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Abstract 

Molecular vibrations that bear information about intrinsic properties of chemical compounds are 

challenging to detect at sub-monolayer densities. Surface-enhanced infrared absorption (SEIRA) 

spectroscopy has been proven to be a viable approach to enhance and detect weak vibration signals. 

Here, we report a SEIRA sensor based on mid-infrared surface plasmon resonances supported by 

single-walled carbon nanotubes (SWCNTs). Due to the 1D nature of SWCNTs, their plasmon 
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modes are highly polarized with the electromagnetic fields spatially confined to nanometer scales. 

Leveraging these characteristics of SWCNTs, we observe a polarization selective coupling 

between their surface plasmons and vibrational modes of chemical bonds introduced to their 

surfaces. A maximum modulation of ~ 15% to the plasmon resonance peak is obtained for a sub-

monolayer chemical group coverage density. These findings suggest that SWCNTs may 

potentially serve as a highly sensitive SEIRA platform for revealing intricate information about 

molecular compositions and bond orientations. 
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Infrared spectroscopy probing molecular vibrations at mid-infrared (IR) wavelengths could reveal 

valuable information about the molecules’ compositions, chemical bonds, and configurations.1 It 

therefore serves as a nondestructive label-free detection method for identifying molecular species 

and chemical compounds. However, in dilute systems where the analyte density is well below 

monolayer coverage, this detection method becomes challenging. This is due to the several orders 

of magnitude mismatch between mid-IR wavelengths and typical molecule dimensions,2, 3 that 

render the absorption cross section of molecular vibrations inherently small (typically on the order 

of 10-20 cm2),4 a crucial factor hampering the probe of minute amounts of analytes as is often 

required in sensing applications. One possibility to overcome this limitation is to improve the 

sensitivities of IR detectors.5-7 Another strategy relies on enhancing IR light - vibration interaction 



 3

based on the Fermi’s golden rule,8, 9 that is in the weak coupling regime, the ground-to-excited 

state transition rate is proportional to the local electric field intensity. Using strong near fields 

confined in the vicinities of photonic nanostructures, surface-enhanced infrared absorption 

(SEIRA) has demonstrated to improve the detection sensitivity of molecular vibrations 

profoundly.3, 10 

Among the various types of IR plasmonic materials explored for SEIRA applications, carbon 

nanostructures such as single-walled carbon nanotubes (SWCNTs) offer several unique features. 

Surface plasmons in SWCNTs arise from longitudinal electronic oscillations and can be reflected 

in Fabry-Pérot like resonators formed by the nanotube ends (Figure 1a).11-13 Compared to photonic 

resonators fabricated from bulk films and graphene nanoribbons, surface plasmons in SWCNTs 

offer strong one-dimensional field confinement, tube length-dependent broadband surface 

plasmon resonances, and the possibility for post-fabrication tuning via electrostatic gating. The 

high mechanical stability of SWCNTs also renders them highly compatible with flexible electronic 

devices.  

Despite these appealing characteristics of surface plasmons in SWCNTs, applying them in SEIRA 

sensors was largely hampered due to the requirement of wafer-scale high-density well-aligned 

SWCNT arrays. In recent years, methods for the preparation of aligned SWCNT films have been 

further optimized, mainly driven by their needs in electronic devices.14 These approaches include 

Langmuir-Schaefer deposition,15 evaporative self-assembly,16, 17 and vacuum filtration18, 19 among 

others. In particular, the slow vacuum filtration technique reported by He et al.18 has been shown 

to afford large-area, globally-aligned monodomain SWCNT films with controllable thicknesses. 

Recent efforts in using automated and parallelized filtration setups that allow in situ measurements 

of film formation suggest the possibility for reproducible and scalable production of such films.19, 
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20 These advances in thin film preparation methods open the door to SWCNT surface plasmon-

based SEIRA sensors.13, 21 

Here, we report that SWCNT arrays have the potential to realize high-performance SEIRA sensors 

due to their strongly confined 1D electromagnetic fields in the mid-IR range. As a proof-of-

concept, we create surface plasmon resonators based on aligned SWCNT arrays patterned into 

gratings and study their interactions with nitrobenzene groups that are covalently bonded to their 

surfaces. When the plasmon modes are tuned into resonance with the vibrational energy of C-H 

bonds (~ 1245 cm-1) in the nitrobenzene functional groups, we find a nearly 15% modulation of 

the resonators’ reflection spectrum for an estimated coverage density of a few hundred 

nitrobenzene groups/µm2, a value that is much smaller than a monolayer coverage density based 

on our estimations. Moreover, in contrast to the strong modulations caused by the weak C-H bonds 

whose dipoles align with the plasmon electric fields, the absence of modulations associated with 

the strong N=O bonds whose dipoles lie perpendicularly to the electric fields suggests that the 

plasmon resonances in SWCNTs can reveal molecular orientation information. These findings 

highlight the unique characteristics of surface plasmons in SWCNTs and their potential for highly 

sensitive SEIRA sensors for probing and identifying trace amounts of chemical compounds that 

would otherwise be challenging with conventional spectroscopic techniques. 
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Figure 1. (a) Simulated spatial distributions of the vertical component of the electric field, |Ez|, 

close to a SWCNT with a diameter of D0 (indicated by dashed lines). A point dipole (indicated by 

the arrow) separated 0.5 nm from the SWCNT end is used to launch the surface plasmon. (b) Local 

electric field enhancement distributions, |E|2/|E0|2, in the vicinity of a SWCNT. The diameter of 

the SWCNT, D0, is used as the scale bar. (c) Changes in the enhancement factor |E|2/|E0|2 as the 

distance, d, from the SWCNT surface increases. The data correspond to the dashed line in (b). 

Inset: schematic of the nitrobenzene functional group on the surface of a SWCNT. 

 

In order to optimize the coupling between surface plasmon resonators and molecular vibrations, 

the system needs to meet two necessary conditions: i) the chemical bonds hosting the vibrational 

modes should spatially overlap with the electromagnetic fields confined by the surface plasmon 

resonators, and ii) the plasmonic and vibrational modes are degenerate in energy. To meet the first 

requirement and understand local electromagnetic fields confined by SWCNT resonators, we start 

by performing numerical simulations of their plasmon resonances (see Methods in the Supporting 

Information for simulation details). The dielectric constant of the SWCNTs is described by a 

standard Drude model which has been demonstrated to give reasonable estimations for their optical 

properties.12, 22, 23 Figure 1b-1c shows the local electric field distributions of the plasmon 

resonances, which are highly confined to the SWCNT surfaces with their intensities decreasing 

monotonically as the distance from the SWCNT surfaces increases. From the simulated 

distributions of electric fields, we estimate that ~ 90% of the resonance energy is confined within 

~ 5 nm from the SWCNT surface. Due to the 1D nature of SWCNTs, the confinement of these 

plasmon modes could be much stronger than those in metal-based photonic resonators, although it 

also indicates that close distances between the analytes and SWCNT surfaces would be required 
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to fully leverage the strongly confined near-fields. To achieve maximum coupling between the 

surface plasmon resonances and vibrational modes, we introduce functional groups, namely 

nitrobenzene (Figure 1c inset), onto SWCNT surfaces through a controlled functionalization 

approach.24, 25 Given the sensitivity window of our Fourier transform infrared (FT-IR) setup 

(Figure S1), we choose to focus on the IR fingerprint region between 1100 – 1400 cm-1. This 

energy range covers the key vibrational modes in the nitrobenzene functional groups: the weakly 

absorbing C-H bending modes at ~ 1160 cm-1 and 1245 cm-1, the C-C stretching mode in the 

benzene ring at 1310 cm-1, and the strongly absorbing N=O stretching mode at 1350 cm-1 (see 

Figure S2 for the complete FT-IR spectrum of nitrobenzene).26, 27 These modes are within 1 nm 

distance from the SWCNT surface, well in the region where strong field enhancement is expected.  

Due to the Fabry-Pérot nature of surface plasmons in SWCNTs, their resonance energies can be 

tuned by adjusting the tube lengths. To achieve this, we first prepare SWCNT films using the slow 

vacuum filtration method18 that allows the formation of well-aligned films with thicknesses in the 

range of a few tens of nanometers (Figure 2a, see Methods in the Supporting Information for 

details). An image of a representative dried polycarbonate filter membrane is shown in Figure 2b 

where the aligned SWCNT ‘cake’ appears as a dark area in the central region of the filter. The 

process was repeated for dispersion of SWCNTs that were functionalized with nitrobenzene 

groups using a controlled functionalization method. Specifically, to decorate the SWCNTs with a 

nitrobenzene functional group, we added 20 μL of 0.8 mg/mL 4-nitrobenzenediazonium 

tetrafluoroborate in acetonitrile into 500 μL of 80 μg/mL SWCNTs in 0.25% sodium dodecyl 

sulfate (SDS)/DI-water, and stirred the mixture for 45 minutes under ambient conditions. Once 

designated defect densities were achieved as determined by Raman spectroscopy (vide infra), the 

reaction was stopped by adding 1% SDS/DI-water to the solution. To be used for the slow vacuum 
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filtration, the solution was further diluted by DI-water to achieve a final concentration of 8 μg/mL 

SWCNT in 0.1% SDS/DI water. 

In order to quantify the degree of alignment of the SWCNTs, the as-prepared films were 

characterized using polarization-dependent Raman spectroscopy as shown in Figure 2d-2e. 

Maximum Raman signals can be detected when the laser excitation and scattering detection 

polarizations are parallel to the alignment direction of the carbon nanotubes (IHH), while for a 

configuration where both polarizations are perpendicularly aligned to the nanotubes (IVV), the 

Raman signal is suppressed. These polarization-dependent Raman measurements of both pristine 

and functionalized films reveal that the films are highly aligned with an estimated nematic order 

parameter (SRaman) greater than 0.9. Note that we have observed a slightly smaller SRaman in 

functionalized SWCNT films. We speculate that this is a result of the presence of small amounts 

of acetonitrile and potentially other chemical by-products in the functionalized dispersion that 

could affect the SWCNTs’ local environment and consequently the alignment process during the 

slow vacuum filtration. In addition, changes in the surface morphologies of the SWCNTs 

following the functionalization with nitrobenzene groups may also influence the inter-tube 

interactions and stacking process.  
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Figure 2. (a) Slow vacuum filtration apparatus. (b) Image of an aligned SWCNT film on a 100 nm-

porous polycarbonate filter following a slow vacuum filtration. (c) Diffraction of white light on an 

etched SWCNT sample where the different colors indicate diffractions of light on SWCNT 

gratings with different pitches. (d, e) Polarized Raman spectra of (d) pristine and (e) diazonium 

functionalized SWCNT films, obtained when the linearly polarized laser excitation is either 

parallelly (IHH, black solid line) or perpendicularly (IVV, red solid line) aligned with respect to the 

SWCNT orientation. (f) SEM image of an aligned SWCNT film after having been transferred onto 

a polished Si substrate. The red arrow indicates the direction of the global alignment. (g) SEM 

images of aligned SWCNT gratings with different pitches. 
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Raman spectroscopy also reveals information about the functional group coverage on the SWCNT 

surfaces. Pristine samples (Figure 2d) show an intense G-band at 1591 cm-1, with the characteristic 

defect-related D-band at 1341 cm-1 being largely negligible (ID/IG ~ 0.5%). On the other hand, 

Figure 2e shows the Raman signal of a sample that has been functionalized with the nitrobenzene 

groups. Here it is clear that apart from the expected G-band, a D-band with a notable intensity has 

emerged (ID/IG ~ 30%), which can be attributed to the nitrobenzene groups introduced onto the 

surfaces of the SWCNTs. Based on the intensity ratio between the D- and G-bands, we estimate 

the functional group density to be ~ 20 nitrobenzene groups per a 1 µm long tube.28, 29 We would 

like to note that the SWCNT samples used in this study consist of both metallic and 

semiconducting nanotubes (see Figure S3 for its absorption spectrum), and the coverage density 

derived from the Raman signatures is likely an underestimation for the following reasons: a) the 

532 nm excitation wavelength used in the Raman measurements is more efficient in exciting the 

semiconducting nanotubes than the metallic ones used in this study.30 Therefore, the Raman 

spectra primarily capture defect densities in the semiconducting nanotubes, but not the metallic 

ones. b) Metallic nanotubes have been shown to be more reactive than the semiconducting ones 

during similar diazonium functionalization reactions.31 Despite these factors that make accurate 

quantifications of defect densities challenging, we expect that the values provided here to be 

reasonable estimations. 

To fabricate SWCNT-based plasmon resonators, their aligned films were attached face-down onto 

high resistivity float zone silicon substrates, with the polycarbonate filters being dissolved using a 

chloroform bath (see Methods in the Supporting Information for details). Scanning electron 

microscopy (SEM) was used to image the surfaces of the transferred films as shown in Figure 2f, 

with the red arrow indicating the alignment orientation. Next, to pattern the aligned SWCNTs into 
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gratings of specific lengths, the films were coated with a positive e-beam resist, and e-beam 

lithography was utilized to write grating-like patterns onto the films. The length (L) of the designed 

SWCNT ribbons ranged between 300 nm and 900 nm, with the spacing between the ribbons being 

maintained at a fixed length of 150 nm, similar to previous reports.21 Reactive ion etching (RIE) 

was used to etch down the resist-developed areas. Typical SEM images of patterned samples are 

shown in Figure 2g for a number of gratings with different pitches. An image of white light being 

diffracted from the different etched regions is shown in Figure 2c with the different colors resulting 

from grating-like patterns comprised of different SWCNT lengths and consequently grating 

pitches.  

We use FT-IR spectroscopy to characterize the surface plasmon resonances supported by the 

different SWCNT gratings. A wire-grid mid-infrared polarizer was used in the setup to control the 

polarization of the incident infrared beam. All the FT-IR experiments discussed below were 

performed using an IR light with a linear polarization parallel to the orientation of the SWCNT 

alignment. The IR beam diameter is estimated to be < 1 mm. Figure 3a shows a series of 

measurements for pristine SWCNT samples having an L ranging from 300 nm to 900 nm and a 

measured film thickness of t = 57 nm. As can be seen in the figure, there appears to be an absorption 

peak for each sample corresponding to a surface plasmon resonance, with its energy dependent on 

the ribbon length L. We would like to note that the sharp dip at ~ 1262 cm-1 is caused by 

background and likely associated with the IR lamp or the detection environment, rather than 

specific features from the SWCNT ribbons (see Figure S1 for background IR spectra). 

The energy of the plasmon resonance (vp) is correlated with the length L of the SWCNT ribbons 

and decreases as L increases, as expected from the linear relationship between plasmon frequency 
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and wavevector (𝑞), 𝑣௣ ∝ ඥ𝑞, where 𝑞 = 𝜋/𝐿.21 The dashed line in Figure 3b represents the 

theoretically calculated energies of plasmon resonances as a function of SWCNT ribbon length, L, 

for a 57 nm thick film (see Figure S4 for calculated plasmon resonance energies of gratings with 

different thicknesses, t, and length, L). Together shown are the experimental peak absorption 

energies of the plasmon resonances (Figure 3b, dots). To extract this information from the FT-IR 

spectra, we fit the plasmon resonance peaks with Lorentzian functions (see Figure S5a for fitting 

results). Note that in the theoretical calculations, we assume a perfectly smooth film with a uniform 

thickness t over the entire IR irradiation area. Additionally, the plasmon energies are calculated 

for the case where the SWCNT ribbons are perfectly perpendicular to the direction of the gratings. 

In practice, misalignment between the SWCNTs and grating orientations has shown to cause shifts 

in the plasmon energy.32 We believe that factors such as variations in the film thickness over the 

detection areas and misalignment in the SWCNT-grating orientations could have led to the small 

discrepancies observed between the theoretical and experimental values in Figure 3b. Samples 

with smaller L values are even more prone to energy discrepancies because, apart from the 

aforementioned factors, they possess higher sensitivity to small fluctuations in the ribbon length L 

(i.e. larger ΔL/L) that could shift the plasmon energies substantially.  

The peak energy (νp) and full width at half-maximum (Δνp) of the plasmon resonances extracted 

from the Lorentz fits are used to estimate Q factors (νp/Δνp) for each L measured, as is illustrated 

in Figure 3c (dots). As a guide to the eye, we have overlaid the experimental data with an 

exponential decay curve (dashed line). The Q-factor values range between 1 and 2 and drop with 

an increasing L, an observation that has been reported before in similar systems.21 Here, 

misalignment between the grating and SWCNT orientations is expected to affect the Q-factors of 
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the system due to an averaging effect over the measured area that causes linewidth broadening of 

the surface plasmon modes. 

 

Figure 3. (a) FT-IR spectra of patterned pristine SWCNT gratings with different L values. For 

clarity, the spectra are vertically offset. (b) Calculated plasmon resonance energies as a function 

of tube length, L, for a 57 nm thick film (dashed lines), along with the peak absorption 

wavenumbers of the plasmon resonances extracted from the FT-IR spectra: dots correspond to 

pristine SWCNT gratings, and diamonds to functionalized SWCNT gratings. (c) Calculated Q-

factors as a function of L, with dots representing pristine SWCNT gratings and diamonds 

functionalized SWCNT gratings. The black dashed lines are guides to the eye.  

 

After having established surface plasmon resonances supported by SWCNT gratings, we continue 

to investigate their coupling with the nitrobenzene groups on SWCNT surfaces. To unveil any 

potential coupling effects between the vibrational modes in the nitrobenzene groups and SWCNT 
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surface plasmons, we utilize the functionalized SWCNTs to prepare gratings supporting plasmon 

resonances spanning the energy of 1000 – 2000 cm-1. Figure 4a shows FT-IR measurements of 

functionalized SWCNT samples with L values varying between 300 nm and 750 nm and a 

measured film thickness of t = 57nm. Consistent with those fabricated from pristine SWCNTs, the 

functionalized SWCNT gratings show the characteristic energy shifts for different L values (Figure 

3b, diamonds; see Figure S5b for Lorentz fits). Their Q-factor values also show the expected 

reduction with an increasing L value (Figure 3c, diamonds). However, their spanning range suffers 

a two-fold decrease as compared to the pristine case. This is likely a result of the increased 

inhomogeneous alignment seen in functionalized SWCNT films (vide supra). Another potential 

reason could be that the covalent functionalization reduces local structural integrities of the 

SWCNT backbones, hence reducing their surface plasmon qualities.  

Interestingly, superimposed on the broad plasmon resonance peaks, there are sharp attenuation 

features at the wavenumbers of ~1245 and 1310 cm-1, which overlap well with the in-plane C-H 

bending mode (Figure 4b, red) and the C-C stretching mode in the benzene ring (Figure 4b, 

yellow), respectively. Intensities of these attenuation features gradually increase and peak when 

they become resonant with the plasmon resonance energy (indicated by the gray region in Figure 

4a). The maximum visibility of the 1245 cm-1 feature is achieved for a ribbon length of L = 600 

nm, whose plasmon resonance mode is nearly on resonance with the sharp feature. Moreover, the 

line shapes of the sharp features become highly asymmetric as they approach the plasmon 

resonance, and can be well described using the Breit-Wigner-Fano function33 (see Figure 4c for 

fitting results): 𝐼(𝜔) ∝ [ଵା(ఠିఠబ) ௤୻ൗ ]మଵା[(ఠିఠబ) ୻ൗ ]మ , with 𝑞 being the Fano parameter representing the 

interactions of vibrational modes with surface plasmon resonances, and Γ the linewidth. This kind 
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of Fano resonance is characteristic of interferences between a discrete quantum state with a 

continuum band of states. Based on these observations, we assign the sharp features to C-H 

bending and C-C ring stretching modes-induced transparency, a manifestation of SEIRA due to 

the presence of the SWCNT plasmon resonance. We also estimate that a sub-monolayer C-H 

bending mode coverage density could lead to a ~ 15% modulation to the plasmon resonance peak. 

We would like to note that these parameters are bound by the sensitivity of the detectors as they 

are derived from measurements of grating arrays in a ~ 1 mm diameter area, which allow us to 

obtain sufficient signal-to-noise ratio in the FT-IR measurements.  

Another notable observation is the absence of modulation caused by the much stronger N=O 

stretching mode at 1350 cm-1 (Figure 4b). This seemingly strange finding reflects the unique 

characteristics of plasmon resonances in SWCNTs. Due to the 1D nature of SWCNTs, the electric 

fields of their surface plasmon resonances are predominantly oriented along the tube axis, namely 

the Ez orientation in Figure 1a-1b. Since the in-plane C-H bending mode in the nitrobenzene group 

at ~1245 cm-1 has a dipole component parallel to the SWCNT surface (same for the C-C ring 

stretching mode at 1310 cm-1),26, 34 its dipole orientation can align well with the surface plasmon 

electric field (Figure 4b, top left), leading to efficient coupling between the C-H bending mode 

and the plasmon resonance. In contrast, the N=O stretching mode (so is the C-H bending mode at 

~ 1160 cm-1) has a dipole that is predominantly perpendicular to the SWCNT surface26, 34 (Figure 

4b, top right) and consequently, its plasmon resonance electric field. As a result, the coupling of 

the N=O stretching mode with the surface plasmon resonances in the SWCNTs is negligible and 

despite the much stronger intensity of the N=O stretching mode, its signature is absent in the FT-

IR spectra of the functionalized SWCNT gratings. This dipole orientation-dependent coupling is 

unique to the 1D surface plasmon modes in SWCNTs and can reveal intricate orientational 
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information of analytes, although in order to derive this information, the relative orientations of 

the analytes on the SWCNT surface should be fixated during the measurements. Another potential 

factor that may contribute to the modulation differences between the N=O stretching mode and the 

C-H bending mode is that the former is slightly farther away from the SWCNT surface (by ~ 2 - 3 

Å), hence experiences a weaker field intensity. However, based on the distance-dependent field 

reduction rate in Fig. 1b - c and the relative absorption intensity ratio between the N=O stretching 

mode and the C-H bending mode in Fig. 4b (orange curve), we exclude the different field 

intensities experienced by the two vibrational modes to be the main reason, if at all, for the absence 

of modulation caused by the N=O mode. Overall, we conclude that carefully designed SWCNT 

plasmon resonators have the potential to serve as highly sensitive SEIRA sensors for probing 

weakly absorbing molecular vibrations. 
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Figure 4. (a) FT-IR spectra of functionalized SWCNT gratings with different L values. The gray 

region indicates the energies of the IR features caused by the nitrobenzene group. For clarity, the 

spectra are vertically offset. (b) Bottom: A zoomed view of the section in the dashed rectangle in 

(a) (blue), together with the IR absorption spectrum of nitrobenzene (orange). Top: dipole 

orientations of the C-H bending mode at ~1245 cm-1 and N=O stretching mode at 1350 cm-1, with 

respect to the SWCNT surfaces. (c) A zoomed view of the section in the dashed rectangle in (a). 

The red curve represents a Breit-Wigner-Fano function fit, with 𝜔଴ = 1240 cm-1, 𝑞 = 4.9, and Γ = 

17.6 cm-1, respectively. 

 

In summary, we use the slow vacuum filtration technique to prepare aligned SWCNT films and 

fabricate grating-like patterns that support surface plasmon resonances whose energies can be 

controlled by varying the grating pitch. Using the C-H bending mode in nitrobenzene as an 

example, we demonstrate that surface plasmon resonances in SWCNTs can interact efficiently 

with molecular vibrations in their vicinity, leading to apparent modulations to their plasmon 

resonance profiles. These findings suggest that SWCNT-based plasmon resonators have the 

potential to serve as SEIRA sensors for the detection of small traces of molecular compounds by 

leveraging highly confined near fields. Given the potential high sensitivity of this system, its 

sensing applications could be suitable for in situ monitoring by exposing the SWCNT resonators 

to the analytes’ native environments. A potential advantage of SWCNT-based SEIRA sensors is 

the possibility of using electrostatic gating to adjust their plasmon resonances,35, 36 so that their 

energies could be tuned into resonance with analyte vibrational modes. These characteristics make 

SWCNT-based plasmon resonators relevant for highly sensitive SEIRA applications, which we 

believe is achievable through further improvements in the film and grating qualities.  
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