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tensive interest owing to their outstand-

ing potential for future hand-held, por-
table consumer electronics and displays.'
Electronic or optoelectronic components on
mechanically flexible substrates may enable
novel applications, such as electronic tex-
tiles, artificial electronic skin/papers, and
distributed sensors that could be impossible
to achieve using conventional electronics.'®
Infrared sensing has key applications in
thermal imaging,'® optical tomography,'’
remote sensing,'? night vision,'® and ther-
mal photovoltaic and solar cells."*~"® Silicon
is a traditional optoelectronic material for
infrared detection, but the photosensitive
properties of silicon fade rapidly beyond
800 nm. Although some organic photocon-
ductive materials and solution processed
quantum dots demonstrate photosensitivity
beyond ~800 nm, the instability in air may
hamper their further applications.'®'*17~2°
In the past few years, there were intensive
studies on the infrared response of single-
wall carbon nanotubes (SWCNTs) due to
their unique structure and optoelectronic
property.?' =28 So far the maximum infrared
response from individual SWCNTs or SWCNT
films is only ~0.7%. Recently, Pradhan et al.
reported that the infrared photoresponse of
the carbon nanotubes—polymer composite
showed a strong conductivity change of
~4.26%.%° The enhanced infrared photore-
sponse from the composite was attributed
to the semiconducting of SWCNT and the
electrical and thermal insulation of the poly-
mer matrix.?’ Despite the good infrared
photoresponse, problems such as purifica-
tion, conformability, functionalization, and
high growth temperature of CNTs may hin-
der their potential applications. Thus, an

F lexible electronics have attracted ex-
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ABSTRACT Highly flexible, robust, and sensitive infrared nanosensors were fabricated based on

carbon nanoparticles that were synthesized through a simple and low-cost flame method. The

infrared nanosensor devices showed sharp infrared photoresponse with a response time of ~68 ms

and a maximum photocurrent change of ~52.9%. The devices showed a superhydrophobic property

with a contact angle larger than 150° and a sliding angle of ~4°. The mechanism for the enhanced

infrared photoresponse from carbon nanoparticles is discussed.

KEYWORDS: carbon nanoparticles - flexible electronics - infrared sensor -

self-cleaning - polydimethylsiloxane

industry-degree fabrication of infrared sen-
sing materials is highly desirable.

Carbon nanoparticles (CNPs) have drawn
increasing attention owing to their attractive
applications in bioimaging and optoelectro-
nic devices.3®*! In this paper, we report the
fabrication of a highly flexible, sensitive infra-
red nanosensor device with self-cleaning
property based on CNPs. The CNPs were
synthesized via a simple and low-cost flame
synthesis process. The infrared nanosensor
was fabricated by transferring the CNPs to
an optical transparent and flexible polydi-
methylsiloxane (PDMS) layer via a dry transfer
method. The as-prepared infrared nanosensor
showed a sharp photoresponse to a pulsed
infrared laser with a rise time of 68 ms and
strong current change of 16.9% under the
power density of 7.8 mW/mm? and a pulse
duration time of 2 ms. The highest current
change in our study can be up to ~52.9%.
Moreover, the device showed a superhydro-
phobic property with a contact angle (CA)
larger than 150° and a sliding angle of ~4°.

RESULTS AND DISCUSSION

A schematic diagram of the fabrication of
flexible infrared nanosensors is shown in
Figure 1. CNPs were first grown on ceramic
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Figure 2. (a) Low- and (b) high-resolution SEM images of CNPs grown on ceramic strips. (c) SEM image of CNPs on PDMS after
the transfer process. (d) Low- and high-resolution TEM images of CNPs. () Raman spectrum of CNPs.

strips by a simple flame synthesis process (Figure 1a),
and the experimental setting is shown in Figure S1. In
short, a ceramic strip was mounted in the flame core of
a common alcohol burner. The color of the surface
exposed to the flame turned from gray to black,
indicating the growth of CNPs. Second, the PDMS base
and curing agent were mixed with a ratio of 10:1. After
intense stirring, the solution was heated in a 60 °C
electrical oven for about 10— 15 min to form a precured
PDMS substrate (the fluidity of PDMS was largely
reduced) (Figure 1b). Third, the ceramic strips with
CNPs on them were placed on the precured PDMS with
the side that had grown CNPs facing the PDMS sub-
strate (Figure 1c). Fourth, ceramic strips were carefully
peeled off from the PDMS substrate after the PDMS
substrate was fully cured (Figure 1d). Finally, the whole
PDMS substrate was cut into slices, forming individual
components (Figure 1e), and silver electrodes were
deposited at the two ends of the CNPs films (Figure 1f),
which were further fastened by coating with a thin
PDMS film.

The morphology and structure of CNPs were studied
by field emission scanning electron microscopy (SEM:
FEI Sirion 200) and field emission transmission electron
microscopy (TEM: JEOL-2010F). Figure 2a and b show
the low- and high-magnification SEM images of the
CNPs grown on ceramic strips, respectively. The CNPs
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are homogeneous, and the size of the CNPs is uniform.
The structure of CNPs can remain well after the transfer
onto the PDMS substrate, which is illustrated in
Figure 2c. The inset in Figure 2c displays the optical
image of the device, revealing the uniformity and
flexibility of the CNPs after being transferred onto
PDMS. Figure 2d shows a typical low-magnification
TEM image of the CNPs, indicating that the CNPs have
dendrite-like morphology and are composed of nano-
particle network-like structures, which are curved and
twisted with each other. Figure 2e shows a HRTEM
image of the CNPs revealing that the CNPs are com-
posed of many curved carbon lamellas, some of which
are concentric, forming onion-like structures.? The
onion-like CNPs stacked with several curved graphene
layers have a graphitic structure.

The typical Raman spectrum of the as-grown CNPs
was measured by a Renishaw-inVia Raman spectro-
meter (514.5 nm line of an Ar' laser) at room tempera-
ture, which is shown in Figure 2f. The G peak at
1603 cm ' is the vibration mode involved with the
in-plane bond-stretching motion of pairs of C sp?
bonds, while the D peak at 1347 cm ™' indicates the
existence of disorder in the CNPs*7*° The results
indicate that the CNPs grown on ceramic strips possess
a structure analogous to that of graphite with some
degree of disordering. The in-plane crystallite size, L,,
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Figure 3. FTIR absorption spectrum of CNPs. The absorp-
tion peaks at 4432, 3760, and 2719 nm are the vibrations of
the olefinic=C—H group, the aldehydic C—H group, and the
—OH group, respectively.

can be obtained from the equation®® L, (nm) = (2.4 x
107 "94%(Ie/Ip), where Ig and Ip are the intensity of the G
and D peaks, respectively, and A is the wavelength of
the laser. The calculated crystal size is ~6.7 nm, which
coincides with the TEM measurement results. Other
peaks at about 2697, 2941, and 3194 cm™' can be
designated as 2D, D + G, and 2D’ modes, respectively.

It is known that the growth of CNPs was initiated by
pyrolysis of hydrocarbon at temperatures above 800 °C,*’
forming intermediate radicals such as C,H or C4Hs,
which agglomerated to polycyclic aromatic hydrocar-
bons and fullerenes through cyclization reactions, fol-
lowed by dehydrogenation.®=*' Fourier transform
infrared (FTIR) absroption spectra were recorded by a
Thermo Nicolet FTIR spectrophotometer (Nexus 470)
to determine the surface state and electronic structure
of the CNPs. The FTIR absorption spectra of the bare
PDMS substrate and PDMS with CNPs are shown in
Figure S2. It can be seen that both the PDMS substrate
and the CNPs demonstrate infrared absorption. In
order to obtain the exact infrared absorption of the
CNPs, we grew CNPs on a quartz substrate, which
showed little absorption in the measured wavelength
range. The infrared and UV—vis absorption spectra of
CNPs grown on quartz substrate are plotted in Figure 3
and Figure S3, respectively. The effects of reflection/
absorption loss in the quartz have been removed. In
the whole wavelength range, CNPs demonstrated high
absorption larger than 50%. There are three distinct
absorption peaks located at wavelengths of 2719,
3760, and 4432 nm, or 3678, 2660, and 2256 cm ™' in
wavenumber, respectively. The absorption peaks at 4432
and 3760 nm can be assigned to the vibration of the
olefinic =C—H group and the aldehydic C—H group,
respectively.*? % The peak centered at 2719 nm can be
designated as the vibration of the —OH group.*®

In order to accommodate to flexible electronic
devices, the electrical property of the devices should
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Figure 4. |-T curve of CNPs on PDMS substrate bent with
different curvatures under a constant voltage. The upper
insets labeled |, 11, lll, 1V, and V demonstrate the five bending
states. The lower left inset shows the /—V curve of CNPs
without bending. The lower right inset records the |-V
curve of CNPs on PDMS after 20, 50, 80, and 100 cycles of
bending.

remain unchanged after bending. The device was
placed on two X-Y-Z mechanical stages with a fine
moving step of 2 um, and each end of the substrate
was fixed on one stage. The bending curvature of the
device was precisely controlled by adjusting the stages.
The lower left inset in Figure 4 shows the current—vol-
tage (I—V) curve of the device before bending by using
an elecrochemical station (CHI660D). The linear beha-
vior of the I—V curve revealed that the silver electrodes
and CNP films have a good ohmic contact, and the
resistance was calculated to be about 22 MQ2 (5 mm x
12 mm). The device conductance stability measure-
ment was determined by monitoring the current at
different curvature at a fixed voltage of +5 V. We
checked the current flow through the device at five
different curvatures, which are labeled as states |, Il lll,
IV, and V in the upper insets in Figure 4. It can be seen
that the current was nearly unchanged at different
bending states, revealing that the conductance of the
CNPs is hardly affected by bending stress (Figure 4). In
order to evaluate the folding endurance, the conduc-
tance of CNPs on PDMS substrate was measured after
several cycles of bending (right, bottom inset of Figure 4).
The substrate bent from state | to V then released back
to state | was recorded as one cycle. It can be observed
that the conductance of the CNPs remained almost
constant after 20, 50, 80, and 100 cycles of bending.
These results indicate the high flexibility and electrical
stability of the device.

The infrared response of the device was intensively
studied by using an Nd:YAG laser (1064 nm), which was
working in pulse mode with tunable pulse width and
frequency as a light source at room temperature. The
incident power of the infrared radiation was measured
by an Ophir NOVA power meter. The photoresponse of
the device was recorded by a Stanford low-noise current
preamplifier (model SR570) and a Stanford synthesized
function generator (model DS345). The typical photo-
response behavior of the device was characterized by
recording the current change under a fixed bias of 5V
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Figure 5. Infrared photoresponse characteristics of CNP-
based infrared sensors. (a) Current change under the on/off
incident pulsed infrared light (power density: 7.8 mW/mm?,
pulse width: 2 ms, period time: 5 s). (b) Plot of a current peak
in detail from (a). The blue and red lines highlight the
response and reset time, respectively. (c) Dependence of
photocurrent of the device on the power density of incident
infrared at a pulse width of 2 ms. (d) Current response of the
device to the on/off infrared at a power density of 56 «W/
mmz.

as a function of time when the device was periodically
exposed to an infrared laser with a power density of 7.8
mW/mm? and a pulse width of 2 ms, which is shown in
Figure 5a. The device shows a sharp response with a
large current change of ~16.9%. The highest current
change obtained in our study is ~52.9% (see Figure S3),
which is 75 times that (0.7%) observed in the SWCNT
film in a vacuum at 50 K* and 12 times that (4.26%)
obtained from the SWCNT—polymer composite upon
infrared light illumination with a power density of
~7 mW/mm? in air at room temperature.?®

The response and reset times of the device upon
infrared laser illumination are revealed in Figure 5b, in
which the blue and red lines highlight the leading and
trailing edges, respectively. The response time (i.e., rise
time, t,), defined as the time required for the photo-
current upon illumination to increase to 90% of the
maximum photocurrent, and the recovery time (ie.,
reset time, t;), defined as the time needed to recover to
10% of the peak photocurrent, were ~68 ms and ~1.2 s,
respectively. The response time value is comparable
with that of the SWCNT—polymer composite (60 ms)
upon infrared light illumination with a power density of
~7 mW/mm? in air at room temperature.?®* The de-
pendence of the photocurrent on the incident infrared
power density demonstrates a linear relationship as
expected (Figure 5¢).*’ The lowest power density of
the infrared light source that our device can detect is
56 uW/mm? with a photoresponse of ~0.75%, as
shown in Figure 5d.

It is reported that the photoexcitation of semicon-
ducting SWCNTs by infrared light leads to generation
of excitons instead of electron—hole pairs.2325272°
Analogously, we adopt the exciton model to explain
the infrared response of our devices based on CNPs. It
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Figure 6. Superhydrophobic characteristics of the device
surface. (a) Water droplet of 5 uL on the device surface,
showing a contact angle of 150.2°. (b—g) CCD images of the
rolling off process of the water droplet on the device surface
at different times.

is known that excitons induced by infrared light are
always generated in pairs, and they bind with each
other and can be dissociated by thermal or electric field
to produce free electrons and holes in CNPs,?” con-
tributing to the conductivity increase of the CNPs film.
Both photoeffects and thermal effects exist in infrared
sensors. In our experiment, the larger the incident
infrared power density the CNPs received, the more
excitons are produced in the CNPs, which are disso-
ciated by electrical field to free carriers, resulting in a
larger photocurrent, which has been discussed above
(Figure 5¢). In order to access the thermal effect of our
device, the dependence of the current increase ratio
upon the pulse width of the infrared light at a fixed
power density of 5.2 mW/mm? was studied, since more
energy would accumulate on the CNPs with a wider
pulse of infrared light in one period, which is shown in
Figure S5. The current of our device increased mono-
tonically from 10.9% to 52.9% when the pulse width
of the laser increased from 2 to 10 ms. The results
indicate that the thermal effect of the CNPs also
leads to their current change. The thermal effect
may be further enhanced by the thermally insulating
PDMS substrate, which has a thermal conductivity of
0.15 W/m-K*872°

The superhydrophobicity of the functional devices'
surface, with a CA larger than 150° and a sliding angle
less than 10° could guarantee the devices remain
clean despite their surroundings.>' > Water droplets
easily roll off the superhydrophobic surfaces of the
devices, taking with them dirt and contaminants,
which is the so-called self-cleaning function.>**> The
combination of very rough surfaces and low-surface-
energy materials is responsible for the superhydropho-
bic property. In our experiment, the surface wettability
of the as-prepared device was studied by measuring
the apparent CAs and slide angle using a SL200B con-
tact angle meter (Kino Industry, USA). The apparent CA
was ~150.2° with the water droplet riding on top of the
device surface (Figure 6a). Moreover, the device shows
a very small sliding angle. Figure 6b—g show the CCD
images of the rolling process of a water droplet of 5 uL
on the surface of our device at a tilt angle of ~4° at dif-
ferent times, and the advancing and receding contact
angles are measured as 153.4 £+ 1.0° and 149.1 £+ 1.0°,
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respectively. These results reveal that our devices have
a superhydrophobic property with self-cleaning char-
acteristics, which can be attributed to the nanoscale
rough structure (Figure 2) and hydrophobic C—H
groups on the surface of the CNPs (Figure 3).>'° Carbon
nanostructures based on CNTs also demonstrate a
similar phenomenon of superhydrophobicity owing
to their rough and low-surface-energy surface.”'%>”
The |-V characteristics of the device at different humidity
was also tested to study the stability of the device
(Figure S6). The electrical conduction of the device
shows no apparent change, which means the device
has good electrical stability under a humid environ-
ment. This study indicates that our device has the poten-
tial to be operated in the environment, where the surface
contamination, such as dust particles and water dro-
plets, which would degrade the electrical property and

METHODS

CNP Synthesis. A common alcohol burner in a room without
apparent cross-ventilation was used to produce CNPs. About
10—15 min after the ignition of the wick, a steady ethanol flame
was obtained with a total flame height of 8.5 cm. A ceramic strip
was mounted in the flame core ~5.5 cm above the wick of a
common alcohol burner. The temperature of the surface of the
ceramic strip was about 790 to 830 °C, which was measured
through a thermoelectric couple test. The growth process lasted
for 30 s to 5 min; then the ceramic strip was taken out from the
flame. The color of the surface exposed to the flame turned from
white to black, indicating the growth of CNPs. In fact, CNPs can
also grow on different common substrates in our experiment,
such as Si wafers and quartz.

Fabrication of Infrared Sensor. The PDMS base and curing agent
were mixed with a ratio of 10:1. After intense stirring, the
solution was kept in a refrigerator for about 1—2 h to eliminate
air bubbles. Then the solution was heated in a 60 °C electrical
oven for about 10—15 min to form a precured PDMS substrate;
thus the fluidity of PDMS was largely reduced. The ceramic strip
after the growth of CNPs was placed on the precured PDMS with
the CNPs side facing the PDMS substrate and then heated at
60 °C for another 10— 15 min, resulting in the complete curing of
PDMS. By means of the stickiness of PDMS and the self-weight
of the ceramic strip, the CNPs were absorbed onto the PDMS
substrate. The CNPs were transferred onto the PDMS substrate
by carefully peeling off the ceramic strip from the PDMS. Two silver
wires were fixed to the two ends of the CNP film with silver paste,
which were further fastened by coating with a thin PDMS film.

(NP Characterization. The morphology of the prepared pro-
ducts was characterized with high-resolution field emission
scanning electron microscopy (FEI Sirion 200) and field emission
transmission electron microscopy (JEM-2010F). The Raman scatter
measurement was performed on a Renishaw-inVia Raman
spectrometer at room temperature using the 514.5 nm line of
an Ar' laser. The CNPs grown on a quartz substrate were
investigated through infrared and UV—vis absorption spectra.
Fourier transform infrared spectra were recorded by a Thermo
Nicolet FTIR spectrophotometer (Nexus 470), and the UV—vis
absorption spectrum was recorded with a UV—vis spectro-
photometer (Hitachi-U3310) at room temperature. The surface
wettability of the device was measured by a SL200B contact
angle meter (Kino Industry, USA).

Conductance Measurement. The conductance measurement of
the devices under different curvatures was carried out on a
homemade probe table, on which the devices were placed on
two X-Y-Z mechanical stages with a fine moving step of 2 um.
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thus shorten the lifetime of the device, will be cleaned
from the surface of the device spontaneously.

CONCLUSION

In summary, we demonstrated a novel procedure to
fabricate highly flexible, robust, and sensitive infrared
nanosensors with self-cleaning characteristics based
on CNPs via a dry transfer method. The CNPs were
grown by using a simple and low-cost flame synthesis
process. This method can easily accommodate with the
process-line-degree manufacturing for yielding large-
scale products. The enhanced infrared photoresponse
from our CNP-based devices may be attributed to the
photoinduced generation of excitons and thermal
effects. Flexible infrared nanosensors may have poten-
tial applications in foldable, lightweight thermal imaging
devices, thermal photovoltaics, solar cells, and so on.

The CNP film on PDMS was cut into strips with dimensions of
5mm x 12 mm, with silver electrodes placed at both ends of the
film. The /—V curves under different curvatures were measured
using an electrochemical station (CHI660D).

Infrared Response Measurement. The infrared light source is an
Nd:YAG laser with a photoemission wavelength of 1064 nm,
which is worked in pulse mode with a tunable pulse width and
frequency. The incident power of the infrared radiation was
measured by an Ophir NOVA power meter. The photoresponse
of CNPs was recorded by a Stanford low-noise current pream-
plifier (model SR570), and the bias voltage was supplied by a
Stanford synthesized function generator (model DS345). The
sampling frequency of the photocurrent measurement was
fixed at 1 ms.
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