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ABSTRACT: A deep-subwavelength imaging of the optical-guided
modes localized in silicon microring resonators, obtained with a
polarization-sensitive Fano-imaging technique, is demonstrated. We
merge together near-field scanning optical microscopy and resonant
forward scattering spectroscopy, leading to near-field hyperspectral
imaging without the need of embedded light emitters or evanescent
light coupling into the microring. The combined analysis of the
observed Fano-like spectral line shapes and of the near-field intensity
spatial distributions, supported by accurate numerical calculations,

gives a clear discrimination between the TE and the TM modes.
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Microresonators have been attracting considerable atten-
tion for the last decades concerning photonic
applications, from sensors to quantum electrodynamics effects
based devices. High quality factor (Q) nanophotonic systems
exhibit a very low laser threshold and induce Purcell effect, or
even Rabi splitting in the strong coupling regime, whenever the
emitter is placed in the high electric field region.'~® For sensing
applications, it is crucial to observe the resonance spectral shift
due to the mode interaction with the detecting object, which is
maximized in the region where the electric field of the mode is
more tightly localized.”® Finally, integrated optical switching
devices based on microresonators exploit the mode overlap
with the input and output waveguides for tailoring the photon
hopping between interacting resonators.”” " It follows that a
precise knowledge of the electric field distributions into
photonic structures is of the utmost relevance in several
branches of photonics.

Among different kinds of resonators, silicon microrings
formed by a closed circular waveguide have been largely used
for photonic applications due to the strong light confinement
that can be achieved within silicon structures and the
availability of electronics fabrication facilities to realize photonic
integrated circuits.'” In such resonators, optical waves are
efficiently guided along the ring for both TE polarization
(electric field parallel to the ring plane) and TM polarization
(electric field perpendicular to the ring plane), which gives an
additional degree of freedom with respect to photonic crystal
microcavities on a slab where the TE modes dominate. The
spectral spacing of the resonant modes can be easily adjusted by
varying the ring diameter and the waveguide geometry, thus
giving the possibility to precisely tune the resonances at specific
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wavelength targets. In order to optically investigate such
devices, light can be either efficiently loaded or extracted
through evanescent coupling."*™"® Therefore, microring
resonators have been exploited for add-drop filters and high-
order, dense wavelength filtering in integrated optics,lé_18 and
even as efficient sources of entangled photon pairs.” Standing
waves in individual ring resonators allow for coupling the
resonant modes to emitters deposited on the ring, such as
single-wall carbon nanotubes,”>*' with the advantage of
exploiting the large mode volume to increase the number of
emitters in view of optoelectronic devices. The presence of
both TM and TE modes may also lead to the possibility of
dealing with either electric or magnetic emitters.”” Finally, TM
modes suffer different propagation losses than TE modes,
associated with their different overlap with vertical and
horizontal sidewall roughness.lz’23 This unavoidable effect,
due to the nature of lithography fabrication processes, gives a
different response in microrings for the TE and TM modes, and
many efforts have been directed to discriminate the two
orthogonal states.”

Despite the relevance of the mode mapping issue and the
concomitant large use of microring resonators in photonics,
very few studies of the TE and TM mode imaging in microrings
have been reported in the literature. On one side, for materials
such as TiO,, Si;N,, polymer, and Si, the quite poor (if any)
optical emission from the bulk material makes useless the
common photoluminescence-based methods for hyperspectral
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Figure 1. Experimental configurations and resonant scattering data. (a) Schematic view of the experimental setup: a room-temperature SNOM is
used in transmission geometry to detect the resonant forward scattering (RFS) signal. The sample excitation is accomplished by a supercontinuum
laser source (SC-LASER) focused from the sample bottom surface. The incoming light linear polarization state is controlled by means of a linear
polarizer. The signal scattered by the sample is collected with an Al-coated probe, dispersed by a spectrometer, and finally detected by a cooled
InGaAs array (DTC). (b and c) RFS spectra collected when the SNOM tip is positioned on the top surface of the microring of S ym and 10 ym
radius size, respectively, with the excitation laser polarized along the x-axis. The red and blue color highlights the two different families of peaks
characterized by different Fano line shapes and different free spectral ranges. The red arrow indicates the polarization of the incident light (E,). (d)
SEM image of the investigated S ym radius Si microring, where the white rectangle shows the scanned area. The scale bar is 5 ym.

imaging of microresonators for both the electric*>*® and
magnetic fields.””*® This aspect, linked to the subwavelength
spatial modulation of the mode distributions, requires using an
all-optical near-field mapping technique. In waveguides (WGs)
all-optical scanning near-field optical microscope (SNOM)
imaging of TE and TM modes is usually performed by injecting
a monochromatic laser light with the proper polarization in the
WG. Different detection schemes have been proposed either by
collecting the evanescent field by a near-field probe on the top
surface” " or by measuring the changes in the waveguide
transmission resulting from the near-field perturbation by a
scanning metallic probe.’” Note that, even if the use of
hyperspectral imaging is not required in WGs due to the lack of
spectral resonances, it becomes very important for studying
microresonators where several TE and TM modes are present.
In general, TE and TM modes are usually complex to measure
with a single near-field approach: some SNOM techniques are
more suitable for TE modes;*>™>° others are more suitable for
TM modes.”*” So far the near-field mapping of microring
resonators has been addressed by exploiting the evanescent
coupling of an external WG for loading the photons inside the
microring.* ™" Similarly to the case of isolated WGs, these
results report on only one single frequency mapping. This
approach requires either a particular design of the microring or
a tapered fiber in close proximity to the resonator. Therefore, it
cannot be easily applied to more complex circuits exhibiting
several coupled photonic structures. Moreover, they did not
measure the spectral properties of the modes or the spatial
distribution of different polarization states in the near-field. It is
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worth stressing that the spectral, spatial, and polarization near-
field knowledge of the TE and TM mode distributions just
above the microring is of the utmost relevance for the mode
coupling with emitters, since the spontaneous emission rate of a
single dipole is proportional to the near-field local density of
optical states projected onto the dipole direction.

Here, we report on a novel approach called the Fano-imaging
technique, recently developed in ref 38. It is based on resonant
light scattering combined with a polarization-controlled
scanning near-field optical microscope. This scheme, by using
a supercontinuum laser as excitation source, allows to perform a
deep-subwavelength imaging of the modes localized in
photonic crystal nanocavities, without adding any light emitter
or even exploiting evanescent coupling to a waveguide.” In this
paper, we apply the Fano-imaging technique to single and
isolated microring resonators by exploiting the forward
scattering configuration in order to perform a vectorial mapping
in a wavelength range larger than 100 nm with a 0.11 nm
spectral resolution. In addition, both excitation and detection
channels are close to the microring resonator, thus avoiding the
need for an additional access waveguide. Since in microrings
the mode volume is quite large, the present study extends the
Fano-SNOM to a wider class of systems (as compared to
photonic crystal nanocavities, addressed in previous work’®).
The capability to address a single and isolated microring, which
could not be characterized with another method with respect to
the near-field nanoscopy, is a proof of principle that the method
can address individual photonic structures and in consequence
would work in all possible configurations (two or more coupled
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Figure 2. FDTD simulations of the TE and TM modes. (a) Schematic of the FDTD calculations. The Si ring is excited by two dipoles randomly
placed polarized along x and z, respectively. In white is highlighted the longitudinal sensor area. (b) Calculated FDTD spectrum collected by the
longitudinal detector. The orange and green colors highlight the TE and TM peaks characterized by different free spectral ranges. (c and d) The
sensor positioned in the xz-plane shows the distributions of the electric field intensity |EI* calculated by FDTD of the TE and TM modes,
respectively in (c) for the TE mode centered at 1301.2 nm and in (d) for the TM mode centered at 1306.1 nm. The two maps have dimensions 0.7
X 0.45 um®. The white dotted lines account for the core ring section (width = 350 nm and height = 220 nm), while the white line (20 nm above the
ring surface) shows the profile of the sensor parallel to the ring plane. (e and f) Spatial distribution on the longitudinal sensor of the calculated x and
y components of the electric field intensity for the TE mode centered at 1301.2 nm, respectively. (g and h) Spatial distribution on the longitudinal
sensor of the calculated x and y components of the electric field intensity for the TM mode centered at 1306.1 nm, respectively. The maps (e)—(h)
have dimensions 1.2 X 3 um? All the maps are normalized to their maximum value.
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microrings for instance). Our work paves the way to use near-
field imaging with complex photonic circuits as a wafer testing
technique. Finally, we have polarization control in the near-
field, which allows us to independently measure the two in-
plane polarizations of both TE and TM modes separately,
addressing their character and distribution.

B MATERIALS AND METHODS

Microring resonators are fabricated from SOI wafers with a 220
nm thick top Si layer and a 2 ym thick buried oxide layer, in
order to give resonances in the 1300 nm wavelength range.
Electron beam lithography (NanoBeam nB4, at 80 kV) is used
to define the microring shape. A dry etching process with an
inductively coupled plasma etcher (SF6/C4F8) transfers the
patterns into the top Si layer. The microring resonators are
made from a 350 nm wide waveguide bent to form a circle. We
use two different ring radius sizes: S ym and 10 pm. The
sample is covered b}f a thin layer of polyfluorene of refractive
index around 1.6 deposited by spin-casting. The layer
thickness was estimated by AFM and spectroscopic ellipsom-
etry to be on the order of 5 nm.”" A schematic view of the
experimental setup in the resonant forward scattering (RFS)
geometry that enables polarization control is shown in Figure
la. The illumination is accomplished by a supercontinuum laser
(SC-LASER) whose linear polarization state is controlled by a
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Glan-Thompson polarizing prism with an extinction ratio of
approximately 3 X 10°. The linearly polarized light is focused
from the bottom surface of the sample by a S0X objective (NA
= 0.45), making a spot diameter size on the order of 2 ym. The
transmitted light is then collected by an Al-coated probe at
about 10 nm from the top surface, dispersed by a spectrometer,
and finally detected by a cooled InGaAs array (DTC). The
advantage of the transmission geometry is that the excitation
from the far field gives a quite strong RFS from the microring
modes, which allows the use of metal-coated aperture probes,
despite their low throughput. The tip and the laser excitation
spot remain fixed while the sample is scanned at a constant tip—
sample distance, and spectra are collected at every tip position
on the sample surface. In this way, the technique ensures that
the mode imaging is characterized by a deep-subwavelength
spatial resolution in the full spectral range of interest within a
single scan, resulting in a spatial resolution of 90 nm at 1.3 ym
wavelength. In addition, the control of the polarization in the
excitation path directly allows us to independently image the
two TE and TM in-plane polarizations.

B RESULTS AND DISCUSSION

Typical RES spectra, spatially integrated in the azimuthal
direction over a 0.05 X 0.5 um” area for a better signal-to-noise
ratio, are reported in Figure 1b and c¢ for silicon microring
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Figure 3. Spectral analysis of the TE and TM resonances. RFS spectra spatially integrated in the azimuthal direction over a 0.05 X 0.5 ym? area,
acquired by the SNOM tip along the radial direction of the Si microring with the excitation laser polarized along the x-axis. (a) Schematic of the tip
position on the ring. (b—f) Near-field spectra collected at different positions, as schematized in (a), with steps of SO nm from 1 to 4 and a step of 100
nm from 4 to S, in the radial direction. Blue resonances have maximum amplitude at the side of the structure (c, d), while the maximum of the red

resonances is localized on top of the ring core (f).

resonators with a radius size of 5 ym and 10 um, respectively,
with the excitation laser polarized along the x-axis. Several
modes are resolved in the collected spectra, and they can be
fitted by Fano line shapes.”®*° The Fano resonances in RES
measurements originate from the interference between two
distinct scattering pathways: (i) light diffused forward by the
surface, through a continuum of extended states, which does
not interact with the cavity mode, and (i) light resonantly
coupled to the cavity mode and then scattered in free space.”**’
This interference phenomenon gives rise to Fano resonances,
whose line shapes are tightly related to the ratio between the
two scattering channels. A detailed review of the theoretical
analysis of the Fano line shape can be found in ref 41. The
nonresonant contribution to the scattering signal, ie., the
background signal (i), is dominant in RFS measurements, and
its intensity must be balanced with respect to the intensity of
the resonant scattering channel (ii). This was usually performed
by means of a cross-polarization detection setup, as in ref 40.
However, this approach is not suitable for addressing all the
relevant polarization states. On the contrary, both independent
polarizations of the cavity modes can be independently
measured through RFS configuration by exploiting the small-
size aperture of the Al-coated probe.”® In fact, due to the lateral
Al coating, this kind of probe collects only signal coming from
the small aperture at the tip apex. This effect increases the ratio
between the resonant (i) and the nonresonant (ii) channels in
the detection unit. In other words, the metal-coated probe
offers a high spatial resolution and very efficiently filters out the
nonresonant signal, thus performing near-field Fano measure-
ments in the RES setup for both independent polarizations.
Both RFS spectra of the microring resonators of S ym and 10
um radius size display two peak sets (labeled with blue and red
color), characterized by Fano-like resonances. The two sets of
modes are likely related to TE and TM modes.”" For the
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microring of § ym radius size (whose SEM image is reported in
Figure 1d) the free spectral ranges (FSRs) of both peak sets are
extracted from Figure 1b: they are equal to 11.5 + 0.2 nm for
the red set and 10.6 + 0.2 nm for the blue set, in the selected
spectral region. We notice that the peak sets of the 10 yum
radius size ring show an FSR reduced by a factor of 2 with
respect to the S yum radius size (see Figure 1c). In the presented
experiment we observe a variation from Q = 2500 (on the
mode electric field maximum) to Q = 4000 (on the mode tails),
in agreement with the well-known finding that the perturbation
induced by the SNOM probe affects the measured Q factor in
near-field experiments.”””” The maximum value of Q agrees
well with the Q factor of similar samples measured in the far
field (i.e, without tip perturbation) by carbon nanotube
photoluminescence.”’ The observed Q factor is limited by the
sidewall roughness, which is not optimized for a high Q factor.
Indeed, these microrings have been designed for coupling to
light sources at 1300 nm,”' and a very high Q could be
detrimental for emitting devices because of the little spectral
overlap with the emitters. In previous studies near-field
mapping was performed at a single frequency and,
consequently, the mode attribution was often tentative.'”"*
Here, we fully exploit the near-field spectral information to
select the spatial mode distributions of both peak sets for a
straightforward attribution. Hereafter we focus on the S um
radius size ring resonator to better spectrally discriminate both
TE and TM modes.

For a high fidelity assessment of the TE and TM nature of
the observed modes our technique is related to the comparison
between the theoretical and the experimental near-field maps.
The numerical calculations are performed by means of a
commercially three-dimensional finite-difference time-domain
(FDTD) method solver package (Crystal Wave 4.9, by Photon
Design). In particular, we use the nominal parameters of the
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Figure 4. Resonant scattering imaging of the TE and TM modes. (a, b) Typical RFS spectra, spatially integrated on top of the ring core in the
azimuthal direction over a 0.05 X 0.5 um? area, with the excitation laser polarized along x and y, respectively, as indicated by the red arrows. In (c)
and (f) is highlighted the integration area by the red and blue dotted lines, respectively. (c, d) SNOM maps of a red mode centered at 1301.1 nm
(which eventually is a TE mode) with the excitation laser polarized along x and y, respectively. (e, f) SNOM maps of a blue mode centered at 1308.0
nm (which eventually is a TM mode) with the excitation laser polarized along x and y, respectively. All the maps have dimensions of 1.2 X 3 um*

sample with a ring refractive index of 3.5, a bulk refractive index
of 1.5, and a grid spacing of 15 nm. Moreover, we employ as
excitation sources inside the ring resonator two randomly
placed dipoles with different orientations: one parallel to the x-
axis and the other parallel to the z-axis (see Figure 2a). The
normalized FDTD spectrum reported in Figure 2b displays two
peak sets with different FSR, labeled with orange and green
color: we focus our analysis on two adjacent modes with small
spectral overlap, respectively centered at 1301.2 nm and 1306.1
nm. The spatial distribution of the electric field intensity |EI*
calculated by FDTD on the plane transversal to the ring for
both modes is shown in Figure 2¢,d. These maps show that
inside the Si ring resonator the two modes have an orthogonal
electric field. For the orange mode, Figure 2c, the calculated
electric field intensity has a strong discontinuity on the sidewall
surface, due to the fact that the electric field polarization is
mainly in the ring plane (TE-like), ie., the xy-plane, while for
the green mode, Figure 2d, the calculated electric field intensity
has a discontinuity on the top and bottom surface, since its
polarization is mainly perpendicular to the ring plane, i.e., along
the out-of-plane direction z (TM-like). Still outside the Si
microring both TE and TM modes have all polarizations, and
this allows us to excited them with the two in-plane
polarizations x and y. We report in Figure 2ef and gh the x
and y electric field components of the same modes calculated in
the plane longitudinal to the ring plane and placed 20 nm above
it. Notably, they demonstrate that a few nanometers above the
ring TE and TM modes have both in-plane polarizations x and
y but with different distributions. The x-polarization of the TE
mode, Figure 2e, and the y-polarization of the TM mode,
Figure 2h, are mainly localized along the ring core, while the y-
polarization of the TE mode, Figure 2f, and the x-polarization
of the TM mode, Figure 2g, are mainly localized at the edges of
the ring. Note that the FDTD calculations show a stationary
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wave in the microring due to the presence of localized emitting
dipoles, which force the two counterpropagating modes to
constructively interfere at the dipole site. Finally, from these
maps we find that the sharpest spatial feature of the calculated
electric field distribution is as small as 60 nm. We conclude that,
for a direct TE and TM mode assessment, a deep-
subwavelength spatial resolution, a full spectral analysis, and a
polarization control are all concurrently needed.

Therefore, we perform the Fano-imaging technique. In
particular, we start by analyzing the experimental RES spectra
in the x-polarization channel as a function of the lateral distance
between the tip and the ring resonator, as schematically shown
in Figure 3a. The spatially resolved spectra reported in Figure
3b—f are collected in five different positions, labeled 1—5 in
Figure 3a. The step between positions 1—4 is 50 nm, while the
step between positions 4 and S is 100 nm. These spectra clearly
show that the blue and red modes are localized in different
regions of the microring. On the ring side the blue modes are
the dominant ones and the red modes are completely missing;
see Figure 3b. The opposite occurs on top of the ring core
(Figure 3f), where only the red modes are present.

In order to assess the nature of the red and blue modes, we
perform RFS experiments by illuminating the sample with light
exhibiting the two opposite in-plane polarizations, respectively.
Note that the spot diameter size on the order of 2 ym ensures
an almost homogeneous excitation of the sample during
SNOM scans characterized by a lateral dimension of 1.2 um
along the direction transverse to the ring. Typical RES spectra,
spatially integrated in the azimuthal direction over a 0.05 X 0.5
um” area on top of the ring core for a better signal-to-noise
ratio, are reported in Figure 4a,b, with the excitation laser
polarized along the x- and y-axis, respectively. We report for
both modes the RFS amplitude distributions, which account for
the difference in counts between the maximum and the
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minimum of the Fano resonance. In Figure 4c,d we report on
the SNOM maps of the red mode centered at 1301.1 nm, with
the excitation laser polarized along the x- and y-axis,
respectively. The spatial distribution of the x-component RFS
amplitude in Figure 4c is localized in the core of the ring
(where the blue modes are completely missing, as indicated by
the spatially integrated spectra in Figure 4a), while the
distribution of the y-component is localized at the edges of
the structure, as reported in Figure 4d. In Figure 4e,f we report
on the SNOM maps of the blue mode centered at 1308.0 nm,
with the excitation light polarized along the x- and y-axis,
respectively. In the latter case, the spatial distribution of the x-
component RFS amplitude is localized at the edges of the
structure, as shown in Figure 4e, while the distribution of the y-
component is centered in the core, as shown in Figure 4f
(where the red modes are completely missing, as indicated by
the spatially integrated spectra in Figure 4b). The comparison
with the FDTD-calculated maps of the electric field intensities
for the different in-plane polarizations (see Figure 2)
demonstrates that the red modes are TE-like and the blue
mode are TM:-like. Therefore, thanks to the good agreement
with FDTD calculations, the maps collected with Al-coated tips
give a high-fidelity description of the spatial distribution of the
electric field intensity for any given polarization.

We notice that the experimental FSRs are larger for TE (11.5
+ 0.2 nm ) than TM modes (10.6 + 0.2 nm) in agreement with
the theoretical predictions, even if the estimated FSRs from the
FDTD simulation are slightly larger: 12.5 + 0.1 nm and 11.6 +
0.1 nm for TE and TM modes, respectively. This is probably
due to a slight difference of the real dimensions (width, height,
radius) of the microring from the nominal parameters.

It is worth noticing that the experimental spatial resolution as
estimated by a transversal cut of the x-component of the TM
mode gives an overall full width at half-maximum of 120 nm.
This has to be compared with the 60 nm of the sharpest spatial
feature of the calculated electric field distribution, and this gives
a Gaussian point spread function resolution of 90 nm
(approximately A/15), after deconvolution.

B CONCLUSIONS

In this paper we demonstrated that the Fano-imaging technique
allows for an optical deep-subwavelength spatial resolution (4/
15), a detailed full spectral analysis, and a polarization control
of Si microring photonic structures. All these properties are
needed for a direct assessment of both TE and TM resonant
modes, and they can also help in developing a wafer testing
technique to control a specific device in a global complex
circuit. The presented approach does not need the use of
evanescent coupling to an adjacent waveguide either for
excitation or collection. The large signal-to-noise ratio allows
the use of Al-coated tips with hyperspectral mode imaging in
the full spectral range of interest. Finally, we demonstrated that
both TE and TM modes have in-plane electric field polarization
a few nanometers outside the ring, suggesting that the ring
resonators could be used for hybrid photonics together with
external emitters, including quantum dots, molecules, or carbon
nanotubes.*”
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