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Abstract—The interaction of light with nanometric metallic
structures - nanoantennas - is of particular interest for material
analysis techniques such as Tip Enhanced Near-Field Optical
Microscopy (TENOM) and, specifically, Tip Enhanced Raman
Spectroscopy (TERS). In these scenarios, the nanoantenna’s
response to an excitation provided by a tightly focused laser
beam is essential in order to qualify the system’s lateral resolution
and signal-to-noise ratio. This work proposes an apparatus that
enables the study of the nanoantenna’s response in the focal
region of light provided by a high numerical aperture optical
system. The apparatus is validated by measuring the Raman
scattering intensity distribution around the focal region under
different conditions, enabling the precise characterization of
the electromagnetic field distribution around the focal region,
providing informations regarding alignment tolerance, optical
signal enhancement and optical system’s Point Spread Function
(PSF).

Index Terms—Tip Enhanced Raman Spectroscopy, Nanoan-
tenna, Optical Microscopy, Point Spread Function

I. INTRODUCTION

The spatial limit for lateral resolution imposed to optical

microscopy systems, consequence of the diffraction limit,

greatly reduces the scope of application of optical charac-

terization techniques in the analysis of nanomaterials [1].

This limitation can be overcome by the combination of the

optical microscopy system with a Scanning Probe Microscopy

(SPM) system, resulting in Tip-Enhanced Near-Field Optical

Microscopy (TENOM) [2]. This family of techniques explores

localized emission and amplification provided by a metallic

nanoantenna positioned at the focal region of a microscopy

imaging system, as shown in Fig. 1. In this configuration, the

electromagnetic field around the SPM tip generates localized

surface plasmon resonance at the tip’s interface with the

medium [3]. This phenomenon enables the antenna to operate

as a nanometric light source, locally exciting the material in its
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near-field [4]. Additionally, it also enables the tip to amplify

the optical signal emitted by the sample as a consequence of

the excitation. These two contributions allow the acquisition

of optical images with nanometric resolution, usually around

10 nm, while also improving the signal-to-noise ratio [2].

SPM Control

Detection

Excitation

Sample scanning stage

Fig. 1. In a TENOM system, an excitation source, usually a laser beam,
is focused onto sample through an objective lens. The same objective then
collects the scattered light, guiding it to an optical detector. The SPM
control system is responsible for positioning the nanoantenna with nanometric
precision with respect to the focal spot area. This positioning is critical in order
to obtain spatial resolution beyond the diffraction limit.

TENOM can be used in association with different optical

phenomena, such as luminescence, fluorescence and Raman

scattering. This work focuses on the last one, which, when

combined with TENOM, results on a technique called Tip-
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Enhanced Raman Spectroscopy (TERS) [5]. Raman spec-

troscopy is capable of providing information regarding com-

position, structure and function of materials at a micrometric

scale [6], while TERS provides the same categories of infor-

mation, but at a nanometric scale.

A key aspect for the proper operation of a TERS system

is the fine alignment between the nanoantenna and the optical

system’s focal spot [7]. To better understand the tolerances

involved in this alignment, an apparatus for scanning the

nanoantenna around the focal region was developed. As it will

be shown in this work, the apparatus is able to define limits

for the alignment tolerance, the optical system’s Point Spread

Function (PSF) and nanoantenna’s signal enhancement.

II. SCANNING HARDWARE

The experimental setup consists of an inverted confocal

microscope setup in conjunction with a home-made atomic

force microscope (AFM). The AFM system is composed of an

scanning probe microscope (SPM) controller and a scanhead,

which is responsible for the nanometric antenna position in

a 3D space. The scanhead actuator structure is based on a

piezoelectric tube stack, as shown in Fig. 2. With this setup it is

possible to keep a constant distance between the nanoantenna

and the sample’s surface during scanning procedures while

also providing XY plane movement for alignment with the

laser’s focal spot.

Z tube

Probe

XY tube

Fig. 2. The probe, containing the nanoantenna, is attached to the end of a piezo
tube stack and then housed in a metal cylinder supported by the scanhead.
The bottom element in the piezo stack is responsible for movements along the
vertical axis (Z). The upper element in the stack is divided into four segments
to enable contraction/dilation of different sections of the tube, generating a
deflection of the probe along the horizontal plane (XY). The scanhead concept
is based on Refs. [8], [9]

In order to perform scanning procedures with the nanoan-

tenna, a mechanism to move the XY tube automatically

and a means to read optical signals must be implemented.

Fig. 3 displays a system that performs these tasks. A process

computer, which controls the procedure, sends digital signals

representing XY positions to a DAC (Model: NI9263). The

DAC converts the position signal to a low voltage analog signal

with a symmetric 2.5V range, which is then sent to a voltage

amplifier that converts it to a 95 V symmetric range. The high

voltages are then directly applied to the piezo tube faces.

The system also provides two optical sensor interfaces to

acquire measurements while scanning. The first is a photon

counter that can be tunned to a particular wavelength by

associating it with an optical bandpass filter. The counter

sends a Transistor-Transistor Logic (TTL) pulse to an Arduino

Nano every instant a photon is detected. The Arduino counts

the pulses for an adjustable period of time (exposure time)

and relays the values to the process computer. The second

optical detector, a spectrometer capable of acquiring optical

spectra, can be triggered via TTL pulse in order to synchronize

acquisitions with the nanoantenna’s movement from one pixel

to another in the scan region. Additionally, the spectrometer

transmits the results directly to the process computer via

USB (this communication is handled by the spectrometer’s

proprietary software).
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Fig. 3. Diagram showcasing the automated components required to perform
raster scanning procedures with a TENOM probe while performing optical
signal (spectrum of photon counts) acquisitions for each pixel in the defined
scanning area.

III. CONTROL SOFTWARE

The control software is responsible for interfacing with the

DAC and the micro-controller (Arduino Nano) synchronizing

the nanoantenna’s raster scan with acquisitions performed by

the optical sensors. The software also provides a graphical user

interface (GUI) that allows moving the probe in the XY plane

using the keyboard’s arrow keys with an adjustable step size,

as shown in Fig. 4. There is also a context window bringing the

necessary configuration parameters for scanning and a viewing

area to inspect scan results in real time.

IV. RESULTS

A. Point Spread Function Estimation

In order to estimate the optical system’s point spread func-

tion, the focal region must be scanned with a point-like ele-

ment. This can be performed with two different approaches: (a)

scanning the focal region with a single luminescent molecule

deposited in the sample scanning stage [10] or (b) scanning

the focal region with the nanoantenna, using the developed

scanning apparatus. These two approaches are depicted in

Fig. 5.

For the single molecule scan, Nile Blue A molecules (CAS:

3625-57-8) stabilized by a PMMA (CAS: 9011-14-7) thin

film were used. The choice for Nile Blue was a consequence



Fig. 4. GUI for the scanning system. The interface consists of a main window
(a) that provides functionality for manual probe movement and a context
window (b) providing functionality for, scan configuration and visualization.
The software was developed in C++ and was based on the Qt Toolkit.

a) b)

Fig. 5. The focal region can be scanned by emitting sources that are
considerably smaller than the focal volume. The figure depicts the scan using
(a) a Nile Blue molecule and (b) a TERS probe. In the images, the red
hyperboloid represents the focal region and the blue slice represents the focal
plane.

of its absorption near 633 nm [11], which is the excitation

wavelength for the Helium-Neon laser in the experimental

setup. Another benefit of Nile Blue is that its luminescence

response is maximum when the dipole defined by the molecule

is aligned with the exciting electromagnetic field [4]. Thus, in

the experimental configuration, where the field at the focal

region is predominantly vertical due to the radial polarization

of the excitation laser, only upright molecules provide a

symmetric PSF [4]. Our results with the Nile Blue molecules

are fully consistent with previous results in the literature [10].

In the case of the probe scan, a graphene sample was

exfoliated over a glass substrate in order to obtain a spatially

uniform Raman signal generator around the focal region. With

the substrate static a Plasmon-Tunned Tip Pyramid (PTTP)

TERS probe was used to be scanned over the sample [12]. The

results for both scans, using a photon counter as a detector,

are shown on Fig. 6.
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Fig. 6. (a) Luminescence mapping of a single Nile Blue molecule by a
photon counter while scanning the sample over the focal spot; (b) Raman
map of one of graphene’s vibrational mode (2D band [6]) intensity generated
by the photon counter while scanning the probe over the sample; (c) Cross
section of each map as marked in (a) and (b). The width indicated is for a
90% intensity threshold in the probe scan.

Both scan types yield images of a central hot spot encircled

by concentric disks, which is the general shape of an Airy

disk. This is the expected shape of the PSF of a properly

aligned microscopy setup [4]. The radius of an Airy disk can

be defined as the distance between the central maximum and

the first local minimum and can be calculated via the Equation:

r = 0.61
λ

NA
, (1)

where r is the disk radius, λ is the excitation wavelength and

NA is the numerical apperture. For the experimental setup

the parameters λ = 632.8 nm and NA = 1.4 result in a

radius of 276 nm. Nevertheless, as the Nile Blue only responds

to the electric field component perpendicular to the sample

plane, the scanned image only contains this component of the

PSF, which simulations estimate to have a 190 nm radius [4].

The simulated value is in line with the observed radius of

210 nm in Fig. 6(a). In contrast, the probe scan’s Airy Disk

radius was measured in Fig. 6(b) as 250 nm. This 40 nm
difference between the probe scan and the single molecule

scan can be attributed to the difference in size of the scanning

elements, since the probe’s apex diameter is in the range of

tens of nanometers, thus not considerable a zero-dimensional

structure. This implicates that the probe scan’s intensity map

could be used for estimating the tip’s apex diameter.

Fig. 6(c) shows a cross section of the Nile Blue (blue trace)

and TERS probe (red trace) scans along the central line shown

in Figs. 6(a) and (b), respectively. The probe scan gives a

measure of the local TERS enhancement, providing insight

on the alignment tolerance between the probe and the laser

in order to obtain a satisfactory enhancement. Considering a

region with > 90% intensity from the maximum, a delimiting

radius centered on the hot spot’s center with a diamenter of



135 nm can be defined. This region is expected to increase

as the nanoantenna’s apex becomes broader.

B. Optimal Focal Plane for TENOM

The focal plane of an objective lens is the plane perpendic-

ular to its axis passing through the focal point. For standard

optical measurements, this is the optimal distance for imaging

in terms of lateral resolution and signal to noise ratio. This

doesn’t hold for TERS imaging, as the light must interact with

the sample and the probe, which is above the sample’s plane.

To showcase this aspect, an experiment consisting of succes-

sive probe scans was performed while varying the objective

lens’ position and, consequently, the focal plane. The initial

position for the experiment was defined from an optimized

condition for Raman signal on a graphene sample without the

presence of the TERS probe. From this initial condition a scan

was performed obtaining the result for Position 0 shown in

Fig. 7. In sequence, the focal plane was shifted up in two

equal steps of 0.3± 0.1 μm (performed by a stepper motor),

generating Position 1 and Position 2 images. The focal plane

was then brought back to the initial condition and another

scan was performed to validate the focal plane’s return, as

the objective lens positioning system is an open-loop. The

focal plane was then shifted downwards using the same step-

size, away from the tip, obtaining Position -1 and Position -2

images.

Fig. 7. Successive probe scans performed on graphene’s 2D band while
varying the objective lens’ position (focus) between Positions 0, 1, 2, -1 and
-2. Position 0 was obtained by optimizing the Raman signal on a graphene
sample without the tip. Positions 1 and -1 are equidistant from Position 0, but
the first is located focusing above the sample plane and the second below the
sample plane. The same applies for Positions 2 and -2.

Fig. 7 shows that Position 1 presents the optimal focal

condition for TERS, as it contains the most intense hot spot.

Position 2 indicates that this signal increasing trend is not

monotonic, as the hot spot loses amplitude. These higher

enhancements, compared to Position 0, can be attribute to an

increase of the vertical component of the incident electric field

at the probe’s body as the focal plane is shifted up. Further-

more, as the focal plane is shifted below the sample plane,

the overall signal intensity falls drastically. This observation

is consistent with the fact that the focal spot is more distant

from the probe and the sample in this scenario.

The scans contained in Fig. 7 are able to provide a measure

of the probe’s signal enhancement also considering focus

refinement. Formally the TERS enhancement is calculated by

computing the ratio between a Raman band peak amplitude in

the presence of a tip divided by the amplitude of the same band

without the present of the tip. For this experiment, however,

solely the photon counts in the Raman 2D band’s region

(mixed with background not related to Raman scattering)

were measured. An approximation of the enhancement can

be obtained by calculating the ratio between the brightest and

dimmest pixels in the probe scan images. Table I lists the

values for all the focus positions.

TABLE I
INTENSITY RATIO

Min Max Ratio
Pos 0 3,610 19,220 5.32
Pos 1 2,800 33,810 12.01
Pos 2 1,380 24,500 17.75
Pos -1 2,420 10,250 4.24
Pos -2 1,300 2,330 1.79
*Min and Max are in photon counts

Table I shows that Positions 1 and 2 are the most favorable

positions for TERS measurements, but with Position 2 pre-

senting the largest enhancement. Such phenomenon occurred

due to a significant reduction in the background for this

focal position, compared to Position 1. This showcases the

importance of analyzing the actual Raman spectra, where the

background noise contribution can be eliminated, during align-

ment procedures prior to performing TERS measurements.

V. CONCLUSION

The capability of scanning a TENOM probe over a nano-

metric area allows for a deeper understanding of the fo-

cal region. Two key findings with practical implications for

TENOM experiments can be derived from the results: the

lateral alignment tolerance of approximately 135 nm for a

> 90% efficiency and the proper positioning of the focal plane

a few hundreds of nanometers towards the probe to increase

signal intensity. These parameters are critical for the design of

an alignment system for TENOM. The probe scans are also

useful to provide two main figures of merit for TERS probes:

the probe apex diameter (as estimated by the PSF image) and

the nanoantenna’s enhancement factor.

Probe scanning systems similar to the one presented on

this work are present in commercial TENOM systems with

automatic probe alignment, such as NT-MDT’s NTEGRA

SPECTRA II. Nevertheless, these systems are not used for

studying the probe’s optical response in depth.
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