<]
TUDelft

Delft University of Technology

Cloaked near-field probe for non-invasive near-field optical microscopy

Arango, Felipe Bernal; Alpeggiani, Filippo; Conteduca, Donato; Opheij, Aron; Chen, Aobo; Abdelrahman,
Mohamed I.; Krauss, Thomas F.; Alu, Andrea; Kuipers, Laurens; More Authors

DOI
10.1364/OPTICA.449216

Publication date
2022

Document Version
Final published version

Published in
Optica

Citation (APA)

Arango, F. B., Alpeggiani, F., Conteduca, D., Opheij, A., Chen, A., Abdelrahman, M. |, Krauss, T. F., Alu,
A., Kuipers, L., & More Authors (2022). Cloaked near-field probe for non-invasive near-field optical
microscopy. Optica, 9(7), 784-791. https://doi.org/10.1364/OPTICA.449216

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1364/OPTICA.449216
https://doi.org/10.1364/OPTICA.449216

Vol. 9, No. 7 / July 2022 / Optica

Research Article

| 684

K.
Check for
updates

OPTICA

Cloaked near-field probe for non-invasive near-field
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Near-field scanning optical microscopy is a powerful technique for imaging below the diffraction limit, which has been
extensively used in biomedical imaging and nanophotonics. However, when the electromagnetic fields under measure-
ment are strongly confined, they can be heavily perturbed by the presence of the near-field probe itself. Here, taking
inspiration from scattering-cancellation invisibility cloaks, Huygens—Kerker scatterers, and cloaked sensors, we design
and fabricate a cloaked near-field probe. We show that, by suitably nanostructuring the probe, its electric and magnetic
polarizabilities can be controlled and balanced. As a result, probe-induced perturbations can be largely suppressed,
effectively cloaking the near-field probe without preventing its ability to measure. We experimentally demonstrate
the cloaking effect by comparing the interaction of conventional and nanostructured probes with a representative
nanophotonic structure, namely, a 1D photonic-crystal cavity. Our results show that, by engineering the structure of the
probe, one can systematically control its back action on the resonant fields of the sample and decrease the perturbation
by >70% with most of our modified probes, and by up to 1 order of magnitude for the best probe, at probe-sample
distances of 100 nm. Our work paves the way for non-invasive near-field optical microscopy of classical and quantum
nanosystems. © 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

Measurement implies perturbation. This is a well-established fact

tool for probing subdiffractive features of nanostructures in bio-
logical systems (e.g., imaging of proteins [4,5]) and photonic
systems (e.g., plasmonic structures, nanoantennas [6,7], and
topological photonic crystals [8]). Clearly, this technique induces
perturbations on the field distributions under measurement, due to
the scattering from the probe itself, consistent with our discussion
above. While for structures with a large photonic-mode volume
this perturbation is negligible [9], for highly confined resonant
field distributions—as common for nanophotonic structures—it
becomes particularly severe, leading to significant image artifacts,
because the effective volume of the supported photonic modes may
be comparable to the effective size of the near-field probe, given
by its scattering cross section (and proportional to its polarizabil-

both in quantum and classical physics, and it becomes particu-
larly evident at scales comparable to the wavelength of the physical
elements (particles, fields) under measurement. Indeed, for electro-
magnetic fields, the so-called optical theorem [1,2] implies that,
if the total scattering cross section of a passive sensor is identi-
cally zero, then no energy can be absorbed, i.c., measured, since
the extinction and absorption cross section of the sensor are also
required to be zero. Hence, any passive sensor is required to scatter,
thus perturbing the fields under study, in order to measure them.
Rather counterintuitively, in this paper we experimentally demon-

strate a sensing element, an optical near-field probe, that is able
to measure an electromagnetic field distribution with minimized
perturbations.

The idea of using a small probe in the near field of an illumi-
nated sample to achieve optical imaging not limited by diffraction
dates back to the work of Synge in the 1920s [3]. In recent decades,
thanks to tremendous advances in nanotechnology, near-field
scanning optical microscopy (NSOM) is becoming an essential

2334-2536/22/070684-08 Journal © 2022 Optica Publishing Group

ity). Indeed, it was predicted by Koenderink ez /. [10] that the
interaction between an NSOM probe and the resonant near-field
distribution of a photonic cavity could spectrally shift the photonic
modes of the system. While this effect provides a useful mechanism
to finely tune the cavity resonance and can be used to determine the
complex mode volumes of quasi-normal cavity modes [11], it rep-
resents an obstacle for imaging resonant nanophotonic structures,
as the field measured by the probe can be heavily distorted by the
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probe itself. These perturbation effects were subsequently observed
experimentally in a large body of work [12—-15].

Suppressing the perturbing effect of an NSOM probe is an
appealing goal that paves the way for minimally perturbative
subdiffractive optical imaging and sensing of highly resonant
structures. Low-invasive probes may enable near-field measure-
ments on fragile states that would otherwise be disrupted by the
probe scattering, which is of particular relevance in cavity quantum
electrodynamics, or in the study of single emitters and their inter-
action with nanostructures without the issue of probe-induced
modifications to the spontaneous emission rate, probe-induced
Lamb shifts, et cetera. Over the past few decades, several strategies
have been proposed to make optical scatterers invisible by mini-
mizing their scattering cross section [16] using suitably designed
plasmonic cloaks [17,18], metasurfaces [19,20], or complex meta-
material shells [21-25]. Most importantly for our purposes, it was
theoretically demonstrated in [20] that “cloaked sensors” could
be designed with minimized scattering cross sections without
preventing their ability to absorb (i.e., measure) a finite amount
of energy. In fact, while the optical theorem imposes constraints
on the scattering and absorption properties of any passive scat-
tering system, it does not set a lower limit on the 7atio between
scattering and absorption cross section, which implies that almost-
invisible objects may absorb a small, yet nonzero, amount of
energy [24,27]. The potential of these ideas to realize invisible
near-field probes was theoretically investigated in [28,29]. In
particular, it was recognized that the cloaking mechanism should
not “shield” the probe from the external fields, as it is crucial that
a sufficient amount of light is still coupled into the probe, in order
to guarantee a detectable level of signal. Scattering-cancellation
techniques [18,22,26,28], based on compensating the induced
dipole moments in a scatterer with counter-oscillating dipole
moments in the cloak, are ideally suited for this purpose, as they
allow reducing the scattered field without shielding the object to be
concealed inside an impenetrable shell. In this way, not only are the
internal fields not reduced, they can actually be enhanced [26,30].
Moreover, for many applications, it may not even be necessary to
minimize the total scattering cross section of the sensor. Indeed, if
the sensor’s position relative to the sample under measurement is
known, it would be more than sufficient to suppress the scattered
fields in that specific direction (typically the backward direction).
This can be achieved through interference effects between electric
and magnetic dipole scattering (or higher-order scattering con-
tributions), following for example the well-established Kerker’s
conditions for zero backscattering [17,31-33], which repre-
sents a particularly appealing solution for our purposes as further
discussed in the next section.

Inspired by these ideas, in this work we design and fabricate
a “cloaked” NSOM probe, and we experimentally demonstrate
its sensing performance by studying the probe interaction with a
photonic-crystal cavity [34].

2. RESULTS

In aperture-based near-field probes, the tip of a tapered optical
fiber is coated with aluminum, and subsequently an aperture is
opened at the tip. The subwavelength aperture interacts with the
evanescent near fields of the sample, coupling them into the guided
modes of the tapered optical fiber, in which the fields are guided
toward a detector as the probe is scanned above an illuminated
sample [See Fig. 1(a)]. While great progress has been made in the
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design and operation of apertureless NSOM probes, including
dielectric probes, aperture-based NSOM probes offer the impor-
tant advantage of illuminating the sample and/or collecting light
very locally, thus creating images that are essentially background-
free [37,38]. Moreover, apertureless probes are primarily sensitive
to the out-of-plane component of the electric field of the vectorial
electromagnetic distribution under measurement, whereas the
dominant fields in many nanophotonic structures (as the one
considered here) are the in-plane fields. In general, this limits
apertureless near-field microscopy when it comes to reconstructing
the full vectorial fields at the nanoscale. Aperture probes, instead,
are sensitive to all four in-plane components of the electromagnetic
field and thereby allow for this full reconstruction (the out-of-plane
components can be determined through calculations) [39]. These
advantages of aperture-based NSOM probes come at the cost of
a larger probe size, which usually implies larger scattering and
therefore stronger scattering-induced artifacts. Our goal in this
work is to overcome this trade-off.

Although aperture-type tips are larger than apertureless ones,
their size is still typically much smaller than the wavelength.
Thus, the interaction with the sample field, and the conse-
quent scattering process, are dominated by the induced electric
dipole moment p and magnetic dipole moment m on the probe,
ie., (p; m) =a(E; H), where o is the magneto-electric polariz-
ability tensor [35,40] of the probe: @ = (ag, ¥pm; Aure, An).
The upper diagonal block az is the electric polarizability ten-
sor, the lower diagonal block a7 is the magnetic polarizability
tensor, and the off-diagonal blocks &y and o zp describe the
magneto-electric response of the probe, i.c., the electric (mag-
netic) moment induced by magnetic (electric) field; [E; H] are
the electric and magnetic fields at the probe location. As shown
in [41-43], it is indispensable for an accurate description of the
NSOM probe response to take into account the magnetic field
interactions. The source of the scattered field is the induced current
on the probe, which is proportional to the dipole moments [44].
If magneto-electric coupling can be neglected, the electric and
magnetic polarizability tensors, @z and &g, can be interpreted
as admittance and impedance tensors, respectively, relating the
local fields to the induced currents in an equivalent circuit model
of the scatterer. Thus, an object with an element of the electric
polarizability tensor, e.g., otfyy , having positive (negative) real part,
is seen as a local shunt capacitance (inductance) by the local electric
field £, . Similarly, an element of the magnetic polarizability tensor
with a positive (negative) real part corresponds to a local series
capacitance (inductance). In particular, aperture probes of this type
usually have stronger inductive impedance due to their magnetic
response [15]. The stronger inductive impedance is evidenced in
Fig. 1(b), where we show spectra of transmission measurements
through a photonic crystal cavity as a function of the probe-cavity
distance z [see Fig. 1(a)] for a conventional unmodified probe.
In these spectra we observe how the resonance is blueshifted as
the probe approaches the cavity, and the width of the resonance is
increased due to loss channels caused by scattering.

Our design of a cloaked NSOM probe is heuristically based
on this interpretation in terms of impedance/admittance and on
a general strategy to control them. Indeed, as proposed in [29], if
slits are carved along the probe [parallel to the probe axis as shown
in the inset of Fig. 1(a)], such slits would act as short transmission-
line segments whose length can be used to control the overall
impedance of the probe and possibly induce resonances in the
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Fig. 1. Description of the measurements and the perturbation prob-
lem in NSOM for confined fields. (a) SEM picture of a 1D photonic
crystal cavity together with a sketch of an aperture-type NSOM probe.
The inset includes a sketch of a nanostructured probe with slits carved
along the aluminum shell. The slit is aligned along the x axis. (b) Example
of measured transmission spectra through the cavity, clearly showing the
change in amplitude and width due to the presence of a conventional,
unmodified probe at different heights. (c)—(h) Numerically calculated
real and imaginary parts of the polarizability components [35,36] of the

near-field probe, afj , o ,ilj , and 01,1,;15 , as a function of the wavelength and
slit length. The dashed line indicates the position of the cavity resonance
at 1576.2 nm. (i) Near-field amplitude map created by measuring the
transmission through a conventional near-field aperture probe while
3D-raster-scanning the probe. The figure shows a horizontal x — y plane
measured in shear force mode, a vertical y — z plane measured at X =0,
and az — x plane measured at Y = 0.

polarizability tensor elements. We also note that these resonances
can be further tuned by varying the thickness of the aluminum
coating, which also modifies the relative impedance/admittance
of the probe. In addition, a change of material properties, for
instance, the presence of a layer of Al;0;, whether by natural or
deliberate oxidation, is another option to tune the resonances. We
also note that various forms of nanostructuring of an NSOM probe
have been investigated, computationally and experimentally, in the
recent literature (e.g., [38,45,46] and references therein) but for
different purposes unrelated to scattering suppression.

In Figs. 1(c)-1(h), we plot all the numerically calculated elec-
tric and magnetic polarizability tensor elements for different slit
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lengths, demonstrating the presence of a slit-induced resonance
in both the electric and magnetic response of this nanostructured
probe. Such slit-induced resonance allows us to tune the different
elements of the magneto-electric polarizability tensor to a large
degree, so that we can either increase or decrease the real/imaginary
part of the magnetic/electric polarizability.

In order to quantify the impact of our nanostructured probe
on the near-field measurements of a nanophotonic structure, we
turn to perturbation theory, which tells us that the wavelength shift
induced by the probe on the cavity modes is related to the change
in energy induced by the perturbing element [10]. When we
neglect the magneto-electric cross-coupling terms &z and &y g,
which are typically small, and the linewidth change due to the loss
channels introduced by the perturbation, the local resonance shift
induced by the probe is approximately given by [10,15]

A0« Re@n) ) - 2 4+ Re@@m) HE - 2200
Ao ) Uo W

Here, A, is the wavelength of the unperturbed resonant mode,
AM,(r) is the local change in resonant wavelength due to the per-
turbation, U is the energy stored in the electromagnetic fields of
the unperturbed cavity, and 7 is the position of the probe. As seen
in Figs. 1(c), 1(e), and 1(g), when driving the probe far from its res-
onance, the real electric polarizability term is positive (capacitive),
which therefore increases the energy of the system and redshifts the
cavity resonance to longer wavelengths, while the real magnetic
polarizability terms are negative (inductive), hence blueshifting the
cavity resonance. Whether the blue- or redshift dominates depends
on the specific probe geometry and material composition.

Based on these considerations, it is therefore clear from Eq. (1)
that we have two options to minimize the probe-induced per-
turbation: we can either minimize the dominant terms of both
ap and @y simultaneously, or make them equal and opposite,
thus compensating for their wavelength shift. However, by
inspecting Figs. 1(c), 1(e), and 1(g), it is evident that the first
option is not available, as the slit-induced resonance allows &g
to become zero, but not &yt. Instead, the second option, with
Re(az) = —Re(@y), can be easily achieved, producing a net zero
wavelength shift. Moreover, from Fig. 1(f), it is also clear that the
slits induce an increase in the imaginary part of afn{;‘ , making it
comparable to the other real and imaginary polarizability values.
In this way, we are able to approach an interesting condition for
the in-plane polarizabilities, afj ~ —ia}l [approached, e.g., by
the cyan curve, in Figs. 1(c)-1(f), for 300 nm slits, near the cavity
resonance], which implies that the induced in-plane electric and
magnetic dipoles are in phase when this condition is fulfilled,
which in turn implies that the backscattering into the sample is
minimized, similar to the Huygens—Kerker condition [17,31-33],
but for near-field driving of the scatterer with evanescent E and

H fields dephased by 90° [47] (the standard Huygens—Kerker

condition would instead require afyy A ozg; for in-phase driving
fields as those of a propagating plane wave). Thus, our goal is to
realize a nanostructured NSOM probe with balanced electric and
magnetic responses, such that the backscattering into the sample,
as well as the total energy change and therefore the resonance
shift, are minimized, effectively cloaking the probe. In this way, as
demonstrated in the following, we are able to access an operation
mode in which we measure a very close approximation of the actual
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eigenmode of the photonic system under study and not the mode
of the perturbed system.

To test our ability to cloak a near-field probe based on this
strategy, we use as a benchmark a 1D photonic-crystal cavity
[Fig. 1(a)], fabricated in silicon on insulator (SOI) with a transverse
electric (TE) resonant mode centered around 1550 nm, a Q value
of ~3000, and a mode volume of ~1 x 10™!? m3. We note that
this structure is an ideal model system for our investigations, as it
combines a small mode volume, highly sensitive to perturbations,
and a sharp frequency profile, so that the perturbations can be
accurately monitored. These features allow us to investigate the
cloaking effect in detail and efficiently. We image the field profile of
this nanophotonic cavity using a homebuilt, polarization-sensitive
NSOM [48], mapping the amplitude of the fields in 3D when
driving the cavity near resonance (at a wavelength of 1576.2 nm).
The 3D plotin Fig. 1(i) shows three planes of this field map. In the
horizontal x — y plane as well as in the vertical x — z plane we see
a periodic repetition of, respectively, horizontal and vertical red
features, corresponding to the field antinodes or maxima, which is
a clear signature of the standing-wave pattern of the cavity mode.
We also observe how the amplitude of the fields decreases as the
distance from the surface increases, as expected.

Importantly, we see in Fig. 1(i) that, close to the center of the
cavity and above the surface , the measured field amplitude is sig-
nificantly lower, which is surprising since, for this type of cavity, the
highest field amplitude is expected to be at the center of the cavity
[34]. This zone of unexpectedly low field amplitudes indicates that
the probe is exerting a strong perturbation on the measurements.
Indeed, consistent with Eq. (1), a strong perturbation induces a
large wavelength shift in the resonant mode, especially in spatial
regions with high field intensity. This determines a subsequent
decrease of intensity in the perturbed cavity, due to the cavity being
out of resonance with respect to the wavelength of the driving
laser, which in turn results in a reduced detected intensity. We
quantify the perturbation introduced by the probe by measuring
the transmission spectra through the 1D photonic-crystal cav-
ity as a function of the position of the probe, which allows us to
determine the wavelength shift in Eq. (1) (see Appendix A). These
transmission measurements are performed simultaneously with
the collection through the aperture probe, so that we can easily
compare the impact of the probe scattering on both the near-field
probe-based measurements and the transmission measurements.

In Fig. 2, we present measurements for both a conventional
probe and a slitted probe designed to have balanced electric and
magnetic polarizabilities as discussed above. We perform trans-
mission spectroscopy measurements following two different probe
trajectories toward the center of the cavity. In the first trajectory
[Figs. 2(a) and 2(b)], we move the probe vertically (z direction)
from the top-center of the cavity and, while measuring the trans-
mission spectra, we also measure the change in probe-sample
distance with a SmarAct GmbH PicoScale interferometer. In the
second trajectory, we measure transmission as we move the probe
toward the center of the cavity along its axis of mirror symmetry
(x axis), while keeping the probe at close proximity (~10 nm; see
Appendix A) to the sample [Figs. 2(c) and 2(d)].

Figure 2(a) shows that, when a conventional NSOM probe is far
from the cavity, there is a clear resonance in the transmission spec-
trum centered around 1576.2 nm. As the probe gets closer to the
center of the cavity, however, this resonance starts shifting toward
shorter wavelengths. The magnitude of the resonance shift is a

(b) Slitted probe
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Fig. 2. (a) and (b) Transmission spectral measurements for the
nanophotonic cavity in Fig. 1, with (a) a conventional or (b) a cloaked
probe (Probe 3 in Appendix A) approaching the center of the cavity
from the top. (c) and (d) Transmission maps with probes in contact
with the sample and approaching the center of the cavity along its
mirror-symmetry axis.

quantitative measure of the perturbation introduced by the probe.
At a probe height of around 110 nm, the resonance is centered
around 1574 nm, namely, the probe induces a resonance blueshift
of 2.2 nm, which is qualitatively consistent with our numerical
calculations in Figs. 1(c), 1(e), and 1(g), where we see that a probe
with no slits has a dominant magnetic polarizability (its real part
is 16% stronger than the real part of the electric polarizability at
1576.2 nm). A similar behavior is found for the trajectory along
the cavity axis. As seen in Fig. 2(c), the cavity resonance is clearly
visible when a conventional NSOM probe is far (3 pm) from the
cavity center, where the cavity fields are less intense. As the probe
approaches the center (X = 0), we clearly see how the resonance
is strongly blueshifted, broadened, and eventually completely
disrupted.

In stark contrast, for a slitted probe with balanced electric-
magnetic response, our measurements in Fig. 2(b) show a
significantly smaller blueshift of the cavity resonance. The wave-
length shift is decreased by an order of magnitude at a probe height
of 110 nm, from 2.2 nm to about 0.2 nm. Furthermore, this small
shift is less than 2/3 of the resonance FWHM (0.38 nm) at around
50 nm height, which is a practical distance for near-field mea-
surements. The reduced perturbation introduced by the slitted
probe is even more evident considering the horizontal trajectory
along the cavity axis as shown in Fig. 2(d). When the probe is far
from the center of the cavity, we again see the resonance centered
at 1576.2 nm as in Fig. 2(c); however, when the slitted probe is
moved to the center of the cavity, we now observe only a very small
shift of 0.5 nm and reduced resonance broadening. The fact that
the perturbation is reduced to such a degree, even for a probe at a
distance of only 10 nm from the field hot spot at the center of the
cavity, clearly demonstrates the “cloaking” effect in action.

Another feature visible in all the measurements in Fig. 2 are
the thin (FWHM 0.02 nm) vertical dark-bright lines separated
by 0.06 nm, which are the signature of Fabry—Perot resonances
created between the waveguide facets of the chip and the photonic-
crystal cavity. Interestingly, we note that these Fabry—Perot features
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are not perturbed by the presence of either conventional or nanos-
tructured probes. This is expected, since the large mode volume of
these Fabry—Perot modes makes them insensitive to the compar-
atively small scattering cross section of the probe [9], confirming
that near-field microscopy measurements only perturb tightly
confined fields.

In order to assess the probe—sample interaction in more detail
and test how the length of the slits affects the response, we carried
out transmission measurements through the photonic-crystal
cavity in the presence of various probes having different geomet-
rical parameters. As in Figs. 2(a) and 2(b) above, we accurately
move the probe vertically (along the z axis) approaching the center
of the cavity. The resulting transmission spectra as a function of
probe height are subsequently fitted with a Lorentzian line shape to
extract the wavelength shift as well as the change in the linewidth
of the cavity resonance. Figure 3(a) depicts SEM images of a con-
ventional and a slitted probe, while Fig. 3(b) shows tranmsission
measurements in the presence of three different probes, with slit
lengths equal to 126 nm (Probe 1), 409 nm (Probe 2), and 364 nm
(Probe 3). Additional geometrical parameters for these probes are
detailed in Appendix A. Figure 3(b) shows the central wavelength
and linewidth values retrieved from the Lorentzian fit of the trans-
mission spectra for Probes 1 to 3. We see that a probe with a short
slit (Probe 1) induces a similar shift in the wavelength of the cavity
resonance as a conventional probe does, which indicates that a
shortslit does not balance the electric and magnetic polarizabilities
of the probe, as qualitatively predicted by our numerical calcula-
tions in Fig. 1. When the length of the slit is significantly increased,
as for Probe 2, we observe a strong reduction of the probe-induced
perturbation, with a wavelength shift reduced down to 23% of the
original value at a probe height of 100 nm, i.e., a change from a
resonance wavelength of 1573.29 nm (for Probe 1) to 1575.53 nm
(for Probe 2). Finally, for Probe 3, which has a shorter slit than
Probe 2, we observe a further drastic reduction of the probe-cavity
perturbation with a shift reduced to about 7% of the original shift
at 100 nm height, i.e., from a wavelength of 1573.29 nm to a
wavelength of 1575.99 nm. Also, this probe creates a perturbation
of less than 0.5 nm at 30 nm height. This behavior indicates that
longer slits do not necessarily mean better polarizability com-
pensation and therefore better perturbation suppression, which
is again qualitatively consistent with our numerical calculations
in Figs. 1(c)-1(e). Indeed, the optimal balancing of the electric
and magnetic dipolar responses depends on the specific frequency
of the polarizability resonance induced by the slits. As mentioned
above, the frequency of this resonance is also tuned by the change in
the aluminum coating thickness between the probes, as well as the
Al30; content of the probes. In our case, Probe 3, which shows the
smallest perturbation on the measured fields, turned out to have
the best combination of slit length, width, and aluminum coating
thickness among all the probes fabricated and measured. While
it is challenging to precisely control the fabrication parameters of
these tips, most of our nanostructured probes with a slitted coating
still exhibited significant cloaking effects, similar to Probe 2, hence
demonstrating the robustness of the proposed approach.

In our transmission measurements, we also observed the pres-
ence of additional peaks on the right and left of the main cavity
resonance [inset of Fig. 3(b)], with the peak at shorter wavelengths
increasing in amplitude as the probe approaches the cavity. We
have verified that these peaks, which are present even for large
probe-cavity distances, are the result of interference with a back-
ground signal originating from imperfect polarization filtering
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Fig. 3. Reduction of cavity resonance shift using nanostructured
probes. (a) SEM pictures of a conventional probe (top) and a slitted
nanostructured probe (bottom). (b) Center wavelength of Lorentzian fits
on transmission spectral measurements of the cavity while the cavity is
perturbed by probes with different slit lengths. The horizontal bars asso-
ciated with each curve indicate the linewidth (FWHM) of the Lorentzian
fits. The spectra were acquired while changing the vertical (z axis) distance
of the probes from the center of the cavity. Due to its short slit length,
Probe 1 shows a similar shift as a conventional probe. The inset shows the
measured transmission spectra through the cavity in the presence of Probe

3 at different heights (the solid lines show the fits used).

before the acousto-optical modulator, as further clarified in
Appendix A (Methods). As seen in the inset of Fig. 3(b) (and the
spectral measurements in Fig. 2), these background peaks do not
change in the same way as the cavity peak does when the probe
approaches the cavity. Specifically, the central wavelength of the
background peaks does not vary with the probe height, whereas
their amplitude changes as a result of interference with the cavity
peak as it shifts and decreases in amplitude when the probe is closer
to the cavity, which is particularly evident when the shifted cavity
peak starts crossing the background peak to its left, increasing its
amplitude.

The fact thata well-balanced slitted probe reduces the resonance
shift in transmission measurements through the nanophotonic
cavity should also be reflected in much weaker perturbations on the
measured near-field distribution. As a demonstration of the new
capabilities of our “cloaked” probe, we present in Fig. 4 the electric
near-field amplitude profiles of the nanophotonic cavity under
study, mapped by a conventional unbalanced probe [Figs. 4(a) and
4(d)] and a nanostructured balanced probe [Figs. 4(b) and 4(e)].
The measurements are carried out both in a vertical plane along
the axis of mirror symmetry of the cavity (x — z plane) as well as
in shear-force mode on the surface of the sample (x — y plane).
These measurements can be compared to the theoretical calcula-
tions presented in Figs. 4(c) and 4(f) (note that these simulation
results, because of their high amplitude at low heights close to the
surface, show an apparently smaller field pattern extension due to
saturation of the color scale). Similar to Fig. 1(i), in Figs. 4(a) and
4(d) we observe a central region of lower field amplitude, where
maximum intensity would be expected, caused by the perturbation
of the conventional probe when it is in close proximity to the center
of the cavity. This effect is clearly visible in both the x — z and the
x — y plane. The interaction of the probe with the cavity creates a
strong contrast between the high amplitude fields at the edge of the
cavity and the fields at the center of the cavity. For the conventional
probe, the contrast between the maxima of the field antinodes
away from the center and the maxima at the center of the cavity is
57% at 100 nm height. Rather remarkably, our results in Figs. 4(b)
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Fig. 3. These figures can be compared to the numerical calculations for the amplitude of E, in the resonant cavity, presented in panels (c) and (f).

and 4(e) show that, when a nanostructured slitted probe with
balanced electric and magnetic response is used (Probe 3 in Fig. 3),
the amplitude contrast is strongly suppressed: only 16% at 100 nm
height, which is less than 30% of the amplitude decrease observed
with a conventional probe. These results clearly demonstrate the
potential of the designed cloaked probes to achieve low levels of
perturbation in near-field subdiffractive measurements.

3. DISCUSSION

Inspired by the concepts of scattering-cancellation invisibil-
ity cloaks, cloaked sensors, and Huygens—Kerker scatterers, we
have experimentally demonstrated a novel method to suppress
the perturbations introduced by NSOM probes for near-field
optical imaging at infrared frequencies, effectively making the
probes invisible to the field distribution under study, without
preventing their ability to measure. In order to characterize our
nanostructured “cloaked” probes, we have implemented a hetero-
dyne detection scheme, in which we simultaneously measure 3D
raster-scanned field maps of the near-field amplitude distribution
and the transmission through a nanophotonic cavity under study.
In addition, in this measurement scheme, we have implemented
a fast spectroscopic scan that allowed us to characterize the full
electromagnetic response of the probes, in amplitude and phase, as
afunction of wavelength.

Our experimental work demonstrates, for the first time, that
a suitably nanostructured cloaked probe enables minimally per-
turbative measurements of tightly confined resonant fields. In
particular, we have shown that, by balancing the electric and mag-
netic dipole response of the near-field probes, we can reduce the
perturbation by at least 70%, quantified in terms of the resonance
shift at probe-sample distances of ~100 nm or less. This reduced
perturbation allows mapping a field profile that closely resembles
the eigenmodes of the cavity/waveguide under study, instead of
the modes of the perturbed sample-probe system. More broadly,
our work represents the first proof of concept of an “invisible
sensor” in nano-optics. We stress that, while we have chosen a
specific structure for this demonstration, this structure serves as
an ideal model system to investigate the cloaking effect in detail,
as it combines a small mode volume and a sharp frequency profile,
guaranteeing both high perturbation sensitivity and accurate
shift detection. Furthermore, the strategy put forward here to

suppress the backscattering of a near-field probe, based on bal-
ancing its electric and magnetic response, is general, and it may be
applied to a wide range of configurations, samples, and measure-
ment modalities, including apertureless near-field microscopy or
other near-field sensing setups (albeit certainly based on different
implementations).

Our results may pave the way for applying near-field micros-
copy to fragile perturbation-sensitive systems as in cavity quantum
electrodynamics, as well as for research on single-emitter near-
field dynamics, for which the near-field optical environment may
strongly affect the spontaneous emission rate (Purcell effect) as
well as the underlying electronic wave functions and energy levels
(Lamb shift). Conversely, an engineered probe with tailorable
electric/magnetic polarizability could also be designed to exhibit
enhanced backscattering, which may be useful to systematically
probe the effect of a change in optical environment (and its elec-
tric/magnetic character) in the extreme vicinity of a quantum
emitter. Future work will focus on applying the proposed cloaked
probes to a broader range of structures and on clarifying their
limitations. For example, we anticipate that, when the gradients of
the fields are large, higher order multipoles will become important,
which may introduce qualitatively different perturbations to the
sample under measurement.

In conclusion, our work shows a path toward minimally pertur-
bative subdiffractive near-field imaging and may lead to innovative
advances in our exploration of the nano world with optics.

APPENDIX A: METHODS

Transmission measurements: To find the spectral dependence of
the resonance shift, we measure the transmission through the
sample interferometrically with a heterodyne detection scheme
(see Ref. [48]). In this scheme we combine the signal transmitted
through the sample with a reference signal that has been phase
modulated with an acousto-optical modulator at a frequency of
40 kHz. Therefore, the combined light beams present a beating
signal (at 40 kHz) that is measured with a lock-in technique, which
yields the amplitude as well as the phase of the fields. The addi-
tional “background peaks” seen in the inset of Fig. 3(b) (and in
the spectral measurements in Fig. 2) are the result of a background
signal originating from imperfect polarization filtering before the
acousto-optical modulator. As a result, a very small amount of light
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leaked through the reference branch in our heterodyne detection
scheme and interfered with the main signal. While it is still unclear
to what extent this “background noise” can be reduced, we verified
that, consistent with the explanation above, the background peaks
are sensitive to the specific polarizer being used, whereas they are
more weakly affected by the near-field probe.

Probe-sample distance control: The probe—sample distance
is kept constant through a shear-force feedback mechanism as
explained in chapter 7 of Ref. [37], which maintains the probe at a
distance of around 10 nm with fluctuations of 2 nm. When the
distance between the probe and the sample is bigger than ~20 nm,
it is necessary to use a different type of feedback mechanism.
Specifically, we use the signal from a commercial interferometer
(PicoScale GmbH) to control the probe positioning stage.

Probes: Probe 1 has a slit width of 30 nm, while the silica core is
not cut through; it has a slit length equal to 126 nm, assilica core of
228 nm, and an aluminum coating thickness of 179 nm. Probe 2
has a slit width of 50 nm, and the silica core is cut through; it has
a slit length of 409 nm, asilica core of 236 nm, and an aluminum
coating thickness of 160 nm. Probe 3 hasaslit width of 36 nm, a slit
length equal to 364 nm, asilica core of 163 nm, and an aluminum
coating thickness of 155 nm. The conventional probes used for
comparison have a silica core of ~240 nm and a coating thickness
of ~190 nm.

Complex Lorentzian line shape: Since in our setup we meas-
ure complex amplitudes and not intensities, we use a complex
Lorentzian-like line shape for the fitting routine, given by the
expression

AGe™

1/x —1/xg+iG’ (A1)

f)y=05b+

where 4 is determined by the background level, A is the amplitude
of the peak, G is related to the FWHM of the peak, and xq is the
center of the peak.

Simulations: In order to obtain the polarizability tensor of
the probe, we use a polarizability tensor retrieval method in
which the scattered fields are projected onto vector spherical
harmonics with the aid of an exact discrete spherical harmonic
Fourier transform on the unit sphere. This method is explained
in detail in Refs. [35,36]. Full-wave eigenmode simulations of the
nanophotonic cavity in Fig. 4 have been performed in COMSOL
Multiphysics.
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