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Abstract: Scanning Near-Field Optical Microscopy
(SNOM) has developed during recent decades into a
valuable tool to optically image the surface topology of
materials with super-resolution. With aperture-based
SNOM systems, the resolution scales with the size of the
aperture, but also limits the sensitivity of the detection
and thus the application for spectroscopic techniques
like Raman SNOM. In this paper we report the extension
of solid immersion lens (SIL) technology to Raman SNOM.
The hemispherical SIL with a tip on the bottom acts as
an apertureless dielectric nanoprobe for simultaneously
acquiring topographic and spectroscopic information.
The SIL is placed between the sample and the microscope
objective of a confocal Raman microscope. The lateral
resolution in the Raman mode is validated with a
cross section of a semiconductor layer system and, at
approximately 180 nm, is beyond the classical diffraction
limit of Abbe.
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1 The near-field accessed with solid
immersion lens technology

The main reason for using solid immersion lenses is
their capability to enhance the spatial resolution. Solids
have higher refractive indices than air. When used as the
immersion medium, light travels more slowly and the
wavelength is shorter in the optically denser medium
which results in an improvement in resolution. Mansfield
and Kino were the first to recommend the SIL for
increasing the spatial resolution of the optical microscope
[1]. A SIL is a spherical lens (diameter 2r, refractive index
ng,) which is polished to a thickness of r (hemisphere
type) or (1+1/n  )r (supersphere or Weierstrass type) [2,3].
The sphere diameter is usually in the range of single
millimeters down to micrometers. The numerical aperture
(NA) of the complete system is improved by factor of n
(hemisphere type) or (ng,)* (Weierstrass type) — subject to
the condition that the refractive index of the substrate is
at least as high as the refractive index of the SIL. If this
condition is not met, the refractive index of the substrate
limits the effective numerical aperture NA ;. of the SIL/
objective optical system (with NA ;= n , sina_, where o
is the marginal ray angle inside the SIL) [4]. The angular
range of collected information is determined by the SIL
probe, the objective lens, and the detector [5].

The SIL technique is also known as “numerical
aperture increasing lens (NAIL) microscopy” [6]. For
the NAIL technique the inclusion of evanescent waves
is crucial for resolution gain [7]. Tom Milster et al. have
described the role of propagating and evanescent waves
in solid immersion lens systems [8].

It must be emphasized here that the lateral resolution
of a SIL microscope can exceed the “NAIL Limit”, i.e. by the
factor of the refractive index n . In order to achieve this,
the evanescent component of the light from the substrate
has to be identified amongst the predominant propagated
component. One approach is to tailor the angular
spectrum by annular illumination and collection which
can significantly improve the resolution and emphasize
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the upper layer of a substrate [9]. This corresponds in
principle to a dark field illumination scheme. Another
approach uses aperture diaphragms for illumination and
detection which are independent of each other. Based
on the latter approach, a high lateral resolution of the
SIL SNOM technique of 30 nm using primary light (not
frequency shifted like Raman radiation) on semiconductor
test structures has been demonstrated [10].

A particular advantage of the SIL technique is the high
collection efficiency. Koyama estimates the collection
efficiency with an NA = 0.8 objective and an n = 1.845 SIL
to be about 60%-70%, which well exceeds the diffraction-
limited value of 50% for 2m-solid angle collection in
conventional methods [11]. This high collection efficiency
makes the SIL technique highly suitable for applications
of Raman spectroscopy or other spectroscopic techniques.

Solid immersion lenses vary greatly with diameters
from millimeters to micrometers. SILs with diameters in
the micrometer region [12] down to sub-wavelength size
[13] are described in the literature. Brunner et al. propose
a diffraction-based solid immersion lens (dSIL) as an
alternative to the conventional design based on refraction
[14]. Frey et al. show back-illuminated full body glass
tips coated with a thin metal layer. They can be used as
apertureless optical nanoprobes for scanning near-field
optical microscopy with high spatial resolution down
to 15 nm at high electrical field intensities [15]. A tip-
enhanced SIL (TESIL) combines a SIL with a nano metal
particle for local field enhancement [16].

The development of applications for the SIL technique
is driven by optical data storage [1721] and wafer
inspection systems in semiconductor processing [22,23].
Further applications include high-resolution imaging [24-
271, lithography [28,29] and spectroscopy [24,30].

The extension of SIL technology for super-resolution
Raman microscopy is not common, especially in
combination with scanning probe microscopy. Near-
field spectroscopy combined with Raman scattering
offers chemical information at high spatial resolution.
Nevertheless the performance is limited due to some
inherent as well as technical problems like a long scanning
time and rather weak Raman signals [31].

A SIL as optical nanoprobe for super-resolution
Raman microscopy and spectroscopy has the potential
to maintain the high intensity throughput of a lens
in combination with a lateral resolution below the
diffraction limit [32]. Less than 5 references for this
Raman SIL approach could be found in literature by
the authors. Athalin et al. [33] use a supersphere SIL to
perform Raman spectroscopy with enhanced resolution
of nanovolume samples like Ag colloids. Desmedt et al.
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integrate a nanolens into a confocal Raman microscope to
enhance the Raman scattering signal [34]. Poweleit et al.
perform Raman imaging of patterned silicon with a 3 mm
diameter SIL and report a sub-500 nm lateral resolution
[35]. Lerman et al. apply SIL near-field optics to the Raman
analysis of strained silicon films. Their approach consists
of forming a SIL with diameters from 15 - 40 um at the edge
of an optical fiber which can be combined with an AFM
system [32]. The achievable spatial resolution with this
system is not given.

In this paper we present the integration of a solid
immersion lens in a flexible metal cantilever with a
commercially available confocal Raman microscope.

2 Optical setup of the Raman SNOM
imaging and spectroscopy system

2.1 Selection of the SIL concept

Fig. 1 shows various SIL shapes: a) is a hemispherical SIL
with a flat base; b) represents a supersphere (Weierstrass)
type, also with a flat base. Types c) and d) differ from
the previous ones in that the base has a conical tip with
various point angles. The SIL presented in this paper
has a point angle of 130°. The advantage of the c) and d)
designs is that in addition to the chemistry-related optical
information, morphology-related topographic information
may also be gathered. Type e) presents a hemispherical
SIL with a conical dielectric probe which can achieve
higher performance in terms of high throughput and
lower reflection of the light beam than the conventional
metal SNOM probe or SIL used alone [5]. Thus the shape
of this SIL is related to the types c) and e) with conical tips.
The shape of diffractive solid immersion systems (Fig. 1 b)
deviates from the spherical design of previous SILs [14,36].

The concept of a solid immersion lens as a scanning
probe for SNOM was developed some years ago by Ghislain
et al. [37]. In this development, monochromatic laser light
or polychromatic light is injected through an objective
(50 x 0.55 NA) in a SIL and recorded by a photodetector.
Because of the high transmission through the lens, the
SIL system ensures an improvement of the signal-to-noise
(S/N) ratio in comparison to aperture-limited systems. A
SIL probe producing a spot size of about 100 nm transmits
about half (50%) of the optical power [25,28,38]. By
comparison, a metal-coated fiber-probe with a 100 nm
aperture transmits only a tiny fraction (102 - 10) of the
light coupled into the fiber [16, 39-41]. The high S/N
ratio is a prerequisite for performing near-field optical
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Figure 1: Solid immersion lens (SIL) types. All SiLs are located on a substrate and positioned below the front lens of a microscope objective.
a) hemisphere with flat bottom, b) supersphere (Weierstrass) with flat bottom, ¢) hemisphere with conical tip, d) supersphere with conical
tip, e) hemispherical SIL with a conical dielectric probe. a) e) the critical angles of total internal refection are illustrated. f) diffraction-based

SIL (by courtesy of Robert Brunner, modified [14]).

spectroscopy. Recent work showed that the SIL-system
enhances the lateral resolution under primary light
irradiation up to 30 nm and improves the S/N ratio due
to the high transmission efficiency [10,24,42]. Because of
these advantages the hemispherical SIL with a conically
sanded tip on the bottom (Fig. 1 ¢) was chosen as the
starting point for integration into a Raman microscope.

2.2 Integration into a standard Raman
microscope

The goal is a convenient integration of the SIL near-
field unit into a standard Raman microscope for simple
operation. The setup consists of an alpha300 SR Raman
microscope from WITec GmbH. The top microscope is a
Zeiss Axio Scope Al. A piezo table is used as a microscope
stage, under which the illumination unit is situated. A
total of 3 CCD cameras enable a view of the sample from
above (ocular camera), the side and underneath. The
sample is illuminated by a LED white light source.

For diffraction-based Raman imaging and
spectroscopy, a spectrograph with two selectable
gratings is available which is lens-based and optimized
for maximum illumination intensity (WITec UHTS 300).
The Raman signal is recorded by a highly sensitive, back-
illuminated CCD matrix detector, Peltier cooled to -60°C,

with optional EM mode (VIS optimized Andor Newton
EMCCD). The source for Raman excitation is a frequency-
doubled Nd:YAG laser (A = 532 nm). In addition, the system
contains a complete AFM unit with which the sample is
scanned underneath the fixed nanoprobe. The tip holder
of the probe has its own piezo drive in x-, y- and z-direction
for correct positioning.

For Raman imaging and spectroscopy beyond the
diffraction limit, the system does not use the commercially
available aperture limited pinhole tips for SNOM. Instead,
a solid immersion lens with a conically shaped tip on
the bottom is used as a nanoprobe. Fig. 2 a depicts the
integration of the SIL in a flexible metal foil cantilever
underneath the microscope objective.

2.3 SIL tip for Raman spectroscopy and
imaging

The design of the SIL responds to the needs of an optical
probe for SPM. The SIL consists of a hemispheric lens
with a diameter of 0.1 cm and a conically sanded tip at
the bottom with a point angle of 130°. The tip forms
the scanning probe with a tip radius of roughly 700 nm
(Fig. 2 b). The front view reveals helical scrub marks
from classical lens grinding technology on the outside
of the apex (c). Depending on the wavelength range of
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interest, SILs of different materials are used: sapphire,
cubic zirconium oxide and gallium phosphide for the
NIR. The SIL is mounted on a cantilever. The cantilever
consists of a flexible metal foil with a side mirror at the
end. This specific SIL cantilever design has originally
been published and patented by Ghislain et al. at Veeco
Instruments [37,44].

Fig. 2 d shows how the SIL cantilever is magnetically
attached to a holder with a piezo drive to enable tip
movements in x-, y- and z-axis. The sample itself can be
scanned by the piezo stage. The SIL-cantilever is in contact
with the sample surface. A specific beam deflection setup
was developed to record the deflection of the cantilever:
a laser beam is directed from the side onto the cantilever
mirror. The reflected light is detected by a segmented
photodiode with 4 quadrants. SNOM measurements both
in reflection and transmission modes are possible.

Due to the multimodal setup of the whole system, the
optical signal collected by the SIL can be either recorded
by a PMT (records only the intensity) or can be spectrally
resolved by a Raman spectrometer. Thus, Raman imaging
is possible with enhanced lateral resolution.
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3 Validation of the lateral resolu-
tion with reference pattern

3.1 Reference pattern BAM L-200

The reference pattern BAM L-200 is used to determine the
lateral resolution of the solid immersion lens setup. The
test pattern has been available from the Bundesanstalt fiir
Materialforschung (BAM) since 2007 for structure sizes
below 100 nm [45]. The stripe pattern is manufactured
by metalorganic vapour phase epitaxy (MOVPE) of GaAs-
Al,,Ga,,AsIn,Ga As layers on a GaAs substrate. The
cross-section polish of the semiconductor layers offers
a material contrast on a plane surface with extreme low
topography. It comprises 142 layers, inter alia grids with 3
stripes with periods from 2 nm to 600 nm.

The BAM L2200 reference pattern with its
semiconductor layers GaAs and Al Ga,,As exhibits
an optical contrast under visible light illumination, and
so the test pattern is suitable for determining the spatial
resolution of a SIL system in the VIS range [10,24].

Figure 2: a) Apertureless near-field option with solid immersion lens cantilever for operation in backscattering and transmission mode. The
near-field unit is installed below the microscope objective. The sample can be scanned by the piezo stage. A specific beam deflection setup
with a laser beam from the left side monitors the deflection of the cantilever. The diagram is not to scale. b) Side view of the tip apex with an
angle of 130° on the bottom of the SIL. ¢) Front view of the apex. Helical scrub marks from classical grinding technology remain from the pro-
duction process. SEM images b) and c) by courtesy of Birgit Schroppel, NMI [43]. d) SIL tip mounted on metal foil cantilever. The cantilever is
magnetically attached to the holder which itself can be moved by a piezo in x-, y- and z-axis directions.
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3.2 Raman spectra

The optical phonon modes of GaAs and Al Gag,As
lattices can be measured with Raman spectroscopy and
provide in this way a chemical contrast. Fig. 3 presents
Raman spectra from confocal measurements. Depending
on the crystal planes (100), (111), (110) specific phonon
modes are observed [46,47]. The BAM L-200 sample
features a Raman band at 269 cm? for the GaAs segments. It
is assigned to a transverse optical mode (TO) and belongs
to the GaAs-like modes [48-50]. In the Raman spectrum of
Al,,Ga,As two further bands are detected: the band at
366 cm? shift is assigned to a TO mode and the band at
393 cm? to a longitudinal optical mode (LO). The modes
belong to the AlAs-like modes [51-53].

The refractive indices of GaAs (3.3) and Al,,Gag,As
(3.7) are large enough to not limit the effective aperture of
the system objective plus SIL by an inappropriate selection
of the substrate [6,8]. Thus the BAM L2200 pattern is
chosen for determining the spatial resolution of the SIL
system in the Raman mode.

Figure 3: Raman spectra of GaAs and Al ,,Ga
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3.3 Lateral resolution

Fig. 4 a shows the scheme of the pattern of our area
of interest with the corresponding scale information
in Fig. 2 b. The optical signal from the SIL is recorded
with a PMT during scanning across the surface with
polychromatic illumination. The resulting image is
illustrated in Fig. 4 c. After the localization of the area of
interest, a Raman line scan is performed along the marked
black line. Complete Raman spectra are acquired for every
local point of the line scan. The cross section represented
in Fig. 4 d is recorded with SIL and is extracted only from
the intensity of the Raman band at ¥ = 365 cm?. The band
at 365 cm’ is characteristic for the Al _Ga , As segments
and differentiates them from the GaAs layers. The Raman
spectra are corrected for background Iluminescence
applying a fifth order polynomial to determine the
intensities at 365 cm? shift. The cross section is then
calculated based on the Raman shift mentioned above. In
the following step the cross-section is smoothed (2" order,
4 points). In Fig. 4 the cross section is aligned under the
corresponding stripes for easy comparison (d). At first, the

As segments of the BAM L200 reference pattern. The bands at 256 cm* and 269 cm™* are

assigned to transverse optical (TO) phonon modes of the GaAs-like modes. The band at 365 cm™ is assigned to a TO phonon mode, the band
at 393 cm to a longitudinal optical (LO) mode. Both belong to the AlAs-like modes. Spectra are vertically displaced.
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Figure 4: Raman imaging with solid immersion lens. a) Diagram of BAM L-200 reference pattern (by courtesy of Bundesanstalt fiir Material-
forschung [45]). The periods of the stripe patterns P 1to P 8 are labeled. A color code indicates the material of the stripes. b) Period lengths
of P 1to P 8 and width of stripe W 12. ¢) Optical PMT signal via SIL of an area scan of the reference pattern. d) Raman line scan with SIL
covering the structures from P 2 to W 12 over a distance of 8 pm. e) Confocal Raman line scan without SIL covering the structures from P 1to
P 8 over a distance of 8 pm. Both cross sections d) and e) are evaluated on the intensity of the Raman band at ¥ = 365 cm™ shift after lumine-

scence background correction and smoothing.

smallest resolvable line pair with SIL is P 5 (half period
68 nm). The cross-section of a confocal Raman line scan
is presented in section e). The smallest resolvable line
pair is P 3 (half period 137 nm). The BAM L-200 pattern
cannot be measured in the confocal mode with full laser
power to avoid damage. It is noteworthy that the SIL helps
to conserve samples due to an indirect interaction of the
incident light with the sample.

The lateral resolution of the SIL in the Raman
mode can be determined more quantitatively with the
modulation transfer function (MTF). The optical transfer
function (OTF) is the Fourier transform of the imaging
system’s point spread function. A concise insight is
given in the standard DIN ISO 9334 - Definitions and
mathematical relationships [54]. For determining the
lateral resolution in surface analytical methods, only the
MTF is of relevance.

3.4 Contrast

Contrast in an optical image refers to the difference
between bright and dark regions. More generally, the
difference between maximum and minimum of sinusoidal
periodic variables is denoted modulation. Fig. 5 describes
the definition of the image contrast or modulation as

Imax — Imin

max + min (1)

for a sinusoidal object pattern.

Comparing the modulation m, of an image to the
modulation m_ of the object by merely dividing m, by m_
results in a single number:

MTF =m, /' m, @
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Figure 5: Definition of the image contrast or modulationasm,=(I__ -1 ) /(__+1 ).

The number between 0 and 1 characterizes the
imaging properties in terms of contrast transfer or
modulation transfer.

Table 1 presents the investigated stripes on the BAM
L-200 reference system. The maximum (I__) and minimum
(I.,) Raman intensities at ¥ = 365 cm™ are listed as I___and
I .. (see Fig.5). The image contrast or modulation m, / m_is
given in the last column, calculated according to equation
(1). The modulation of the object m_ is calculated from a
position on the sample, where the lateral resolution is still
not limited (P 2).

Table 2 presents the stripes of the reference pattern
measured by confocal Raman spectroscopy with a 100x

Table 1: Stripes of the BAM L-200 reference pattern investigated by SIL and Raman spectroscopy at V = 365 cm™. Intensities | _

objective and a confocal pinhole of 25 pm diameter
(corresponding to the collection fiber diameter). The
imaged maximum (I ) and minimum (I ) Raman
intensities at ¥ = 365 cm” shift are listed again as I __and
I .. The modulation m, / m_is given in the last column.

Fig. 6 shows the corresponding modulation transfer
functions for a measurement with the SIL (left) and for the
confocal case without SIL (right).

For the case with the SIL the lateral resolution Ax,,
according to Rayleigh (m, / m = 0.15) [55] is determined
to 175 nm (5.7 pm?). A calculation with ng, = 2.8 for ZrO,,
NA = 0.75 and A = 532 nm yields for

Objective

.and | . ofthe

a;

cross section from Fig. 4 d are given. The last column lists the modulation m / m_.

Element # Period [nm] Stripe [nm] Period [pm™] Imax [cts] Imin [cts] mi / mo
P2 389 195 2.6 25711 2649 1.00
P3 273 137 3.7 10769 4419 0.52
P4 193 97 5.2 6348 4569 0.20
P5 136 68 7.4 4233 3608 0.10
P6 97 49 10.3 not resolved 0

Table 2: Stripes of the BAM L-200 reference pattern investigated by confocal Raman spectroscopy at v = 365 cm™ shift (100x objective, 25 pm
detection fiber). Intensities |___and | _of the cross section from Fig. 4 d) are given. The last column lists the modulation m_/ m_.

Element # Period [nm] Stripe [nm] Period [pm] Imax [cts] Imin [cts] mi / mo
P1 587 294 1.7 3561 323 1.00
P2 389 195 2.6 1666 644 0.53
P3 273 137 3.7 1005 850 0.10
P4 193 97 5.2 not resolved 0
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Ax‘ 1= 0.61% = 0.61# = 198 nm
objectivellsiL 3)
which is in good agreement with the measured value.
The value, slightly better measured than the calculated
value, implies that the reference is perfectly suitable.
Additionally, the effective numerical aperture
N. Aeﬁ’ =N. AobjeclivenSIL (4)
might also be marginally higher than assumed. The
lateral resolution according to Sparrow (m, / m_ > 0) [55] is
determined to 93 nm (10.2 pm™).
For the confocal case without SIL (Fig. 6 right) the
lateral resolution Ax, according to Rayleigh is determined

to 286 nm (3.5 pm?). The calculation results in

Ax‘ = O.GIL =306 nm
Nav2 (5)

with A = 532 nm and NA = 0.75. The factor V2
describes in a simplified way the improvement of the
lateral resolution in confocal microscopy compared to
wide-field microscopy [56]. The imprtzy_ﬂnent for Rayleigh
two-point resolution by a factor of is an optimistic
approximation [57,58]. The calculated result is in good
agreement with the measurement. The lateral resolution
according to Sparrow is determined to 192 nm (5.2 pm?).

The experimental result for the lateral resolution
in the SIL Raman mode with approximately 180 nm is
slightly better than expected for the immersion effect with
approximately 200 nm. Solid immersion is also referred
to as numerical aperture increasing lens / NAIL effect
[22]. Even for the NAIL effect, the inclusion of evanescent
waves is crucial for the resolution gain [8]. In the present
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experiment the lateral resolution in the Raman mode
with SIL is not as high as under primary irradiation (no
frequency shift). Firstly, the separation of the evanescent
waves from the propagating waves is sub-optimal,
secondly, the distance between the SIL and the sample is
not less than the evanescent field decay length [17] which
is a prerequisite for high resolution imaging and thirdly,
the evanescent waves collected with the SIL are trapped in
the space of the SIL and can only partly exit it.

In their paper “Applying solid immersion near-field
optics to Raman analysis of strained silicon thin films”,
Lerman et al. [32] demonstrate a lateral resolution of
their p-SIL of 140 nm in the primary light mode (with a
laser wavelength of 532 nm and ng = 1.9). For the Raman
operation mode a lateral resolution is not given.

Poweleit at al. [35] present a lateral resolution in the
SIL Raman imaging mode of sub 500 nm (with a laser
wavelength of 532 nm an n, = 1.868).

Compared to the above value, the lateral resolution of
approximately 180 nm of the SIL in Raman imaging mode
in our setup is better. It is, moreover, clearly beyond the
classical diffraction limit of Abbe.

4 Conclusions

The extension of solid immersion lens technology to
Raman SNOM by integrating a Ghislain-type SIL to a
confocal Raman microscope is demonstrated.

In previous work a solid immersion lens is used in
an early Zeiss UMSP 80 microspectrophotometer under
primary light irradiation (not frequency shifted) for
imaging and spectroscopy with a lateral resolution in the
range of 30 nm [24].

Figure 6: Modulation transfer function m, / m_ (black squares) for SIL Raman mode (left) and confocal Raman mode (right) determined
from the measurements of the BAM L-200 reference pattern. The resolution limits according to the criteria of Rayleigh (mi / m, = 0.15) and

Sparrow (m, / m_=> 0) are indicated.
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The integration of the SIL into a confocal Raman
microscope allows convenient Raman imaging and
spectroscopy with super-resolution. The lateral resolution
in the Raman imaging mode with the actual SILs is
determined by means of the modulation transfer function
to approximately 180 nm on the basis of the Rayleigh
criteria and approximately 90 nm on the basis of the
Sparrow criteria, each with 532 nm laser illumination. The
lateral resolution is not purely an instrument property, but
also depends strongly on the sample characteristics. Here,
the BAM L-200 reference pattern turns out to be highly
beneficial. In summary, the lateral resolution of the SIL
in the Raman mode is significantly beyond the classical
diffraction limit of Abbe. For a higher resolution, a more
efficient isolation of the evanescent parts of the Raman
light is required.

The SIL concept improves the S/N ratio in comparison
to aperture-limited systems. A SIL probe with a spot size of
approximately 100 nm transmits about 50% of the optical
power [25, 28, 38]. By comparison, a metal-coated fiber-
probe with a 100 nm aperture transmits only a fraction
(102 -10®) of the light coupled into the fiber [16,39-41].

This access to the near-field might be managed
by two possible approaches. One is the illumination
side. Here, it can be beneficial to switch from a linearly
polarized laser beam to a radially polarized one, e.g. with
a 4Pi setup. A dark field illumination of the SIL may also
be advantageous. The other approach is an optimized
manufacturing method for smoother surfaces of the SIL.
Our SILs are produced with classical grinding technology
resulting in surface scratches and major inhomogeneities.
Microelectronic fabrication procedures could help to
reduce variations and standardize the lenses. Plastic
molding methods for micro and nano-SILs could be
very efficient. Precise prototypes in low numbers could
be produced with the gold FIB technique. Using GRIN
lenses as starting point for SIL development also seems
reasonable.

Furthermore, the SIL mode conserves the substrate
compared to the high light intensities on the substrate in
the confocal imaging mode without SIL.
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