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Photonic gas sensors exploiting directly the optical
properties of hybrid carbon nanotube localized surface
plasmon structures

Thomas Allsopl, Raz Arif>>, Ron Neal?, Kyriacos Kalli’, Vojtéch Kundrat?, Aleksey Rozhin?, Phil Culverhouse*
and David ] Webb!

We investigate the modification of the optical properties of carbon nanotubes (CNTs) resulting from a chemical reaction triggered by the
presence of a specific compound (gaseous carbon dioxide (CO,)) and show this mechanism has important consequences for chemical
sensing. CNTs have attracted significant research interest because they can be functionalized for a particular chemical, yielding a
specific physical response which suggests many potential applications in the fields of nanotechnology and sensing. So far, however,
utilizing their optical properties for this purpose has proven to be challenging. We demonstrate the use of localized surface plasmons
generated on a nanostructured thin film, resembling a large array of nano-wires, to detect changes in the optical properties of the CNTs.
Chemical selectivity is demonstrated using CO, in gaseous form at room temperature. The demonstrated methodology results
additionally in a new, electrically passive, optical sensing configuration that opens up the possibilities of using CNTs as sensors in

hazardous/explosive environments.
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INTRODUCTION

Carbon nanotubes' (CNTs) came to prominence in the 1990s and
have since attracted significant research effort because of their inter-
esting electrical, optical, mechanical, and thermal characteristics>’
which have suggested many potential applications in the fields of
nanotechnology, environmental sensing, and biochemistry*. There
has been considerable success in functionalizing CNTs to provide a
specific response to various chemicals®”, enabling the selective detec-
tion of very low concentrations of gases®™'® and vapours''* with good
repeatability. To date, selective gas sensing has been carried out by
monitoring the changes in the electrical properties of the CNTs; to do
so optically has posed significant challenges.

Recently, we have developed a plasmonic sensing platform based
upon localized surface plasmons (LSPs). Surface plasmon resonance is
an important optical phenomenon that involves a resonant transfer of
incident propagating light to a surface plasmon mode'*'*, which takes
the form of collective electron oscillations at the interface between a
dielectric and metal'*. In our approach, the plasmons are generated by
a nanostructured thin film that resembles an array of nano-wires that
are capable of detecting ultra-small changes in the refractive indices of
surrounding liquids or gases'?. This optical sensing platform working
in conjunction with immobilized-specific chemical receptors has

previously been shown to have the ability to detect sub nano-molar
concentrations of chemicals in a small volume of solution'”.

Using this sensing platform in conjunction with immobilized CNTs
on its surface, we are able to measure for the first time the changes in
optical properties of the CNTs caused by the specific interplay with a
given chemical species, beyond the changes usually associated with
bulk modification of the refractive index'®. In particular, we show that
combining this platform with CNTs enables a specific response to CO,
to be observed just by monitoring the optical properties of the CNTs.

Recent experimental studies have shown that CNTs have an affinity
with carbon dioxide (CO,), which causes an increasing electron den-
sity resulting in hole depletion that effects the electrical properties of
the CNTs'”"'°. Here we are the first to show that CO, induces chem-
ically driven changes in the optical properties of the CNTs and fur-
thermore demonstrate that this physical phenomenon can be
exploited for specific chemical sensing applications. The chemical
selectivity to the CO, molecule is proven by a comparison with the
results for other gaseous molecules at normal atmospheric conditions.
The alkane gases methane, ethane, propane, and butane were used
where methane and ethane are of similar size to CO,. It is important
to stress that whilst the monitoring of CO, is an important application
in its own right, the approach demonstrated here is far more generic; it

! Aston Institute of Photonic Technologies, School of Engineering and Applied Science, Aston University, Aston Triangle, Birmingham B47ET, UK; °Nanoscience Research Group,
School of Engineering and Applied Science, Aston University, Aston Triangle, Birmingham B47ET, UK; 3Physics Department, Faculty of Science, University of Sulaimani,
Sulaimani, Irag-Kurdistan Region; *Faculty of Science and Technology, School of Maths, Computing and Robotics, University of Plymouth, Plymouth PL4 8AA, UK and
5Department of Electrical Engineering, Computer Engineering and Informatics, Cyprus University of Technology, Limassol 3036, Cyprus

Correspondence: T Allsop, Email: t.d.p.allsop@aston.ac.uk

Received 19 May 2015; revised 19 October 2015; accepted 20 October 2015; accepted article preview online 24 October 2015


www.nature.com/lsa

Plasmonic gas sensors: CNT LSP structures
T Allsop et al

N

is now well established that CNTs can be functionalized to provide
specific responses to many other chemical species*™. Moreover, it is
now well established that there are significant advantages to having all-
optical sensing technology; for example, in the field of gas sensing in
explosive environments a key feature is the removal of any electrical
spark hazard.

MATERIALS AND METHODS

LSP sensing platform fabrication.
First, a standard single-mode optical fiber was mechanically lapped
down to 10 pm from the fiber central axis producing a D-shaped fiber
with an approximate 5 pm width between the core/cladding interface
and the flat of the D. This separation distance is large enough to min-
imize the evanescent field strength at the flat of the lapped fiber surface
and to stop the coated flat of the D-shaped acting as a “mode sink”
which would affect the overall optical dynamic range of the sensor.

Second, using an RF sputtering machine (Nordico 6 inch RF/DC 3
target excitation machine, Nordiko 6, Nordiko Technical Services
Limited, Havant, Hampshire, UK), a series of coatings was deposited
upon the flat of the lapped fiber. These coatings consisted of layers of
germanium (48 nm), silicon dioxide (48 nm), and platinum (36 nm),
the reasoning for using the specific materials and thicknesses is given
below.

Third, the coated fiber was exposed to a 244 nm ultraviolet (UV)
light interference pattern produced by a uniform phase mask with
period 1.018 um (a standard fiber-grating phase mask) illuminated
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by an argon ion laser (Sabre Fred Coherent Inc laser, Coherent Inc,
Santa Clara, California, USA). At the point of inscription the laser
delivered 110 mW of power and the laser beam was scanned at
0.05 mm s~ ' over the coated fiber for multi-exposure, typically seven
times. This produced a surface relief structure which has dominant
spatial periods of ~0.5 and ~1 pm, described fully in a previous
publication'®. The spectral features of the fiber devices are monitored
using a linearly polarized, broadband light source.

The surface relief structure induces a strain field that causes an
asymmetric radial index variation across the cross-section of the
D-shaped fiber, which can be envisaged as a radially symmetric index
profile in a curvilinear waveguide (by the conformal mapping
technique®®) and helps to efficiently couple light to the surface plas-
mons. The rationale for using these materials is in two parts. The first
concerns the optical constants of the materials and how their dispersion
relationships allow coupling to surface plasmons at a metal-dielectric or
semiconductor-dielectric interface; both Ge and Pt exhibit this beha-
vior. Second, Ge and SiO, layers are used due to the fact that it is known
from studies of grating formation®' that when exposed to UV light, Ge/
GeO produces photo-bleaching and compaction of the material, thus
producing a surface corrugation on the multi-layered structure.

The surface topology is shown in Figure 1. Measurements of the
surface structure, using an atomic force microscope (AFM) and X-ray
photoelectron spectroscopy indicate that the surface consists of an
array of platinum nano-wires (Figure 1a), typically 36 nm in radius
and 20 um in length, supported by the silicon dioxide thin film on a
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Figure 1 Images and topological data of the post UV-laser processed device. (a) and (b) are AFM images showing respectively the linear structures created and the
finer detailed structure of the surface topology. (c) is a visible microscope image with a magnified insert.
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thin substrate of germanium?®. The nano-wires are perpendicular to
the longitudinal axis of the D-shaped fiber. Figure 1b shows the finer
structure of the nano-wires, which may be responsible for the large
spectral tunability of these LSP devices. The mechanism that creates
the surface corrugation seen in Figure 1 is still being investigated,
though there is evidence suggesting that the UV irradiance generates
the surface topology by the creation of germanium oxides (by a photo-
bleaching process) that in turn produces a stress-field that governs the
growth of the structures®. Following the surface structuring and
some initial characterization, CNTs were attached to the surface as
described below.

It is known that the polarization properties of the illuminating light
affect the spectral characteristics of surface plasmons'”. To ensure that
the sensitivity was maximized, the devices were characterized by mea-
suring their spectral dependence as a function of the azimuthal polar-
ization properties of the illuminating light; the results are discussed
later. Light from a broadband light source (Agilent 83437A Broadband
Light Source, Agilent Technologies Inc, Santa Clara, California, USA),
was passed through a polarizer (broadband internal polarizer for
polarimeter PAT 9000B) and a polarization controller (manual fiber
paddle polarization controller) before illuminating the sample, with
the transmission spectrum being monitored using an optical spectrum
analyzer (OSA, Model 86140 Agilent range from 600 to 1700 nm with
an accuracy of 5 pm). The change in polarization of the illuminating
light was monitored with a polarimeter (Tektronix, PAT 9000B,
Tektronix UK Ltd. Bracknell, Berkshire, UK) through a polarization
maintaining coupler. An investigation was carried out into the spectral
dependence of the LSP resonances as a function of the surrounding
medium’s refractive index, for both the liquid and gaseous index
regimes, using the optical part of the apparatus shown in Figure 2.
The sensitivity of the devices at low refractive indices was determined
using the alkane gases (methane, ethane, propane, and butane), while
higher indices were obtained from certified refractive index (CRI)
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solutions. In the aqueous regime the fibers were placed in a V-groove
and immersed in CRI liquids (Cargille Laboratories, Cargille-Sacher
Laboratories, New Jersey, USA) that have a quoted accuracy of
£0.0002. The experiment was carried out both before and after
CNTs were adhered to the sensor.

Due to the broadness of the spectral transmission features that need
to be analyzed (see Figure 3a and 3b for examples) the central wave-
length is calculated by the first moment of the power spectrum: the
centroid by geometric decomposition®’. The centroid is given by:

3 jsf A 1(2)da

cent — J:/;f I(A)d/l
of /s to /s and I; are the associated amplitude/intensities measured in
dBs over the part of the spectrum between the points at —10 dB of the
maximum transmission, where the surface plasmon resonance exists.
The associated centroid strength value is calculated as the mean value
over the same interval range of interest, Figure 3a gives a visual repres-
entation of this evaluation procedure on experimental data from an LSP
(UV processed with no CNTs) fiber sensor. Figure 3b shows the spectral
response of the same LSP fiber sensor with an adhered coating of CNTs.

We used a wet chemistry route for the coating of the LSP sensor with
purified single wall CNTs (CoMoCaT CG 200, SouthWest
NanoTechnologies Inc., Norman, Oklahoma, USA). First, 0.5 mg of
CNTs were dispersed in 10 ml of N-methyl-2-pyrrolidone (NMP) via
sonication (20 kHz, 200 V, 1 h, Nanoruptor, Diagenode SA, Liege,
Belgium). The use of NMP is conditioned by its efficiency in the direct
dispersion of CNTs (hydrophobic material) at concentrations below
0.02 mg ml~ ' 2%, Additionally, we added polyvinyl pyrrolidone (PVP)
polymer (1 mg ml™") as a dispersion agent in order to achieve higher
concentrations of CNTs within the resulting dispersion®. In order to
achieve a highly uniform dispersion and remove residual CNT bun-
dles, the CNT-PVP-NMP system was centrifuged for 30 min at 10 000
RPM with MLS-50 rotor (Optima MaxXP Benchtop Ultracentrifuge,

, where Ay is the centroid wavelength over a range
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Figure 2 Scheme of gas sensing apparatus and picture of the gas chamber.
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Figure 3 (a) shows the spectral transmission feature of the LSP (UV processed with no CNTs) fiber sensor submerged in a solution with a refractive index value of 1.32 and
the visualization of determining wavelength shift. (b) Shows the spectral transmission feature of the same LSP fiber sensor in a but with the coating of CNTs.

Beckman Coulter, Brea, California, USA). The surface plasmon res-
onance fiber device was placed subsequently in the micro-capillary
tube filled with the CNT dispersion for a few minutes. Finally, the
resulting device was dried in air at atmospheric pressure for 24 h before
placing in the gas line.

RESULTS AND DISCUSSION

Spectral sensitivity before adhesion of carbon nanotubes

Figure 4 shows the spectral sensitivity prior to UV laser processing
(Figure 4a) and the changes that occur following UV processing of the
multi-layered coating (Figure 4b). There are several surface plasmon
resonances observed at different spectral locations that are dependent
upon the azimuthal polarization condition of the illuminating light.
The spectral sensitivity to changes in the surrounding refractive index
is dramatically increased following UV processing. Prior to UV laser
processing, the highest measured index sensitivity was AA/An ~ 2070
nm RIU ! (refractive index unit), see Figure 4a, which shows how the
spectral sensitivity is estimated, whereas following processing the
maximum increases substantially to A2/An ~ 10 700 nm RIU™ ..
Both results are measured in the important aqueous index regime
(1.36-1.39). Furthermore comparing Figure 4a to 4b, there are more
resonances in the transmission spectra. This dramatic change in spec-
tral behavior is expected because the UV processing transforms the
conventional surface plasmon device to an LSP device. This trans-
formation can be visualized by considering the surface of the device
before UV processing which is a plane uniform surface of gold that
interacts with the environment and across which the surface plasmons
traverse. Therefore the generated surface plasmons’ physical prop-
erties, such as propagation length, resonant condition, and spatial
extension from the surface are dependent on gold thickness, rough-
ness, topology, and effective refractive index of the coating with the
surrounding environment'”. This results in a number of resonances in
the wavelength range of interest. After UV processing, first the surface
topology transforms to a corrugation with a more complex-repeated
structured on the apex of the corrugations (see Figure la and 1b)
composed of materials having different properties (metal, semi-
conductor, and dielectric). The surface plasmons that now exist on
this new structure can only propagate along the individual regions of
metal (the apexes) and thus they are confined to these specific regions
as LSPs. Furthermore, the shape of the metal regions are important in
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the spectral behavior and resonance of the LSP?. The two different
geometries pre- and post-UV processing result in different resonant
conditions and numbers of resonances.

In the gaseous regime the wavelength shift and change in optical
strength are shown in Figure 4c and 4d, respectively, for a resonance at
1510 nm. This reveals a refractive index sensitivity of AA/An ~ —6200
nm RIU™', whereas the change in optical strength reaches AlI/An
~5900 dB RIU ! At this stage of fabrication, if we consider the
unfinished fiber device as a sensor then the authors believe that this
is the highest reported spectral sensitivity to bulk index changes within
the gaseous regime, compared with other fiber optic sensors®” .
Furthermore it is noted that in the lower refractive index regime, there
is a blue wavelength shift with increasing refractive index compared
with a red wavelength shift in the higher index regime. This behavior is
first due to the fact that the gas resonances are different surface plas-
mon resonances than are shown in Figure 4a and 4b and second the
dispersion relationship is an important factor in how the surface plas-
mons spectrally shift in response to changes in environmental para-
meters'”.

Note this class of devices can be tailored for refractive index spectral
sensitivity in different refractive index regimes by altering the struc-
ture, such as using different thicknesses of gold or silver as the metal
overlay or changing the thickness of the other sub layers in the multi-
layered coating'****! or changing the UV processing conditions®.

Chemical sensing: Specific chemical spectral response of

carbon nanotubes

After the CNTs were adhered to the surface of the fiber platform, the
resulting device was placed within the gas chamber (Figure 2) and the
changes in the CNTSs’ optical constants (permittivity, permeability,
refractive index, and extinction coefficient) were observed via the
sensor’s spectral index sensitivity. These results yielded the specific
spectral response to CO,, the limit of detection of CO,, and the influ-
ence of polarization. Comparisons were made with the device prior to
coating with CNTs. With the addition of the CNTs, two LSP reso-
nances were observed with central wavelengths at 1540 and 1430 nm
with optical strengths (the extinction ratio of the optical power level at
the center of the plasmon resonance in the transmission spectrum
compared to the power off-resonance) of 41 and 50 dB, respectively;
the spectral dependence on the gases is shown in Figure 5.

doi:10.1038/Isa.2016.36



Plasmonic gas sensors: CNT LSP structures @
T Allsop et al 4
5
a b
_ _ 1700
o o 1
< < 1650 -+
@ @ .
[&] (&
8 3 1600 ]
SE & E 1550 -
< 5 & ]
o 8 £ 1500 A
[®)] [®)]
E® ED® |
8 © 8 ©
° he)
3 g 1350
(] (1]
8 ] 8 1300 A
- -
1250 T T y T T T y T T 1250 y T y + y T T T
1.30 1.32 1.34 1.36 1.38 1.40 1.30 1.32 1.34 1.36 1.38 1.40
Refractive index Refractive index
c d
1515 J T T T T T T T T T
8 co -3 CHy
2 1514 4 . z
© Air —44 A
S 15134 CH . .
8E 1512 T oM, ~ ] C.H,
= £ om kS
S 1511 = S 461
ED CiHs 1 = CH 4
5 2 1510 4 = 5 47 1 20
T O c -
o ] 1509 4 S 48
° =1
8 $ 1508 1 = 9] co,_ cH, :
5 ® 1507 A L . =
S o  —50 4 Air
5 5 1506 CHo | & i
ol = -51 4 .
% 1505
S 1504 =52 1
- 1503 T T T T _53 T T T T
1.0002 1.0005 1.0008 1.0011 1.0014 1.0002 1.0005 1.0008 1.0011 1.0014

Refractive index

Refractive index

Figure 4 Spectral sensitivities, before the adhesion of the CNT coating, with respect to refractive index in (a) the aqueous regime prior to UV laser processing, where
conventional surface plasmons are generated from the multi-layered coating of the optical fiber; (b) the aqueous regime following UV laser processing, where LSPs are
generated. The spectral sensitivity of the LSP sensor in the gaseous index regime following UV laser processing for a resonance at a nominal wavelength of 1510 nm,
(c) the wavelength sensitivity and (d) the associated change in optical strength. All gases are flowed at one atmosphere pressure.

There are several observations that can be made with regards to
Figure 5. First, the sensor registers a large wavelength shift (A1 ~3.8
nm) in the presence of CO, compared to the alkane gases. The lack of a
similar CO,_ specific response in Figure 4, obtained from a sensor
assembled without CNTs, confirms that the sensitivity to CO, is a
direct result of the addition of the CNTs and a reaction to the presence
of CO,. This demonstrates a large difference between the response to
bulk refractive index and the chemically induced changes in the optical
properties, caused by the specific interplay between the CNTs and
CO,'***%; up till now the only proven chemically selective CNTs
sensor have been electrically based®*.

It is known that other gaseous compounds, such as N235, canactasa
redox agent®® to the CN'Ts, but this is usually at temperatures in excess
of 500°C, suggesting that high temperatures are required to observe a
substantial reaction. Furthermore, the experiments done here start
with the sensor exposed to a normal earth’s atmosphere that contains
a large percentage of N, and nevertheless a large spectral wavelength
shift was still observed with the addition of CO,. This suggests that for
CO, the activation energy for a redox reaction with CNTs is much
lower that N, thus at nominal ambient temperatures the CO, reaction
dominates over that of N,. At high temperatures though, the chemical
selectivity may be reduced.

doi:10.1038/Isa.2016.36

To enable a comparison with other researchers’ results, we note that
this behavior yields equivalent spectral index sensitivities in excess of 3
X 10* nm RIU ! and 4.2 X 10* dB RIU" Y, in a CO, atmosphere
approaching a 100% concentration, which leads to an equivalent index
resolution of ~10~> *’. The spectral response to bulk refractive index
changes prior to the addition of CNTs is 805 nm RIU ' and —13 dB
RIU™'; approximately one order of magnitude less. This result indi-
cates that the CNT coating is acting as a shield to reduce the overall
effect of the change in the bulk index sensitivity to the surrounding
material. Finally, Figure 5¢ shows an opposite wavelength shift assoc-
iated with an increase in the surrounding medium’s index in the gas
index regime compared with Figure 4c. The addition of CNTs, and
their supporting polymer, will increase the effective refractive index
around the sensing structure and perhaps more importantly change
the topology that would in turn change the overall dispersion rela-
tionship of the LSPs that governs the spectral resonance shift and
sensitivity.

As a final test, the CNT-based device was monitored in order to
observe wavelength shifts in response to the continuous flow of CO,,
changing the environment from standard atmospheric conditions to a
saturated atmosphere of CO, with an inlet flow rate of 0.5 liters min ™~ .
Typical results are shown in Figure 6a and 6b from which we can also

Light: Science & Applications
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extract a response time for the chemically-induced optical changes.
The superimposed, small slow sinusoidal variation in Figure 6 has a
major frequency component of 0.013 Hz and represents a repeatable
systematic error with a low frequency component which may be at-
tributable to a small mechanical vibration of the suspended optical fiber
caused by the CO, inlet flow combined with the slow sweep rate of the
OSA. This was confirmed by a series of experiments using different
sweep rates for the OSA and conducting the experimental measure-
ments with no gas flowing causing the slow sinusoidal variation to
disappear. The test was performed several times on three different
sensors with the same fabrication conditions and all showed a selective
response to CO, but with differing spectral sensitivities. Wavelength
shifts ranged from 0.6 to 4 nm over the full range of CO, concentra-
tions, resulting in detection limits from 523 to 150 ppm at one atmo-
sphere pressure. The detection limit was obtained by determining the
wavelength shift as a function of CO, concentration and using the
spectral resolution of the resonance”. The differences in the resolu-
tion of each device can be attributed to small variations in the manual
fabrication procedure used and other experimental and envi-
ronmental parameters, such as matching the polarization of the
illuminating light to the device, the central wavelength of the LSP

doi:10.1038/Isa.2016.36



resonances and fluctuations in temperature. The closest work in the
literature to that reported here is reference 22, where CNTs were
coated on a Bragg grating recorded in a 3.8 p diameter fiber. Those
authors were able to show that the Bragg wavelength changed when
CO, was introduced into the gas surrounding the fiber. Importantly,
the authors did not demonstrate insensitivity to other gases as we have
done here. Furthermore, a direct comparison of sensitivity and reso-
lution between our work and reference 22 is not possible; the authors
reported, but did not explain, why larger concentrations of CO,
resulted in smaller Bragg wavelength shifts.

The polarization dependence of the sensor was also investigated
before and after the CNT coating was applied. It was found that the
CNTs reduced the overall sensitivity of the optical strength to changing
polarization. For example, rotating the azimuth of polarization from the
optimum reduced the strength of the resonance by about 2.6 dB degree ™'
before coating and only 1.8 dB degree™ " after the CNTs were added.

It is known that the shape of the supporting particles of the surface
plasmons affects the polarization characteristics®®. The polarization
behavior described above suggests that the CNTs are supporting the
plasmons or at least the plasmons are interacting with the CNTs.

CONCLUSION

We demonstrate, what we believe to be the first chemically selective
change in the optical response of CNTs to a specific molecule (CO,).
This is distinctively different to previous indirect approaches, such as
attaching fluorophores to the CNTs and using the CNTs as an effective
quencher of the fluorescence®. In our case, the modification in the
optical properties of the CNTs is observed using an optical fiber-based
plasmonic sensing platform, which identifies a CO,-specific response
of the sensing element with a sensitivity of AZ/An ~ —6200 nm
RIU™". This is the first time that direct monitoring of the optical
properties of CNTs has been used as a mechanism for selective chem-
ical sensing. Furthermore, this is the first demonstration of a new
technique to monitor the physical characteristics of CNTs. This is also
the first demonstration of species-specific optical fiber gas sensing that
utilizes directly the optical properties of CNTs.

In addition, we have shown that the experimental results yield a prac-
tical approach to specific chemical detection and this is a significant
step towards the realization of a practical gas sensor based upon the
optical properties of CNTs. It is important to stress that CNTs can be
functionalized to yield specific responses for various other chemicals™"".
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