coefficient, electrical conductivity, and power factor. Figure
2d illustrates the transient response of the Seebeck coefficient
with the variation of the dopant concentration from 0 to 0.5
mol L−1. The result clearly shows that the dopant lifetime
increases as the dopant concentration increases, and it can be
observed that the n-doped CNTs with a dopant concentration
of 0.5 mol L−1 are stable in air conditions for more than 250
days. To clarify the mechanism of the stability improvement by
increasing the dopant concentration, we conducted two
durability tests: mechanical stimulation and humidity. For
the former, we prepared two heavily n-doped CNTs of 0.5 and
1.0 mol L−1 and observed the transient response of the

Seebeck coefficient. As shown in Figure 2d, the heavily n-
doped CNTs were stable even when stored in air.
Subsequently, we applied mechanical strain only on the
CNTs doped with 1.0 mol L−1 on day 150 to crack the
dopants adsorbed onto the CNTs (Figure 2e inset).
Consequently, it was found that only the cracked n-doped
CNTs experienced gradual electron dedoping after day 150
(cracked day). This is an interesting result, suggesting that the
coating quality of n-dopants is more significant than the total
amount of n-dopants (dopant concentration) for the
stabilization of n-doping. For the latter, we prepared CNTs
doped at the same concentration (0.15 mol L−1) and observed
the transient response of the Seebeck coefficient when stored
under humidity-controlled air (Figure 2f). The results clearly
reveal that the CNTs stored at 5% humidity retained the n-
type for over a year, whereas those stored at 75% humidity
were gradually dedoped with electrons and returned to the
pristine p-type after one year. Conventionally, atmospheric
oxygen is considered the dominant cause of dedoping.
However, this result clearly shows that humidity, apart from
oxygen, directly affects the deterioration of n-doped CNTs,
and it is a result that has never been reported before. We
speculate that the deliquescence of the n-dopant is the
mechanism of deterioration owing to humidity. As the n-
dopant of the B18C6 complex is hydrophilic, it absorbs
moisture and deliquesces. It is considered that the cation (K+
in this case) that had been captured by B18C6 was detached,
and consequently, the electron stabilization ability was
gradually lost. Another reason is that the molecular structure
of the B18C6 complex was destroyed by hydrolysis in an

Figure 2. Transient thermoelectric properties of n-doped CNTs. (a−c) Transient Seebeck coefficient, electrical conductivity, and power factor of
the n-doped CNTs with a concentration of 0.01 mol L−1, respectively. (d) Transient Seebeck coefficient of the n-doped CNTs with a concentration
of 0.01−0.5 mol L−1. The lifetime of n-doped CNTs increases as the n-dopant concentration increases (from 60 min @ 0.01 mol L−1 to >250 days
@ 0.5 mol L−1). (e) Durability test against mechanical strains. Mechanical strains were only applied on the CNTs doped with 1.0 mol L−1 on day
150 to crack the dopants adsorbed to the CNTs (inset). Consequently, only the cracked n-doped CNTs exhibited electron dedoping after day 150
(the cracked day). (f) Durability test against humidity. (g) Conceptual illustration of the deterioration of n-doped CNTs. Long-term air
stabilization of the n-doped CNTs is achieved by the n-dopant completely covering the CNTs and preventing oxidation. However, electron
dedoping occurs (N-dopant degradation) when the n-dopant layer degrades owing to mechanical friction or moisture.
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oxygen/light atmosphere, similar to the underlying mechanism
of the irreversible degradation of adhesives with water.48,49

However, although we measured the transient response of the
IR spectrum for months (see Supporting Information), clear
evidence has not yet been obtained.
Based on the above findings, we conclude the stabilizing

mechanism that n-dopants play a dual role in CNTs doping:

they inject electrons into CNTs and protect them from
oxidation. Therefore, increasing the dopant concentration and
forming a thick dopant layer are crucial for achieving long-term
stabilization. However, the dopant is just a type of salt and is
fragile, so the electron stabilization ability is easily lost by
physical/chemical stimuli, causing the deterioration of n-CNTs
(Figure 2g).

Figure 3. Parylene coating for high air stability. (a) Conceptual image of the parylene coating. (b−e) SEM images of n-doped CNTs with parylene
coating thicknesses of 0, 5, 10, and 100 nm, respectively. When the coating thickness is 100 mm, the CNTs is completely covered with the parylene,
and no CNTs including the bundle are observed. Instead, parylene crystal growth is observed.

Figure 4. Transient thermoelectric properties of parylene-coated n-doped CNTs. (a) Transient Seebeck coefficient of n-doped CNTs with/without
parylene coating. Unlike uncoated CNTs (black dots), the negative Seebeck coefficient of the coated CNTs remained stable for over a year. (b)
Transient resistivity of parylene-coated n-doped CNTs. (c) Humidity at the experimental location (Saga, Japan) during the measurement period.
The resistivity reversely increases/decreases in conjunction with the humidity of the measurement location. (d) Humidity dependence of the
changes in the resistance. (e) Molecule structures of parylene-C and parylene-N. (f−g) Comparison between the Seebeck coefficient and resistivity
of n-doped CNTs with parylene-C/parylene-N coating.
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2.2. Parylene Coating for High Air Stability. According
to the findings from the previous section, to improve the
stability of n-type CNTs, the development of mechanically
durable hydrophobic n-dopants is a problem in microscale
science research. From a macroscale perspective, another
approach is to utilize a protection layer, that is, the n-dopants
only play the role of injecting electrons into the CNT and
protect the n-doped CNTs with another highly durable
material. Therefore, we used a protective layer of poly-
(chloro-p-xylylene) (parylene-C). Parylene is well known as a
polymer with high physical/chemical resistance, flexibility, and
biological conformity. Owing to such characteristics, it is used
as a protective layer in transistors, thermo-electric generators,
and flexible devices.50−55 However, the n-doping stabilization
mechanism where n-dopants function as a protection layer has
not been clarified thus far. Furthermore, the use of a parylene
coating to improve the air stability of n-dopants has not been
reported, and the effect remains unclear. Therefore, in this
study, we investigated whether the introduction of a parylene
coating as the protective layer of the n-dopants can improve
the air stability of n-doped CNTs. Figure 3 illustrates the
concept of parylene-coated n-doped CNTs. Initially, the CNTs
were doped with the n-dopant of the B18C6 complex, and
then, the protection layer of the parylene was deposited on the
n-doped CNTs using a CVD process. In the deposition
process, because parylene is applied as a gas, it penetrates the
CNT network and provides complete encapsulation of the
CNTs. Scanning electron microscopy images clearly show that
the CNT bundle size increased with parylene deposition, and
the CNTs were fully encapsulated with a parylene thickness of
100 nm (Figure 3b−e).

Figure 4 illustrates the transient response of the physical
properties of the parylene-coated n-doped CNTs stored under
air conditions, where the dopant concentration was 0.1 mol
L−1. Without the parylene coating, the n-dopants gradually
degrade under the influence of oxygen and moisture, similar to
Figure 2b, returning to the pristine p-CNTs after approx-
imately 120 days. In contrast, the parylene-coated n-doped
CNTs exhibited high air stability, and the Seebeck coefficient
did not change even after a year. This result clearly reveals that
protecting the n-dopants with parylene from external stimuli
significantly improves air stability. Regarding the relationship
between coating thickness and stability, there was no difference
in the Seebeck coefficient. However, when the resistivity,
which is more sensitive to the Fermi-level fluctuations, is
measured, we can observe that the thicker 10 μm-coated CNTs
exhibit less fluctuation than that of the 100 nm-coated CNTs.
The increase in resistivity correlates with humidity fluctuations
at the measurement location (Saga, Japan, Figure 4c,d) and is
therefore the effect of moisture adsorption on parylene.
Because the n-dopants were not degraded in this case, the
resistance fluctuation is a reversible reaction that increases/
decreases in conjunction with humidity at the measurement
location. We note that since the adsorption/desorption of
moisture to/from the parylene coating is a very slow reaction
compared to atmospheric humidity changes, there is a delay
between humidity and resistance changes. To investigate the
effect of this moisture absorption, two types of parylene
(parylene-C and parylene-N, as sketched in Figure 4e), which
have different water vapor transmission rates (WVTRs), were
used to compare the air stability, where the WVTR of the
parylene-C and parylene-N are 0.08 and 0.59 g mm m−2 day−1,
respectively.56 We prepared parylene-C/parylene-N coated n-

Figure 5. Robust thermo-electric applications. (a) Photographic image and (b) results of the chemical durability test of n-doped CNTs. Compared
with the uncoated n-doped CNTs that returned to p-type following 7 days of immersion, the Seebeck coefficient of the parylene-coated n-doped
CNTs still remains n-type even after being immersed in strong acid, strong alkali, and alcohol. (c) Photographic image of the robust thermoelectric
application (thermo-electric power generation from strong alkali solution). (d) Voltage output versus the temperature gradient. (e) Power output
characteristics with a temperature gradient of 60 K.
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doped CNTs with the same dopant concentration (0.1 mol
L−1) and a coating thickness of 500 nm and compared the
transient response of the thermo-electric properties. Figure 4f,g
illustrates that high n-type stabilization of more than one year
can be achieved with both parylene coatings. In other words,
no clear difference was observed between them during the one-
year measurements. This result indicates that the introduction
of the protection layer on n-dopants dramatically improves the
air stability, and it was found that the difference in the WVTR
does not affect the stability if the layer is sufficiently thick.

2.3. Outstanding Robust Thermo-Electric Applica-
tions. As shown in Figure 2d, it was reported that simply
increasing the n-dopant concentration can stabilize the n-type
for a long time in the air. The advantage of utilizing parylene
coatings is their overwhelming robustness to physical and
chemical stimuli. Figure 5a illustrates the chemical durability of
the n-doped CNTs. We immersed the n-doped CNTs in a
variety of solutions, such as water (H2O), KOH, sulfuric acid
(H2SO4), ethanol, and acetone for 7 days. The experimental
results indicate that when the uncoated n-doped CNTs are
immersed in water or alcohol, they return to p-CNTs with a
positive Seebeck coefficient owing to the desorption of the n-
dopants. Additionally, when immersed in a strong acid or
alkaline solution, the polyimide of the substrate was dissolved,
and the device was broken. The general response is that the n-
dopant is a chemical material that dissolves in chemical

solvents, making n-doped CNTs fragile. Parylene, on the other
hand, is a polymer that is highly resistant to physical and
chemical stimuli and is used as a protective film for
semiconductor devices.50−55 Therefore, in the case of
parylene-coated n-doped CNTs, the thermo-electric properties
did not change even after immersion in strong acid, strong
alkali, and alcohol for 7 d (Figure 5b). Utilizing the durability
of this parylene coating, we fabricated an ultra-robust thermo-
electric generator and demonstrated thermo-electric generation
from a strongly alkaline solution (Figure 5c−e). This is a
thermo-electric application in a high-load environment that
cannot be conceived for thermo-electric generators using
conventional n-dopants.

2.4. Trade-off between the Robustness and Perform-
ance of Photo-Thermo-Electric Applications. Similar to
thermo-electric applications, it is possible to improve the
robustness of photo-thermo-electric applications by introduc-
ing a parylene coating. We measured the air stability of the
broadband photosensors based on the detection mechanism of
the photo-thermo-electric effect.19,44 The half area of the p-
CNTs was n-doped by the B18C6 complex with a
concentration of 0.1 mol L−1, and the photo-thermo-electric
voltage generated by the IR irradiation at the p−n junction was
measured using a multimeter (Figure 6a). Figure 6b illustrates
the air stability of the photo-thermo-electric sensor. The
response of the uncoated sensor decreased to zero after 120 d.

Figure 6. Photo-thermo-electric response of the parylene-coated sensors. (a) Photograph of the photo-thermo-electric sensors. IR waves were
irradiated at the p−n junction, and the generated voltage was measured. (b) Air-stability of the parylene-coated sensors. The response of uncoated
sensor decreases to zero after 120 days; however, the response of the parylene-coated sensors remains the same after 180 days. (c) Models and (d)
thermal distribution example of the thermal conduction analysis. (e) Response, (f) time constant, and (g) transient response of the parylene-coated
sensors. As the coating thickness increases, the sensitivity and time constant of the sensor deteriorate.
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The result indicates that the thermal properties of the CNTs
reverted from n-type to p-type after 120 d, which is in good
agreement with the n-dopant lifetime depicted in Figure 4a. In
contrast, the response of the parylene-coated sensors remained
the same after 180 d, indicating that the coating technique is
useful for enhancing the durability of sensors, similar to
thermo-electric applications. However, for photo-thermo-
electric applications, the parylene coating deteriorated the
sensing performance. In the case of photo-thermo-electric
sensors that use light as a heat source, the heat capacity of the
sensor governs the amount and speed of heat generation;8 in
other words, the sensitivity and time constant of the sensor.
Coating the sensor with parylene increased the total heat
capacity of the sensor, which degraded the sensitivity and time
constant. To quantitatively evaluate the performance degrada-
tion owing to the parylene coating, we performed heat transfer
analysis using the finite element method8 (Figure 6c,d). Figure
6e−g presents a comparison between the simulation and
experiment of the sensing performance. The experimental
results are consistent with the simulations that the sensitivity of
the sensor deteriorates by approximately 5% when the parylene
is coated with 10 μm, which is smaller than the individual
variation (10%) between the sensors and has a negligible effect.
However, the adverse effect on the time constant is large, and
it was found that the 10-μm coating deteriorates the time
constant from 180 to 600 ms, which is approximately 3.5 times
slower. Accordingly, the sensor robustness and performance
are in a trade-off relationship; thus, instead of simply applying a
thick layer of parylene, it is essential to select the optimum
coating thickness based on the actual usage environment.

3. DISCUSSION
In this study, we clarified the deterioration mechanism of n-
doped CNTs and developed a stabilization technique for use in
photo-thermo-electric applications. The condition for stabiliz-
ing n-doped CNTs aims to prevent the contact of CNTs with
oxygen, and the air stability can be improved by completely
covering CNTs with n-dopants. However, because n-dopants
are generally fragile salts, they are degraded by deliquescence
owing to moisture and physical scratches, causing instability in
n-doped CNTs. The result suggests that long-term n-type
stabilization under air can be achieved with hydrophobic n-
dopants, and such microscopic chemical research is desirable
for the development of CNT research. From a macroscopic
perspective, we developed a stabilizing technique that
introduces parylene as a protective layer. In other words, the
n-dopant and parylene play the roles of injecting electrons and
preventing oxidation, respectively. Consequently, the parylene
coating technique has proven to be extremely useful, achieving
not only n-doped stabilization in air for more than a year but
also durability to physical/chemical stimuli. Using this coating
technique, we demonstrated robust thermo-electric generation
from strong alkaline solutions, which was impossible with the
stability of conventional n-type dopants. Moreover, we
analyzed the effect of the parylene coating using the finite
element method and clarified the trade-off between robustness
and performance in photo-thermo-electric applications. At this
point, the following aspects still remain: (a) the microscopic
mechanism of how the B18C6 complex deteriorates owing to
moisture, and (b) the mechanism by which even n-doped
CNTs completely coated with parylene reversibly change their
conductivity in conjunction with external humidity. Therefore,
the change in the molecular structure should be investigated

via spectral analysis methods, such as Fourier-transform
infrared spectroscopy and X-ray electron spectroscopy, in
future studies.
The stabilization of n-dopants is crucial for the practical

implementation of devices, and various chemical dopants have
been studied. Our results obtained using the parylene coating
are applicable to various n-dopants. The versatile stabilization
technology considerably improves the physical/chemical
durability. It can be utilized for various applications, such as
wearable biological monitoring, thermo-electric power gen-
eration from industrial strong acid/alkaline wastewater, and
long-term non-destructive inspection using NIR−THz waves.
Thus, we expect that this study will have a significant impact
on CNT research, and the technique can be used in the
practical applications of CNT devices.

4. METHODS
4.1. Materials. We used a super-growth single-walled metallic-

semiconducting mixed CNT dispersion (ZEON Corporation).
Generally, the electrical conductivity and Seebeck coefficient are
500 S cm−1 and 60 μV K−1 (pristine)/−60 μV K−1 (n-doped),
respectively. The n-dopant B18C6 was purchased from Tokyo
Chemical Industry Co., Ltd. The concentrations of B18C6 and
KOH complexes were adjusted by adding pure water. Parylene-C and
parylene-N were purchased from Specialty Coating Systems Inc.

4.2. CNT Fabrication. CNTs and devices (Figures 2, 4, 5c, and
6a) were fabricated via the mask-through filtration method (see the
Supporting Information for details). The 5-μm thickness polyimide
was processed using the laser ablation method. The laser-patterned
polyimide mask was attached to a polyvinylidene difluoride
membrane filter (thickness: 125 μm; pore size: 0.1 μm), and the
CNT dispersion was filtered through them. The CNTs were
selectively filtered through the mask pattern and formed on a
membrane filter with the desired shape. After drying, the CNTs were
transferred to a polyimide film (thickness: 12.5 μm). The thickness of
the CNTs could be controlled by varying the filtration amount of the
CNT dispersion. The dimensions of the CNTs for each device were
as follows: 500 × 3000 × 3 μm for thermal property measurement
(Figures 2 and 4), 1000 × 30,000 × 3 μm, and eight elements for the
thermo-electric generator (Figure 5c), and 500 × 8000 × 3 μm for the
photo-thermo-electric sensor (Figure 6b).

4.3. Measurement Systems. The height profiles of the CNTs
and n-dopants were measured by confocal laser microscopy (VK-
X1000/1050, Keyence Corporation). The Seebeck coefficient of the
CNTs was measured using a homemade thermo-electric property
measurement system (Figure 1e). The CNTs were placed between a
heater and cooler, and a pair of chromel−alumel thermocouples was
placed on both sides of the CNTs. The voltages V1 between the
chromel electrodes and V2 between the alumel electrodes were
measured using a multimeter. In this situation, V1 and V2 can be
expressed as follows:

= × + ×
+ ×

= ×

V S T T S T T

S T T

S S T T

( ) ( )

( )

( ) ( )

1 Chromel Out H CNT H C
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where SCNT, SChromel, and SAlumel represent the Seebeck coefficients of
CNTs, chromel, and alumel, respectively. From eqs 2 and 3, SCNT can
be derived as follows:

= × ×
S

S V S V
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Alumel 1 Chromel 2

1 2 (4)
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The humidity of the air (Figure 2f) was controlled using a
desiccator (5%) and saturated salt solution of sodium chloride
(75%).57 Parylene was deposited using an SCS Labcoter 2 PDS 2010
(Specialty Coating Systems, Inc.). For the photo-thermo-electric
sensors (Figure 6), an IR LED (L14336-0083R, Hamamatsu
Photonics K.K., wavelength of 830 nm, and power of 1 mW) was
used. The IR wave was collimated and focused by lenses on the p−n
junction of the CNTs, and the generated voltage was measured using
a multimeter.

4.4. Thermal Conductivity Analysis. The thermal distribution
and transient thermal response of the photo-thermo-electric sensors
(Figure 6c−g) were analyzed via the finite element method using
ANSYS Mechanical software (Cybernet Systems Co., Ltd.). Thermal
conduction was calculated based on the solution of the following heat
equation:

= + + +c
T
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x y z

T Q
2

2

2

2

2

2

i
k
jjjjj

y
{
zzzzz (5)

where ρ symbolizes the density, c indicates the specific heat capacity, k
represents the thermal conductivity, and Q denotes the total amount
of heat applied.8 We assumed that the IR absorption rate was 100%
and that heat was applied directly to the p−n junction of the CNTs.
The physical parameters of materials employed in the simulation were
as follows: the density, specific heat capacity, and thermal
conductivities of the CNTs, lead wires, polyimide film, and
parylene-C were 0.6 g cm−3, 0.66 J g−1 K−1, 10 W m−1 K−1 for the
X-Y plane and 0.1 W m−1 K−1 for the Z-plane; 7.85 g cm−3, 0.434 J
g−1 K−1, 60.5 W m−1 K−1; 1.4 g cm−3, 1.13 J g−1 K−1, 0.3 W m−1 K−1;
and 1.289 g cm−3, 0.712 J g−1 K−1, 0.084 W m−1 K−1, respectively.
The Seebeck coefficient of p − type (n − type) CNTs were 40(−40)
μV K−1, and the heat transfer coefficient of air was 4.65 W m−2 K−1 at
300 K.
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