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Abstract: We report Tip Enhanced Raman spectroscopy (TERS) measurements 

of single wall carbon nanotubes deposited on a barium titanate substrate. The 

TERS mappings demonstrate that the evolution of the gold tip enhanced 

luminescence is strongly correlated with the intensity of the Raman modes from 

the SWNTs and the substrate. As the tip emission is directly related to the 

plasmonic properties of the nanoantenna at the apex of the tip, it is possible to 

compare the frequency and intensity of each vibrational mode with the 

electromagnetic enhancement model. We find a very good agreement between 

all these parameters confirming the essential role of the electromagnetic 

enhancement mechanism in surface enhanced spectroscopy. 

Keywords: tip-enhanced Raman spectroscopy; localized surface plasmon resonance; 

Carbon Nanotubes; gold luminescence. 

Introduction 

Tip Enhanced Raman Spectroscopy (TERS)1 offers a unique combination of the 

extreme sensitivity of Surface Enhanced Raman Spectroscopy (SERS)2 and the high 

spatial resolution of scanning probe techniques. It has been developed at the end of 

the 90s3,4 and since then several studies have proven its high efficiency in the field of 

Molecular Analysis,5 Self-Assembled Monolayers,6 Surface Chemistry,7,8 

Nanomaterials,9,10 Molecular Phase Boundaries,11 etc. 

TERS is still considered as a demanding technique and regardless of all its promise, 

breakthroughs to deploy its potential as an enabling technology are yet to be delivered. 

Its principle is based on a strong electromagnetic enhancement at the apex of a tip due 

to a localized, resonant surface plasmon scanned over the sample surface. The tip 

acts as a nanoantenna which produces an enhanced near-field from the incoming 

electromagnetic field (laser and scattered light from the sample) and radiates it in a far 

field signal. To get a tangible signal this enhancement must be sufficiently large to 

exceed the far field background, which can be achieved using plasmonic 
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nanoantennas. For this reason, almost all TERS tips are prepared with gold or silver. 

High spatial resolution Raman maps are obtained if the signal contains a major 

contribution from the enhanced field, which in particular requires a highly localized 

electromagnetic enhancement. As a consequence, highly efficient and reproducible 

tips are needed for further developments of TERS.  

To improve the preparation of efficient tips, it is necessary to have a clear idea of the 

enhancement mechanisms involved in TERS. In SERS it is assumed that two distinct 

mechanisms are responsible for the final enhancement of the Raman signal: the 

electromagnetic (EM) enhancement and the chemical (CM) enhancement. The latter 

is based on a charge transfer between the nanoantenna and the sample.12 In TERS, 

the chemical enhancement may occur, if the tip-to-sample distance is small enough, 

but is virtually uncontrollable for imaging. As a consequence, a direct contact between 

the tip and the sample and such enhancement are unsuitable for controlled 

optimization. It must be noticed that the relative contribution of both chemical and 

electromagnetic enhancement in TERS is still under debate.13 

Our study offers the opportunity to improve the preparation of TERS tips by a 

systematic comparison between the intensity of the TERS signal and the tip optical 

response. Several numerical simulations have already demonstrated the best 

configuration to achieve high electromagnetic enhancements.14–17 The role of 

polarization, tip-to-surface distance, excitation wavelength, etc., is clearly evidenced in 

these studies. However few experimental studies have related the optical properties of 

the tip and the final enhancement for a simple experimental reason: it is extremely 

difficult to measure both the Raman signal and the optical response of the tip. Neascu 

et al. have proposed a method based on the spectral analysis of the light scattered by 

the tip, frustrating the evanescent light field produced by total internal reflection.18 This 

method has been applied to TERS by Methani et al.19 and a good qualitative agreement 

was found between the TERS spectra and the optical resonance of the tip. 

Nevertheless this technique has a major drawback: tip properties are measured with a 

prism and cannot be done in situ if the sample is non-transparent, which is commonly 

the case in TERS studies. In addition, numerical simulations have clearly 

demonstrated that the refractive index of the substrate needs to be taken into 

consideration for the optical properties of the coupled system of tip, sample and 

substrate for its optical response. In other words, responses measured by the prism 

will be strongly modified if the same tip is above a different surface. We present an in 

situ method for the determination of the tip optical properties directly associated with 

the TERS measurement. 

We exploit the enhanced tip luminescence signal observed in our TERS spectra as a 

tool to determine the optical response of the tip. This response is compared with the 

intensity of the TERS modes of carbon nanotubes on a barium titanate substrate. Our 

results clearly confirm that the electromagnetic enhancement is the dominant 

mechanism in TERS and pave the way for a systematic and efficient analysis of TERS 

tips and their electromagnetic enhancement mechanism. 
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Method 

Our experimental setup has been described in a previous publication.20 Basically we 

performed TERS measurements with homemade etched gold tips with a 632.8 nm 

laser excitation. The typical optical resonance of such tips reported in the literature is 

located between 600 and 800 nm,21,22 which is in good agreement with our laser 

excitation. The tip is approached to the surface using a tuning fork based atomic force 

microscope in shear force configuration. We have performed TERS mapping with a 

typical acquisition time for each spectrum of 1 s. 

Metallic Single Wall Carbon Nanotubes (SWNT) in aqueous solution have been 

purchased at Nanointegris©.23 The provider indicates a mean diameter of 1.4 nm. They 

have been drop-cast on a barium titanate (BaTiO3) monocrystal (MaTecK GmbH). After 

drying under ambient conditions, excess chemicals were rinsed with DI water. 

In our recorded TERS spectra different contributions are present: the Raman modes 

originating from the barium titanate substrate (mainly from the far-field signal), the 

carbon nanotubes (mainly from the near-field signal) and the optical emission coming 

from the tip itself24 (from near-field signal). All these contributions have been carefully 

deconvoluted using a homemade software code. First, the carbon nanotube 

contribution was isolated by subtracting the signal of barium titanate and tip emission 

taken right next to the nanotube. Then, the tip emission was isolated by subtracting a 

barium titanate far field spectrum taken at the exact same position with the tip retracted. 

Finally, each contribution was numerically fitted using symmetric and asymmetric 

Lorentzian25,26 line shapes. In order to check the result, a fit of the original TERS 

spectrum was made using the result of the deconvolution and compared to the latter. 

The fit residue was also analyzed in every case to ensure that every mode was taken 

into account. 

Results and Discussion 

A typical TERS signal of a carbon nanotube, as depicted in Figure. 1(a), was compared 

to the confocal Raman spectrum of both carbon nanotubes [Figure. 1(b)] and barium 

titanate [Figure. 1(c)]. In the TERS spectrum four modes, from BaTiO3 [A1(TO2) at 

276 cm-1, E(TO3) at 305 cm-1, A1(TO3) at 520 cm-1 and A1(LO3) at 710 cm-1] substrate, 

are observed.27,28 The main features of SWNT Raman modes are also clearly visible:29  

 The Radial Breathing Modes (RBM) at 172 cm-1. It corresponds to the typical 

value expected for metallic nanotubes with a diameter of 1.4 nm;30 

 The defect mode (D) at 1320 cm-1; 

 The graphite modes (G) between 1550 cm-1 and 1580 cm-1. 

These modes are intense and have been extensively studied for SWNT.9,31,32 Their 

analysis indicate the tube diameter (RBM), structural defects (D modes), chirality, etc. 

It can be observed in Figure. 1 that weaker modes are also visible, notably the oTO 

mode at 860 cm-1 and the M mode at 1755 cm-1. The oTO mode is usually observed 
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in IR spectrum of SWNT.33 It is associated with a first order zone center vibrational 

mode. The M mode is an overtone of the oTO.30 An enhancement for the G mode by 

a factor 1000 is observed. The local electric field enhancement of the tip is then 

estimated around 20 by correcting the intensity ratio between the near-field signal and 

the far field signal by the area excited by each fields.34 In addition to these Raman 

modes, a broad optical emission coming from the gold tip is visible and isolated by the 

deconvolution of the spectrum [Figure. 1(d)]. This type of emission has already been 

reported35,36, and is assumed to be the gold photoluminescence37 amplified by the 

localized surface plasmon resonance (LSPR) at the apex of the tip. Recently Lin et 

al.38 have reported a direct correlation, supporting this assumption, between this 

plasmon enhanced luminescence and the SERS signal intensity on single gold 

nanorods. Considering a simple model independent of the physical mechanism 

involved in the luminescence, they have suggested that this emission is an intrinsic 

fingerprint of the plasmonic spectral response of the nanostructure. 

 

Figure. 1. The TERS spectrum of a carbon nanotube deposited on a barium titanate 

crystal (a) contains the far-field and the near-field contribution of carbon nanotubes (b) 

and barium titanate (c). Spectra shown in (b) and (c) are the far-field reference for 

carbon nanotubes and the barium titanate substrate respectively. The deconvolution 

(d) of the contributions of both carbon nanotubes (dotted black) and barium titanate 

(light blue) spectra in the TERS signal reveals the underlying enhanced gold 

luminescence of the tip (dash-dotted red). Schemes show the experimental 

configuration used to acquire each spectrum. 

To study the influence of the electromagnetic interaction and to limit thermal drift, we 

have chosen rather fast TERS maps (typically 15 min for a complete scan). At such a 

scan speed the tip undergoes moderate alterations during the mapping, in particular 
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due to the ductility of gold and the interactions between the tip and the sample. 

Deformations of the tip shape can be indirectly followed through the evolution of the 

frequency of its enhanced luminescence, which is progressively red shifted during the 

scan, as it can be seen in Figure 2(a) and 2(b). At the lower part of Figure 2(a), the 

resonance is centered at lower wavenumber compared to the upper part. This is the 

evidence of the degradation of the tip, expressed by an increasing radius, as optical 

properties of nanoantenna are extremely sensitive to their shape. In our case, it offers 

the opportunity to carefully study the evolution of the Raman signal related to the 

optical response of the tip. 

 

Figure 2. (a) Mapping of the gold tip enhanced luminescence wavenumber (31×31 

pixels, pixel size: 20 nm×20 nm). (b) Typical optical spectra for different places of the 

mapping. The tip emission obtained after data processing (notably its position as 

shown in (a)) is evidenced by the dash-dotted lines. TERS Mapping of the intensity of 

G modes of carbon nanotubes (c) and the intensity of the A1 mode from the barium 

titanate substrate (d). The corresponding topography image (e) attests the high spatial 

resolution of the TERS mapping. Maps were recorded from the bottom-left corner to 

the top-right corner with a horizontal fast axis. 

The high spatial resolution of the TERS mapping (SWNT clearly visible in Figure 2(c) 

with an apparent width below 20 nm) confirms that we are performing optical near-field 

measurements. In addition, it can be seen in Figure 2(c) and 2(d) that the intensity of 

Raman modes from both SWNT and BaTiO3 is not homogenous over the whole image: 

clearly, some specific regions exhibit higher intensity. We can exclude a coincidental 

distribution of resonant SWNT in the middle of the scanned area taking into 

consideration the intensity of the G mode [Figure 2(c)] of the nanotubes labeled α, β 

and γ in Figure 2(e). If the variations in the G band intensity were only related to the 
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resonance of SWNT, the intensity would be expected to remain constant along each 

nanotube. In the present case we observe that the intensity of the G band along α and 

β reaches a maximum in the middle of the map while the intensity of γ start to increase 

only at the top of the map. 

Noticing that the enhanced luminescence from the tip also evolved during the mapping 

process, we investigate the emission position, being depicted in Figure 2(a) and 2(b). 

Figure 2(a), 2(c) and 2(d), show that barium titanate modes are clearly more intense 

at the bottom of the figure, where the enhanced luminescence position is located at 

low wavenumbers, whereas the G modes are more intense in the middle and upper 

part, where the enhanced luminescence is located at higher wavenumbers. We 

attribute this variation in Raman modes intensity to a red shift of the LSPR frequency, 

reflected by the position of the tip enhanced luminescence, visible by comparing 

Figure 2(a), 2(c) and 2(d). The region where the barium titanate A1(TO3) mode is more 

intense corresponds to a tip enhanced luminescence centered at low wavenumber 

(typically lower than 1000 cm-1) whereas the one corresponding to intense G band 

intensity is associated with a tip emission at high wavenumber (typically higher than 

800 cm-1). 
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Figure. 3. (a) Tip emission wavenumber mapping (as described in figure 2 (a)). TERS 

mapping of the enhanced intensities of RBM (a), oTO (b) and G-band (c) modes of 

SWNT. Areas for which the gold tip emission potition is in the same spectral range as 

each Raman modes of SWNT are evidenced in (a). For each Raman mode the 

enhanced intensity in TERS mappings is directly correlated to the position of tip 

emission. 

To confirm this hypothesis we have related the intensities maps of three modes of the 

SWNT (RBM, oTO and G modes) to the position of the tip enhanced luminescence, as 

presented in Figure. 3. We have not reported the D mode as its intensity is related to 

defects in SWNT structure and can thus vary independently of the tip enhancement. 

The interested reader can find it in supplementary information. Again, it is confirmed 

that Raman intensity and wavenumber of tip emission are directly related: The RBM is 

more intense at the lower part, at the beginning of the scan, the oTO mode in the 

middle and G band in the upper part, toward the end of the scan. This appears more 

drastically if we compare Raman spectra recorded in the lower and upper part of the 

mapping: the intensity of the RBM mode related to the G band is much higher in the 

lower part. Once again this feature can be related to the tip emission frequency: Raman 
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modes are more intense when the enhanced luminescence occurs at wavenumbers 

close to their own frequency. This result confirms that the enhanced luminescence is 

related to the LSPR frequency of the tip in accordance with the model proposed by Lin 

et al.38: an optical resonance of the tip close to the Raman modes will ensure a high 

electromagnetic enhancement giving rise to intense Raman modes. This is a direct 

experimental evidence of the electromagnetic enhancement in TERS measurements. 

It also evidences another challenge for the preparation of highly efficient TERS tips: 

the final electromagnetic enhancement is extremely dependent on its shape and will 

only apply to a limited spectral range. Even a slight change in the enhanced 

luminescence frequency, such as observed during our scan will affect the optical 

efficiency of the tip associated with a dramatic decrease in the TERS signal intensity. 

With the technology commonly used nowadays for the preparation of TERS tips it is 

virtually impossible to have a perfect control and a high reproducibility in the position 

of the surface plasmon resonance.  

To go further in the analysis of the enhancement mechanism in our TERS 

measurement we have reported TERS mapping for three modes of SWNT in 

comparison with the position of the tip emission in Figure. 3. If we compare these 

figures carefully, it appears that intense Raman modes are not observed for the tip 

enhanced luminescence occurring exactly at the same frequency. This is clearly visible 

in particular for the G modes: its intensity is high in the middle and higher part of the 

figure for a corresponding emission higher than 600 cm-1, which is very far from the 

position of this mode. This feature can be explained by the physical enhancement 

mechanism of enhanced spectroscopy. Raman scattering is an inelastic process 

involving two photons with slightly different frequencies. Thus the EM enhancement 

occurs for both the excitation and scattering wavelengths according to the formula of 

the enhancement factor (EF):  

𝐸𝐹 ∝ 𝑔2(𝜔e)𝑔
2(𝜔R). 

Where g(ωe) is the local electric field enhancement at the laser frequency and g(ωR) 

the field enhancement at the scattering frequency. Usually for most studies the 

difference between the excitation and scattering wavelengths is negligible, in particular 

in SERS for which the large number of nanoantennas ensure a very broad SPR. In 

such conditions the relation between excitation wavelength, optical resonance and final 

enhancement has already been studied.39 In TERS, a single nanoantenna is used and 

as previously demonstrated the Raman signal is strongly affected by any change in its 

resonance. In addition, to get a significant enhancement, this resonance should occur 

between the excitation and scattering wavelengths, ensuring a good compromise 

between the amplification of g(ωe) and g(ωR). For low frequency modes the difference 

between ωe and ωR is negligible. This is the reason why RBM modes have the highest 

observed signal for tip’s surface plasmon resonance frequencies close to the mode 

position [which corresponds to the lower part of Figure. 3(b)]. For the G modes, this 

difference is no longer negligible, and stronger enhancement is expected for LSPR 

frequencies centered between excitation and Raman scattering. This is why in 
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Figure. 3(d), the highest intensity is observed for this mode at wavenumbers lower than 

1550 cm-1. Once again this result confirms the model of the electromagnetic 

enhancement in TERS. It also suggests an important limitation of TERS: a significant 

enhancement requires a resonance for both excitation and scattering frequencies. This 

imposes severe conditions to tips for the enhancement of high frequency modes 

(typically having a wavenumber higher than 3000 cm-1) for which the difference 

between ωe and ωR is larger than a typical plasmon resonance.  

As a first conclusion, the study of both the enhanced luminescence of the tip and 

Raman modes from SWNT has evidenced the electromagnetic enhancement in TERS. 

To confirm if this result depends on the sample, we have carefully studied the signal 

coming from the barium titanate substrate. TERS has already been reported on 

individual barium titanate nanocrystals40 but in our case we tried to perform similar 

measurements on a bulk substrate, which is a big experimental challenge as it is hardly 

possible to discriminate between the near-field signal and far field background for 

TERS on a low-absorption bulk substrate. The signal comprises contributions from the 

confocal volume and from the much smaller, but tip-enhanced volume as sketched in 

Figure. 4(a). The ratio between these two contributions (typically 103 nm3/1 µm3 = 10-

6) is so low that only extremely high electromagnetic enhancement may discriminate 

the near field against the background. For this reason, most TERS studies are 

performed on isolated nanostructures (such as nanotubes) or molecular monolayers 

on highly absorbing or reflecting substrates. 

 

Figure. 4. (a) Scheme representing the volumes of interaction of the near field and the 

far field with the substrate. (b) Barium titanate A1(TO3) mode intensity showing a weak 

amplification for a tip enhanced luminescence position between 640 cm-1 and 1000 cm-

1. 

The signal recorded on barium titanate is reported in Figure. 4(b) (A1(TO3) mode at 

520 cm-1). As mentioned above, it appears that the barium titanate signal is not 

homogenous over the whole surface: it is slightly but clearly higher in a specific part of 

the image. Once again it can be related to the physical mechanism in TERS: the 

Raman modes of barium titanate are enhanced for parts of the image with the plasmon 

resonance close to the respective frequencies. This result proves two main features: 
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first, it is possible to perform TERS on bulk substrates but the relative contribution of 

the near-field signal compared with the far field background is low, secondly, the 

electromagnetic enhancement mechanism is independent of the sample. 

Conclusion 

The electric field enhancement in apertureless optical nearfield microscopy, generated 

by a localized surface plasmon resonance at the apex of a gold tip, provides a 

spectrally confined amplification that has been successfully used for tip-enhanced 

Raman spectroscopy throughout recent years. Here, we demonstrate that 

modifications of the tip-shape, intentional or unintentional during scans, have an 

immediate impact on the spectral position of the surface plasmon resonance that we 

monitor through the enhanced luminescence from the tip itself. The enhancement of 

the luminescence correlates well with the enhancement of the Raman signal 

considering that the surface plasmon resonance is required to enhance both the 

excitation as well as the signal wavelength to achieve the g4 amplification in Raman 

intensity. For Raman spectra extending over a relatively large spectral range, typical 

tips will therefore not be able to provide wavenumber-independent amplification and 

might not provide detectable amplification at all for wavenumbers beyond 3000 cm-1.  
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