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ABSTRACT  

Surface-enhanced Raman spectroscopy (SERS) enables sensitive chemical studies and 

materials identification, relying on electromagnetic (EM) and chemical-enhancement 

mechanisms. Here we introduce a tool for the correlative nanoimaging of EM and SERS 

hotspots – areas of strongly enhanced EM fields and Raman scattering, respectively. To that 

end, we implemented a grating spectrometer into a scattering-type scanning near-field 

optical microscope (s-SNOM) for mapping of both the elastically and inelastically (Raman) 

scattered light from the near-field probe - a sharp silicon tip. With plasmon-resonant gold 

dimers – canonical SERS substrates – we demonstrate with nanoscale spatial resolution that 

the enhanced Raman scattering is strongly correlated with enhanced elastic scattering, the 

latter providing access to the EM-field enhancement at the illumination frequency. Our 

technique has wide application potential, in the correlative nanoimaging of local-field 

enhancement and SERS efficiency as well as in the investigation and quality control of novel 

SERS substrates.   
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Surface-enhanced Raman scattering (SERS) spectroscopy is a highly sensitive method to obtain 

vibrational information – and thus chemical information – of materials placed on rough metal 

surfaces1-3, metal nanoparticles4-6 and rationally-designed optical antennas7. It has thus wide 

application potential in biochemical sensing8, 9, analysis of art work 10, 11 and even single molecule 

studies5, 12-15,16-20. Compared to conventional Raman spectroscopy, in SERS the Raman signals are 

increased by many orders of magnitude (108-1010)21-23.  

The enhancement of the Raman scattering originates mainly from highly concentrated (enhanced 

and confined) electromagnetic fields (EM hotspots) caused by plasmon excitation in metal 

nanostructures 1, 2, 12 22, 24, 25. EM hotspots can be as small as a few nanometers, while their field 

enhancement depends on the morphology and chemical composition of the nanostructure1 24 22  21, 

26-28. By changing the geometry of the nanostructures, one can tailor and engineer the field 

enhancement and, ultimately, the SERS intensities21, 29.  Further, a chemical enhancement may 

arise from the interaction between molecular and metal electron wave functions28. Both 

enhancement mechanisms occur on the nanometer-length scale and thus make SERS a highly-

localized phenomenon. While the enhancements of the local EM fields and Raman signals (EM 

and SERS enhancements, respectively) can be mapped by various methods individually (see 

below), a tool for the correlative nanoimaging of both quantities has not been reported yet29-33. 

Nanoscale mapping of the EM-field distributions and EM hotspots can be achieved by near-field 

optical microscopy (SNOM)34-39, photoemission electron microscopy (PEEM)40, 41, electron 

energy loss spectroscopy (EELS)42, cathode luminescence imaging 43 or photo-induced force 

mapping44. While all of these techniques map the EM hotspots at the excitation frequency, SERS 

benefits from the field enhancement at both the excitation and the Raman frequency.  Therefore, 

mapping the EM-field enhancement at a single laser (excitation) frequency does not provide 

comprehensive information on SERS efficiency and distribution.  

Alternatively, single-molecule fluorescence and Raman imaging 45-48 can be used to directly 

visualize the enhanced signal of interest - fluorescence or Raman scattering – but do not provide 

information about the field enhancement at the excitation frequency. A scanning-probe technique 

was recently proposed for nanoscale mapping of the SERS from EM hotspots40. A gold probe was 

functionalized with Raman-active molecules and scanned over a SERS substrate, while measuring 

SERS as a function of tip position. Although nanoscale SERS images were obtained, the technique 
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does not provide access to the EM field distribution at the illumination frequency. Moreover, gold 

tips act as optical antennas and may modify or even dominate the SERS images due to tip-substrate 

coupling.49. 

Here, we introduce dual-scattering scanning near-field optical microscopy (dual s-SNOM) for 

mapping hotspots at the frequencies of both the incoming laser radiation and the Raman-scattered 

light. It records the elastically (Rayleigh) and inelastically (Raman) scattered light from one and 

the same scanning-probe tip: in this work we use a standard silicon atomic-force microscope 

(AFM) tip.  Silicon tips are strong Raman scatterers and suitable for elastic near-field scattering 

with little or no distortion of the samples´ near-field distribution49-51. AFM silicon tips are readily 

available with sharp and ultrasharp tip diameter (10 and 2 nm, respectively, see methods) to probe 

sub-10 nm narrow gaps between nanoparticle assemblies. We realize dual s-SNOM by 

implementing a Raman spectrometer into a scattering-type scanning near-field optical microscope 

(s-SNOM), and verify it by imaging well-defined plasmon-resonant gold dimers6, 44, 52. Standard 

s-SNOM operation maps the plasmon-enhanced elastic light scattering34, 37, whereas the recording 

of the Raman scattering from the silicon tip yields nanoscale-resolved SERS images. Finally, we 

correlate the enhancement of elastically and Raman scattered light and find its spatial distribution 

to be in excellent agreement with numerical finite-difference time-domain (FDTD) EM 

enhancement generated by the gold dimers. 

The EM-enhancement mechanism of surface-enhanced elastic and Raman scattering is shown in 

Fig. 1(a), where we illustrate both the elastic and Raman scattering from an object (O) near a 

plasmon-resonant structure. As the object we consider a deeply subwavelength-scale nanoparticle 

in the gap of a gold dimer. The incoming field 𝐸𝑖𝑛 of frequency 𝜔0 is enhanced by a factor 𝑓0, 

owing to plasmon excitation in the gold dimer. Thus, the object is illuminated by the enhanced 

local field 𝐸𝑙𝑜𝑐 ∝ 𝑓0𝐸𝑖𝑛. The gold dimer also enhances the light scattering off the object. For 

inelastic scattering at the Raman-shifted frequency 𝜔𝑅, where we denote the (frequency 

dependent) enhancement factor by 𝑓𝑅, the total field amplitude enhancement after inelastic 

scattering is given by fRf0
21, 23, 50. If the difference  between 𝜔𝑅  and 𝜔0 is small compared to the 

spectral width of the plasmon resonance, we can approximate the enhancement of the scattered 

Raman field amplitude by 𝑓0
2
 according to 𝑓0 ≈ 𝑓𝑅. For elastic light scattering (𝜔0 = 𝜔𝑅), where 

the enhancement factors are identical (𝑓0 = 𝑓𝑅), we obtain a field amplitude enhancement 𝑓0
2 21, 50 
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(note that for this consideration the illumination and detection direction have to be the same, which 

is a consequence of the reciprocity theorem).  

 

Figure 1 Principle and setup of dual s-SNOM. a) Elastic and Raman-scattered light from an 

object O in the presence of a plasmonic dimer. 𝐸𝑖𝑛 denotes the incoming field, which is converted 

into an enhanced and localized EM field  𝐸𝑙𝑜𝑐 by the dimer that interacts with the object. 𝐸𝑅 

(Raman-scattered) and  𝐸𝑆 (elastically scattered) are the fields radiated by the object via the dimer.  

b) s-SNOM and Raman setup employing a Si tip as scattering probe. A He-Ne laser is collimated 

with a beam expander (BE) and focused with a parabolic mirror onto the tip apex, after passing a 

bandpass filter (BF) for cutting out plasma lines in the emission spectrum of the laser. To choose 

between s- and p-polarized light, a half-wave plate (HP) is installed before the (BE). The elastically 

backscattered field is measured with a pseudo-heterodyne Michelson interferometer comprising a 

beam splitter (BS), a vibrating mirror (M) and a detector (D). Raman spectra are recorded by 

directing the backscattered light via a flip mirror (FM) and notch filter (NF) into a grating 

spectrometer. 

 

Consequently, the increase of the intensity of the elastically and Raman-scattered light scales with 

the fourth power of the local field enhancement, 𝐼𝑆,𝑅 ∝ 𝑓4. Correlating elastically and Raman-

scattered intensity from a nanoscale object opens the possibiltiy to experimentally explore 

differences between the elastic and inelastic scattering events (potentially caused due to 𝜔0 ≠ 𝜔𝑅 

and additional chemicial-enhancement effects in SERS), to study the efficiency of SERS 

substrates, and to test novel theories of SERS. 
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We implemented dual-scattering near-field microscopy [based on the principle shown in Fig. 1(a)] 

with a commercial s-SNOM (NeaSNOM from Neaspec GmbH, Germany). A conventional 

scattering near-field probe (Si tip) mimics the scattering object. For nanoimaging the plasmonic 

hotspots we scan the tip across the SERS substrate and record the elastically and Raman-scattered 

light. Specifically, we use ultra-sharp (Nanosensors SSS-NCHR; tip diameter 2 nm) and sharp 

(Nanosensors ARROW NCR; tip diameter 10 nm) commercial AFM tips. A parabolic mirror is 

used (i) to focus s-polarized (perpendicular to tip, i.e. parallel to the surface of the SERS substrate) 

light of a He-Ne laser (633 nm wavelength) onto the scanning-probe tip and (ii) to collect the 

backscattered field. As typical for s-SNOM, the tip oscillates vertically at the cantilever´s 

mechanical resonance frequency Ω (300 kHz). For mapping the s-polarized elastically-scattered 

field from the tip, we employ a Michelson interferometer. By demodulating the detector signal at 

a higher harmonic of the tapping frequency, 𝑛Ω, background contributions are suppressed53. 

Applying a pseudo-heterodyne interferometric detection scheme, where the reference mirror 

oscillates at a frequency 𝑀 ≪ 𝛺, we record amplitude ∣ 𝐸𝑛 ∣ and phase 𝜙𝑛 images of the elastically 

scattered light simultaneously to topography (conventional s-SNOM operation). To detect Raman 

scattered light from the tip, we implemented a single-grating spectrometer (Acton SP2500i, 

Princeton instruments) with a silicon charge-coupled device (CCD) for recording the spectra 

(iXON ultra, Andor). A flip mirror [FM in Fig. 1(b)] is used to direct the tip-scattered light to the 

Raman spectrometer. A notch filter (NF) in front of the spectrometer suppresses elastically-

scattered light, as its intensity is more than 106 times larger than that of the Raman-scattered 

intensity.   

We applied the dual-scattering near-field microscope to image well-defined gold nanodimers6, 44, 

52, which represent an efficient SERS substrate. They consist of two closely spaced gold 

nanoparticles with spherical shape [linescan Fig. 2 (a), (d), (g)] of about 100 nm diameter and 70 

nm height on a 300 nm thick 𝑆𝑖𝑂2 layer on a Si substrate, fabricated by e-beam lithography. The 

distance between the nanoparticles varies from 35 nm to 72 nm (the exact gap sizes were 

determined by scanning electron microscopy), while the plasmon resonance is close to 633 nm6, 

52. To visualize the dimers, we first recorded topography images [Fig. 2 (b), (e) and (h)] using an 

ultrasharp tip. Using the same tip, now serving as nanoscale Raman scatterer, we subsequently 

recorded Raman spectra [Fig. 2 (c), (f) and (i)] when the tip was positioned either exactly inside 

the gap [illustrated in Fig. 2 (a), (d) and (f)] or about 100 nm away from the dimer. Both inside 
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and outside the gap we observed a strong silicon Raman peak at  = 521 cm−1 (longitudinal 

optical phonon, corresponding to a shift of 65 meV).  

 

Figure 2 SERS form an ultrasharp Si tip in plasmonic hotspots. (a), (d), (g) Schematics of the 

experiment. (b), (e), (h) Topography images of gold dimers with gap width g = 72 nm, g = 42 nm 

and g = 35 nm. (c), (f), (i) Raman spectra of Si tip inside (blue, green, red) and outside (black) the 

gap. The strong background  for the dimer with g = 35 nm in (i) is explained by the strong near-

field enhancement yielding a strong photoluminescence of gold nanostructures54. Note: inset in (f) 

show Raman spectra when the tip is inside (green) and outside (black) the gap for s-plarized light 

perpendicular to dimer axis. 

 

Interestingly, the peak intensity was considerably increased by Δ𝐼𝑝𝑒𝑎𝑘 when the tip is inside the 

gap [Fig. 2 (c) (f) and (i); note that 𝐼𝑝𝑒𝑎𝑘 denote the area under the peak]. This finding clearly 

demonstrates SERS from the tip apex, which originates from the strongly-enhanced local EM field, 

Eloc, inside the gap, despite the relatively large gap widths g. The SERS signal Δ𝐼𝑝𝑒𝑎𝑘 increased 

with decreasing g, owing to the increasing gap fields that originate from the increasing plasmonic 

coupling of the two nanoparticles29, 55-57. For the dimer with g = 35 nm, the increase of the total 

Raman-scattering intensity, Δ𝐼𝑝𝑒𝑎𝑘/𝐼𝑝𝑒𝑎𝑘 = 86%, is remarkably strong, considering that only the 
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very tip apex couples to the nanodimer hotspot (for g = 72 nm and  g = 42 nm we found 

Δ𝐼𝑝𝑒𝑎𝑘/𝐼𝑝𝑒𝑎𝑘 = 16% and Δ𝐼𝑝𝑒𝑎𝑘/𝐼𝑝𝑒𝑎𝑘 = 59%).  To verify that the strong field in the dimer gap 

originates from plasmon coupling between the gold nanoparticles, we rotated the dimer with g = 

42 nm gap size by 90° and recorded Raman spectra when the tip is located inside and outside the 

gap. In this configuration, the s-polarized light is oriented perpendicular to the dimer axis. The 

spectra [inset Fig. 2 (f)] clearly show that the Raman spectrum and particularly the peak intensities 

are identical, revealing that the field enhancement inside the gap - as expected6 - is negligible 

small. This shows that the SERS signal from a silicon tip is an excellent means for characterizing 

plasmonic nanostructures. To estimate the local-field and SERS enhancement, we calculated the 

tip volume illuminated by the diffraction-limited laser focus, 𝑉𝐿𝑆, and by the hotspot in the dimer 

gap, 𝑉𝐻𝑆. We assumed that the tip is a cone of 1 nm apex radius and 32 degree apex angle. 

Considering that the laser focus illuminates the very cone tip on a length of 1 µm, we found that 

the Raman intensity measured on the substrate [black curves in Fig. 2 (c), (f), (i)] originates from 

a Si volume of about 𝑉𝐿𝑆 =  0.088 µ𝑚3. The increase Δ𝐼𝑝𝑒𝑎𝑘 is caused by SERS of the tip volume 

illuminated by the plasmonic hot spot in the gap. Assuming a homogeneous illumination of the 

very cone tip on a length of 70 nm (corresponding to the height of the g = 35 nm dimer), we obtain 

𝑉𝐻𝑆 = 3.4 ⋅ 10−5 µ𝑚3. For the Raman enhancement factor we subsequently obtain F = 

(Δ𝐼𝑝𝑒𝑎𝑘/𝐼𝑝𝑒𝑎𝑘)/( 𝑉𝐻𝑆/𝑉𝐿𝑆) = 2200. It corresponds to a field enhancement factor f = F1/4 = 6.8, which 

agrees with the numerically-calculated field enhancement in f =√𝑓𝑥
2 + 𝑓𝑧

2 inside the dimer gap 

[see methods]. 

To visualize the spatial distribution of the SERS hotspots, we scanned the tip through the dimer 

gaps, perpendicular to the dimer axes, as illustrated in the inset of Fig. 3 and along the dimer axis. 

At each tip position y we recorded a SERS spectrum and determined Δ𝐼𝑝𝑒𝑎𝑘(𝑦) (Fig. 3) by 

subtracting the Raman spectrum obtained on the substrate. We observe a clear maximum of 

Δ𝐼𝑝𝑒𝑎𝑘(𝑦) inside the gaps, where the field enhancement is strongest. The maximum increases with 

decreasing gap width g, confirming the results obtained from the single point spectra shown in Fig. 

2. On the other hand, the full width of half-maximum of the line profile Δ𝐼𝑝𝑒𝑎𝑘(𝑦) increases for 

the dimer with 35 nm gap. We explain this unexpected observation by the shape of the particles 

not being perfectly spherical. Indeed, the 35 nm wide gap is more elongated than that of the dimers 
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with larger gap widths [compare topography images Figs. 2 (b),(e),(h)], yielding a broader near-

field distribution perpendicular to the gap. 

In Fig. 4, we compare the spatial distribution of experimental SERS intensities with the 

numerically calculated spatial near-field distribution (FDTD calculation) for the dimer shown in 

Fig. 2 (d) and (e). To that end, we modeled the geometry of the gold dimer by two half ellipsoids. 

Its height (60 nm), diameter (88 nm) and separation (gap size, 42 nm) were extracted from the 

topography image shown in Fig. 2(e). We note that the diameter and gap size represent good 

estimates, as the apex of ultrasharp tips is as small as 2 nm.   

 

Figure 3 SERS profiles across dimer gaps obtained with an ultrasharp Si tip (same as in Fig. 

2). Line profiles of the Raman intensity 𝛥𝐼𝑝𝑒𝑎𝑘 through the gap of different dimers, perpendicular 

to the dimer axis. The scan direction is indicated by black arrow in the inset. 

 

Figure 4(a) shows a cross section of the calculated spatial distribution of the field enhancement f 

along the dimer axis, where 𝑓 = √𝑓𝑥
2 + 𝑓𝑧

2 with 𝑓𝑥,𝑧 being the field enhancement in x and z 

direction, respectively. We observe the typical strong field enhancement at the dimer extremities 

and inside the gap. Figure 4(b) shows a line profile of f2 and f4 (dashed grey and solid green curves, 

respectively) along the dashed white line in Fig. 4(a), which indicates the path of the tip in 10 nm 

distance to the sample surface. For comparison with our experiment, we measured Δ𝐼𝑝𝑒𝑎𝑘 along 

the dimer axis. To that end, we manually positioned the ultrasharp Si tip (the same as in Fig. 2 and 
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3) along the dimer axis [illustrated in the inset of Fig. 4(b)] and recorded Raman spectra. We find 

that Δ𝐼𝑝𝑒𝑎𝑘  [green dots in Fig. 4(b)] exhibits a global maximum inside the gap and two weaker 

local maxima at the dimer extremities. The experimental SERS data match well the line profile 

showing the fourth power of the numerically calculated field enhancement, f4 (green solid line). 

We explain the small discrepancies between the green curve and the experimental data (especially 

when the tip is inside the gap) by the fact that the Raman signals originate from a three-dimensional 

tip.  

 

Figure 4 Comparison between calculated field enhancement and Raman intensities. (a) 

Cross-section of the numerically calculated spatial distribution of the field enhancement around a 

gold dimer with 42 nm gap size. (b) Normalized line profile of the Raman intensity Δ𝐼𝑝𝑒𝑎𝑘  along 

the dimer axis (green dots) compared to 𝑓4 and 𝑓2 (normalized to the maximum Raman intensity).  

f was extracted along the white dashed line in Fig. 4(a), which indicates the path of the tip in 10 

nm distance to the sample surface. The Raman data were obtained with an ultrasharp tip (the same 

as in Fig. 2 and 3). 
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The field enhancement, however, was extracted along one-dimensional path [dashed white line in 

Fig. 4(a)]. Further, potential drift between tip and dimer during spectra acquisition (60 s integration 

time per tip position) may affect the experimental Raman intensities. We corroborate the match 

between the SERS signal and the fourth power of the field enhancement (green solid line) by 

plotting the intensity enhancement profile, 𝑓2 (grey dashed line), which exhibits a significantly 

worse match. The scaling of the Raman intensity with 𝑓4 demonstrates that surface-enhanced 

Raman scattering from the Si tip - an individual Raman scatterer - is observed. The results further 

show that the SERS signal can be imaged with nanoscale spatial resolution. We explain the good 

agreement between the SERS signal and  f4 by the small Raman shift  of the Si phonon (65 

meV) compared to the width of the plasmon resonance (typically several 100 meV).  

The dual-scattering near-field microscope allows for a direct correlation of SERS hotspots with 

the EM near-field intensity. The latter is mapped by recording the elastically-scattered light from 

the Si tip, while recording the topography of the gold dimers, as is typically done in an s-SNOM 

experiment. Using a sharp Si tip (less sharp than the ultrasharp tips used in Figs. 2-4), we imaged 

the nanodimer with the smallest gap [g = 35 nm, topography shown in Fig. 5(a)], which exhibits 

the strongest SERS intensity [Fig. 2 (h)]. The amplitude image of the elastically-scattered field, 

𝑠2, is obtained by second-harmonic demodulation of the interferometric detector signal. It exhibits 

three hotspots, one inside the gap and two at the dimer extremities50. The hotspot in the gap is 

strongest [Fig. 5(b)], in good agreement with the numerically calculated near-field distribution 

[Fig. 5(d)]. We also recorded 𝑠2 as a function of the tip-substrate distance d in the gap center [Fig. 

5(c)], showing that with increasing distance d the amplitude signal s2 decreases rapidly (1/e decay 

length of about 10 nm). For d  > 30 nm, the amplitude signal s2 reaches the noise floor, thus 

verifying the absence of any background signals 58 and confirming the pure near-field character of 

the s2 signal.  

In contrast to SERS, the interferometric detection in s-SNOM probes the scattered field rather than 

the scattered intensity.  Further, s-SNOM experiments with infrared antennas showed that the 

amplitude 𝑠2 does not measure the near field (i.e. EM field enhancement f) but 𝑓2 when s-polarized 

illumination and s-polarized interferometric detection is applied50, 59. This finding can be explained 

by the double-scattering mechanism: the tip is illuminated by the plasmon-enhanced near field of 
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the dimer and then elastically scatters via plasmon excitation in the dimer. In Fig. 5(e) we thus 

compare the experimental line profile 𝑠2 (dots) along the dimer axis with the numerically 

calculated line profile 𝑓2 (black solid line).   

 

  

Figure 5 s-SNOM imaging of plasmonic hotspot of gold dimer with a sharp Si tips. (a) 

Topography image of gold dimer with gap width g = 35 nm. The orange/black X mark the tip 

positions for Raman experiments (b) Near-field image s2 (map of elastically scattered light), 

simultaneously recorded with topography. (c) s2-approach curve measured at the gap center. (d) 

Cross-section of the numerically calculated spatial distribution of the field enhancement around a 

gold dimer with 35 nm gap size. The dashed line shows a topography line scan extracted along the 

dashed line in (a). (e) Dots show the s2 line profile extracted along the dashed line in (b). Black 

solid line shows 𝑓2 along the dashed line in (d). (f) Raman spectra of Si tip inside (orange) and 

outside (black) the gap. 

 

For the calculation we modeled the geometry of the gold dimer by two half ellipsoids. Their height 

(63 nm) was extracted from the topography image shown in Fig. 2(e), while their diameter (100 

nm) and separation (gap size g = 35 nm) were obtained from SEM images. Figure 5(d) shows a 

cross section of the calculated spatial distribution of the field enhancement f. Similar to Fig. 4(b) 

we observe a strong field enhancement at the dimer extremities and inside the gap. To obtain the 
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line profile f2 along the path of the tip, we extracted f along the black dashed line in Fig. 5(d) and 

plotted the corresponding f2 line profile in Fig. 5(e) (black solid line). The dashed black line in Fig. 

5(d) represents the experimental topography line profile extracted from Fig. 5(a), which in the 

numerical model was placed 10 nm above the sample surface [solid black line in Fig. 5(d)], in 

order to account for the finite tip size and vertical tip oscillation of about 20 nm. We find an 

excellent agreement between the calculated profile f2 and the near-field profile s2, showing that for 

s-polarized visible illumination and interferometric detection of the elastically backscattered s-

polarized field our setup indeed maps a near-field amplitude s2 that scales with the square of the 

field enhancement rather than with the field enhancement (while SERS scales with 𝑓4). For 

comparing s-SNOM and SERS signals experimentally, we recorded SERS spectra of the tip inside 

the dimer gap [position marked by white/orange “X” in Fig. 5(a)], where the elastic-scattering 

signal 𝑠2 of the tip is at maximum. A second Raman spectrum was recorded at 100 nm distance to 

the gap [marked by white/black “X” in Fig. 5(a)]. As before in Fig. 2, the SERS intensity 

significantly increases when the tip is inside the gap [Fig. 5(f)], which correlates with the enhanced 

s2 signal in the gap [Fig. 5(b)].  

 

 

Figure 6 Comparison of s-SNOM and SERS line profiles of dimer gap obtained with a sharp 

Si tip. The black curve shows the s-SNOM signal s2 along the horizontal white line in the 

topography image (inset) of the gold dimer [extracted from Fig. 5(b)]. The orange dots show Ipeak 

of the Si Raman peak along the horizontal white line. Both the s-SNOM and SERS profile have 

been recorded with the identical Si tip.  
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To compare s-SNOM and SERS profiles through the gap, we extracted the s-SNOM amplitude 𝑠2 

from Fig. 5(b) and recorded Δ𝐼𝑝𝑒𝑎𝑘 along the horizontal white line depicted in the topography 

image of the dimer (inset of Fig. 6). Because 𝑠2
2 ∝ Δ𝐼𝑝𝑒𝑎𝑘 (see above), we plot the square of the s-

SNOM amplitude 𝑠2
2 (black curve in Fig. 6) and the SERS intensity Δ𝐼𝑝𝑒𝑎𝑘  (orange dots in Fig. 6) 

as a function of position. Both line profiles show the same relative dependence on position, 

exhibiting a maximum exactly inside the gap and a full width at half maximum (FWHM) of 75 

nm. The SERS and s-SNOM intensities in Fig. 6 demonstrate the correlation of elastic and Raman 

scattering for our plasmonic gold nanodimer, which in turn shows that the enhanced SERS signal 

is predominantly due to the EM-field enhancement. The measurements further show that for 

phonon energies (Raman shifts) smaller than the plasmon width the spatial distribution of the 

electromagnetic enhancement in SERS can be well approximated by f4.  We further conclude that 

chemical enhancement is negligible, as it would manifest by discrepancies between Δ𝐼𝑝𝑒𝑎𝑘  and 

𝑠2
2.  

We developed a dual-scattering near-field microscope based on s-SNOM for the nanoimaging for 

EM and SERS hotspots. It records the elastic- and Raman-scattered light from a dielectric Raman-

active probe tip scanning a (plasmonic) SERS substrate. While the maps of elastic light scattering 

(s-SNOM maps) show the near-field intensity distribution, the Raman maps reveal the spatial 

distribution of SERS. Specifically, we imaged plasmonic gold nanodimers using standard AFM 

silicon tips. We observed strong SERS signals inside nanodimer gaps of tens of nanometers width, 

which correlate well with the enhanced elastic s-SNOM signal. Nanoscale-resolved maps of SERS, 

squared s-SNOM signals and the fourth power of the numerically-calculated field enhancement 

were found to correlate well with each other. This lets us conclude that the 

electromagnetic/plasmonic enhancement mechanism dominates the SERS signals of silicon in the 

proximity of gold nanoparticles. No chemical enhancement was observed within the sensitivity of 

our experiment. 

Dual-scattering near-field microscopy is a promising tool for screening nanoplasmonic systems 

for local SERS efficiency. Applying the technique to more complex plasmonic structures will 

reveal their EM near-field distribution together with nanoimages of their SERS activity, which 

will allow for quantifying EM and SERS enhancement from the same spot. We also envision to 

apply other probes than silicon tips, such as diamond tips (Raman shift of 160 meV) or silicon tips 
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coated with molecules, in order to study the correlation between elastically and Raman scattered 

intensity for the case of larger Raman shifts and potential chemical interaction, respectively. 

Further, dual s-SNOM could be applied for correlative nanoimaging of elastically scattered light 

and photoluminescence, for example, form molecule-coated tips or from carbon nanotube tips. In 

the present work, mapping of elastic and Raman-scattered light was done sequentially. By 

synchronizing s-SNOM and Raman spectrometer, we envision the recoding of the s-SNOM, SERS 

and photoluminescence images simultaneously.  

Methods 

Numerical Simulations 

The numerical simulations of the near-field distribution were conducted using the commercial 

finite-difference time-domain package Lumerical FDTD solutions (www.lumerical.com, 

Vancouver, Canada). We assume an illuminating plane wave Einc(x,y,z) from above at normal 

incidence to the substrate with polarization parallel to the dimer axis at a free-space wavelength 

𝜆 = 633 nm. According to the measured topography image, the dimers were modeled as two gold 

half ellipsoids placed on a 3 nm-thick Ti interlayer. The substrate was simulated as a 300 nm-thick 

SiO2 layer on a silicon substrate. Light pulses of 16 fs were used to accurately simulate interference 

effects from the substrate.  

We note that the simulations did not take into account the presence of the tip, as the plasmonic 

response of metal nanostructures is only weakly modified by a dielectric tip of only few nanometer 

apex size50, 60.  Essentially, the presence of the tip leads to a small shift of the plasmon dimer 

resonance, which, however, is much smaller than the width of the plasmon resonance. 

Consequently, we can expect that any modification of the near field that is scattered by the tip and 

recorded as a function of tip position is negligible small. Indeed, the good agreement between the 

numerically calculated near-field distribution and the experimental s-SNOM and Raman images 

confirms the negligible influence of the tip. 

Porbes 

For the Raman experiments, we used two different types of silicon tips: ultra-sharp tips with an 

apex diameter of 2 nm and sharp tips with 10 nm apex diameter. The s-SNOM experiments were 

performed with sharp silicon tips, since it was not possible to measure a reliable s-SNOM signal 



 15 

from the ultra-sharp tips. This can be explained by the setup configuration and the small scattering 

cross section of the 2 nm ultra-sharp tip. Note that for elastic light scattering detection we used 

single line Si photodetector and demodulated the detector signal, while for Raman spectroscopy 

we used a highly sensitive CCD camera. Further, the integration time in s-SNOM was 30 ms per 

pixel, while 60 s integration time was used for the Raman measurements.”   
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