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Compact infrared radiation sources based on carbon nanotube films
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Compact infrared radiation sources based on disordered carbon nanotube films were fabricated. The emission
spectra of films based on single-walled (including those with characteristic metallic and semiconductor conductivity)
and multi-walled carbon nanotubes were measured within the 3—10 um wavelength interval at temperatures ranging
from 150°C to 400°C. The applicability of the manufactured radiation sources in measurements of transmission

spectra of thin organic films is demonstrated.
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Introduction

Gas sensors are used widely in various fields of science
and technology [1-12], such as monitoring of harmful
substances at industrial facilities [13,14], indoor air quality
control [15,16], medical diagnostics [17], etc. The most
efficient method for detection of various gases, including
those hazardous to human health, in air is mid-infrared (IR)
optical spectroscopy [18]. Non-dispersive IR sensors for gas
environment monitoring offer high sensitivity and selectivity
with respect to the detected gas mixture components and
stability of parameters regardless of the concentration of
oxygen and moisture in air throughout their entire service
life. However, compact sources of IR (3—12um) radiation
are needed for their efficient operation. A promising
solution to this problem is the construction of IR emitters
based on carbon nanotube (CNT) films with unique optical
and electrophysical properties [19]. A coating of this kind
may provide a near-unity light absorption coefficient, which
is a fine approximation of a blackbody [20]. Therefore,
in accordance with Kirchhoff’s radiation law, the design of
CNT-based emitters with a nanotube film acting as a heater
and an emitting surface is promising in the context of fabri-
cation of compact IR heaters, since this eliminates the need
to form an additional layer with a high absorption coefficient
on the surface of a MEMS (microelectromechanical system)
heater [21,22]. The emissivity of an array of multi-walled
carbon nanotubes (MWCNTs) deposited onto the surface
of a MEMS heater was studied in [22]. The emissivity
of single-walled carbon nanotube (SWCNT) networks was
investigated in a similar manner [23]. In this regard, a
comprehensive comparison of the emissivity of MWCNT
and SWCNT films is an important research task.
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1. Materials and methods

In order to compare the emission spectra of MWCNT
and SWCNT films, IR emitters were formed on the surface
of a mica substrate with the use of CNT layers of
the corresponding types. Test structures were fabricated
in a single technological cycle by forming the required
topological CNT film pattern and subsequent nanosecond-
laser cutting of the obtained structures into rectangular-
shaped samples. The IR emitter samples were welded into
a TO39-114 case for ease of measurement.

To analyze the effect of CNT fractions with metal-
lic and/or semiconductor conductivity on the emission
spectrum, commercial SWCNTs were separated via gel
chromatography in accordance with the procedure outlined
in [24]. This separation was performed for TUBALL
01RWO03 SWCNTs (OCSiAl) with a diameter of 1.2—2nm
and a length in excess of 5 um.

Prior to separation, suspensions of nanotubes containing
20mg of SWCNTs in 100ml of a 1% aqueous solution of
sodium dodecyl sulfate (SDS) were prepared and processed
with a homogenizer at an ultrasonic intensity of 50 W/cm?
for 2h in a temperature-controlled beaker at a temperature
no higher than 15°C. The obtained suspensions were
centrifuged using a high-speed Avanti J-301 centrifuge
(Beckman Coulter) for 60 min at 90000 g. Following this,
3/4 of the CNT suspension (by volume) were retrieved from
the test tubes and used for further separation of SWCNTs
by conductivity type.

Sephacryl S-200 (10ml) was used to fill the chromato-
graphic column for the separation of CNTs. Prior to
separation of SWCNTs by conductivity type, the filler was
rinsed with a 1% aqueous solution of SDS. A suspension
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Figure 1. SEM images of films on the surface of mica. These films were formed from: a — original SWCNTs; 5 — MWCNTs.

of SWCNTs in 10ml of a 1% aqueous solution of SDS
was then introduced into the chromatographic column. The
SWCNT suspension filtered through the S-200 filler was
collected, and the filler was rinsed with a 1% aqueous
solution of SDS to remove the residual suspension. The
purified SWCNT suspension contained nanotubes of a
predominantly metallic conductivity. CNTs were then eluted
by rinsing the filler with a solution containing 1% SDS
and 1% sodium deoxycholate (1 : 1 ratio). Filtered through
S-200, this solution contained CNTs of a predominantly
semiconductor conductivity.

Nanotubes synthesized using the method detailed in [25]
were used to prepare a suspension of MWCNTs. According
to scanning electron microscopy data, the characteristic
diameter of the synthesized MWCNTs fell within the range
from 6 to 30 nm. The obtained material was used to prepare
a suspension of MWCNTs in a 1 % aqueous solution of SDS
in accordance with the above procedure for SWCNTs.

SWCNT and MWCNT films were formed from the
resulting suspensions by vacuum filtration. Membrane
nitrocellulose filters with a diameter of 50 mm and a pore
size of 0.2um were used as filter elements. The filter
surface diameter was 40 mm. Prior to vacuum filtration,
the absorbance of the CNT suspension used was measured
at a wavelength of 400 nm in a cuvette with an optical path
length of 10mm. The absorbance of the suspension used
was reduced to unity, which is equivalent to a suspension
transmittance of 10%. After the filtration process, the
membrane filter with a CNT layer was introduced into a
Petri dish filled with 50 ml of acetone. Following dissolution
of the filter, 40 ml of acetone were removed with a syringe,
40ml of pure acetone were added, and the solution was
kept at rest for 20 min. This operation was repeated twice.
At the next stage, 40 ml of acetone were removed with a
syringe, and 100 ml of distilled water were added. SWCNT
and MWCNT films were thus formed on the surface of the
solution.

These CNT films were transferred by the aquaprint
method from the solution surface to the surface of LF
capacitor mica 50 um in thickness. Mica was chosen as a
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substrate material due to the fact that it has a lower thermal
conductivity coefficient (0.4—0.5W/(m-K)) [26] than other
dielectric substrates, such as sitall (0.8-2.5W/(m-K)) or
quartz (1.4 W/(m-K)) [27]; remains stable at temperatures
up to 600°C; has an absorbance at a wavelength of
1064 nm sufficient for laser cutting; and provides a proper
minimum thickness of available substrates (30—60um).
SEM images of the surface of films of the original SWCNTs
and MWCNTs are shown in Figs. 1,a and b, respectively.

An ytterbium laser with a beam positioning system
generating fundamental radiation with an IR wavelength
of 1064nm was used to form the required topological
pattern on the CNT film surface. Laser removal of CNTs
in specified regions of the film made it possible to form
an array of rectangular CNT sections 2.5 x 4mm in size.
The distance between these rectangular regions was set to
1.1 and 22mm in two orthogonal directions. The laser
spot diameter in processing was ~ 35um, the distance
between the centers of adjacent spots was ~ 17 um, and
the specified beam displacement rate was 240 mm/s. The
laser was operated in pulsed mode with a pulse duration of
100 ns and a frequency of 30 kHz. The laser energy density
was 70 J/cm?. A total of 100 passes were performed. The
entire 18.6 x 32.4 mm area was processed approximately in
2min. For further assembly, the processed section together
with the substrate was cut out using the same laser at a
higher energy density of ~ 100 J/cm?.

Aluminum contact pads with a width of 3.2 mm were then
formed by magnetron sputtering through a hard mask. The
CNT film region not coated with aluminum was 2.5 x 3 mm
in size. With the contact pads formed, working chips
6.2 x 3.6mm in size were prepared by laser cutting at an
energy density of ~ 100 J/cm?.

Individual chips were mounted in the TO39-114 case
using aluminum wire 30um in thickness via ultrasonic
welding (ES-4029). The welding pulse duration was 100 ms,
the pressing force was 70 g, and the welding current was
62 mA. The procedure was performed in such a way that the
substrate was mounted with an air gap and positioned at a
distance of ~ 2mm from the base of the case. The external
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Figure 2. Compact IR radiation source based on CNT films: @ — photographic image of the emitter (/ — aluminum wire, 2 — working
area of the CNT film, 3 — LF capacitor mica, and 4 — TO39-114 case); b — thermal image of the working area of the CNT film heated

to 500°C.

view of the compact IR radiation source is presented in
Fig. 2,a.

A supply voltage of 5—15V from a B2912A precision
source measurement unit (Agilent Technologies) was ap-
plied to the case terminals; the current was limited to
100mA. The variation of temperature with voltage was
monitored using a Flir P640 thermal imager within the
range up to +500°C. Figure 2,5 shows the thermal image
of the heated working area of the CNT film.

A spectral complex based on an iHR320 monochromator
produced by HORIBA Scientific was used to measure
the optical emission spectra of the fabricated IR emitter
prototypes. A chopper modulating the optical signal with a
frequency of 170 Hz was also applied in these experiments.
The measurements were carried out within the 2—12 uym
wavelength range at a pitch of 20nm using a 300 gr/mm
diffraction grating and an optical filter that restricted the
propagation of radiation with a wavelength up to 1900 nm.
A DSS-MCT(14)020L (mercury-cadmium-telluride) solid-
state unit with nitrogen cooling served as a detector. The
built-in preamplifier was disabled.

2. Results and discussion

Figure 3 shows the absorbance spectra of the original
SWCNT suspension, the suspension of SWCNTs with
semiconductor conductivity, the suspension of SWCNTs
with metallic conductivity, and the MWCNT suspension
after centrifugation.

The proportion content of SWCNTs with metallic and
semiconductor conductivity in different suspensions was

0.8 — MWCNT
— SWCNT Tuball original
0.7 == SWCNT Tuball metallic
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—
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Figure 3. Absorbance spectra of different CNT suspensions.

estimated in accordance with the procedure detailed in [28].
The areas of peak (M) within the 500—900 nm wavelength
range for metallic SWCNTs and peak (E;;) within the
1300—2200 nm wavelength range for semiconductor SWC-
NTs were determined for this purpose. According to the
formula given in [28], the fraction of SWCNTSs with metallic
conductivity may be calculated as follows:

1

- En
1+M11

Rw - 100 %. (1)

In the original suspension of SWCNTs, 62 % of nanotubes
feature metallic conductivity, while the remaining 38 % have
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Figure 4. Emission spectra (normalized to the spectral sensitivity

of the detector) of prototype IR emitters with CNTs of different
conductivity types heated to a temperature of 250 °C.

semiconductor conductivity. The percentage of semiconduc-
tor SWCNTs in the suspension after elution increases to
97%, and only 3% of SWCNTs are metallic. In contrast,
92 % of SWCNTs in the suspension filtered through the S-
200 filler feature metallic conductivity, and only 8 % are of
the semiconductor type.

The emission spectra (normalized to the spectral sensitiv-
ity of the detector) of prototype IR emitters with different
CNT films heated to 250°C are shown in Fig. 4. The
obtained results demonstrate that the emission spectra of
films formed using the original SWCNTs and MWCNTs
are similar. The emission maxima of films fabricated from
SWCNTs with metallic or semiconductor conductivity are
shifted. The emission maximum for the film formed from
metallic SWCNTs is positioned close to 5.9 um, and the
emission of the film fabricated from predominantly semi-
conducting SWCNTSs reaches its maximum around 4.9 um.
The observed shift of the emission intensity maximum of
semiconductor SWCNT films may be attributed to plasmon
resonance and an increase in the absorbance of films of
SWCNTs with metallic conductivity at wavelengths greater
than 4 um relative to semiconductor SWCNT films [29]. A
normalized sum of the emission spectra of films of SWCNTs
with metallic and semiconductor conductivity provides a
spectrum close to the emission spectrum of a film fabricated
from the original SWCNTs.

The results of measurements of emission spectra at
different temperatures of the film based on the original
Tuball SWCNTs in air are shown in Fig. 5. As the
temperature increases, an increase in emission intensity
and a shift of the emission maximum toward shorter
wavelengths are observed. This is consistent with Wien’s
displacement law.

The time dependences of electrophysical parameters of
the prototype IR emitter based on the original SWCNT
film at a heater temperature of 400°C are presented in
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Fig. 6. The voltage first decreases from 94 to 9.2V,
but then increases monotonically to 9.6 V. This supply
voltage reduction at the initial stage of operation of the
IR emitter may be attributed to a decrease in resistance
of the SWCNT film as a result of removal of functional
groups, which were formed in the process of acid treatment
of SWCNTs for elimination of catalytic impurities, from the
CNT surface [30,31]. The subsequent increase in supply
voltage is attributable to the deterioration of the electrical
contact between CNTs and the aluminum electrodes due
to aluminum oxidation [32], since, according to thermal
analysis data, CNTs remain stable in an oxygen-containing
environment through to 500°C (inset in Fig. 6). The
SWCNT film mass loss during heating is associated with the
removal of functional groups from the SWCNT walls [31].
To suppress the influence of contact resistance between
the metal electrode and CNTs on the stability of the IR
emitter, one needs to use protective coatings preventing
metal oxidation or use metals that are less susceptible to
oxidation under heating.

The feasibility of application of a CNT film as a heater
and an emitting surface for spectral studies in the IR range
is demonstrated below. The designed prototype IR radiation
source was used to measure the transmission spectrum of
nitrocellulose within the 3—12 um wavelength range. The
supply voltage of the IR emitter based on the original Tuball
SWCNT film was 9.7V, the current was 106 mA, and the IR
emitter temperature determined from thermal imaging data
was 400 °C. The transmission spectrum is shown in Fig. 7.
The transmission spectrum of nitrocellulose measured with
a Nicolet iS50 IR Fourier spectrometer is also presented
in Fig. 7. A comparison of these spectra reveals that they
match completely in the number of peaks and their position
within the 4—-9um wavelength range. The positions of
peaks within the 9—12 um wavelength range deviate by no
more than 120 nm.
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Figure 5. Emission spectra of the original Tuball SWCNT film at
different temperatures in air.
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Figure 6. Time dependence of the current and voltage of
the prototype IR emitter based on a Tuball SWCNT film. The
temperature dependence of the CNT film mass measured in the
process of heating in an oxygen-containing environment is shown
in the inset.
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Figure 7. Transmission spectrum of a nitrocellulose film.

Conclusion

An original design of an IR radiation source with
operating wavelengths ranging from 3 to 12uym and a
CNT film used as a heater and an emitting surface was
proposed. The analysis of emission of the manufactured IR
emitters based on MWCNT and SWCNT films with different
conductivity types revealed that the emission spectra of
MWCNTs and the original SWCNTs are similar; however,
the emission intensity maxima of films fabricated from
SWCNTs with semiconductor and metallic conductivity
types are shifted in opposite directions by up to 1000 nm
relative to the positions of peaks in the emission spectrum
of the original nanotubes. The measurements of temporal
variation of electrophysical parameters verified the long-
term applicability of the manufactured IR emitters at a
film heating temperature up to 400°C, provided that a
reliable contact is formed between the metal electrode and

the CNT film through the use of corrosion-resistant metals
and/or protective coatings that suppress the influence of the
ambient environment.
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