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ARTICLE INFO ABSTRACT

Keywords: The tip-enhanced Raman spectroscopy (TERS) provides a non-destructive and label-free mole-
Tip enhanced Raman spectroscopy cular detection approach with high sensitivity due to the hotspot excited at tip apex, which
Atomic force microscopy depends crucially on the tip parameters. Here, we employed an Au cladded atomic force mi-

Enhancement factor

croscopy probe to investigate enhancement effect of the Au claddings, both in theories and ex-
Metal cladding

periments. The simulation optimized a highest enhancement with Au cladding thickness of 50 nm
under given experimental condition, being consistent with the experimental results. It provides a
practical guide to optimize the probes to improve the TERS sensitivity and exert potentials in
further TERS applications.

1. Introduction

Tip enhanced Raman spectroscopy (TERS) offers a valuable approach to characterize the molecular chemical and physical
properties, where the tip functions as the enhancing unit to provide an ultra-high sensitivity within a nano-size [1-5]. As an active
non-destructive and label-free molecular detecting approach, TERS has been widely employed in many researches [6-11], such as
biochemical analysis, materials characterization, and others. In TERS systems, due to the hybrid coupling effect between the metal
probe and excitation beam, localized surface plasmon resonance (LSPR) could be excited at the tip [12-16], which directly con-
tributes to the enhancement of electromagnetic field and Raman signals. The high sensitivity is highly depended on parameters of the
probe [17], e.g. size and shape. Consequently, an effective nano-probe is of crucial importance for TERS researches.

The silicon atomic force microscopy (AFM) probes with metallic cladding are usually employed in TERS researches [18-20]. The
probes usually need modification as the enhancement is closely related with the tip, and many approaches have been proposed and
demonstrated for a higher sensitivity [21-27], such as electrochemical etching, chemical vapor deposition, thermal evaporation,
fabrication of nanostructures on the tip, and so on. Then Raman signals can strongly be enhanced through excited localized hotspot
on the metallic cladding. As the simplest approach, the vacuum deposition technique provides a convenient physical process to get a
relative smooth metallic surface by lowing the deposition rate with high repeatability [28]. As has been demonstrated previously, the
physical parameters, including the tip radius, tip angle, morphology, etc., exert great influences on the localized field distribution and
final Raman spectral intensities [29-31]. Consequently, it is necessary to quantify the enhancement under different cladding
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Fig. 1. Schematic of the AFM- based TERS configuration, which is combined by Renishaw inVia Raman system (Part I), Nikon microscope system
(Part II), and the Bruker Catalyst system (Part III).

parameters to provide guidance for optimization of further TERS detections.

Here, we investigate the influence of Au cladding on enhancement of a TERS system. An inverted AFM-based TERS setup with
illumination from the bottom was employed. A gold layer with different thicknesses is cladded on the tip of the AFM probe by thermal
evaporation method, then hotspot could be excited when the probe is located in the focused laser field. To get a sufficiently effective
detection, we located the tip at the position of longitudinal component, which could excite hotspot on the apex point completely in
the gap between the tip and substrate. Numerical simulations about the field distribution and intensity are performed by the finite
difference time domain (FDTD) method, and Raman signals are experimentally detected for analysis. The simulations demonstrated
that the cladding thickness has high effect on the Raman spectrum enhancement, and the intensity peaked at thickness of 50 nm
under experimental conditions, in accordance with the detected results. It gives out a practical guide to optimize the probes to
improve the TERS sensitivity and could exert great potentials in further TERS applications.

2. Experimental setup and methods

An integrated AFM-Raman detection system was established firstly for optimization, by coupling a Bruker Catalyst system onto a
Nikon microscopy frame, together with a Renishaw inVia Raman system, as shown in Fig. 1. The AFM probe is attached on a two-
dimensional motorized precision translation stage to accommodate its position to couple with the exciting laser: a linearly polarized
632.8 nm beam focused by a 40 X objective with NA of 0.75 from the bottom. The incident laser beam is expanded firstly through a
telescopic system to fit back aperture of the objective lens, and then be focused onto tip of the AFM probe. Samples are placed on a
glass substrate and actuated by a piezoelectric mapping stage inserted in a motorized stage. Subsequently, an enhanced Raman
spectrum could be excited when the tip is near to the samples. The back-scattered TERS signals can be collected by the objective and
diffracted through the raster to be measured by the Renishaw system (CCD2), as shown in part I of Fig. 1. In experiments, actuator of
the AFM maintains alignment with the spectrometer and stage, to get a synchronous measurement. In addition, a white-light source
illuminates the sample and probe from the bottom to capture the experimental process by a CCD camera (CCD1), as well as the back-
scattered light by apex of the tip through the same objective, which assists to locate the probe.

The coating material is important for AFM tips, which contributes to the excitation of plasmonic hotspots. Here, we chose Au as
the cladding material as it is not so active to be oxidized compared with Ag. The schematic of the Au cladded AFM probe for TERS
detection is shown in Fig. 2a and b. The probe (Nanosensors Inc.) is silicon-based with a cone angle of 30° (¢) and tip radius of 10 nm
(r2), and the angle between probe and substrate is approximately 50° (6). To provide higher enhancement, the silicon probes were
further modified by an Au cladding (Au purity of 99.999%). The claddings then change the radius of the tip (ry), to exert great
influences on excited Raman signals. Experimentally, the tips were coated using an evaporation system at 5 x 10~ ° Torr nitrogen,
where the tips were located on an inverted substrate. The deposition velocity was set as 0.02 nm/s by regulating the current to get a
relative smooth Au coating. Fig. 2c shows the SEM image of the modified probe, where a uniform Au cladding could be obviously
observed, as the arrows indicated. The coated tips were stored in a vacuum tank and used within several days.

For calibration of the TERS system, a sample of uniform 4-nitrobenzenethiol molecule layer was employed to study enhancement
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Fig. 2. (a) 3D schematic of the TERS detection system, cutaway view of the probe shows Au cladded silicon AFM tip. (b) 2D model for simulations, ¢
is the cone angle of the probe and 6 is the tilt angle with the substrate platform. (c) Side-view SEM images of a tip vapor-coated with a thin layer of
gold under magnification of 1000 X .

effect of Au cladding thickness on Raman signal. The powdery sample was firstly dissolved in alcohol, and diluted to a low con-
centration of 10 ~® M. The sample solution was symmetrically spin-coated onto a glass substrate in a spinner with rotational speed of
5000 rpm, and then reposed till complete evaporation. For measurements, samples were located on the stage, the Raman signals
could be detected when the probe was contacted with the sample. Based on these, enhancement effects could be compared to get an
optimized parameter of tips.

3. Results and discussions

The TERS effect essentially stems from the hotspots with excited LSPR at the apex of metal probe. To evaluate the physical
process, we numerically analyze the electric field distribution around the Au cladded tip by a 3D finite-difference time-domain
(FDTD) method model. Here, we process the focusing of incident light using the Richards—-Wolf vectorial diffraction theory [32] to
calculate the focused electric field near the focal region. When the Au-coated probe is illuminated by a focused laser, the localized
surface plasmons are excited on the tip, resulting in the creation of hotspots to generate enhanced Raman scattering from a sample.
The hotspot on the tip depends largely on field distribution of the focus, which is in high reliant on the polarization [33]. For a
linearly polarized laser, its intensity distribution at the focus spot has an elliptical shape, with a transverse component at the center
and two longitudinal components symmetrically along the polarized direction. It has been demonstrated that the hotspots could be
excited on the sides of the tip instead of the apex point when the tip is located at the center [33] where the transverse component
dominated. It is clear that it was not a sufficiently effective way for detection of molecules located in the gap between the tip and
substrate. Consequently, in this work, we located the tip at the longitudinal maxima point, to excite hotspot at the very apex point of
the probe.

The field enhancements of probes with different Au coating thicknesses were analyzed compared with the results without
cladding firstly. In accordance with experimental conditions, we consider the tip as a silicon circular cone (cone angle ¢ =10°, tilted
angle 6=50") cladded with different Au coating thicknesses (r;-r5). The Au cladding leads to an increased apex radius, which is
equivalent to the thickness. All other parameters keep in accordance with experiments. The outer Au coating with thickness from 0 to
110 nm are simulated to optimize the enhanced intensity of excited hotspot, as shown in Fig. 3. The results proved that thickness of
Au cladding produces strong influences on the field enhancement, which is peaked at 50 nm under the experimental conditions.

Furthermore, the simulations demonstrated an enhanced field being excited at the interface between the Si probe and Au
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Fig. 3. Simulative results of tip enhanced electric field intensity distributions with different cladding thickness of 0, 30, 50, 70, 90, and 110 nm,
respectively. Enhanced field is achieved in the gap between the tip and glass substrate. White lines indicate the interface of substrate, dashed circles
show the enhanced localize electronic field at the interface between Si probe and Au cladding.
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Fig. 4. Measured Raman spectrum of 4-nitrobenzenethiol with different Au cladding thicknesses (colored areas), and the signals with the tip
withdrawn (black line) for comparison. The colored areas are composed with ~ 20 independent curves.

cladding, as indicated in the dashed circles in Fig. 3. As thin Au coating could be polarized to generate opposite charges at the Air-Au
and Au-Si interfaces, therefore, parts of the energy are divided by the Au-Si interface. Naturally, its intensity decreases with a
thickened cladding. However, the hotspot at the Au-Si interface is failed to contribute to the Raman signal detection as it is isolated
by the Au cladding. As a result, a parabolic enhancement at the tip with gradually increased cladding thickness could be achieved, to
highly enhance Raman signals of the samples located in the gap for detection.

To verify the above simulation results, Raman signals are detected experimentally, with a linearly polarized 632.8 nm laser (60
uW) being focused through an objective with NA of 0.75. The tip is aligned on a two-dimension mechanically movable platform, to
align with the laser focus. When the probe scans through the focused field, a scattered signal could be captured by the CCD and
detected by the spectrometer, with a brightest signal at the center. Then, the probe was moved along the polarization with 300 nm to
align with the longitudinal component position to excite hotspot exactly in the gap between the tip and substrate. Fig. 4 shows the
Raman spectrum signal intensity with Au thickness of 30, 50, 70, and 90 nm, respectively, as well as the spectrum with probe
withdrawn (the black line) as a comparison. The results demonstrated a better enhancement at the optimized cladding thickness of
50 nm. The measured results with cladded probes were repeated at ~20 random positions to reduce the errors, with exposure time of
1s for each point. It is easy to find that the sample’s Raman spectrum is difficult to measured when the probe is withdrawn, but it
could be highly enhanced by excited hotspot and thus easily detected when the tip is closed to the sample surface. From the
simulative and experimental results above, a relative better parameter under the given condition could be achieved with a higher
enhancement.

In addition to the curvature induced by claddings, many other characteristic parameters of the probe, such as the tilt (6) and cone
angles (), also exert big influence on the field enhancement. On account of this, we show the influences of such two parameters in
Fig. 5, with Au thickness of 50 nm. The results demonstrate that the hotspot could also be created at the tip of probe, just in the gap
between probe and the glass substrate. The enhanced field intensity decreases with both increased tilt angles (Fig. 5a-d) and cone
angles (Fig. 5e-h). That is, for a probe with fixed radius of curvature, a vertical tip with smaller cone angle will bring higher
enhancement.

Except for the above parameters, roughness of the probe could also exert direct influences on the Raman enhancement. As it could
be reduced experimentally through lowing the deposition velocity and add an annealing process after coating of the claddings, it is
not taken into consideration here for simplification. Furthermore, distribution and intensity of the focus field also exerts important
influence for the enhancement [34,35], as it is depended by polarization and phase of the incident light. As a result, there also exist

Fig. 5. Simulated tip enhanced electric field distributions of cladded probes with tilt angles (a—d) and cone angles (e-h). a-d are the results with tilt
angles of 90°, 70°, 50°, and 30°, and e-h are that of cone angles of 20°, 30°, 40°, and 50°, respectively. The enhancement between the tip and
substrate decreases with increased tilt and cone angles. The white lines indicate the interface of substrate.
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possibilities to get a better result by employing a designed complex optical field to achieve a higher field intensity to improve the
detection sensitivity.

For another, resolution is also an important evaluation index for TERS researches. As the excited hotspot is highly localized on the
tip, it provides a high spatial resolution (full width at half-maximum of the hotspot) much smaller than the size of the tip apex [36].
The resolution is always closely related to the tip geometry and substrate material, and can be improved dramatically by sharping the
tip and employing metallic substrate. For the optimized Au coating thickness here, in fact, the resolution still has space for im-
provement. Nevertheless, it can be competent for the most qualitative detections, these results could also provide a guiding sig-
nificance for further TERS researches.

4. Conclusion

In summary, we established an inverted AFM-based TERS setup with illumination from the bottom to investigate the enhance-
ment effect of Au claddings on Raman scattering spectroscopy. A gold coating with different thicknesses is cladded on the silicic AFM
probe by thermal evaporation method with a slow deposition velocity followed with an annealing process. The probe is located at the
longitudinal maxima point of the focused laser field to excite hotspot exactly in the gap between the tip and substrate. Both numerical
simulations and experiments demonstrated that the cladding thickness has high effect on Raman spectrum enhancement, and an
optimized thickness of 50 nm was achieved for the probe under experimental conditions. Furthermore, other factors are further
analyzed to get a better enhancement, which will be implemented in the following works. This work gives out a practical guide to
optimize the probes to improve the TERS sensitivity and could exert potentials in further TERS applications.
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