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ABSTRACT: In this paper, we review nano-Raman techniques based on aperture
scanning near-field optical microscopy (SNOM). Fundamentals of SNOM and aperture-
tip-based near-field Raman spectroscopy and their applications in key technical issues,
including Raman signal intensity and collection time, are introduced. Recent advances in
the tip design are discussed, and applications of the aperture-SNOM-based nano-Raman
technique are presented. We attempt to identify the most pressing open questions in
this field. We believe that, by improving the power transmission efficiency and
combining the local field enhancing technique with the tip-enhanced spectroscopy, the
performance of aperture-SNOM can be significantly improved. Its nanometer-scale
excitation volume and the consequent low background make the aperture-tip technique
feasible for many important samples that cannot be measured by other optical
nanospectroscopies.

CONTENTS

1. Introduction 5095
2. Scanning Near-Field Optical Microscope 5097

2.1. Optical Near-Fields for Super-Resolution
Imaging 5097

2.2. Tip−Sample Distance Control 5097
2.3. Conventional Aperture Tips 5097

2.3.1. Tapered Fiber Tips 5097
2.3.2. Optical Transmission Coefficient of

Tapered Fiber Tips 5098
2.3.3. Other Aperture Tips 5098

3. Near-Field Raman Nanospectroscopy 5098
3.1. Raman Spectroscopy 5098
3.2. General Setup 5099
3.3. The Signal Strength in Near-Field Raman

Spectroscopy 5099
3.3.1. Signal Strength in Micro-Raman 5099
3.3.2. Signal Strength of Near-Field Raman

Excited by an Aperture Tip 5100
3.3.3. Signal Strength in Tip-Enhanced Raman

Spectroscopy 5100
4. Application of Near-Field Raman Spectroscopy 5100

4.1. Nonresonant Near-Field Raman Detection of
Inorganic Materials 5101

4.2. Near-Field Resonant Raman Scattering 5102
4.3. Near-Field Study of SERS Using Aperture

Tips 5103
4.4. Near-Field Raman Spectroscopy at Liquid−

Liquid Interfaces 5104
5. Recent Advances in Tip Design 5105

5.1. Extraordinary Transmission 5105
5.2. Nanostructured Aperture Tips 5105

5.3. Plasmonic-Waveguide-Based Near-Field Tip 5105
6. Perspective 5106
Author Information 5106

Corresponding Author 5106
ORCID 5106
Notes 5106
Biographies 5106

Acknowledgments 5107
References 5107

1. INTRODUCTION

New technologies and tools often play the role of the engine in
the progress of modern science. Optical microscopy is one
great example that pushed the boundary of the visual world of
human being from the submillimeter to micrometer scale and
changed our understanding of nature profoundly. For instance,
the invention of Leeuwenhoek’s single-lens microscope, which
“far surpass those which we have hitherto seen”,1 directly led to
the birth of a new field, microbiology. In addition to high spatial
resolution, optical microscopy is also capable of revealing
spectral information, allowing one to identify the material of a
tiny sample via its “color” in ambient environment without
sample preparation. Thanks to these unique capabilities, the
optical microscope has become an indispensable tool for fast,
nondestructive, microscale chemical analysis.
Among the variety of microspectroscopic analytical methods,

Raman spectroscopy is one of the most powerful techniques. As
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a vibrational spectroscopy, Raman spectra provide the
frequency of a substance’s vibrational modes, which reflect
information on the chemical and physical forms and can be
used to identify substrates from their “fingerprint” spectral
patterns.2−4 Moreover, Raman measurements are simple, rapid,
and extremely flexible. One can directly measure a given sample
without preparation, no matter whether it is liquid or solid,
organic or inorganic, crystalline or amorphous. Because of these
advantages, micro-Raman techniques have been emerging as
one of the most important mapping tools for chem-/
bioanalysis, especially after the major innovations in the
1970s and 1980s, namely, the charge-coupled device (CCD),
compact spectrograph, effective laser rejection filter, near-
infrared laser, and small computer.5,6

After the 1990s, driven by the demands of fast-growing
nanoscience and nanotechnology, researchers started to
develop new techniques in order to push the spatial resolution
of Raman spectroscopy into the nanometer scale. However, in
this process, a fundamental obstacle, the diffraction limit, was
encountered. It states that one cannot distinguish two points
within the region around half of the wavelength of the incident
light.7 The diffraction limit is also known as Abbes’ criteria,
named after the German physicist Ernst Abbe, who derived the
diffraction limit in theory in 1873.8 Abbe realized that the high
spatial frequency components of light cannot reach the far-field
zone (consequently, detectors) due to the wave nature of light,
and it is a fundamental limit for the resolution of the optical
microscopy. Interestingly, this theory also hints that there is an
unknown world awaiting exploration, named the evanescent
field, which is bound in the optical near-field regime of sample
surfaces (i.e., within one wavelength), containing detailed
information on samples.
After Abbe reported his theory, within almost half a century,

people tried many different ways to circumvent the diffraction
limit, until E. H. Synge realized the importance of the
evanescence waves and introduced the concept of the optical
near-field in his paper “Method for Extending the Microscopic
Resolution into the Ultra-Microscopic Region” in 1928.9 In that
paper, Synge suggested that one can break the diffraction limit
by bringing a subwavelength aperture into the near-field regime
and pick up the high-spatial frequency information on the
sample for the far-field detector. Synge’s proposal requires a
stable control of the sample−aperture distance with sub-
wavelength precision, typically in the 10 nm range, which was
prohibitively difficult in the optical regime in his age. Indeed,
due to the technical difficulty of microfabrication, the first
experimental demonstration of a near-field microscope was
performed in the microwave regime by Ash and Nicholls in
1972.10 In their work, the spatial resolution of λ/60 was
achieved. The use of a subwavelength aperture in the visible
spectral regime was not possible until the development of the
scanning tunneling microscope (STM),11 which provided the
technical approach by which a metallic probe could be held
only nanometers away from the sample surface. The first
scanning near-field optical microscope (SNOM or NSOM) was
demonstrated in 1984 by the two independent laboratories of
Pohl and Lewis with an optical resolution on the order of λ/
10.12,13

One of the milestones of the SNOM technique is the
detection of single-molecule fluorescence in real-space at the
room temperature. In the early 1990s, Betzig et al. reported the
first single-molecule fluorescence image by using an improved
tapered fiber tip14 that was coated by a metallic layer to create a

nanoaperture.15 This aperture-SNOM then became a standard
tool for nanospectroscopic analysis ever since, with which a
large variety samples were measured with a spatial resolution
down to 50 nm.16

Encouraged by the success in fluorescence detection, in order
to reach the goal of nanoscale chemical analysis, many attempts
have also been made to combine the SNOM with spectroscopic
techniques, including mass spectrometry,17,18 infrared spectros-
copy19 and, particularly, Raman spectroscopy.20 For instance, In
1995, Smith and co-workers performed the first molecule near-
field Raman experiment with a subwavelength aperture probe
held in the near-field by using a shear-force feedback
mechanism.21 Anger et al. collected near-field Raman spectros-
copy of Rhodamine 6G (R6G) dye molecules at cryogenic
temperatures.16

Despite a few successful experimental demonstrations, the
aperture-tip-based near-field Raman spectroscopy (AT-NFRS)
did not show itself to be a key nanoscale analytical tool. One of
the major obstacles is that the near-field Raman signals were
extremely weak, since the normal Raman scattering cross-
section is approximately 10−30 cm2/sr, more than 10 orders of
magnitude smaller than the absorption cross-section of
fluorescent dye molecules.3,22 As a result, a longer collection
time is required to obtain a reasonable signal-to-noise ratio.
Another important reason is that, in practice, the spatial
resolution of aperture SNOM was limited to 50 nm due to the
extremely low transmission coefficient of aperture tips. It was
demonstrated in both experiment and theory that, when the
aperture diameter is shrunk below 50 nm, the power
transmission coefficient of a fiber-based aperture tip drops
below 10−4,23 which is too weak to be detected in practice.
To improve the spatial resolution, researchers developed

another approach, called apertureless SNOM, which utilizes a
sharp metal tip to scatter the light field from the optical near-
field to the far-field. Because it does not require an aperture to
deliver light, the spatial resolution is only limited by the radius
of the tip curvature, which can reach below 10 nm routinely
today. Depending on the near-field signal retrieval method,
there are two major types of apertureless-SNOM, namely,
scattering SNOM, which detects the Rayleigh scattering
signal,19,24 and tip-enhanced Raman spectroscopy (TERS),
which uses the near-field enhancement on sharp metal tips to
detect Raman scattering signals in the vicinity of the tip
apex.25−27 It is worth noting that today the scattering-SNOM-
based nanoscale IR spectroscopy technique is an important
nanoscale analysis tool in parallel to the near-field Raman
techniques28 and has been nicely reported by other review
papers.29,30 Here, we limit our discussion to the field of near-
field Raman analysis techniques.
In the past decade, TERS enjoyed a huge success. With a

“hot” tip, researchers were able to see the Raman signal from a
single molecule,31−33 even from a single chemical bond with
spatial resolution down to 1 nm.34,35 However, there are costs
for the high sensitivity and resolution. Because there is no
nanoaperture to deliver the excitation light, far-field excitation is
needed and consequently brings a high background inten-
sity.36−38 In addition, the high enhancement makes contami-
nation fatal to TERS tips, since any adsorbate on the tip apex
can give a significant rise to the background. On the other
hand, the aperture SNOM technique is naturally immune to
these issues. Particularly, recent results show that the
performance of nanoapertures can be significantly improved
with new designs, and the aperture SNOM technique started to

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00337
Chem. Rev. 2017, 117, 5095−5109

5096

http://dx.doi.org/10.1021/acs.chemrev.6b00337


regain researchers’ interests.39 Herein, we present a critical
review on AT-NFRS with an emphasis on technical issues and
possible solutions, as well as the future perspective.
This review is organized as follows. First, the fundamentals of

SNOM are introduced. Then, the AT-NFRS technique with
emphasis on key technical issues is reviewed, including Raman
signal intensity, collection time, and applications. After that, the
recent advances in the design of aperture tips are discussed, and
the future perspective is presented.

2. SCANNING NEAR-FIELD OPTICAL MICROSCOPE

2.1. Optical Near-Fields for Super-Resolution Imaging

The central idea of SNOM is to use a subwavelength tip to
convert high-spatial-frequency components from the optical
near-field into detectable far-field propagating waves. To
illustrate this process, we take a grating sample as an example,
as shown in Figure 1. When grating with a spatial frequency of
ks = 2π/A (A is the period) is illuminated, the excitation field E0
∼ cos(k0xx) is modulated by the sample, and the mixing of
spatial frequency occurs. The spatial frequency kx of the
transmitted light in the x-direction becomes k0x ± ks, where k0x
is the x component of the wave vector of E0. In the free space,
k0x < 2π/λ and kx

2 + kz
2 = (2π/λ)2. Therefore, if |k0x ± ks| > 2π/

λ (i.e., ks > 4π/λ), kz becomes imaginary, and evanescent waves
can be generated. In other words, all the detailed sample
information with high spatial frequencies are bounded in the
optical near-field on the sample surface and cannot be observed
in the far-field, which leads to the light diffraction limit.40

In a SNOM setup, nanometer-sized tips carrying large spatial
frequencies (|kt| > 2π/λ) are used. This allows the conversion of
high-spatial-frequency components of the sample into detect-
able low-frequency components via frequency mixing (i.e., |kt ±
ks| < 2π/λ) and the breaking of the diffraction limit. Although
the physics is clear, practically, it is challenging to realize such
near-field frequency mixing, because it needs nanometer-sized
optical tips and the high-precision control of the tip−sample
distance. To date, a large number of techniques have been
developed to overcome those challenges, and in the following, a
brief retrospect of the key developments is presented.

2.2. Tip−Sample Distance Control

Practically, a stable control of the tip−sample distance within
10 nm is commonly needed to achieve an efficient near-field
excitation. In fact, this stringent requirement was one of the
major reasons why SNOM was not realized until the invention
of STM.11,13 Indeed, at the early stage, electronic tunneling of
the STM technique was the main method for tip−sample
distance control in SNOM. However, because the tunneling
current technique needs conductive samples, it was gradually
replaced by other techniques later.

Today, the shear-force approach is the most used method for
tip−sample distance control in SNOM.11,13 In the shear-force
method, the tip vibrates in the direction parallel to the sample
surface at its resonance frequency. When the tip−sample
distance is smaller than 20 nm, shear-forces arise at the
resonance frequency, and consequently, the amplitude and
phase of the vibration are modulated. To detect such a weak
vibration, optical detection methods, particularly interference-
based techniques, were first introduced.41−43 However, due to
the undesired optical background induced by the optical
detection, later it was replaced by a nonoptical technique, the
tuning fork technique that was introduced by Karrai and
Grober.44 In their configuration, a tuning fork is mounted
alongside the tip and made to oscillate at its resonance
frequency. The amplitude is closely related to the tip−surface
distance. It is therefore possible to control the tip−sample
distance by using the vibrational signal of the tip in a way
similar to the case of the noncontact atomic force microscope
(AFM). In practice, the vibration amplitude of the tip in the
shear-force mode is smaller than 5 nm (today, it is normally
smaller than 1 nm).
It is worth noting that the tuning-fork-based tip−sample

distance control technique is one of the key innovations in
SNOM. It is sensitive and can detect sub-piconewton forces in
the ambient area,44 allowing a stable control of fragile fiber tips.
Although originally it was used to detect the shear force, the
tuning fork method was soon extended to the tapping mode,
where the tip is vibrating perpendicular to the sample surface.45

Particularly, in a vacuum, the tuning fork shows an extremely
high sensitivity. With the help of the Q-plus technique and
phase−lock−loop technique, today people can even resolve the
topology of single atoms in an ultra-high-vacuum environ-
ment.46−48

2.3. Conventional Aperture Tips

2.3.1. Tapered Fiber Tips. Making high-performance
optical tips is a requirement of SNOM. By far, the aperture
probe made of metal-coated tapered fibers is the most widely
used SNOM tip, because fiber tips are cheap and simple to
fabricate and can be conveniently coupled to laser sources and
detectors thanks to the rich fiber-optic tools in the market.
There are two major ways to fabricate the tapered fiber tip,

i.e., pulling and etching. The pulling technique was originally
used for the fabrication of a patch clamp, in which quartz
micropipettes were heated by a CO2 laser and pulled
subsequently to form a hollow probe. Later, this method was
adapted to make tapered fiber tips with all of the parameters
investigated in great detail.49 Fiber tips made by this pulling
technique have a smooth surface (Figure 2a). However, their
power transmission efficiency is low because the taper angle of
the pulled fiber is small (commonly smaller than 10°). The
etching technique, on the other hand, can produce tips with a

Figure 1. Spatial frequency mixing on grating samples. (a) Low-spatial-frequency information can propagate into the far field. (b) High-spatial-
frequency information is carried by evanescent waves, which are bounded on the grating surface. (c) Evanescent waves can be converted into
detectable waves by a sharp tip.
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large taper angle, but the surface smoothness and reproduci-
bility are poor.50 To solve these issues, a variety of etching
techniques were developed, for example, the tube etching
technique developed by Zenobi and co-workers, which utilized
the circulating flow of HF acid that formed in the plastic
protection tube of the fiber to create a smooth tip surface.51−53

Another important method was developed by Ohtsu and co-
workers, who successfully obtained a sharp and short
protrusion with a varied apex angle by utilizing the low etching
rate of a Ge-rich fiber (Figure 2b).54,55

2.3.2. Optical Transmission Coefficient of Tapered
Fiber Tips. The transmission coefficient and aperture size are
the most important optical parameters of an aperture tip, and
many theoretical works have been reported on the relation
between them. The most widely used model is the Bethe−
Bouwkamp theory, which describes the far-field and near-field
properties of light transmitted through a circular subwavelength
aperture.57,58 It shows that the far-field radiation of a
subwavelength aperture is equivalent to the far-field radiation
of a radiating magnetic dipole, consistent with the Babinet’s
principle.59 Despite the broad usage, the Bethe−Bouwkamp
theory is an oversimplified theory. It assumes a deep
subwavelength aperture on a flat screen made of a perfect
conductor, which is different from real experiments. To address
this issue, other techniques were also developed. For example,
Novotny and Hafner analyzed the power transmission by
treating the tip as a lossy waveguide.23 Their results indicate
that the power transmission is sensitive to the aperture size and
taper angle. For a 20 nm aperture on a narrow (10 degree)
tapered tip, only 10−12 of the incident power can go through
the aperture, and most of the incoming light is reflected or
becomes heat due to the absorption of the metal coating.
Another important factor influencing the power transmission
efficiency is the taper angle, δ. The mode-matching theory
shows that the transmission can be described by a simple
relation:

∝ δ−P
P

e Bout

in

cot

(1)

Here B equals 3.1 for a 20 nm aperture excited at 488 nm.7 The
result shows that the power transmission can be improved by 9
orders of magnitude by changing the taper angle from 10° to
45°. Methods for fabricating sharp fiber tips with a large taper
angle are therefore crucial for aperture SNOM.
In addition to the power transmission efficiency, the

brightness of the aperture tip is also related with the damage
threshold, which decides how much power one can couple into
the tip without causing damage. It is possible to improve the
brightness of an aperture probe by optimizing its metal
coating.51,60 More recently, in the field of plasmonics, it was
found that the thermal stability of a metallic structure can be
improved substantially by depositing a thin layer of Al2O3 on it

by atomic layer deposition (ALD). With the advance of thin-
film techniques, one can expect significant increase of the
damage threshold for aperture tips in the future.

2.3.3. Other Aperture Tips. Besides the fiber tip, in order
to achieve a large taper angle, other types of aperture probes
were also developed. One example is the metal-coated pyramid
probe fabricated by Minh et al.61 The tip was made of a SiO2
pyramid on a Si cantilever and can be directly used in a
commercial AFM instrument (Figure 3b). With a large apex

angle, this type of tip exhibits a high power transmission, and in
the original paper, 1% power transmission was reported with a
100-nm-sized aperture. Another interesting type of aperture tip
is the aperture-tetrahedral tip developed by Fischer (Figure 3c).
With a relatively high power transmission, a spatial resolution
of 30 nm was demonstrated.62

3. NEAR-FIELD RAMAN NANOSPECTROSCOPY
Soon after the invention of SNOM, researchers started to
realize the potential of SNOM in nanoscale chemical analysis
by using Raman spectroscopy. Countless efforts were made to
develop the near-field Raman technique. In this part, we
present a retrospect of aperture-SNOM-based Raman spec-
troscopy and discuss its key parameters, such as spatial
resolution and signal-to-noise ratio, in comparison with other
Raman imaging techniques.
3.1. Raman Spectroscopy

Raman spectroscopy is a type of vibrational spectroscopy,
named after the Indian physicist Chandrasekhara Venkata
Raman, who discovered this phenomenon in the 1920s and
received the Nobel Prize in 1930.63−65 Figure 4 shows basic
processes that occur for a molecule to scatter light. The Raman
frequency shifts reflect the strength of chemical bonds and can

Figure 2. Tapered fiber tips fabricated by thermal pulling (a) and
chemical etching (b). Reproduced with permission from ref 56.
Copyright 2000 AIP Publishing LLC.

Figure 3. Aperture probes. (a) Al-coated tapered fiber tip. Reproduced
with permission from ref 56. Copyright 2000 AIP Publishing LLC. (b)
Metal-coated SiO2 pyramid tip on a Si cantilever. Reproduced with
permission from ref 61. Copyright 2000 AIP Publishing LLC. (c) Al-
coated tetrahedral probe with a 30 nm aperture. Reproduced with
permission from ref 62. Copyright 2002 American Physical Society.

Figure 4. Energy diagram for Rayleigh and Raman scattering.
Depending on the relative energy levels of the initial and final states,
light scatterings can be classified into three groups, i.e., the Rayleigh
scattering component, Stokes component, and anti-Stokes component.
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be used as the “fingerprint” of the molecule. One can therefore
identify chemical substances in a sample with Raman spectra.
The differential cross section of the normal Raman scattering

(NRS) of a chemical bond, σNRS, is typically 10−31 ≤ σNRS ≤
10−29 cm2/sr in the visible and near-infrared spectral regime.22

When the excitation wavelength is closed to the electronic
transition wavelength, resonance Raman scattering (RRS)
occurs and the cross-section, σRRS, can be as high as 10−24−
10−23 cm2/sr, several orders of magnitude larger than σNRS, but
it is still 10 orders of magnitude smaller than the absorption
cross-section associated with the electronic transition of a
fluorescent molecule. Because of the extremely small scattering
cross-section, Raman spectroscopy was not immediately
implemented in real applications after its discovery. This
situation did not change until the 1980s when the solid-state
laser, notch filter, and high-quality charge-coupled device
(CCD) were available.
3.2. General Setup

A typical near-field Raman microscope consists of a micro-
Raman spectrograph and a near-field scanning unit with the tip
aligned along the optical axis, as depicted in Figure 5. The near-

field scanning unit functions as an additional zooming device,
which extends the spatial resolution of the micro-Raman system
into the nanometer scale. A typical scanning unit includes a
coarse approaching motor in the z-direction and a feedback
system that provides a stable control of the tip−sample
distance.
Depending on the incident excitation, a near-field Raman

microscope can be divided into two groups, an aperture-SNOM
Raman spectrograph, which implements a tip with a nano-
aperture to deliver laser excitation into the nanoscale, and a
scattering-SNOM Raman spectrograph, which uses an
apertureless tip with far-field excitation. In addition, there are
also tips that do not have a physical aperture but utilize a
tapered surface plasmon waveguide to confine the light into the
nanoscale on the sample. In this work, we categorize this type
of tip as an aperture tip, because their working principle, as well
as the experimental setup, is similar to the conventional
aperture-SNOM.
Commonly, a near-field Raman system is capable of

performing both normal micro-Raman and near-field Raman
spectral mapping. When the SNOM tip is retreated from the
sample surface, the near-field Raman spectrograph can function

as a normal micro-Raman system. To do near-field Raman
mapping, one only needs to bring the tip into the near-field
regime and use it to excite the sample. To obtain an image,
raster scanning is utilized in the near-field Raman system.
Different from the commercial micro-Raman system, in which
the beam-scanning mode is often implemented, most of near-
field Raman systems choose the sample scanning, with which
the tip (i.e., the excitation spot) can stay aligned with the
collection optics throughout the mapping process.

3.3. The Signal Strength in Near-Field Raman Spectroscopy

One of the major challenges in the field of Raman
spectroscopy, especially for the near-field Raman mapping, is
that the Raman scattering cross section of molecules is
extremely small. In the following, we discuss the Raman signal
strength in the case of aperture SNOM and further make a
comparison with the normal micro-Raman and TERS in order
to show the limit and potential of the AT-NFRS technique.

3.3.1. Signal Strength in Micro-Raman. For simplicity,
we start with the normal micro-Raman (i.e., the far-field
Raman). The strength of the Raman signal depends on the
sampling volume, Vexc, which is determined by the spatial
resolution in both lateral and axial directions of the system, as

shown in Figure 6. For a micro-Raman system, the spatial
resolution in the lateral and axial directions is

λΔ =x 0.61
NAFF (2)

and

λΔ =z
2

NAFF 2 (3)

,respectively.7 Here, NA is the numerical aperture of the
objective and λ is the excitation wavelength. If the density of
the sample molecule (or bond) is nanal, there are N = nanalVexc
molecules (or bonds) detected by the system, and the total
Raman cross section of those molecule becomes Σ = Nσ. Here,
the coupling between molecules in the scattering process is
neglected because the Raman scattering cross section of
molecules (σ) is extremely small. Then the power of the
Raman scattering is Σ/Iexc and can be written as

σ η= _P n V IRS RS anal FF exc exc (4)

Figure 5. Schematic of near-field Raman microscope based on (a)
aperture-SNOM and (b) apertureless-SNOM, (i.e., TERS). Figure 6. Schematic of different excitation methods for the Raman

microscope: (a) conventional far-field micro-Raman, (b) AT-NFRS
technique using a tapered fiber tip, and (c and d) TERS with
transmission illumination and side illumination, respectively.
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In practice, it is the excitation power, Pexc = IexcAexc, instead of
the light intensity that is commonly used; we then write the
power of the Raman signal as

σ
η= _

_
P

n V
A

PRS
RS anal FF exc

FF exc
exc

(5)

Here, η is the collection efficiency of the system and AFF_exc =
πΔx2/4 is the cross-section of the far-field excitation in the
lateral direction.
We take a pure organic molecule sample as an example. The

typical differential cross-section is ∼10−30 cm2/sr for an organic
molecule, and the total cross-section can reach 10−29 cm2/sr
when an objective with a large NA is used. When it is excited by
a 10 mW green laser (532 nm) via an objective with NA = 0.9,
the excitation/sampling volume is around 1 fL. Assuming that
there is ∼1 molecule per 1 nm3, approximately 1010 molecules
are excited. If the cross section of normal Raman scattering is
10−30 cm2/sr, there are about 104 photons (∼10−14 W)
exchanging energy with the photon modes and exhibiting a
Raman shift. This is a very weak signal and can only be
effectively measured by single-photon counting devices or
advanced CCD cameras. This is the reason why micro-Raman
was not broadly used for chemical analysis until the 1980s,
when high-performance CCD cameras became available.
3.3.2. Signal Strength of Near-Field Raman Excited by

an Aperture Tip. The signal strength in AT-NFRS measure-
ments can be estimated using a similar approach. The major
difference is that, instead of using a focused laser beam, the AT-
NFRS implements a nanometer aperture to create a local light
source. When the aperture size of the tip is much smaller than
the wavelength of the light source, the light emitting from the
tip can consist of wave vector components large than the wave
vector of the light source because of the small aperture size.
Different from the propagating components, there are strong
near-field components, which cannot propagate into the far-
field zone. The near-field components can be effectively
described as the local field enhancement, as depicted in Figure
6b, Therefore, to calculate the Raman signal, an additional
enhancement factor, gexc = |Eloc|

2/|Eexc|
2, needs to be added into

eq 3. Moreover, due to the reciprocity in electromagnetism, the
radiation process of the Raman scattering is also enhanced by a
factor of gexc = |Eloc|

2/|Eexc|
2.22 Therefore, in the case of near-

field Raman scattering, eq 4 becomes

σ η=P n V I gRS RS anal exc exc exc
2

(6)

eq 6 can also be rewritten by substituting Iexc with Pexc/ANF_exc

σ η= _
_

P n V
P

A
gRS RS anal NF exc

exc

NF exc
exc

2

(7)

Here, VNF_exc and ANF_exc are the near-field excitation volume
and area with an aperture probe.
In a typical aperture-SNOM, the size of the aperture (i.e.,

ΔxNF) is approximately 100 nm and the wave vector kz along z-

direction is about π λ π− Δx(2 / ) (2 / )0
2

NF
2 ; thus, the

enhanced evanescence field is confined in a few tens of
nanometers (1/|kz|) in the z-direction, and the resulted
excitation volume is approximately 105 nm3, which is 3 orders
of magnitude smaller than the case of micro-Raman. Although
the excitation area is 2 orders of magnitude smaller and there is
often an enhancement factor of |gexc|

2 normally in the range of
10−100-fold due to the nanoscale roughness on the tip, the
resulting signal is roughly 2−3 orders of magnitude smaller
than the case of micro-Raman. This low signal level makes AT-
NFRS experiments extremely challenging and only doable for
samples with strong Raman effects, such as pure samples,
molecules with resonance-Raman effects, and surface-enhanced
Raman substrates. In fact, even for a pure sample, such as
diamond thin film, at least 1 min is needed to collect a Raman
spectrum at one sampling point.66

3.3.3. Signal Strength in Tip-Enhanced Raman Spec-
troscopy. In contrast to the aperture SNOM, TERS exhibits a
much higher signal strength and even allows the detection of a
single molecule, although the near-field excitation volume is 2−
3 orders of magnitude smaller. The key to the high sensitivity in
TERS is the giant local field enhancement generated at the
sharp metal apex. When a metallic substrate is used, the
enhancement factor can reach 107 or even larger, which leads to
a signal ∼104 times higher than normal micro-Raman
measurements.37,38,67−70

However, when a transparent bulk sample is used, the
enhancement factor is often much smaller, normally in the
range of 102−105.71 In this case, the near-field Raman signal
from the tip apex is comparable or even smaller than the
background generated by the far-field excitation (Figure 6c,d),
making it impossible to retrieve the near-field information.
Especially, in the case of thick samples, one needs to use a long
working distance objective lens (consequently, a small NA) to
excite and collect light from the side (Figure 6d), and this leads
to an even higher background (such as fluorescence of the
substrate and noise) than in the case of transmission type
TERS (Figure 6c).
Today, the high background induced by far-field excitation

has becomes one of the major issues in TERS. Only low-
dimensional materials, e.g., carbon nanotubes, fullerenes, and
thin films, are commonly studied by TERS, and examination of
bulk samples is still a challenging task for the TERS technique.

4. APPLICATION OF NEAR-FIELD RAMAN
SPECTROSCOPY

In the previous section, a brief discussion of near-field Raman
has been presented for its feasibility in the vibrational
spectroscopy at the nanoscale. Although the near-field Raman
signal is extremely weak, as estimated in Table 1, researchers
managed to obtain the near-field Raman spectra with an
unprecedented spatial resolution of important sample systems
using aperture tips, including inorganic crystals, polymer thin
films, surface-enhanced Raman scattering (SERS) substrates,
and liquid−liquid interfaces. Many new phenomena distinct
from conventional far-field Raman spectroscopy were found.

Table 1. Raman Signal Strengths of Different Raman Techniques

Vexc (nm
3) Aexc (nm

2) gexc
4 Pexc PRS (W)

micro-Raman (NA = 0.9, 532 nm) 5 × 108 2 × 105 1 1 μW−10 mW 10−14

aperture SNOM (100 nm aperture) 106 ∼104 10−100 1 nW−1 μW 10−17−10−16

TERS (10 nm tip) 103 102 103−107 ∼1 mW 10−14−10−10
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4.1. Nonresonant Near-Field Raman Detection of Inorganic
Materials

In the past decades, AT-NFRS has been successfully used to
characterize chemical and optical properties of many inorganic
materials, such as the potassium titanyl phosphate (KTP)
crystal,72 Si/SiO2-based samples,20,73−75 and diamond.51,66,76

The first AT-NFRS measurement was performed on Rb-
doped KTP crystal, a widely used nonlinear optical material, by
Jahncke et al. using Al-coated tapered optical fibers.72 With its
strong Raman response and doping tunability, KTP crystal was
considered an excellent candidate for nano-Raman investiga-
tions. Jahncke et al. showed that the intensity of the vibrational
mode at 767 cm−1 was almost doubled in the Rb-doping region
in comparison with the KTP bulk, as shown in Figure 7. The

enhancement of this vibration mode was explained as the
localized stress induced by the Rb-doping effect. In comparison
with the far-field micro-Raman that was measured in exactly the
same experimental environment, the near-field optical feature,
such as the Rayleigh tail, was also observed.72

Other types of popular samples in early near-field Raman
studies were Si- and SiO2-based samples.20,73−75 For example,
Grausem et al. measured the AT-NFRS spectra of a square grid
of SiO2 dots on a Si substrate using an Al-coated tapered tip.
The characteristic Si vibrational mode at 523 cm−1 was
recorded in this near-field spectrum. When the SNOM tip was
moved from the Si substrate to a SiO2 dot which was 100 nm
thick, the near-field Raman scattering from the Si substrate
disappeared. This provided a direct proof for the subwavelength
resolution of AT-NRFS in the z-direction.73 In comparison
with the far-field Raman spectrum, for that obtained by micro-
Raman spectroscopy, the near-field Si vibrational mode displays
an asymmetric profile, 7 cm−1 for the half-width of the low-
wavenumber side and 11 cm−1 for the half-width of the high-
wavenumber side. The spectrum also presented a Raman shift
of 10 cm−1. The results imply that the dominant contribution of
the Raman signals comes from the crystalline unit cells close to
the surface, where the stress is much less than for those in the
bulk Si.73

Efforts were also made to study local mechanical stresses in
Si wafers using the AT-NFRS technique. For instance, Webster
et al. measured the near-field Raman spectra of a damaged Si
sample with a scratch in the Si(001) surface, approximately 2

μm wide and 100 μm long, as shown in Figure 8a.75 The
intensity of the Si Raman mode decreased when the SNOM tip

approached the scratch edge, and the signal finally disappeared
when the tip moved into the scratch (Figure 8b). This decrease
of the near-field Raman intensity was explained as the result of
the phase transformation induced by the high pressure during
the scratching. Meanwhile, the Raman mode shifting was
observed to be a function of the distance from the scratch,
which indicated the compressive stress in the Si substrate.
The scratch directly on the SiO2 surface was also investigated

using AT-NFRS, where the near-field Raman was measured 5 h
after the scratching.74 Different from the previous work,75

where no Raman signal was detected for the scratched Si due to
the stress, the freshly grown SiO2 with a Raman peak at 500
cm−1 and the Si Raman mode at 519.7 cm−1 were observed.
AT-NFRS was also used to study Raman scattering from

other semiconductors, for example, the longitudinal optical
(LO) phonon of ZnSe and GaP crystals.66 Figure 9a−c shows
Raman spectra of a (110)-oriented GaP single crystal under 514
nm laser excitation, revealing the transverse optical (TO) mode
at 365 cm−1.66 Both far-field and near-field Raman spectra
obtained with uncoated and Al-coated tips were plot and
compared in detail. A significant background from Raman
scattering was exhibited for the case of uncoated tip in the
range up to 500 cm−1, which was explained as light leakage
from the side wall of the optical fiber. This background noise
was eliminated when the tip was coated by the Al.
Besides traditional semiconductors, many AT-NFRS works

were focused on bulk and CVD-grown diamond.51,66,76 With its

Figure 7. (a) Near-field Raman spectra from the KTP and the
rubidium titanyl phosphate (RTP) regions of the sample. The noise of
these spectra is 1.1 counts/s. (b) Three Raman spectra on the KTP
crystal obtained with the same spectrometer and detector as shown in
panel a: (spectrum a) micro-Raman spectrum taken with a
conventional optical microscope, (spectrum b) Raman spectrum
taken by the SNOM with the fiber probe in the far-field, and
(spectrum c) near-field Raman spectrum. For all spectra the excitation
source was an argon ion laser with a wavelength of 514.5 nm.
Reproduced with permission from ref 72. Copyright 1996 John Wiley
and Sons.

Figure 8. (a) Topography image of the scratched Si sample. The inset
is an enlargement of the area of near-field Raman mapping; the scale
bar is 1 mm, and labels i−iv indicate locations from which Raman
spectra in panel b were obtained. (b) Near-field Raman spectra
obtained from points i−iv by using AT-NFRS with 60 s integration
time under 633 nm laser excitation. Reproduced with permission from
ref 75. Copyright 1998 AIP Publishing LLC.
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high structure symmetry and simple chemical composition,
bulk diamond shows only one Raman mode at 1332 cm−1. On
the contrary, in the case of grown diamonds, a broad
background signal from 1200 to 1600 cm−1 was observed due
to the existence of graphitic carbon, as shown in Figure 9.65

The near-field Raman results also show that the ratio of carbon
to diamond contributions seriously depends on the sample
positions (Figure 9d), whereas only weak variation of carbon to
diamond ration could be observed with the far-field micro-
Raman spectroscopy that was also performed at various
positions on the same sample. This result directly demonstrated
the capability of the AT-NFRS technique for nanoscale analysis.
A polishing diamond with a uniform and highly stable surface

was further investigated by using a specially designed AT-NFRS
system.77 Figure 10a shows the schematic of the instrument. Al-
coated, tapered, optical fiber probes were used for the
illumination. The shear-force signal provided a topographic
image of the surface as shown in Figure 10b. Transmitted light
was collected by an objective lens above the sample, and the
reflected light was collected with a combination of an ellipsoidal
mirror and a second objective lens. The near-field Raman
spectra of the diamond crystal surface for the transmission and
reflection measurements are shown in Figure 10c,d. Besides the
diamond Raman mode at 1332 cm−1, new features at lower
wavenumbers that corresponds to the SiOx Raman scattering
generated from the SNOM optical fiber were also detected in
the transmission. This Raman spectral difference can be
explained as the radiation from the SNOM tip being
asymmetrically distributed in the transmission and forward
direction, while the Raman scattered light from the sample is
nominally symmetrically distributed between forward and
backward directions.
Figure 10e,f shows the dependence between near-field

Raman intensity and the tip−sample distance. With the tip−
sample distance increasing, the detected Raman intensity
rapidly decreased and almost disappeared. This loss of signal
with increasing distance is a specific character for the near-field
optics, where the near-field from an aperture tip decays

exponentially with a characteristic length given by its lateral
dimensions. The solid lines in Figure 10e,f are exponential fits
to the data for the transmitted and reflected Raman
measurements, which are consistent with the near-field decay
measured with an aperture probe by Obermüller et al. in the
previous work.78

4.2. Near-Field Resonant Raman Scattering

AT-NFRS was also used to characterize the resonant Raman
scattering from organic materials, especially polymers exhibiting
resonant Raman scattering.21,79−83 In 1995, Smith et al.
performed the first molecular near-field Raman experiment
with a subwavelength aperture probe by using the shear-force
feedback.21 With the improved stability of the instrument, the
polydiacetylene (PDA) molecule was first to be used for
resonant Raman signal detection under an excitation laser of
633 nm.80

PDA molecules with different sizes from a few hundred
nanometers to several micrometers dispersed on a glass slide
were measured by AT-NFRS with an Al-coated optical fiber
probe. Figure 11a,b shows the resonant near-field Raman
spectra of the PDA molecule with its characteristic vibration
modes at 1465 and 1485 cm−1. The near-field line scan
indicated that the width of this molecule was about 600 nm,
which was slightly wider than the estimation made from the
confocal microscope inspection. At the same time, the
preresonance Raman scattering of the polyphenylenevinylene
(PPV) film was also investigated, as shown in Figure 11c. The
background signal was mainly due to the 675 nm excitation
laser, which can introduce strong autofluorescence from the
sample. The near-field Raman scattering could be effectively
improved when the excitation laser was changed to 850 nm.21

Figure 9. Raman spectra obtained from a GaP(110) surface (a) with
conventional micro-Raman and a 100× (0.95 NA) objective lens, (b)
with AT-NFRS but employing an uncoated optical fiber tip, and (c)
with AT-NFRS and an Al-coated tip. The excitation wavelength was
514.5 nm, and the incident power was 20 mW for panel a and 50 mW
for panels b and c. (d) Near-field Raman spectra of CVD-grown
diamond and graphitic carbon at different positions on the sample.
The averaging recording time was between 30 min and 1 h.66

Reproduced with permission from ref 66. Copyright 1998 Elsevier.
Figure 10. (a) Schematic of the SNOM for the simultaneous
acquisition of the transmission and reflection AT-NFRS signal. (b)
Topographic image of the diamond crystal surface. (c, d) Near-field
Raman spectra of a diamond crystal (∼100 mm thickness) recorded by
SNOM in transmission and reflection mode. (e, f) Dependence of the
diamond Raman intensity at 1332 cm−1 on the tip-to-sample distance
for the SNOM transmission and reflection mode. The excitation
wavelength for all of the experiments was 488 nm, and the integration
time was 5 min. Reproduced with permission from ref 77. Copyright
1999 Elsevier.
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AT-NFRS with subwavelength resolution (∼120 nm) was
further used on organic thin films of tetracyanoquinodimethane
(TCNQ).84 This TCNQ film can be considered as an efficient
Raman scatterer with a strong electron acceptor, and it forms a
variety of charge-transfer complexes with inorganic and organic
donors.84 Figure 12a is the near-field Raman scattering image of

the TCNQ film, where the darker area (position B) shows that
the signal was attenuated in comparison with positions A and
C. This Raman intensity change indicated the presence of a
strongly absorbing material, such as the Cu−TCNQ aggregates,
which was verified by the vanishing of the Raman activity at
1453 cm−1 in position B (Figure 12b). Near-field Raman
spectra were acquired on sites A and B (Figure 12c). The
spectrum of site A displayed the chemical fingerprint of the
neutral TCNQ with the most intense peaks at 1453 cm−1 (C
C wing stretching), 1196 cm−1 (CC−H bending), 1600

cm−1 (CC ring stretching), and 2221 cm−1 (CN
stretching) superimposed onto an elastic stray light back-
ground. A clear shift of the 1453 cm−1 peak toward 1381 cm−1

was found in the position B spectrum, proving the occurrence
of salt in this area. For the spectrum of position C, the
background baseline remained the same as the one of position
A but with an obvious intensity change for the Raman peak at
1453 cm−1.

4.3. Near-Field Study of SERS Using Aperture Tips

In addition to applications in material science, the subwave-
length spatial resolution of SNOM makes it a powerful tool for
investigating important nano-optical phenomena, e.g, SERS. In
SERS, nanostructured metallic substrates are used as an
antenna to enhance the excitation and emission process of
Raman scattering.22 Its mode intensity, polarization, and
selection rule are highly dependent on the local geometry
because of the localized surface plasmon resonances.37 By
combing aperture SNOM with SERS, the spectral, spatial, and
chemical information on organic molecules, as well as the
topology of the substrates, can be obtained simultaneously with
a subwavelength lateral resolution. This provides valuable
information for understanding the mechanism of SERS
phenomena.81−83

To demonstrate the capability of AT-NFRS, the SERS
spectra of Rhodamine 6G (R6G) and cresyl fast violet (CFV)
on Ag substrates were measured using AT-NFRS with a short
exposure time and a larger signal-to-noise ratio.81,82 The
dependence of the Raman enhancement on the substrate
morphology was revealed. The weakest Raman signal was
recorded on a 500-nm-sized Ag particle (position C), whereas
the maximum SERS intensities were found over or between a
number of small Ag nanoparticles, as shown in positions A and
B of Figure 13. This strong spatial variation of the SERS
intensities indicates: (i) a reflectivity difference due to the local
topography; (ii) concentration variations of the tested
molecules, and (iii) localized Raman variations due to the
specific environment.
To understand the origin of the “hot spots” in single-

molecule SERS, Emory and Nie measured the near-field Raman
spectra of single Ag colloidal nanoparticles with excitation
intensities as low as 10 nW using AT-NFRS with an Al-coated
fiber probe.83 As shown in Figure 14a−d, the Raman signals of
R6G molecule at 1653, 1570, 1513, 1363, 1314, and 1183 cm−1

arise from the symmetric in-plane C−C stretching vibration
modes that were resonance-enhanced under 514 nm laser
excitation. A direct comparison of the near-field and confocal
results shows that near-field optical excitation did not lead to
significantly different selection rules in Raman spectroscopy.
This is an advantage of the aperture SNOM in comparison with

Figure 11. (a) Resonant near-field Raman spectra of a PDA molecule as a function of the positions on the sample. Each spectrum took 30 s to
acquire. (b) The intensity of the 1485 cm−l shift of the spectrum in panel a as a function of position across the PDA molecule. The excitation
wavelength was 633 nm. (c) A preresonance Raman spectrum of a PPV thin film. Each PPV spectrum took 60 s to acquire. Reproduced with
permission from ref 21. Copyright 1995 Elsevier.

Figure 12. (a) Elastic and (b) Raman scattering map at 1453 cm−1

acquired on a border between a TCNQ area (indicated with A and C)
and a Cu−TCNQ cluster (indicated with B). The Raman spectra,
shown in the top plot of panel c, were acquired respectively at
positions A (light gray curve) and C (black curve). They displayed the
typical TCNQ peaks with different intensities superimposed onto a
constant background. In the spectrum acquired at position B (bottom
plot of panel c), the shift of the 1453 cm−1 peak toward 1381 cm−1 was
observed, representing the chemical fingerprint of the Cu−TCNQ
compound. The TCNQ Raman spectrum was obtained with an
excitation power of ∼100 nW and an integration time of 300 ms per
point, while the Cu−TCNQ spectrum required an integration time of
5 s per point to evidence the frequency shift with an appreciable signal-
to-noise ratio. The excitation wavelength for all the experiments was
514.5 nm. Reproduced with permission from ref 84. Copyright 2003
The Optical Society.
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the apertureless one (TERS), where different Raman selection
rules may be expected in the near-field because of the complex
tip−sample interactions and the presence of a significant z-
component in the electromagnetic field at the tip periphery.83

To understand the SERS phenomena further, Anger et al.
measured the SERS spectra of R6G molecules on Ag
nanoclusters using low-temperature aperture-SNOM.16 Near-
field Raman spectra from room temperature down to 8.5 K
were recorded. At 8.5 K, the enhanced Raman spectra of R6G
exhibited a much higher signal-to-noise ratio than in the case of

room temperature. Lines at 524, 460, and 405 cm−1,
corresponding to torsional and flexural modes of the xanthene
structure of the R6G molecules, clearly appeared, while these
Raman lines could not be easily seen at the room temperature
because of the fluorescence background. In addition, with the
decreasing of the measurement temperature from 300 to 8.5 K,
an anti-Stokes line was found to be shifted and finally vanished
when the sample was cooled down. This is because the
population of the excited state of the vibrational modes
decreases with temperature.
In the same work, Anger et al. also correlated the low-

temperature near-field SERS with the topology of the sample.16

They mapped the Raman spectra of a R6G molecule across an
Ag cluster at 77 K. One can see the change from fluorescence
toward the Raman signal of the dye molecules within the Ag
cluster. This can be explained by the quenching effect of the Ag
cluster.
4.4. Near-Field Raman Spectroscopy at Liquid−Liquid
Interfaces

Besides solid-state samples, AF-NFRS can also be applied to
liquid samples. As discussed in section 3, one of the biggest
advantages of an aperture-SNOM system is the small excitation
volume, which allows AF-NFRS to excite the sample locally
without introducing background from the environment. This
unique property makes AF-NFRS a powerful tool for analyzing
low-dimensional systems in liquid environments that are
difficult for other analytical methods due to the background
issue.85

One such system is liquid−liquid interfaces, which play an
important role in physics, chemistry, and biology.86,87 To filter
out Raman signals generated at the interface from the
background generated by bulk solutions, De Serio et al.
developed an AT-NFRS-based system and investigated the
Raman spectra of liquid−liquid interfaces with subwavelength
spatial resolution.60,86 The AT-NFRS system for interface
investigation is shown in Figure 15. Near-field excitation was

used. The 488 nm line of an argon laser (2.5 mW) was coupled
to the metalized fiber tip (100 nm aperture), and the Raman
signals were collected in the far-field. During measurements, the
tip was fixed and the liquid−liquid interface was moved across
the tip apex using a piezo-stage. Because the excitation field
only extended for tens of nanometers in theory, one should be
able to see the signal from the interface. Indeed, in this work, a
blue shift of the O−H stretching mode was observed at the
interface (Figure 15b), implying a weakening of the
intermolecular interactions at the interface.

Figure 13. (a) AFM image of the CFV sample with three marked
points, A−C, and (b) near-field SERS spectra of CFV on a Ag
substrate recorded at corresponding positions A−C. The sample stage
drift was 50 nm/image, and the spectral resolution was less than 10
cm−1. The incident laser wavelength was 514 nm, and the exposure
time of the CCD camera was 100 s. Reproduced with permission from
ref 81. Copyright 1998 Elsevier.

Figure 14. (a, c) Near-field and (b, d) confocal surface-enhanced
Raman spectra of R6G and 3-hydroxykynurenine molecules adsorbed
on a single Ag nanoparticle. The incident laser wavelength was 514.5
nm, and the laser power was 10 nW (a), 2.5 μW (b), 30 nW (c), and
0.4 μW (d). The integration time for the Raman measurements was 30
s (a), 10 s (b), 10 s (c), and 60 s (d). Reproduced from ref 83.
Copyright 1997 American Chemical Society.

Figure 15. Near-field Raman spectroscopy of a liquid−liquid (CCl4−
H2O) interface. (a) Schematic of the setup. (b) Change of the Raman
water band. The black curve and blue curve were the measured water
band before and after the tip reached the interface, respectively.
Reproduced with permission from ref 60. Copyright 2006 Elsevier.
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Though only how Raman signals change in the direction
normal to the interface was investigated, the results shows the
potential of AT-NFRS for investigating interfaces or membrane
systems in liquid environments.

5. RECENT ADVANCES IN TIP DESIGN
From the above discussions of the applications of near-field
Raman, although the AT-NFRS technique had some successes,
after 2000, the number of publications on aperture-SNOM
dropped abruptly and people’s interest shifted to apertureless-
SNOM techniques because of the relatively poor spatial
resolution and low signal intensity of conventional aperture-
SNOM. Meanwhile, after 2000, other nano-optics-related areas
experienced a rapid growth, and new concepts, such as
plasmonic nanoantennas, extraordinary transmission, and
metasurfaces, were reported. This brings a lot of new
opportunities to the field of aperture-SNOM. In this part, we
review those new developments in the context of attaining
high-performance aperture-SNOM.
5.1. Extraordinary Transmission

In parallel to the development of aperture-SNOM, Ebbesen
and co-workers88 demonstrated that the transmission of
subwavelength apertures can be increased due to the excitation
of surface plasmon polaritons (SPPs) when a periodic
arrangement was used. This idea was later extended to the
case of a single subwavelength nanoaperture by Lezec and co-
workers.89,90 They demonstrated that with nanofabricated
gratings, the transmission and directivity of light can be
improved dramatically (Figure 16a). With the enhanced

transmission, Brolo et al.91 demonstrated surface-enhanced
Raman spectroscopy using periodic nanoholes. In the future, it
would be interesting to use this phenomenon to improve the
performance of aperture tips.
5.2. Nanostructured Aperture Tips

In 1990s, Pohl and other researchers pointed out that the
SNOM tip is an optical antenna.92 This idea did not gain much

attention until a decade later, when plasmonic nanoantenna
emerged as a new research field. Inspired by the nanoparticle-
based antennas,93,94 attempts were made to use subwavelength
aperture antennas to improve the light coupling efficiency and
enhance the local light intensity. Typical designs include the C-
shaped aperture (Figure 16b), bow-tie-shaped aperture, and
nanohole pair.95,96 These designs provide high local field
intensity and lead to extreme light confinement, which has been
demonstrated as efficient for trapping and detecting nano-
particles and even single molecules.
Although the aperture antennas are capable of creating large

field enhancement, it is difficult to use them as SNOM tips
because the electric fields are normally localized inside the
aperture and cannot be used to excite the sample efficiently.
Interestingly, in SNOM measurements, people found that the
nanometer roughness of the metal coating on the tip apex often
gave unexpectedly strong signals due to the lightning rod effect
of small local protrusions. Using this principle, Keilmann and
co-workers grew a tiny metal tip on the side of a nanoaperture
to draw the field out of the aperture and form a large local field
enhancement at the apex of the metal tip.99 With this type of
hybrid tip, a single-molecule fluorescence image with 25 nm
resolution was obtained. Later, this idea was further developed
by van Hulst and co-workers, who showed that when the
additional metal probe reached the resonance condition with
the excitation wavelength, the local light intensity under the tip
apex could be enhanced by 3 orders of magnitude (Figure
16c).39 Considering 1 μW of laser coupled out of the aperture
(100 nm in diameter), g4 is approximately 106 times and Vexc is
25 × 25 × 10 nm, so the Raman power of a pure sample is
approximately 10−15 W, which is comparable to the signal
strength of a conventional TERS measurement (Table 1)
Another promising design of the aperture-antenna tip is the

campanile-style tip reported by Bao et al.97,100 As shown in
Figure 16d, the campanile uses a pair of opposite triangular Au
films to squeeze the light into a 40 nm area with 2 orders of
magnitude field enhancement at the tip top. To some extent, it
can be treated as a 3D bow-tie antenna with the two arms
folded into a waveguide. Using eq 6, we can estimate the
intensity of the Raman signal for this hybrid resonant probe,
and it is 6 orders higher than the conventional probe, making it
an attractive candidate for nano-Raman measurements.

5.3. Plasmonic-Waveguide-Based Near-Field Tip

The essence of aperture-SNOM is to use a waveguide to deliver
and confine the photons into the nanoscale without the far-field
excitation-induced background, which is suffered by the
apertureless-SNOM technique.61,101,102 It is therefore interest-
ing to use a tapered plasmonic waveguide instead of a tapered
fiber to confine light into the nanoscale. Because of the large
spatial frequency k and no need for a physical aperture,
plasmonic-waveguide-based near-field probes offers much
better spatial resolution and a higher power transmission
efficiency, which are crucial for nano-Raman mapping.
Interestingly, the above-described design principle can be

found in one of the earliest types of SNOM tips, the metal-
coated tetrahedral tips created by Fisher and co-workers. With
the help of the tetrahedral tip, Raman mapping with a 30 nm
spatial resolution was demonstrated.103,104 Later, Oh and co-
workers developed a microfabrication-based technique that
allowed the mass production of high-quality pyramid tips with a
high yield.105 Another example belonging to this category is the
grating-coupled plasmonic tip reported by Raschke and co-

Figure 16. (a) The SEM image of a plasmonic nanoaperture
surrounded by gratings, which exhibits an extraordinary transmission
effect. Reproduced with permission from ref 90. Copyright 2002 The
American Association for the Advancement of Science. (b) C-shaped
antenna probe. Reproduced with permission from ref 95. Copyright
2013 Nature Publishing Group. (c) Monopole antenna on the top of
an aperture probe. Reproduced from ref 39. Copyright 2007 American
Chemical Society. (d) Side view of the campanile-style tip. The inset
shows the nanometer gap at the tip apex. Reproduced with permission
from ref 97. Copyright 2012 The American Association for the
Advancement of Science. (e) SEM image of a fabricated grating-
coupled plasmonic tip. Reproduced from ref 98. Copyright 2007
American Chemical Society.
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workers (Figure 16e).98 Using an optimized Au tip, they were
able to localize the light into an area of ∼10 nm with 105-fold
enhancement.

6. PERSPECTIVE
In the last couple of decades, driven by the rapid growth of
nanoscienc and nanotechnqiues, many near-field optical
techniques have been developed for nanoscale analysis,
including AT-NFRS,51 TERS,25,33 and nano-IR techni-
ques.28,106−108 In this review, we focus on the AT-NFRS
technique and cover the historical development of the
instrumentation and applications of the AT-NFRS technique
with the emphasis on its advantages and limitations. Although
the signal intensity and spatial resolution of the AT-NFRS did
not reach researchers’ original expectations and fewer results
were published after 2000, its small excitation volume and the
consequent low background make the aperture-tip technique
still feasible for many important samples that cannot be
measured with other optical nanospectroscopy methods.
Moreover, recent progress shows that the power transmission
efficiency and local field intensity supported by aperture tips
can be significantly improved by using new tip designs. From
this prospect, we think that there is still much room for the
development of the aperture-SNOM-based Raman technique.
Indeed, driven by the rapid advances in the field of

plasmonics and nanofabrication techniques, aperture-SNOM
is experiencing a renaissance, with new aperture tips or related
plasmonic designs reported frequently. An inspiring example is
the hybrid structure of aperture and bowtie antenna
demonstrated by Ahmed and Gordon.109,110 In their work, a
plasmonic dipole antenna was placed at the center of a
nanoaperture, which reduced the detection volume and
depressed the background significantly. Another important
example is the aperture−rod hybrid SNOM tip, reported by van
Hulst and co-workers, discussed in section 5.39 It will be
interesting to see this design principle be used for new
aperture-SNOM tips.
In addition to the hybrid design, the plasmonic waveguide-

based tip provides another possibility. As discussed in section 5,
a large field enhancement can be obtained at the tip apex of a
metal tip by focusing the propagating SPPs on the tip surface
without using far-field excitations. Compared with the tapered
fiber tips, SPPs have a much higher k and can therefore squeeze
light into a nanometer scale with a higher efficiency. Currently,
this technique was demonstrated on nanostructured conical Au
tips, which were difficult to fabricate and tricky to align with the
optical system.67,98 In the future, it would be interesting to
implement the design principle on the SiO2 pyramid tips, which
can potentially be fabricated in a large scale with a high yield105

and, more importantly, can be integrated with microscope
system for rapid and convenient optical alignment.
Another interesting direction for improving the performance

of AT-NFRS is to use ultraviolet (UV) excitation light, which
has several advantages compared with the visible and near-IR
excitation commonly used today. First, the smaller wavelength
shifts the cutoff regime in a tapered fiber tip toward its apex and
therefore leads to a better power transmission efficiency.23

Second, the Raman scattering strength is proportional to the
fourth power of the excitation frequency, and changing the
excitation wavelength to the UV regime can increase the signal
by approximately 1 order of magnitude.3,4 In addition, in the
UV spectral regime, the excitation is resonant with the
electronic transition of the majority of organic molecules and

induces a further signal improvement due to the resonant
Raman effect (up to 106-fold).22 Encouraged by the advantages
above, UV near-field Raman spectroscopy with aperture
tips111,112 and apertureless tips113,114 have been recently
demonstrated. Today, low-cost UV laser sources and UV fibers
have become broadly available, and one can foresee the wide
implementation of UV near-field Raman spectroscopy in the
near future.
In this review, the polarization effects at the tip apex have not

been discussed, which have become increasingly important in
the field of the near-field Raman technique because of the
strong polarization dependence of the Raman scattering of low-
dimension materials. Indeed, with a well-defined aperture tip,
the polarization state can be precisely controlled in the
direction parallel to the sample,115−117 and this is different
from the case of TERS, in which the polarization of the
enhanced fields is always perpendicular to the local surface of
the tip.
The development of high-performance aperture tips can

bring many new applications. One important example is
biological samples in a liquid environment, which are extremely
challenging for other optical nanospectroscopic techniques (i.e.,
TERS and nano-IR) because of the huge background. With an
aperture tip, there is no such issue because of the extremely
small excitation volume in the aperture-SNOM technique.
From our point of view, aperture-SNOM is a powerful

platform that possesses unique properties, including its low
background level, the feasibility for a broad spectral range (from
UV to near-IR), and the capability of polarization control,
though its spatial resolution and sensitivity are relatively low
today. In the future, with the advances of numerical design and
nanofabrication techniques, new high-performance aperture
tips may be introduced and lead to a quantum leap in the
development of the nano-Raman mapping technique, establish-
ing it as an important tool for nanoscale chemical analysis.
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