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Abstract The fundamental parameters and limitations that
determine the signal strength in tip-enhanced Raman
scattering (TERS) are discussed. A semiquantitative anal-
ysis of the Raman signal expected in different experimental
geometries and with different sample systems is presented,
taking into account experimental parameters including
Fresnel factor, numerical aperture of the illumination and
collection optics, detection efficiency, and the Raman
scattering cross section of the material. A top/side-on
illumination geometry is essential for the study of non-
transparent samples. It can yield the highest signal levels
when strong tip—sample coupling using a metallic substrate
provides large field enhancement. In contrast, axial/
through-sample illumination is limited to transparent
sample materials. Although conceptually simpler in exper-
imental implementation and despite high numerical aperture
signal collection efficiency, signals are generally weaker
due to limited field enhancement. Crystalline solids with
small Raman cross sections and dense molecular/biological
systems with unavoidable far-field background provide the
biggest challenge for TERS analysis yet at the same time
hold the most exciting outstanding scientific questions
TERS has the potential to answer.

Keywords TERS - Raman scattering cross section -
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Tip-enhanced scanning near-field optical microscopy has
emerged as a promising new route for ultrahigh spatial
resolution imaging. Here, the nanoscopic apex of a
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plasmonic scanning probe tip is used to locally enhance
and confine the electromagnetic field. In its Raman
implementation as tip-enhanced Raman scattering (TERS),
the nanometer spatially resolved vibrational spectroscopic
surface chemical analysis of molecules [1-7], organic
nanocomposites [8], and carbon nanotubes [9-11], as well
as crystalline solids [12—17] has been demonstrated. The
development of TERS has been significantly aided by the
fundamental understanding of the possible role of
the excitation of a surface plasmon polariton in the probe
tip [18], the associated field enhancement [19-23], and
improvements in tip fabrication [24-26]. This enabled the
demonstration of spatial resolution down to the sub-10-nm
range [10, 27, 28] and single-molecule sensitivity [3, 6, 7].
More recent experiments have explored TERS for the study
of biological systems [29-33] and the extension of TERS
for optical nanocrystallography [12, 13] using the symme-
try selectivity of the phonon Raman response. However,
despite almost 10 years of continuous effort [5, 34], the
routine application of TERS for surface analysis has
remained challenging. From a technical perspective, the
reproducible fabrication of TERS-active tips with a defined
plasmon resonance and sufficient local field enhancement
has been difficult. Even for appropriate tips with apex
radii of ~10 nm, the enhancement values for the local
optical electric field are limited to order of ~10-20 and
thus lower than early expectations (due to, e.g., damping
and skin depth) [21, 22]. Therefore, a frequently over-
looked critical fundamental question is how high a signal
level can actually be expected within the physical limi-
tations set by field enhancement, damage threshold, tip
scattering efficiency, collection and detection efficiency,
and the Raman scattering cross section of the sample
material.
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Here, we provide a semiquantitative analysis of the
signal levels that can be expected in TERS from different
sample materials and in different experimental geometries.
The estimate is based on the range of values for the relevant
physical parameters including illumination in terms of the
orientation, polarization, and numerical aperture (NA) of
the illumination and collection optics used, detection
efficiency, tip enhancement, and Raman scattering cross
section (including resonant excitation) of the analyte. The
most commonly used top/side-on and axial illumination
geometries are compared. We establish that the highest
signal levels can be achieved in a top/side-on configuration
when strong tip sample coupling via a metallic sample
provides large local field enhancement. Axial illumination
benefits from high NA signal collection efficiencies and can
be the method of choice for transparent samples and in case
a metal substrate is not beneficial or suitable.

Our results show that TERS in either geometry can be of
readily detectable signal strength over a wide range of
experimental parameters. However, the true challenge arises
from the combination of far-field and fluorescence back-
ground, bleaching, reproducibility of fabrication of suitable
TERS-active tips, and imaging artifacts due to topography
and tip—sample forces. Therefore, many factors which lead
to the successful demonstration of ultrahigh resolution
(~10 nm) and single-molecule TERS may prove difficult
to export to a routine application.

In the following, we first discuss the different TERS-
relevant parameters which are calculated individually.
Then, the resulting signal levels are discussed for various
sample material and experimental scenarios, focusing
specifically on molecular and crystalline systems.

Field enhancement

The field enhancement underlying TERS primarily arises
from the evanescent near-field generated at the apex region
of an ultrasharp metallic scanning probe tip as determined
by its structural and material parameters [18] and further
increased by possible excitation of plasmon polariton
modes. A schematic of the multistep (conceptualized as a
sequential time ordered process) tip enhancement and
scattering process is shown in Fig. 1. The pump light is
focused onto the tip—sample gap, where the incident far-
field E; generates a spatially localized near-field distribution
in the immediate tip apex vicinity. Here, the tip serves as an
optical antenna, spatially focusing part of the incident far-
field radiation into the tip—sample gap. This near field
induces an optical polarization in the material at the
Raman-shifted frequency PNF(a) + A) %ENF( ), where
¥ is the Raman tensor and ENF = LEmc is the tip apex
near-field, enhanced by a factor Ll. The tip acts again as an
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optical antenna for enhanced radiation coupling of the
Raman polarization into the far field by scattering. The total
electric field amplitude of the Raman scattered light is then
given by E, = L;iL;Emc with the scattered light enhanced
by the factor LIS.

As a consequence of this two-step excitation and
emission tip enhancement process, the 1nten51ty I of the
Raman scattered light is given by I, = (L,L; ) “21,. Due to,
e.g., the plasmonic nature of the enhancement, L, and L; are
frequency dependent as given by the spectral profile of the
tip response in relation to the excitation and Raman
scattered wavelengths [35, 36]. However, as plasmonic line
widths [18] are generally broader than or at least compa-
rable to the amount of Raman shift, we approximate L' ~
L; in the following. This underhes the commonly used
assumption of Iraman o |Z'|* in SERS and TERS [36, 37].

In addition to its spectral variation, the tip-field
enhancement is also polarization dependent [17, 20]. This
is due to the tip asymmetry, where a larger field
enhancement occurs for excitation of the longitudinal
plasmon mode when the light is polarized along the tip
axis (axial direction, p-polarized), as opposed to the
perpendicular direction (radial direction, s-polarized) [38].
Throughout this work but without loss in generality, we
assume p-polarized excitation and emission.

Experimentally, Raman enhancement factors in the range
of 10°-10° have been found for free-standing tips (i.e., not
placed near a metallic surface as will be discussed further
below; [7, 10, 15, 17, 19, 23] and [39], and references
"I, this translates into field
enhancement values of order ~10 in good agreement with
theoretically predicted values in the range of 10-50 [19-23,
40] for typical apex radii of ~10-20 nm.

The effective enhancement can be increased by taking
advantage of the near-field coupling between the tip and a
metallic substrate [19, 23, 41]. The resulting Raman
enhancement of up to 10° has been shown to be sufficient
to observe a single-molecule TERS response in some cases
[3,4,6,7,42]. This enhancement results from imposing the
boundary conditions at the substrate surface onto the
evanescent near field of the tip. The resulting surface
charge density distribution screening the evanescent field
can be expressed in the form of an image dipole of the tip
located within the substrate. The field enhancement in the
gap is then significantly increased over that of a free-
standing tip with a typical field enhancement of >100 for
typical tip—sample distances of several nanometers [19, 23].

The tip enhancement, however, may not be the only
source of local field enhancement. In addition, the local
incident far-field experienced by the tip apex itself is
modified through the presence of a reflective substrate
surface. This is expressed through the Fresnel factor F, as
well as established in classical optics [43, 44], which will
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Fig. 1 Illustration of the TERS mechanism. Incident light is focused
onto the tip—sample gap with a focus size significantly larger than the
tip apex. The tip (plasmon) enhanced local near field interacts with the
sample, resulting in a local polarization at the Raman-shifted
frequency Pyr( + A). Subsequently, the tip-mediated and enhanced
Raman scattered light is detected in the optical far field. Associated
with the far-field illumination, the diffraction-limited excitation

affect both the incident and scattered light. Although
frequency dependent, we assume no change in the value
of F over the frequency range between the illumination and
Raman scattered frequencies. Thus, in a backscattering
geometry with the same illumination and detection angles,
F will be the same for the incident and scattered light. In
combination with the tip enhancement, the effective TERS
enhancement becomes L; = L;.F,- and L; = L;F . With the
maximum value of F’=2, the Fresnel factor can enhance the
Raman signal by up to a factor of 16.

In addition, the Fresnel factor affects the far-field Raman
signal originating from the diffraction-limited focus of the
incident light. The far-field tip scattering may further
contribute to the detected background signal. The a priori
separation from the near-field signal is difficult and a
frequent source of signal artifacts. We further address this
issue below, in particular the elimination of the far-field
background in TERS from crystalline samples [17, 45].

We note that collectively (L;L,)* is the total effective
TERS enhancement frequently referred to in the literature.
However, field enhancement values are often calculated
through comparison of near-field and far-field intensity of]
e.g., the molecules on the substrate in the same geometry;
thus, the Fresnel factors generally cancel, but they need to
be considered when comparing TERS with, e.g., the
molecular far-field Raman response in solution or gas
phase.

Experimental geometry

TERS is generally implemented in one of two geometries:
side-on illumination using a long working distance micro-
scope objective or axial illumination in an inverted
microscope configuration. The choice is a tradeoff between
distinct advantages and disadvantages of one or the other
geometry as discussed below.

A side-on illumination setup (as shown schematically in
Fig. 2) allows for the use of optically nontransparent
samples and substrates. In particular, this gives access to
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generates a far-field Raman background signal /= Assuming an
incident photon flux of 8x10*'em™?s™', a Raman enhancement

(L,-Lx)2 = 1.5 x 10® gives rise to an effective flux of 1.5x10°*°cm 2

s~ in the tip-enhanced near-field region. This results in an 8.3x 10*

st 's ! near-field scattered photons assuming do/d2=102°cm? sr .

Of these near-field scattered photons, ~34 will be detected by the pixel
of maximum intensity on the CCD array detector

crystalline samples and allows for the easy use of metallic
substrates, where plasmonic tip—sample coupling as well as
the associated Fresnel factors of ~2 can significantly
increase the field enhancement. Also, this simplifies the
selection of s- and p-polarized excitation and detection, in
particular the p-polarized illumination of the tip apex to
drive the axial tip plasmon, necessary for large field
enhancement and symmetry-selective TERS probing of
particular Raman tensor elements as discussed above. As a
consequence, the largest Raman enhancement values
obtained to date in TERS have been achieved in such a
geometry [3, 7]. However, this geometry restricts the use of
high NA objectives, with values typically in the range of
0.28-0.5, with a maximum theoretical value of 0.7 given by
the geometrical constraints imposed by a tip orientation
normal with respect to surface. This geometry is illustrated
in Fig. 2.

In contrast, axial illumination allows for the use of high
NA, including oil-immersion objectives, providing for
increased collection efficiency and reduced far-field
background. However, the need for a longitudinal field
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Fig. 2 Illustration of side illumination TERS. The incident light is
focused onto the tip—sample gap by means of a long working distance
objective (NA=0.2-0.5). The backscattered light is collected through
the same objective; the laser line is spectrally filtered, and the signal is
analyzed using a spectrograph. With independent polarization control
of the incident and scattered light, the incident polarization is
generally set to p polarization to drive the axial tip plasmon

Substrate
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in the focus for efficient plasmon excitation requires the
use of specialized beam profiles, e.g., radial polarization
[46] or a Hermite—Gaussian (1, 0) mode [47]. Yet, even
then, the transverse electric field remains significantly
stronger than the longitudinal component [47], thus
reducing the excitation efficiency. While this geometry
does allow for the use of metallic substrates if sufficiently
thin (less than the optical skin depth ¢), this gives rise to
additional loss as Raman light has to pass through the
metal, and the coupling enhancement is reduced for
thicknesses below d.

In general, the collection efficiency in TERS using oil-
immersion objectives further benefits from the spatial
emission characteristics of emitters placed on a dielectric
substrate [48]. The emission profile of an emitter placed on
a dielectric substrate will exhibit an anisotropic emission
pattern (i.e., deviate from that of a perfect dipole). In
particular, increased emission will be observed into the
optically denser medium, with a significant portion of the
total emission refracted into the substrate at an angle greater
than the critical angle, allowing for up to 80% of the
emitted light to be collected by an oil-immersion objective,
with details depending on dipole orientation. While the
effect of the dielectric substrate on the tip-enhanced near-
field emission has not yet been explored, we expect the
preferential emission into the denser medium to be
beneficial for TERS detection efficiency.

Alternatively, parabolic mirrors with the tip positioned at
their center have been used for top sample illumination
using radially polarized pump light to achieve an axial
polarization excitation at the tip [49]. This allows for values
up to NA=1 [50, 51], while still maintaining the capability
for probing nontransparent samples.

In all implementations, the tip—sample distance is
controlled using either an atomic force microscope operated
with shear force feedback [50, 52], contact mode [11, 31,
53], tapping mode [28, 29], or through a scanning tunneling
microscope (STM) [1, 3, 4]. All of these except tapping
mode maintain the tip—sample separation at very short
length scales (shear force ~10 nm, contact mode <l nm,
STM ~1 nm) as required for maximum time-averaged
enhancement.

Raman scattering cross section and signal strength

The strength of the Raman response is characterized by the
Raman scattering cross section o for a given Raman-active
normal mode. The differential scattering cross section is
then do/dQ2=N,/N,, where N; is the incident photon flux,
and N, is the number of photons scattered into a solid angle
d). The number of detected photons S is then given by
S=I'Ndo/d?, where I is the overall detection efficiency of
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the experiment. In extending this description to the tip-
enhanced near field, we can account for the field enhance-
ment through the use of an effective photon flux
N, = N;,L2L2.

The near-field Raman signal can then be written as:

S = I'N;L2L? - 4ndo /A2 (1)

where N; can readily be calculated from the incident pump
power, incidence angle ¢, and the focus diameter d
approximated by the diameter of the Airy disk d=1.221/
NA [43]. The factor of 47 accounts for the emission into all
space. I will depend sensitively on the particular detection
system used. We describe I' via .ol 'ge, describing the
collection and detection efficiencies, respectively. The
collection efficiency I'.o; expressed in terms of the solid
angle over which light is collected depends on the NA used
as:

Fcoll = % (1 - 1 - NA) (2)

n;

which follows from NA=n; sin(#), where n; is the index of
refraction surrounding the objective (air or immersion oil),
and 6 is the semiangle of the collection cone.

The spatial emission profile and therefore the collection
efficiency depends on the orientation of the Raman emitter
with respect to the surface, type of emitter (e.g., dipole or
quadrupole), surface polarization density, and molecule—
substrate interactions [54]. While these factors can readily
be included for specific sample materials, for the general
discussion in this work, we assume isotropic emission for
both top/side-on illumination and axial illumination using
nonimmersion objectives due to random orientation of the
molecules or molecular motion.

The detection efficiency I 4et=1"gransl'spec depends on the
optics used for directing the near-field scattered light to the
detector [y, in addition to the detector efficiency itself
I'spec. For the objective, we assume a transmission
coefficient of 80% of the scattered light. We assume an
additional combined 50% loss from mirrors, polarizing
optics, dichroic beam splitter, and possible fiber coupling
and transmission. For the spectrometer detection efficiency
I'spec, We discuss the case of a grating spectrometer as is
commonly used in TERS experiments and assume a typical
50% throughput and 50% quantum efficiency of the charge-
coupled device (CCD) array. The spectral dispersion of the
spectrometer will further reduce the signal obtained: the
photons scattered by a given Raman-active mode will be
distributed over different pixels of the CCD array both
vertically and horizontally depending on the spectral
resolution desired. For a Raman peak with a Lorentzian
line shape with full-width half-maximum (FWHM)=
10 cm ! and a resolution setting of 1 cm™', each pixel
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detects a spectral range of 1 cm ', and the pixel

corresponding to the peak intensity will detect only ~6.4%
of the total signal. Taking into account losses and
dispersion of the spectrum across multiple pixels, we obtain
a detection efficiency order of only ~1% at the pixel of
highest intensity for a given mode, i.e., with the specific
values from above I'y=0.64%. We note that our estimates
of losses are all chosen at the lower end, representing an
optimized experimental setup.

The limiting factors in signal detection are then given
by the signal-to-noise ratio arising from detector noise,
background light, and far-field signal. For the case of a
completely background-free signal with a typical detec-
tor noise on the order of two counts per second per
pixel, five detected TERS photons/s will yield a
sufficient signal-to-noise ratio for coarse signal detection
and spectral assignment. In realistic cases, however, a
far-field signal and some background stray light will
accompany the TERS signal. It has been shown to be
beneficial in some cases to use spectrally integrated
acquisition [10, 12] with, e.g., an avalanche photodiode.
This may result in improved detection efficiency and
prevent dispersion of the signal across multiple pixels,
increasing the signal-to-noise ratio. The use of longer
acquisition times also allows for improving the signal-to-
noise ratio but is limited by sample drift and molecular
bleaching.

TERS signal: molecular systems

Since the first TERS experiments [5, 34], much of the
interest has been centered on the spectroscopy of molecules
using resonant or near-resonant excitation in order to
increase the Raman signal which can be obtained. Here,
we will specifically discuss the signal levels which can be
achieved in molecular TERS, in particular, establishing
detection limits for systems exhibiting smaller and nonres-
onant Raman scattering cross sections.

Raman cross sections range from <10’cm? sr™' up to
~10"**c¢m? st per molecule for resonant excitation [55—
57]. We begin by examining signal levels of resonant
Raman of molecules in a side-on illumination geometry that
has been shown to lead to single-molecule sensitivity [3, 4,
7]. As experimental parameters, we consider an NA=0.35
objective, oriented 60° from the surface normal with an
incident power of 0.2 mW and A;,,=633 nm. This
corresponds to an incident photon flux of 8.3x10%'s™
cm 2 in a focus of 4~7.6 pum’. We assume a Raman
enhancement (L;L;)z =~107 and F;=F,=2 for a Au
substrate.

For our analyte, we use a single resonant molecule with
do/d2=10"%cm?sr ! for a particular Raman-active vibra-

1

tional mode [55]. Based on Eq. 1, this results in 1.3x10%s ™!
st ' near-field scattered photons. Taking into account
I'=T"¢onl'trans] 'spec and assuming a Raman-active mode with
FWHM=10 cm ' and spectral resolution of 1 cm ', this
will result in a readily detectable signal of ~34 counts per
second at the pixel of maximum intensity in the CCD array
for this vibrational mode.

In order to test the validity of our approximations, we
compare our calculated values for the single-molecule case
with experiments. In the work of Zhang et al., a signal of ~8
photons per second was detected in side-on illumination
under similar experimental conditions [3], i.e., somewhat
lower than our estimated values, with the discrepancy
presumably due to differences in the Raman cross section
of brilliant cresyl blue and details in experimental param-
eters. Likewise, in previous work by our group [7, 42], a
signal of comparable strength was obtained, with 170-230
counts per second observed for a single mode (integrated
over ~20 pixels), i.e., ~10 counts per second per pixel.

We now contrast the case of side-on single-molecule
TERS with axial illumination using a dielectric substrate. In
these experiments, we model common experimental con-
ditions with an objective of NA=1.4, n,=1.5, A=488 nm,
incident power of 0.2 mW, and a Ag tip with a Raman
enhancement (L;L;.)z ~ 10°. In the focus area of A=
0.15 pm?, this results in a physical photon flux of 4x10%
s' cm % For the same resonant molecule as in the side-on
illumination geometry with a cross section of do/dQ=10"%¢
em?sr ! and assuming I'.,;=0.7 [48], of the 400 photons
per second per steradian for a given vibrational mode, ~24
counts per second would be detected by the CCD pixel
showing maximum intensity. Although weaker than the
side-on illumination case discussed above, this shows that
single-molecule sensitivity is possible in an axial illumina-
tion geometry.

We now turn to the effect of the background signal. For
the case of single-molecule TERS, we require sufficiently
dilute surface coverage to find on average only one
molecule under the tip-enhanced signal region. With an
average coverage of one molecule per ~100 nm?, we have
7.6x10* molecules in our side-on illumination far-field
focus of 7.6 um?. Therefore, with a resonant molecule with
do/d2=10"2%cm?sr ', we expect 0.25 counts per second of
far-field signal at the pixel of maximum intensity, i.e.,
smaller than our near-field signal by a factor of >100 and
well below the detection limit. In increasing the surface
density, the ratio of molecules within the far-field focus and
in the tip-enhanced near-field region will remain constant,
thus maintaining this contrast level. As such, the back-
ground signal is not expected to be a limiting factor in
TERS from molecular monolayer or submonolayer cover-
age on a metal substrate. This is in contrast to dense
samples, where the molecular layer reaches thicknesses
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greater than the spatial extent of the tip near field, and the
background signal could become significant.

A comparison of signal levels in top/side-on illumination
and axial illumination geometries is presented in Fig. 3,
showing the calculated signal achieved for a single
molecule at the detector pixel of maximum intensity as a
function of NA assuming FWHM=10 cm™' and a spectral
resolution of 1 cm . In all cases, we assume identical
parameters as in the previously discussed cases, i.e.,
incident power of 0.2 mW, incident wavelengths of A=
488 nm and A=633 nm for axial and top/side-on illumina-
tion, respectively. For the axial illumination objective, we
have assumed, ngupspate="0i1=1.5, resulting in an emission
profile with 40% and 35% emitted into the substrate below
and above the critical angle, respectively. The resulting
collection efficiency I, under axial illumination based on
[48] is shown in the inset, where the vertical dashed line
indicates collection at the critical angle of the substrate—air
interface.

For the case of top/side-on illumination using a metallic
substrate allowing for plasmonic coupling, we see that a
large signal can be obtained for molecules with large
scattering cross sections of do/d2=10"2°cm?sr . With a
maximum of NA=0.7 up to ~610 counts/s would be
expected. For an experimentally typical value of NA=0.5,
this still allows for the detection of 150 counts per second.
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L 08, s -
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3 T =10%cmtjer , 04 ]
i : 0 —__
100 3 ! ; 0z 08 .1 1.4)
§ : B o =107 cm jsr
210 4 W i £ 3
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o o E
=10 cm jar
0.1 . N
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0.6 0.8 1 1.2 1.4
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Fig. 3 Number of detected photons on a detector pixel as a function
of the objective NA. Red curves are in a side-on/top illumination
geometry with and without the use of a metallic substrate as indicated.
With the dielectric substrate, we assume a Raman enhancement of
(LsL;)*~10°. The dashed line indicates the maximum NA achievable
in side-on illumination without the use of a parabolic mirror. The blue
curve is under axial illumination (ngypsgae="oi1=1.5). The collection
efficiency (inset) of the oil-immersion lens under axial illumination is
based on results from [48]. The increased emission of light into the
denser medium at angles greater than the critical angle is highly
beneficial to TERS measurements. Thick green line represents the
detection limit for 1 s acquisition time. It can be seen that side
illumination benefits significantly from the increased field enhance-
ment that arises due to plasmonic coupling to the metallic substrate. In
contrast, the emission pattern of an emitter placed on a dielectric
substrate significantly increases collection efficiency in an axial
geometry when using oil-immersion objectives
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Through the use of a top illumination parabolic mirror of
NA=0.95, this allows for the detection of up to 2.7x10°
counts per second. Therefore, with sufficiently high NA,
this geometry even allows for the detection of single
molecules with smaller scattering cross sections of do/d{2=
107cm?sr ! with 15 counts per second expected for NA=
0.5. In the absence of plasmonic tip—sample coupling, how-
ever, we see that the detected signal, even for a molecule
with a large scattering cross section, remains small, and
single-molecule detection is likely not possible.

For the case of axial illumination, we see that the additional
emission into the substrate at angles greater than the critical
angle is beneficial for the TERS signal. In particular, the
additional signal collected for NA>1 allows for single-
molecule detection for the case of do/d2=10"°cm?sr .
However, single molecules with smaller scattering cross
sections will be difficult or impossible to detect.

Although top/side-on illumination can yield larger signal
values, there are issues regarding its analytical implemen-
tation for the identification of molecules on a surface. The
large field in the tip—sample gap has been associated with
rapid photodecomposition of analytes [3, 4, 7, 42], and
spectral diffusion may complicate molecular identification.
As axial illumination experiences a reduced gap field,
which is partially compensated for through the use of high
NA, this may be desirable to reduce decomposition.

Furthermore, in probing larger structures (e.g., biological
[30]), their size in the tens of nanometer range may prevent
the metallic substrate-induced field enhancement through
the tip—sample coupling from being effective. Thus, it may
not always be possible to utilize a top/side-on illumination
geometry to obtain intense TERS signals, and axial
illumination may be preferable.

For comparison, we consider the case of a biological
molecule, studied under axial illumination, using a value of
do/d2=10"*cm?sr ' and otherwise identical parameters as
above (1=488 nm, n;=1.5, NA=1.4). This would result in a
very small signal of 0.2 photons per second at the detector
pixel of highest signal intensity. While this signal level
effectively renders a single-molecule undetectable, it needs
to be considered that, e.g., for a single RNA chain [29],
multiple nucleotide bases are present under the tip (on the
order of 30), increasing the local oscillator density. Also,
longer acquisition times can be used (up to 30 s [32]),
allowing for an increased signal [29, 30, 32, 58]. Consid-
ering scattering from 15 nucleotide bases with 30-s
acquisition, we expect a robust signal of ~110 photons in
the presence of ~20 dark counts.

Therefore, although single-molecule sensitivity can be
achieved in TERS, the application of the technique to
molecular systems with smaller Raman scattering cross
sections may not allow for the detection of single
molecules. In particular, utilizing axial illumination to
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probe, e.g., biological molecules requires the probing of
small ensembles in combination with longer acquisition
times. However, with ongoing improvements in tip fabri-
cation [59, 60], larger tip enhancement and higher signal
strength may be possible.

Thus, for systems which can be studied in a top/side-on
illumination geometry on a metallic substrate (e.g., small
molecules), the ultrahigh sensitivity of this implementation
can be utilized to its full degree. In contrast, while lower
signal levels are achievable in the axial geometry, the
increased versatility requires its use in some situations.
Despite the reduced signal levels, axial illumination is
suitable for probing small ensembles of molecules, even
those exhibiting reduced scattering cross sections [29-32].

Crystalline systems

Through the capability to interact directly with zone-center
optical phonons [61], Raman scattering has long been a
powerful tool for studying crystalline solids [62]. Accordingly,
there have been initial studies toward applying TERS to the
study of crystalline materials. The majority of studies have
focused on Si [16, 17, 24, 53, 63], driven by the desire to
image nanoscale variations in strain. However, studies of
other crystalline materials have been limited [12, 13, 15, 24].
This can be attributed to the fact that many crystalline materials
have small Raman scattering cross sections. For crystalline
structures, the differential Raman scattering cross section is
given as a volume-normalized value [61] with values ranging
from 10 °cm 'sr! up to 10 °cm 'sr ! [64, 65]. As phonon
Raman is a volume-based effect, for a scattering volume of
1 nm’, comparable to a single dye molecule, we obtain cross
sections ranging from 10 *°cm?sr ' up to 10 *°cm’sr ',
smaller than corresponding molecular values.

We begin our discussion of phonon TERS by consider-
ing the case of Si which has a comparably large scattering
cross section of ~5x10 ®cm 'sr ! [65]. With the spatial
extent of the near field given by the tip apex radius, we
estimate an effective near-field probing volume of 10°nm?.
Thus, we obtain an effective near-field Raman scattering
cross section of 5x10**cm?sr™'. For our experimental
geometry, we consider an identical top/side-on illumination
geometry as discussed above, necessitated by the fact that
Si is opaque. In keeping with experimental values, we
assume a Raman enhancement factor of 10* [53] with a
Fresnel factor of F=1.1 in the visible spectral range.

Unlike molecular systems, bleaching is not expected
to be a concern, so we consider incident power of
1 mW, which results in 4.2x10%* photons per square
centimeter in a focus of 4~7.6 um?®. From Eq. 1, we then
expect ~3x10%sr 's™! near-field scattered photons, of
which ~8 s ! will be detected by the pixel of maximum

signal intensity. While this signal is weaker than the top/
side-on illumination single-molecule case discussed
above, the lack of photobleaching allows for longer
acquisition times (limited by sample drift), with upwards
of 30 s still practical [63]. As a consequence, an
appreciable near-field signal can be obtained from Si
crystals.

However, the far-field signal background is a significant
concern [63]. With a light penetration depth of ~5 um at a
wavelength of A=633 nm [66], a bulk volume of 7.6 um?x
5 um would contribute to the far-field Raman signal.
Therefore, ~2x10* photons per second would be detected
at the center pixel of the peak. Such a high far-field signal
would make a near-field signal effectively indiscernible.
Fortunately, experimentally observed near- to far-field
contrast is significantly higher [17, 63], owing in part to
the absorption of far-field Raman light within the crystal
and losses at the Si—air interface. Furthermore, the near-
field probe volume is likely larger than what has been
assumed with the tip apex as a lower limit [3, 25]. The use
of shorter wavelengths (e.g., A=532 nm), resulting in a
reduced absorption depth [66], has also been beneficial [17,
53]. Thus, experimentally obtained near- to far-field
contrast values are typically in the range of 1:10.

Further reducing or eliminating the background has been
a significant challenge, and of particular interest has been the
use of tip depolarization [45]. It has been shown that the tip-
enhanced near field may alter the polarization state of the
TERS signal, that is, a Raman mode which is expected to be
observed under a given far-field polarization condition will
also have a polarization component in a forbidden configu-
ration. As a consequence, setting a polarizer to an angle
which significantly suppresses the far-field background will
still allow for an appreciable near-field signal [16, 17, 24,
67]. While this effect has been applied successfully for
imaging strain in Si, in crystal classes more complex than
cubic Si, there remains a desire for the capability to utilize
polarization control for isolating specific phonon modes
rather than just its use for background suppression [68].

Despite these challenges posed by the far-field back-
ground, phonon TERS is well suited for studying crystal-
line nanostructures or thin films, as the background signal
would be significantly reduced. In recent work by Matsui et
al. [15], TERS on GaN was demonstrated with a Raman
enhancement of 2.8x10% With a Raman scattering cross
section of ~3x 10 7cm st [69], this is 20 times smaller
than the corresponding Si value. Accordingly, the near-field
signal was observed to be weak, requiring acquisition times
of 10 min. However, through the use of a thin film, the
effective far-field scattering volume is reduced, significant-
ly improving the near- to far-field contrast. Likewise,
results on CdS, which has a comparable cross section to
GaN, have been reported using thin films [24].
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The study of crystalline nanostructures also allows for
the use of metallic substrates to obtain enhancement
through the Fresnel factor. Our group has demonstrated
this recently, performing phonon TERS measurements
from BaTiO; and LiNbOj; nanocrystals [12, 13]. In
particular, we have utilized the symmetry selectivity of
the Raman selection rules in combination with the tip
enhancement polarization anisotropy to perform optical
nanocrystallography.

Conclusion

In recent years, TERS has been proposed to study a variety
of systems, and work is underway to implement TERS as
an analytical technique capable of detecting small amounts
of analyte with ultrahigh spatial resolution. Here, we have
addressed fundamental questions of the signal levels
achievable in TERS through a semiquantitative analysis of
the expected signal levels in different experimental geom-
etries with different sample materials. Given constraints on
the achievable TERS signal as imposed by the scattering
cross section, degree of field enhancement, and NA of the
illumination and detection optics, we find that even single-
molecule sensitivity may be routinely achieved in a top/
side-on illumination geometry through the additional field
enhancement obtained from plasmonic tip—sample cou-
pling. Even for cases where the additional field enhance-
ment is unachievable, the use of an axial illumination
geometry with high NA optics can yield sufficient signal
for many analytical implementations. However, the overall
signal strength obtainable may preclude rapid scanning or
spectrographic imaging with high spectral resolution.

In particular, we considered the effect of the NA of the
illumination and detection objective and detection effi-
ciency including the spectrometer, field enhancement, and
Raman scattering cross section of the analyte. We find
that the high field enhancement achievable in plasmonic
tip—sample coupling in a top/side-on illumination geom-
etry outweighs the benefits of the high NA which can be
used for axial illumination with the achievable signal
higher by a factor of >5. However, in many cases, the
extra enhancement in top/side-on illumination may not be
accessible or pose difficulties in chemical identification,
thus requiring the use of axial illumination. In such
cases, we find axial illumination suitable for the study
of molecules with large scattering cross sections or
ensembles of molecules with smaller scattering cross
sections.

For crystalline systems, we find the far-field back-
ground and small Raman scattering cross sections to be a
significant impediment to the study of bulk crystal
systems. However, with a reduced background, TERS

@ Springer

has large potential for the study of crystalline thin films
and nanocrystals. Our results show that, while restrictions
exist in the systems which can be studied with TERS, the
technique carries strong potential for the study of a variety
of solids.
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