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ABSTRACT

This work comprehensively discusses the utilization of a metal-multiwalled carbon nanotube (CNT) nanocomposite of gold (Au)/CNT for
uncooled bolometric application synthesized by a simple rapid green synthesis technique. Enhanced light-matter interaction with the visible
(532 nm) and near-infrared (1064 nm) radiations in the nanocomposite is utilized for achieving improved bolometric response at room tem-
perature (RT, ~300 K). A comparatively higher temperature coefficient of resistance of ~—0.11%/K (improvement of ~57%) was achieved in
the Au/CNT nanocomposite bolometer (BM). Additionally, the composite BM demonstrated a dual (532 and 1064 nm) spectral selectively
and enhanced sensitivity with respective large RT voltage responsivities of ~11.70 +3.45 V/W and ~503.54 + 12.77 mV/W, as opposed to
null response from the CNT BM. The current study, thus, demonstrates an important step toward designing high-performing CNT BMs for
uncooled operation, with added functionality of wavelength-selectiveness.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0129993

I. INTRODUCTION

The multiwall carbon nanotube (CNT) is one of the promising
bolometric materials due to its broadband optical absorption, high
infrared (IR) absorption, naturally suspended concentric tubes, and
electrically conductive and intrinsic one-dimensional nature.'™
Apart from being a good bolometric material, these multiwalled
nanotubes possess high surface-to-volume ratio, altogether with a
strong resilience toward thermal/mechanical stresses and chemical
treatments.””'” Additionally, their large strength-to-weight ratio is an
added value for the formation of freestanding films, an extremely
important parameter in bolometer (BM) technology.”'* From the
viewpoint of practical implementation, these nanotubes are compati-
ble with silicon (Si) microfabrication technology and have also dis-
played strong promises toward a disruptive technology.*™"® All these
exceptional properties offer its prospects for future device applica-
tions.'” Though being an ideal bolometric material, the performance
of the CNT-based BM can be further improved via various surface
treatment methodologies. These include thermal annealing of the
CNT film,""® functionalization with various molecules and radicals,”
surface modification with other nanoparticles (NPs),”'** forming
hybrids with other NPs,”">** etc. One of the ways to achieve this is to

surface functionalize the CNT with metal NPs.”” Surface modifica-
tion with metal NPs lead to confinement of photonic heat at the
hybrid junction owing to involved plasmonic and photothermal
effects. The primary advantage of such a confinement is improved
nanoscale light-matter interaction. The plasmonic effect arises
from collective oscillation of the electron cloud (plasmon) upon
incidence of an electromagnetic radiation on the metal NPs (wave-
length much larger than the NP size).”*** These generated local-
ized surface plasmons result in the electric field confinement that,
in turn, results in increased localized heating.% This effect has been
utilized by various researchers in improving the IR detection prop-
erties of nanotubes via structurally engineered schemes.”* Next,
the choice of the metal plasmonic material is also a matter of
extreme importance from the view-point of stability and applica-
tion. Among the various metal NPs, like silver (Ag), gold (Au), alu-
minum, copper, palladium, platinum, and alkali metals, Au is a
promising plasmonic material due to its excellent performance in
the visible and near IR, together with high stability under ambient
conditions.”” Au, on the other hand, when coupled with carbon
nanotubes, has resulted in improved sensing and photodetection.
The improved device performance arises from the synergistic effect
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of the Au/carbon nanotube coupled system.’’~** Nevertheless, the

room temperature (~300 K, RT), i.e., uncooled, bolometric proper-
ties of the Au/CNT system in the form of a nanocomposite remain
unexplored.

Toward photodetection, different approaches, however, have
been adapted by several groups to work on plasmonic-based CNT
photodetectors (PDs). Plasmonic PDs are optical detectors that
incorporate metallic or plasmonic materials/structures together with
the active photodetection element. The general role of plasmonic ele-
ments in these PDs is to either generate hot-carriers or confine light
and thereby result in improved photodetection.”” " Apart from
metals (which have high concentration of free electrons), metallic
alloys such as noble-transition alloys, alkali-noble inter-metallic
compounds, heavily doped semiconductors (e.g., aluminum-doped
zinc oxide), etc., have turned out to be alternative candidates for
plasmonic materials."”™** A metal-dielectric interface or an interface,
where a change in sign of the dielectric function real component (of
the materials) is observed, is required to host these surface plas-
mons.””*’ Additionally, a wide range of parameters, such as NP/
nanostructure (NS) shape, size, optical properties of the surrounding
environment/host material, carrier mobility, etc., greatly affect the
plasmonic properties of these systems."”** For instance, Zhou et al.
reported a three times photocurrent enhancement in ultralong
single-walled carbon nanotubes (SWCNT) coupled with Au NPs for
632.8nm wavelength.” The PD was fabricated by stamping
dodecanethiol-capped Au NPs using a polydimethylsiloxane slab on
top of chemical vapor deposition (CVD)-grown SWCNT. Upon light
illumination, strong local field enhancement resulting from coupling
with Au NPs led to the enhanced photocurrent. In another report by
Liu et al, visible light detection was achieved using a device of
SWCNT covered partly with Au NSs."” The device was fabricated by
dropcasting the Au NSs (NPs and nanorods), synthesized via a chemi-
cal route, on one section of the SWCNT film leaving the other side
pristine. The phenomenon of surface plasmon resonance (SPR) of the
Au NSs was used to create a temperature difference between the two
regions of the film resulting in an open circuit voltage. Additionally,
Samani et al. demonstrated plasmonic-enhanced RT CNT IR BM
with high voltage responsivity (R,) and improved temperature
coefficient of resistance (TCR).” The BM in the form of a
nanoantenna-CNT array was, however, fabricated employing complex
time-consuming nanofabrication techniques of electron beam lithogra-
phy and a laser-assisted CVD. Furthermore, the nanoantennas were of
Ag, which are highly prone to oxidation with time.

The current work, thus, focuses on overcoming these chal-
lenges by reporting a simple rapid green synthesis of Au/CNT
nanocomposite (AuC) for RT (uncooled) bolometric application.
The nanocomposite BM displays an enhanced bolometric response
together with wavelength selectiveness as an added functionality. A
maximum RT TCR of ~—0.11%/K is obtained for the BM with an
average R, of ~503.54+12.77mV/W and ~11.70+3.45V/W,
respectively, for the IR and visible wavelengths.

Il. RESULTS AND DISCUSSIONS

A. Material synthesis and characterization

The green synthesis method was adopted for in situ function-
alization of CNT with Au NPs. CNT was synthesized using CVD

ARTICLE scitation.org/journalljap

and then purified to remove amorphous carbon (C) and metal cat-
alyst impurities; details of growth and purification are provided in
previous works.”'” In situ surface functionalization of CNT with
the Au NPs was then carried out by adding as-prepared CNT into
a solution of HAuCl, .3H,0 and then adding the Mangifera indica
leaf extract, which acts both as a green reducing as well as the
capping agent. The procedure for obtaining the extract can be
found in the literature.” Initially, ~0.031 g of HAuCl, .3H,O was
added in 100 ml of de-ionized (DI) water to prepare a stock solu-
tion. From the stock solution, 20 ml of solution was isolated in a
vial to which 2.5 ml of the extract was added along with 2 mg/ml of
CNT, and the sample is named as AuC. In situ functionalized CNT
with Au NPs were then dried to evaporate the water and then ultra-
sonicated with N,N-dimethylmethanamide (DMF). For device fab-
rication, 75 ml of the uniform dispersion in DMF was then spray
coated to form a thin film of the bolometric material. The fabri-
cated films were then transferred between the two chromium/Au
electrodes separated by ~4 um. The electrodes were fabricated by
the standard photolithography technique. The adopted methodol-
ogy of device fabrication can be found in our previous report.’

Microstructures [scanning electron microscope (SEM) image]
of purified CNT and Au functionalized CNT (AuC) are depicted in
Figs. 1(a) and 1(b). Bottom right inset of Fig. 1(b) presents the high
magnification transmission electron microscope (TEM) image of
AuC, showing the attachment of Au NPs on the CNT surface. The
CNTs are multiwalled, with diameter in the range of ~30-70 nm
and of varying lengths, with maximum of ~1 mm. Next, from the
low magnification TEM images, it is observed that Au NPs are dis-
tributed over the CNT surface as single particles and clusters, with
average sizes of ~10-50 nm (Fig. S1 in the supplementary material).
Furthermore, the energy-dispersive spectroscopy (EDS) spectrum of
AuC (Fig. S2 in the supplementary material) reveals the presence of
only C and Au in the nanocomposite, with impurities of oxygen (O)
and Si. These impurities owing their origin from the underlying sub-
strate (SiO,/Si), that being used during the measurement.

Figure 1(c) presents the Raman spectra of CNT and AuC in
the range of 1000-2000 cm ™. Raman spectrum of the CNT depicts
peaks at ~1342, ~1574, and ~1612.5cm™". The peak at
~1342cm™! is assigned as D-band, i.e., defect-induced Ay mode,
originating from the out-of-plane vibration of disordered amor-
phous C and other structural defects. The second dominant peak at
~1574cm™ is known as G-band, which is the Ej, mode. This
mode is a measure of graphitization extent in CNT and arises from
the in-plane tangential vibration of the sp?>-bonded C atoms in the
graphite lattice. Finally, the band at ~1612.5cm™" (D’) results from
vibrational wave confinement arising from atomic displacement
along the CNT circumference.””*® On the other hand, in the case
of AuC, blue-shift of ~6cm™" is observed for both the D and G
bands. The observed blue-shift is due to the interaction of Au NPs
with the CNT that results in a shift in the electronic states and,
thus, in Fermi energy.’17 Furthermore, Ip/Ig ratio for AuC is ~0.92
(~1.52 times higher than CNT). A comparatively higher value of
the ratio in AuC is indicative of increased disorder compared to
that of CNT. Another important observation is peak broadening
(full width at half maximum, i.e., FWHM) of both D as well as G
bands. The D and G bands in AuC, respectively, get widen by the
factors of ~3.6 and ~2.9. Such a broadening is indicative of the
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FIG. 1. SEM image of (a) CNT and (b) AuC with high magnification TEM image (bottom right inset). (c) Raman spectra of CNT and AuC. Deconvoluted XPS spectra of

AuC for (d) C 1s and (e) Au 4f.

presence of charged impurities in AuC attributed by Au NPs.*’
Electronic states of C and Au in AuC were then investigated using
x-ray photoelectron spectroscopy (XPS) spectra, as depicted in
Figs. 1(d) and 1(e). Figure 1(d) presents the deconvoluted C 1s
spectrum consisting of three distinct fitted peaks at ~284.7 (sp?),
~285.3 (sp>), and ~288.7 eV, attributed, respectively, to the species
of the graphitic structure, structural defects, and moieties of C
atoms attached to O molecules (O—C=0).""""> The core-level
XPS spectrum of Au 4f is depicted in Fig. 1(e), where two distinct
spin-orbit doublets are observed at ~84.2 and ~87.9 eV, respec-
tively, to Au 4f;; and Au 4fs); of the metallic Au state (0 oxidation
state).”’ Moreover, the absence of any peak around ~92 eV implies
almost complete reduction in AuCl,; (+3 oxidation state) into the
metallic state [Fig. S3(a) in the supplementary material].”’
Furthermore, x-ray diffraction spectra of CNT and AuC are
depicted in Fig. S3(b) in the supplementary material with diffrac-
tion peaks of CNT being observed at 20 = ~26.25°, ~43°, ~54°,

and ~78° that correspond, respectively, to (002), (100), (004), and
(110) diffraction planes of the graphitic structure.””” The diffrac-
tion peaks in AuC are observed at 20 = ~38.52°, 44.60°, 64.76°,
and 77.67°, which correspond to (111), (200), (220), and (311)
planes of Au NPs, respectively, with the dominant (111)
plane.46’54’55

B. Bolometric performance

The as-fabricated BM schematic is depicted in Fig. 2(a), with
the micro-scale view (SEM) in Fig. S4 in the supplementary mate-
rial, that has been analyzed for the bolometric response in the tem-
perature range of 12-300 K. Figure 2(b) depicts the characteristic
current-voltage (I-V) relationship of the AuC device along with
the temperature variation. TCR of the BM, defined as, TCR = %,
where “R” is the resistance and “T” is the temperature, is further
plotted against temperature in Fig. 2(c).
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FIG. 2. (a) BM schematic and (b) temperature-dependent /-V characteristics of AuC BM. (c) The corresponding variation of resistance and TCR with temperature (continu-

ous lines representing fitted curves).

The obtained I-V [Fig. 2(b)] were linear in nature, an indica-
tive of ohmic contact of AuC with metal contacts. The device
follows the same linear behavior throughout the temperature range
of 12-300 K. Furthermore, it is observed from the I-V that with the
increase in temperature, the voltage decreases for a fixed current,
thus indicating a decrease in resistance with temperature (i.e., semi-
conducting behavior). Extracted resistance values are then plotted
in Fig. 2(c), which varies as ~e~"%"T TCR, on the other hand,
is extracted from the temperature-dependent slope of the “R” vs
“T” curve and, thus, varies as ~—e~""""T " with values ranging
from ~—0.23 to —0.11%/K in the temperature range of 12-300 K.
Obtained RT absolute TCR of the AuC BM (0.11%/K) is higher
than that reported for CNT (0.06, 0.07, 0.08, 0.086, and 0.088%/
K),"°* SWCNT (0.03, 0.07%/K),”® CNT/graphene hybrid
(0.08%/K),”” and CNT-MoS, composite (~0.075%/K)*" BMs.
Thus, an improvement in the range of ~25%-267% was observed
in the RT TCR value of the as-fabricated AuC BM.

1. Infrared bolometric characteristics

BMs of CNT and AuC were then characterized for their bolo-
metric photoresponse (PR, AR/Ry, AR = resistance during light
ON-resistance during light OFF and R is the resistance during
light OFF, i.e., dark resistance) with 532 and 1064 nm wavelengths.
The wavelengths were chosen based on the visible and NIR sensi-
tivity of Au,*>*>*»7>%0~ along with the 1064 nm bolometric sensi-
tivity of CNT,>*" as reported previously.

Figure 3 compares the variation in IR induced (1064 nm) PR
and R, with varying incident illumination power (Pj,., normalized
with the device active area)’ in the range of ~0.11-0.41 mW for
both CNT and AuC BMs at RT. The corresponding photovoltage
(voltage difference between IR and dark, AV) is presented in
Fig. S5(a) in the supplementary material. It is observed, respec-
tively, from Fig. 3(a) and Fig. S5(a) in the supplementary material
that both the PR as well as AV of the AuC device increase with an
increase in Pj,.. This is due to the more photogenerated charge

(b)

m CNT 525 m CNT
04 = ® AuC 5004 % * e AuC
e 475
e ’ + & 450 % + )
S o £
- L > 425
5 ) g 20 "
< 31 P e ' i
4 : o] +
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FIG. 3. Variation of (a) PR and (b) R, with varying incident IR Pj, for CNT and AuC BM, at RT.
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FIG. 4. (a) Temporal cyclic PR variation of AuC with IR in air and vacuum, near RT. Individually normalized IR response in (b) air and (c) in vacuum for tabulating the
time taken for 50% PR change.

carriers at higher incident powers. The CNT device, on the other IR illumination, the Au NPs loaded on the CNT surface increase
hand, does not show a proportionate increase for all incident the localized temperature (arising from photothermal effect), trans-
powers. The tabulated R, [Fig. 3(b)] too varies with Py with a ferring heat to the CNT lattice and thereby resulting in an overall
maximum value of 503.54 + 12.77 mV/W (bias current of 10 #A) at increased bolometric response by generating more charge carriers.

~0.11 mW P;,.. The as-obtained R, under same bias current was
~5 times the R, reported for suspended SWCNT BM.®* On the
other hand, negative value of AR/R, portrays a decrease in resis-
tance upon IR illumination, thus suggesting photogenerated charge To further establish the bolometric response of the devices,
carriers and supporting the semiconductive behavior of the com- the PR was measured in air and vacuum (~9 x 107> mbar) at near
posite. A PR of ~—1.25+0.03% (for ~0.11 mW, modulation fre- RT (Fig. 4). The rationale behind this measurement was to examine
quency ~1/30s™") was observed for the AuC BM, which was ~8.6, the effect of thermal coupling of the fabricated devices with the

2. Effect of thermal coupling

~2.5, and ~1.3 times that of reported SWCNT BMs under unsus- environment and, thus, establish the bolometric phenomenon. It is
pended, suspended, and suspended in vacuum configurations, known that bolometric response decreases with the increase in
respectively.”* Higher PR of AuC is due to the synergistic photo- thermal coupling with surroundings, and thus in accordance with
thermal effect provided by the Au NPs in addition to the bolomet- this trend, the measured PR under vacuum was higher by a factor
ric response of CNT to 1064 nm, i.e., NIR wavelength.”*"™* Upon  of ~4.7 times compared to that in air [under identical

(@) (b)
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104
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2 2 ¢
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FIG. 5. (a) Variation of the normalized resistance, i.e., RIRsq k, with temperature and (b) PR variation at 12 K, for three identical AuC BMs under IR illumination.
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FIG. 6. (a) Temporal cyclic PR of both CNT and AuC BMs for 532 nm illumination under ambient conditions. Dependence of (b) PR and (c) R, for varying incident

powers, Pi.

measurement conditions, Fig. 4(a)]. Higher PR under vacuum is a
result of minimized thermal coupling with the surroundings, thus
establishing the bolometric nature of the observed PR.">>%*%%""!
Figures 4(b) and 4(c) represent the normalized PR in air and
vacuum, respectively. Upon IR incidence in air, an abrupt change
in PR from 0% to 50% was observed within a time interval of ~3s
[Fig. 4(b)], while the same being higher by a factor of ~2.77 under
vacuum [as depicted by the dashed ellipses in Figs. 4(b) and 4(c)].
Such an initial abrupt drop in PR under air is due to sudden
phonon loss arising from absorbed IR heat before reaching an equi-
librium state. In the case of vacuum, minimized environmental
thermal coupling results in a higher thermal impedance with the
environment and thereby resulting in a slow loss through other
dominant sources like electrical contacts and the substrate.”***

3. Performance repeatability and reproducibility

Furthermore, the device performance was verified for repeat-
ability and reproducibility, and for this, three similar AuC BMs
(AuC_D1, D2 and D3) were characterized for their bolometric per-
formance under identical conditions. Thermal characteristics of the
devices are plotted in Fig. 5(a), where the normalized resistance
(with respect to 300 K) is plotted against temperature.

From the plots, it is observed that all three devices follow the
similar R vs T trend. Furthermore, the quantitative analysis was per-
formed by inspecting the variation of the value at ~12 K. The figure
of merit defined for this purpose was termed as percentage (%) varia-
tion, defined as [(standard deviation/average value) x 100]. From the
plot in Fig. 5(a), it is observed that the comparative % variation in
R/R300 ¢ at ~12K for all the three BMs is ~1.41%, and the same for
the IR response (at ~0.11 mW Pj,) is ~3.84% [Fig. 5(b)]. Such
inconsequential variations in the performance metrices advocate for
reproducibility of the device performance.

4. Visible bolometric characteristics

Another interesting feature of the nanocomposite BM was its
spectral selectivity (wavelength-selective) and sensitivity toward
visible illumination. Bolometric PR of the devices was, thus, evalu-
ated for an illumination of 532 nm wavelength (Fig. 6) with a
NdYAG laser, with measurements being performed under ambient
conditions of temperature and pressure.

Figure 6(a) depicts the temporal cyclic PR comparison of
CNT and AuC devices for an incident power of ~7.2uW. Under
visible illumination, no PR was observed for the CNT BM, while
the AuC BM exhibited an extraordinary PR of ~—1.52+0.16%.
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Visible @~3.13 uW

Infrared @~0.11 mW

Device @300K  AR/Ry (%) |AV](uV) R, (mV/W) Device @300K  AR/R, (%) |[AV](uV) R, (mV/W)
CNT 0 0 0 CNT 0 0 0
AuC —0.88 £ 0.25 36.67 + 10.80 11 702.02 + 3447.12 AuC —-1.25+0.03 53.83+1.37 503.54+12.77

Additionally, a drift in PR with time [Fig. 6(a)] is observed in the
cyclic response. The measurements being performed under open
ambient conditions of temperature and pressure lead to such a
drift, originating from the binding/desorption of atmospheric O,
stimulated by the incident light.”" Additionally, the low thermal
conductivity substrate (SiO,/Si) beneath the nanocomposite can
too contribute to the residual PR by not allowing enough heat dis-
sipation time. Furthermore, the origin of this enhanced PR is
attributed to the plasmonic effect arising from the Au NPs with the
PR and photovoltage increasing with the incident power [Fig. 6(b)
and S5(b) in the supplementary material, respectively] due to
increased contribution from the plasmonic heat.”® Upon incidence
of 532 nm on the nanocomposite, plasmonic absorption from Au
NPs, attributed to the imaginary part of its permittivity [Im(e)],
lead to losses. The loss is then manifested in terms of resistive heat
originating from non-radiative decay in the Au NPs. This non-
radiative decay occurs via electron-electron and electron-photon
interactions, ultimately transferring the heat to the CNT lattice to
increase its temperature and thereby enhance the bolometric
response by generating more charge carriers. As a result of such
effect from Joule heating, the heat power volume density can be
expressed as

qp = eowIm(e)|E, (1)

where g is the permittivity of free space, o is the frequency of inci-
dent light, and E is the electric field in the NS.”? It is, thus evident
from Eq. (1) that ‘g, is proportional to the frequency of incident
light and the square of the electric field amplitude. Equation (1)
considers the current density (J) as a function of conductivity (o)
arising from the generated E field, with the relationship
J = oE.”*’* This leads to an extraordinary heat confinement and,
thus, a very high R, of ~11.70 + 3.45 V/W (for 532 nm wavelength)
in the AuC BM, under ambient conditions of temperature and
pressure [Fig. 6(c)]. It is, however, interesting to note that for a
wide range of visible incident powers (~3-9 uW), the CNT BM dis-
plays a null response. The obtained R,, on the other hand, is ~2
(for suspended SWCNT BM with 10™* A bias, under IR),"* ~3.9
(for the 100-nm-thick film of purified SWCNTs annealed in
vacuum, under IR),”® ~10.6 (for SWCNT-polymer BM, 650 nm
Wavelength),75 and ~6.5-13 (for SWCNT thermopile in the wave-
length range 500-1800 nm)”® times that of the AuC BM reported
in this work for 532 nm wavelength. Alternatively, compared to a
very recent result, the visible R, is ~5.85 times that of a
CNT-polymer BM, with responsivity toward 808 nm wavelength.””
Coupling Au NPs with CNTs, thus, not only demonstrated an
enhanced bolometric response under ambient conditions (uncooled

BM) but also yields dual spectral sensitivity and selectivity. CNT
BM responded weakly to IR illumination with noise-dominated
null response for visible spectra, whereas, on the other hand, AuC
BM was responsive to both wavelengths with enhanced perfor-
mances. A tabular comparison of device responses toward
wavelength-selectiveness and enhanced response for both CNT and
AuC BM under visible (532 nm) and IR (1064 nm) illumination is
presented in Table I.

lll. CONCLUSIONS

In conclusion, a simple rapid green synthesis technique was
adopted to synthesize an Au/CNT nanocomposite for uncooled
BM. Developed techniques of spray-coating and wet-transfer along
with conventional microfabrication methodologies were adopted
for the complete BM fabrication. Loading Au NPs on the CNT
walls resulted in improved TCR along with enhanced spectral sensi-
tivity and selectivity under uncooled conditions. Furthermore,
tuning the thermal coupling of the BM with the surrounding estab-
lished the bolometric nature of the observed PR. This work, thus,
demonstrates an important step in understanding and controlling
the uncooled bolometric performances of the metal NP/CNT
nanocomposite.

SUPPLEMENTARY MATERIAL

See the supplementary material for information on additional
SEM, EDS, TEM, XPS, and XRD of the studied materials, photo-
voltage, and the bolometer SEM.
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