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Background-free imaging of plasmonic structures with cross-polarized

apertureless scanning near-field optical microscopy
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2Institut de Physique de la Matiére Condensée, Ecole Polytechnique Fédérale de Lausanne,

1015 Lausanne, Switzerland
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We present advances in experimental techniques of apertureless scanning near-field optical mi-
croscopy (aSNOM). The rational alignment procedure we outline is based upon a phase singu-
larity that occurs while scanning polarizers around the nominal cross-polarized configuration of
s-polarized excitation and p-polarized detection. We discuss the theoretical origin of this topologi-
cal feature of the setup, which is robust against small deviations, such as minor tip misalignment or
shape variations. Setting the polarizers to this singular configuration point eliminates all background
signal, allowing for reproducible plasmonic eigenmode mapping with optimal signal-to-noise ratio.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3693346]

Il. INTRODUCTION

In apertureless scanning near-field optical microscopy
(aSNOM) deep subwavelength spatial resolution is achieved,
for example, in imaging of local dielectric constant! or near-
field distributions of plasmonic samples.>? Often, a metallic
tip is used as the local probe, which interacts strongly with
the sample, resulting in detectable far-field scattering of high
intensity. For dielectric samples, with an appropriate model
for the tip-sample interaction, one can obtain local dielectric
constant contrast at a sample surface, i.e., maps of the material
composition.*

For plasmonic structures, however, maps of the local field
distribution are at the center of interest. Unfortunately, such
samples may themselves exhibit resonant eigenmodes, lead-
ing to non-trivial mode hybridization effects between the tip
and the sample.’ This coupling strongly influences the result-
ing images.> Their successful interpretation is typically not
feasible without independent additional information about tip
and sample. Usually, it also requires extensive simulations as
there appears to be no general analytical model for this strong
interaction case.

One way towards interpretable near-field images is the
use of special, extremely weakly interacting probes, like car-
bon nanotube tips,'? with correspondingly small detected sig-
nals. An interesting alternative is the predominant excitation
of the sample, avoiding strong direct excitation of the probe—
at least in the gap volume between probe and sample, where
the local near-field signal is generated. In such a case the
sample may indirectly, via near-field interaction, excite a suit-
able probe tip of significant scattering cross section. The scat-
tered radiation is sufficiently intense to be easily detectable in
the far-field and carries information mostly about the sample.
This is the basic concept of the cross-polarization scheme for
aSNOM.? In the idealized description, the illuminating beam
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is s-polarized, perpendicular to the tip axis. The detected ra-
diation is analyzed for p-polarization, resulting from the local
excitation of the tip by the sample.

Still, aSNOM is often plagued by background signal
originating from imperfect alignment, which might even ob-
scure any signal carrying information from the near-field re-
gion. Under favorable circumstances it is possible to clean up
recorded data by numerical postprocessing, but the resulting
near-field images are usually of inferior quality. In order to
achieve highest signal-to-noise ratios (SNR), a systematic ap-
proach is much desired to eliminate this background already
at the time of recording.

Several groups have presented results obtained in
cross-polarization configuration®''? and discussed them
in the vein of the above remarks. Here, we concentrate on
the instrumentation and procedural aspects that facilitate the
optimal alignment of aSNOM. We achieve nearly perfect
background suppression using a topological singularity in the
polarization phase space. Our rational alignment procedure
results in routine, direct measurements of nearly unperturbed
plasmonic eigenmodes with excellent quality.

Il. SETUP

A detailed description of the main parts of our setup can
be found in Ref. 13. It is based on a commercial atomic force
microscope (AFM, M5 Park Scientific). After a short review
of standard aSNOM instrumentation techniques we employ,
we give a detailed description of our implementation of a
cross-polarization scheme.

It is well known that a modulation—demodulation scheme
facilitates the discrimination of near-field signal against para-
sitic background signals:"'# to this end, a lock-in amplifier is
locked to the AFM cantilever deflection signal. Filtering the
optical signal at a suitable harmonic of this frequency effi-
ciently extracts the (spatially non-linear) near-field contribu-
tions. Care has to be taken that no mechanical anharmonicities
are present, ' 10

© 2012 American Institute of Physics
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FIG. 1. Scheme of the setup. Focused s-polarized radiation excites the
sample. Backscattered light is modulated by the tip vibration, polarization-
analyzed in a cross-polarization scheme, and interferometrically amplified
before it is sent to a detector. The beamsplitters (BS) form a Mach-Zehnder
type of interferometer.

In addition to the setup described in Ref. 13, we use a
confocal arrangement for the optical microscopic detection
path, where radiation is collected only from the diffraction
limited image volume of a spatial filter centered at the tip
apex. Single mode optical fibers (Thorlabs 780HP) provide
convenient apertures'”~'° for both delivering light from the
laser source to the setup as well as from the setup to the de-
tector (see Figure 1).

The combination of filtering techniques introduced above
significantly reduces the total signal intensity. The intensity of
the illumination beam is limited by the damage threshold of
the tip to about 0.5 MW /cm?. This limits the intensity of the
light scattered back from the near-field region onto the detec-
tor. Additionally, the detector and amplifier bandwidths have
to be higher than the AFM cantilever frequency and its higher
harmonics. Signal strengths are often hardly above the noise
level of typical high-bandwidth, linear detectors. A standard
way to overcome this is an optical amplification scheme.'
The weak signal carrying beam is interferometrically ampli-
fied with a stronger reference beam.?” Once the signal is am-
plified well above the noise level of the detector-amplifier
system, no further improvement of the SNR is possible.?!~23
We use a Mach-Zehnder-type interferometric amplification
scheme (see Figure 1). After splitting off the reference beam,
a Glan-Taylor prism polarizes the excitation beam to the
s-state. A second polarizer selects the p-component of the su-
perimposed beams behind the combining beam splitter. With
motorized rotation stages for the two Glan-Taylor prisms we
can scan the polarizations systematically to find the optimal
configuration.

Interferometric amplification also allows extracting both
the amplitude and relative phase between signal and reference
beam. Over the years several schemes have been employed in
aSNOM, in close analogy to information encoding techniques
in signal processing electronics.!'®20-24-26
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FIG. 2. A homodyne measurement consists of two values taken at differ-
ent interferometric path differences. From those values, the complex-valued
signal can be reconstructed. A large, constant background (red) overlaying
the signal (green) will result in a limited phase range of the measured signal
(blue). Under these circumstances, signals of equal magnitude and opposite
phase can correspond to measured fields of different amplitude and similar
phase.

In our instruments we use a homodyne scheme. Ampli-
tude and phase are reconstructed from two measurements S
and S, with a phase difference of the reference path of +90°.
Both measurements are projections of the complex-valued
total signal S on two lines with — in our case — an angle
difference of 90° in the complex plane (see Figure 2). Total
amplitude and optical phase ¥ can be calculated by

S =,/87+ 53, (1)

S

tany = S, 2)
To be able to address the full range of i € [0, 360°), it is
crucial to attribute a sign to the two measured amplitudes
S1,2, in order to obtain a proper optical phase that coincides
with numerical calculations.® One way is to assign a negative
amplitude whenever the lock-in detector phase (available
range —180° to + 180°) is below zero and positive otherwise.
From the two signs of §; , the value of i is thus fixed
uniquely.

In the cross-polarization scheme the exciting and de-
tected field components are orthogonally polarized.>?7-2® Us-
ing s-polarized light for illumination, the tip is hardly excited
at all.?’ In contrast, the structures on the sample may respond
to s-polarized excitation with strong plasmonic resonances.
The tip efficiently picks up the local vertical field components
of these resonances and scatters them back into the far-field as
mainly p-polarized light. We place a second polarizer in front
of the detector, set to p-polarization.

Regarding the interferometric signal amplification the
different types of interferometers demand different imple-
mentations. In a Michelson type interferometer the light is
polarized to ensure s-polarization in the illumination path. By
including a A/4-plate in the reference arm the polarization is
turned by 90° and only the p-polarized component of the scat-
tered light is amplified.!! We view a Mach-Zehnder interfer-
ometer as preferable since it allows an independent manipu-
lation of the two partial beams, offering direct, full control of
the polarization states in both paths. After splitting off the ref-
erence beam, a Glan-Taylor prism polarizes the illumination
to the s-state. The scattered light is mixed with the reference
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beam in a second beam splitter, and a second polarizer selects
the p-component of both beams.

We use non-contact AFM tips (Nanosensors, Ad-
vancedTEC NC) made of silicon.®'3 To our experience, this
kind of probe provides sufficient scattering cross section with
little or no parasitic coupling. For plasmonic resonant gold
structures in the visible to near-infrared region, we do not ob-
serve perturbations of the sample compared to FDTD calcula-
tions not including the silicon tip.® For more delicate systems,
more weakly interacting tips could be necessary.

lll. ALIGNMENT AND VERIFICATION

Having situated the tip at the center of the three-
dimensional focal volume, one usually finds a finite backscat-
tering background in the cross-polarized detection channel.
Without further optimization, this is essentially an unavoid-
able consequence of a variety of experimental imperfections:
AFM tips are not suitably shaped and aligned, the illumina-
tion is not a properly Gaussian beam, etc. The next alignment
step is therefore to examine whether optimal cross polariza-
tion can be established by optimizing the polarizer settings. In
our experience, it is usually possible to find polarizer settings,
which show zero backscattering intensity.

The optimal configuration is indicated by the occurrence
of a phase singularity in the backscattered radiation when
scanning the polarizers. The theoretical background of this
singularity will be explained below. To locate it experimen-
tally, we need to use interferometry to gain phase sensitivity,
recording the homodyne amplitude and phase. The systematic
search then involves raster-scanning the two linear polarizers
each by a few degrees around the nominal alignment. A typ-
ical two-dimensional data set that results from such a scan in
polarization parameter space is shown in Figure 3.

The position 0°/90° for both polarizers marks the posi-
tion of nominal cross polarization. The actual minimum we
find in the amplitude scan is at a slightly different position.
An indication what the optimal setting can be is found in the
corresponding phase image. Encircling the lowest intensity
pixel, a phase accumulation of 27r becomes evident — the clas-
sic signature of a topologically non-trivial feature. The im-
plied phase singularity associated with this minimum is thus

94°

90°

T (@)
-4° 0° 4°

FIG. 3. Systematic search for the ideal polarizer angles. Illumination (hor-
izontal axis) and detection (vertical axis) polarizer are scanned around the
nominal cross-polarization position 0°/90°. The images show measurements
of (a) the optical amplitude in arbitrary units and (b) the optical phase. The
position of the phase singularity is marked in both images.
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a mathematical point in parameter space. Barring the usual
experimental caveats, such as accuracy in parameter setting,
measurement noise, or stability, the background signal can be
set not only below the detector noise, but to actual zero level.
In our setup, this minimum is typically found at polarizer po-
sitions within £5° off the nominal position.

IV. THE NATURE OF THE PHASE SINGULARITY

The occurrence of a phase singularity in the polarizer
scans described above is a natural consequence of two orthog-
onal tip modes being excited. As they are excited and recorded
in the far-field with two orthogonally polarized modes (s- and
p-polarization), it is convenient to employ the Jones formal-
ism to describe the detected signal. Scattering from the tip
apex region — when properly centered in a Gaussian focus —
is well approximated by a polarization ellipsoid.* '*2° It re-
sponds to excitation by s- and p-polarized light with two or-
thogonal modes (see also Figure 4).

The symmetry of this idealized system causes radiation
emitted by the excited tip to be again linearly polarized in the
same modes as the excitation radiation. Hence, off-diagonal
elements of the Jones matrix describing the tip backscattering

are zero,
o, 0
T= , 3)

0 «ap

where o, , are complex-valued coefficients describing the
backscattering strength of the tip due to the two modes. The
linear polarizers used in the excitation and detection paths are
described by

cos(f) cos(f) cos(B)sin(H)

P@O) =1 | , , . “

sin(f@) cos(f) sin(f) sin(0)
The detected signal after passage through the whole system,
with the two polarizers at angles 0y, our, reads

Eout = P(eout) - T - P(em) . Ein~ (5)

FIG. 4. Simulated near-fields at one end of a gold nanorod, excited by lin-
early polarized light of 900 nm wavelength. The apex radius is 30 nm, field
of view is 180 nm x 120 nm. (a) and (b) real and imaginary part of the
electric field for horizontally polarized excitation (s-polarized). (c) and (d)
real and imaginary part of the electric field for vertically polarized excitation
(p-polarized).
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FIG. 5. Simulations of cross-polarization scans using Eq. (5). (a) When
both modes of the tip o, , are degenerate, no singularity in phase is ob-
served. Arbitrary phase differences other than 0,7 lead to the occurrence
of phase singularities in the cross-polarization position. The special case of
ap = exp (im/2)as, as displayed in (b), yields a perfectly round minimum.
Different retardations (c) and strengths (d) of both modes lead to an elon-
gated elliptical minimum.

Typical examples for signal strengths simulated with Eq. (5)
for different polarizer angles and polarizabilities are illus-
trated in Figure 5. Generally, a phase singularity is observed
located at the nominal cross-polarization position. The am-
plitude images exhibit an elliptical shape, whose orientation
and eccentricity depend on both the relative magnitudes and
phases of «; and «,. Only for the degenerate case of a rela-
tive phase difference between the two polarizabilities of zero
or 180° does the phase singularity become a line of zero
amplitude.

In passing we note the possibility to extract from such
scans — with corresponding analysis, based on Eq. (5) — the
complex-valued ratio o), / ;. That is, the relative dipolar po-
larizabilities of an unknown tip can be characterized. In this
sense, our polarizer scans are related to particle tip character-
izations employed in previous studies.*3!

In a real setup, the perfect symmetry stipulated above is
not realized. However, the presence of a phase singularity is a
topological property of the system. As such it is quite robust
against small, continuous deviations. For example, small ro-
tations or displacement of the tip in space — being adiabatic
evolutions of the system — do not abruptly destroy the phase
singularity. Slight adjustments to the polarizer angles allow it
to be recovered.

Similar arguments hold for adiabatic deformations of the
tip. These introduce small, non-dipolar polarizabilities, whose
backscattering is superimposed on the dipolar response. Still,
for not too large deformations, it is possible to find cross po-
larization. By slightly realigning the polarizers the coherent
superposition of dipolar and (small) non-dipolar scattering is
such that an exact linearly polarized state is formed at the sec-
ond polarizer.

It takes more drastic deviations from the presumed per-
fectly conical tip shape to develop sufficiently strong non-
dipolar polarizabilities that always lead to some non-linearly
polarized backscattered signal, regardless of input polarizer
alignment. In this case, no phase singularity is observed in the
polarizer scans, only a finite minimum amplitude. On the one
hand, this forces us to reject some of the commercial AFM
tips we employ (less than 40%). On the other hand, the sys-

Rev. Sci. Instrum. 83, 033704 (2012)

tematic cross polarization scan thus provides a welcome ra-
tional method for screening the suitability of AFM tips for
aSNOM.

V. APPLICATIONS

After aligning the setup we approach the sample from
below until it is in proximity of the tip. Keeping the tip
fixed in space, we raster scan the sample with a piezo stage
(Physik Instrumente P-517.3CD). From the AFM feedback
loop and optical signal we obtain images of the topography as
well as optical amplitude and phase. Figures 6(a)-6(c) show
an image taken with an imperfect cross-polarization align-
ment. The topography image shows gold discs on a SiO; sub-
strate. Detailed studies of such structures have been published
earlier.> In the optical image the dipolar character is visible
as one bright and one dark lobe compared to the regions in
between the discs. At the same time the phase image shows
contrast only in a few regions. The areas where the phase de-
viates from the otherwise uniform rest correspond to the dark
areas of the amplitude image.

We explain these observations by assuming an additional
background signal overlaying our optical near-field signal
(see Figure 2). Light being backscattered by solely the tip
or solely the sample leads to a nonzero background. To our
experience, this background is mostly constant or drifts lin-
early in time. One may evaluate the complex-valued signal
in an area between the structures, where very small signal
amplitudes are expected. By subtracting this complex-valued
background we obtain a new amplitude and phase signal

FIG. 6. (a) AFM topography of gold discs on silicon dioxide substrate il-
luminated with (b) and (c) optical amplitude and phase of those discs with
nonzero background. (d) and (e) Optical amplitude and phase after subtrac-
tion of constant complex background. (f) AFM topography of a different re-
gion on the same sample after realignment of the setup. (g) and (h) Optical
amplitude and phase of the discs shown in (f). Background is lower than in
the previous measurement, making background subtraction unnecessary.
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which is now nearly zero over the whole background re-
gion. The amplitude image, postprocessed in this fashion,
(Figures 6(d) and 6(e)) shows two bright lobes on the dipole
discs and the phase difference of both lobes is close to 180°.

Rather than by postprocessing, it is desirable to elim-
inate the background signal already at the time of record-
ing by establishing cross polarization. Figures 6(f)-6(h) show
the raw data obtained from the same sample after realign-
ing the setup to exact cross polarization. A comparison shows
clearly the improved signal-to-noise ratio, thanks to the cross-
polarization alignment.

The cross-polarized aSNOM technique can also be used
to obtain faithful near-field information from rather complex
plasmonic structures. Here we discuss the example of linear
feed-gap antennas consisting of two gold wires fabricated by
electron beam lithography. Fabrication and size parameters
are systematically varied to tune the resonance frequencies
and identify optimal structures with the desired optical re-
sponse. To demonstrate the potential of cross polarization, we
measure different configurations of illuminating and scattered
beams.

Figure 7(a) shows the images measured in cross polar-
ization. With the electric field of the incident beam in the di-
rection of the wire, the antennas are strongly excited. In this
configuration, lobes of the electric field strength are observed
on the resonant wires. The plasmonic eigenmodes are mostly
unperturbed.® Background signal in regions without metallic
structures is low. When we place the antennas perpendicular
to the incident electric field (Figure 7(b)), we excite trans-

E
kin out
E
E
k_ Ko
E
E
kin E kout

FIG. 7. Near-field images of feed-gap antennas under different illumination
conditions at A = 911 nm. The antennas are made of gold on a silicon diox-
ide substrate. (a) and (b) Cross-polarization scheme. In (a), the topography of
the lowest row is marked in white. From the left to the right, the wire thick-
ness varies. From top to bottom, the gap size changes. In (b), the sample is
rotated in the image plane by 90°. Non-resonant transversal modes are ex-
cited. (c) and (d) Both illumination and detection polarizers are aligned to
p-polarization. (e) and (f) Both polarizers are aligned to s-polarization.
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verse modes of the wire. These do not depend on the wire
length, only on its width. The structures are not resonant for
this mode.

Using p-polarized for incident as well as detected light,
both tip and sample are directly excited, couple to each other,
and scatter back (see Figures 7(c) and 7(d)). Much of the con-
trast observed here stems from variations in the backscatter-
ing cross section of the coupled tip-sample system, which in
turn largely depends on sample material. By comparing with
simulations or a model,'? one can gain information about the
dielectric constant of the sample or even its dielectric tensor.>

When aligning both illumination and detection path to
s-polarization, we obtain very low signal intensities in the
near-infrared (see Figures 7(e) and 7(f)). Evidently, the tip
cannot be efficiently excited by the incident beam, nor can
it radiate efficiently with this polarization. In the mid-IR, for
cases of particularly strong near-fields at a sample, such a
configuration has been shown to allow mapping of in-plane
components.'?

VI. SUMMARY AND OUTLOOK

Filtering techniques and systematic alignment of an
aSNOM in cross polarization can lead to background-free op-
tical near-field images. We build upon the well-established
techniques of higher harmonic demodulation for discrimina-
tion of near-field signal against background scattering and
homodyne interferometric amplification for increased signal
strength and access to the complex optical amplitude. In ad-
dition, we recommend a confocal optical setup for further in-
creased background reduction and the use of spatial filtering
for optimal interferometric visibility.

The main message, though, is the high-fidelity of near-
field optical microscopy afforded by the cross-polarization
scheme. We outline its systematic alignment, which leads to
largely decoupled illumination and detection with very lit-
tle perturbation of plasmonic sample eigenmodes. With the
sample retracted, the alignment procedure routinely achieves
background levels below the detector noise. With the sam-
ple in contact, all signal can thus be ascribed to tip-mediated
scattering of local near-fields from the sample. Earlier® we
showed that signals measured in cross polarization reproduce
very well the vertical component of the electric field of the
excited bare sample — as simulated in the absence of any
probe tip.

As an outlook, one may consider a deliberate tilt of the
probe tip with respect to the surface normal. A correspond-
ingly rotated cross-polarization scheme can be envisioned, us-
ing polarization states compatible with such a tip. It may be
expected to allow similarly background-free measurements of
slanted field components parallel to the tip’s shaft. In combi-
nation, successive measurements with differently angled tips
might allow the systematic reconstruction of the entire com-
plex electric field vector.
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