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ABSTRACT

We investigated the near-field distribution associated to the photonic mode of terahertz photonic
micro-resonators by scattering scanning near-field optical microscopy. Probing individual THz micro-
resonators concentrating electric field is important for high-sensitivity chemical and biochemical
sensing and fundamental light-matter interactions studies at nanoscale. We imaged both electric field
concentration predicted by numerical simulations and unexpected patterns that deviate from intuitive
assumptions. We propose a scenario based on the multiplication of the near-field with the far-field
pattern of the probe / resonator ensemble that is in excellent agreement with the experimental data
and propose an image analysis procedure to recover the near-field of such structures.

Keywords Photonics · terahertz · resonators · microscopy · s-SNOM

1 Introduction

Sensing with terahertz (THz) radiations (100 GHz – 10 THz, λ : 3 mm – 30 µm) has demonstrated valuable purposes,
e.g. for the uncovering of hidden items or the detection of relevant chemical and bio-chemical compounds [1, 2, 3].
However, given that rather long wavelengths are used, addressing single objects smaller than a few hundredths of mm
is not accessible to traditional diffraction-limited optical systems that detect far-field (FF) radiation [4]. Achieving
sub-λ (typically < 100 µm) THz sensing requires the integration of photonic resonators confining light into narrow
volumes, in the non-propagating near-field (NF), to probe minutes amounts of material [5, 6]. Confinement of THz
electric field is not only of interest for applied purposes, e.g. characterization of a single micro-object in a resonator [7]
or building 2D materials-based THz modulators [8], but also for fundamental investigations on THz sub-λ ultrastrong
light-matter interactions [9]. Such THz micro-resonators are typically used as meta-atom tailoring the dispersion
properties of metasurfaces when assembled in arrays [10]. For the aforementioned examples, knowledge of both the
resonators and the assemblies is a key step in these studies. Whereas large arrays of THz photonic micro-resonators can
be routinely studied by THz time-domain spectroscopy (THz-TDS) in the FF [11, 12], characterization of individual
micro-resonators requires to probe beyond the diffraction limit. In this framework, several THz microscopy techniques
have been developed, relying on the detection of the evanescent NF. Typically, these schemes detect the interactions
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between THz radiation, the sample and a raster-scanning sub-λ probe [13]. Different imaging apparatus and NF probes
have been explored to reach sub-λ resolution: In THz emission microscopy, the probe is a focused femtosecond laser
beam of shorter wavelength interacting with the sample, or the substrate beneath, to emit THz radiation [14]. Otherwise,
solid probes illuminated by THz radiation such as photoconductive (PC) detectors [15, 16, 17], electro-optic (EO)
sensors [18], waveguides [19] or tips with [20] or without aperture [21] have demonstrated the ability to detect the NF.
It is also worth to mention that out of scanning microscopy schemes, real-time THz microscopy has been demonstrated,
but requires objects to be placed on EO crystals [22]. To date, the highest resolution, (< 15 nm) was achieved through
an apertureless technique known as scattering scanning near-field optical microscopy (s-SNOM) [23]. s-SNOM imaging
uses the cantilevered tip of an atomic force microscope (AFM) to concentrate and elastically scatter light from the NF
to the FF detection while recording simultaneously the AFM topography [24, 25, 26]. Since its transposition to the THz
domain, s-SNOM has been recognized as a promising tool for the study of relevant materials and devices for electronics
and optoelectronics [27, 28, 29, 30, 31, 32, 33, 34, 35], and even biomaterials [36], micro-organisms [37] or proteins
[38]. In addition, THz s-SNOM has also demonstrated the ability to image sub-surface patterns [39] and to probe
shape-dependent (rather than material-dependent) contrast [40, 41, 42]. Despite vivid interest in the applications of THz
s-SNOM, so far, to the best of our knowledge, only one study focused on photonic resonators [43]. On the contrary, in
the infrared (IR) domain, successful s-SNOM imaging of these systems have been already reported through the literature
[44, 45, 46, 47, 48, 49, 50, 51]. When applied to photonic resonators, in addition to material-related contrast, s-SNOM
imaging reveals the localized electric fields scattered by the tip at sub-λ scale and is therefore a promising technique to
probe single micro-resonators with high spatial resolution. Disregarding the challenge of traditional bulky THz sources
and detectors, the current state-of-the-art is rather intriguing since THz resonators are larger, and thus relatively easier to
manufacture than their IR counterparts. In this paper, we investigate two typical THz micro-resonators: large bandwidth
two-arm logarithmic spiral antennas (LSAs) and narrow bandwidth split-ring resonators (SRRs). SRRs concentrate
electric field in their gap when receiving electromagnetic waves matching their inductor-capacitor resonance. Various
designs of THz SRRs and complementary SRRs have been studied at larger scale with other imaging techniques, i.e.,
with PC and EO detectors [52, 53, 54, 55], emission microscopy [56], tapered dipole antenna sensor [57], apertureless
microscopy [58] and real-time THz microscopy [59]. Meanwhile, to the best of our knowledge, THz spiral antennas
were not imaged in the NF so far. In the course of our study, we address the following points:

1. After designing resonators through finite difference time domain (FDTD) simulations and probing their
transmission properties by THz-TDS, we performed NF characterization. We found that THz s-SNOM
imaging is able to resolve spatial features associated with the photonic mode of the resonators. Surprisingly,
we also recorded other features that strongly deviate from assumptions based on computed NF distributions.

2. Since these particular features were not previously reported for their IR counterparts, or other works in the
THz domain, we discuss on the mechanisms responsible for detecting s-SNOM signal when a photonic
micro-resonator is under the tip. On the basis of more sophisticated simulations, we propose a scenario to
account for the discrepancy.

3. The excellent agreement between the proposed scenario and the experimental data led us to identify an experi-
mental bottleneck originating from spatial multiplication of NF and FF. We emphasize that this unexpected
effect must be carefully handled in future works.

4. Finally, we propose an image analysis algorithm to circumvent the issue. Albeit not applicable to every
photonic resonators, it allows to recover the NF mapping of a SRR.

2 Results

We first designed LSAs and SRRs to match the 2.5 THz emission frequency of a CO2 pumped methanol gas laser.
Through FDTD simulation, we computed on HR-Si substrates the transmission spectra of gold LSAs and SRRs. The
selected designs are the following: for the LSAs, 110 µm diameter antennas with non-terminated arms and a bowtie
center, and for the SRRs a square double geometry. Computed transmission spectra exhibit the expected features:
for the LSAs, an absorption over the 0.5 – 3.5 THz range (Figure S1, a), while the spectra of the SRRs showed a
narrow absorption band whose center was determined by the length (l) and gap size (g) of the resonators. For the
next steps of our study, we selected SRRs tuned to 2.5 THz (l = 13 µm, g = 2 µm) (Figure S1, b) and detuned SRRs
(l = 17 µm, g = 2 µm) for the purpose of control experiments (Figure S1, c).

We also computed the NF spatial distribution of the LSA and the tuned SRR when receiving 2.5 THz incident radiation.
The LSA NF distribution exhibited alternating dark and bright regions on the arms with a concentration of the field
at the center of the antenna (Figure 2, a, c). Superior confinement is predicted for the SRR: the electric field of the
photonic mode is located in the gap and extend slightly over the arms of the capacitor (Figure 3, a, d). NF distributions
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were computed in a plane parallel to the substrate 250 nm above the resonators and we only considered the vertical
component (Ez) of the NF that couple efficiently with the geometry of the s-SNOM tip [60].

The micro-resonators were fabricated following standard electron beam lithography process (see methods) and subse-
quently probed by THz-TDS under nitrogen atmosphere. Note that due to the sensitivity of THz-TDS the measurements
of a single resonator is not possible. Consequently, we measured arrays of micro-resonators. For both the LSA
(Figure S1, a), the tuned SRR (Figure S1, b) and the detuned SRR (Figure S1, c), transmission spectra were in good
accordance with the FDTD simulations and did not exhibited any other spectral feature.

Following these observations by THz-TDS, we investigated the NF properties of the micro-resonators by s-SNOM.

We employed a standard s-SNOM apparatus where the incident beam (2.5 THz, continuous wave, vertically polarized)
pass through a Michelson interferometer and is focused on the tip with a truncated parabolic mirror (Figure 1, a, b). In
the following, we label the direction from the head of the microscope to the mirror as the North-South (N-S) axis, as
indicated on (Figure 1, a, b). This mirror is placed in front of the probe and is also used to collect the scattered NF
(electric field component labeled Es) to which is added a background signal (electric field component labeled Ebg).
Ebg originates from adventitious reflections of the incident beam on the probe and the sample due to the inherent large
size of the spot limited by the diffraction. The collected signals are mixed with the reference arm of the interferometer
(ER) before detection (Figure 1, a, b). This configuration is called homodyne detection (HD). The microscope operates
in intermittent contact (tapping) mode with the oscillating probe driven close to its eigenfrequency (Ω). Optical signals
are demodulated to the higher harmonics of the probe driving frequency (nΩ, n = 1 – 4) to significantly suppress the
background signal on s-SNOM images (see methods and Supplementary Information). Except specified otherwise,
we show images of the amplitude of the demodulated signal (Sn) recorded for n = 2 (S2). The horizontal and lateral
axes of the images correspond respectively to the slow and fast scan axes of the AFM. We quantified the images
with the contrast (C) between regions a and b, calculated following eq. 1, where S2a,b is the average measured signal,
demodulated at 2Ω, in regions a and b. In our case, region a is the part of interest of the resonator and b the surrounding
substrate. The calculated contrasts are summarized in the Supporting Information (Table S2).

C = 100×
(
S2a − S2b

S2b

)
. (1)

We first imaged a LSA (selected in a metasurface). The THz s-SNOM image exhibits bright and dark regions distributed
along the arms of the antenna (Figure 2, b) while the simultaneously recorded topography only shows the flat surface of
the LSA (Figure 2, d). The same feature is recovered for demodulation at other harmonics of Ω (n = 1 - 4) (Figure S2,
a – d). The brightest regions on arms A and B (arms labeled as on Figure 2, b) with higher field confinement show
respectively +35 and +49 % maximum contrast with respect to the HR-Si substrate.

This pattern is similar to the computed NF distribution that also shows alternating bright and dark regions (Figure 2, a).
It also appears clearly on profiles taken across the arms (Figure 2, c) that the THz s-SNOM image does not exhibit
point-symmetry with respect to the center of the spiral and that the maximum of scattered NF is not located on the
center of the antenna.

This discrepancy may have several causes that are difficult to identify, e.g., the high amount of reflective metal on this
area of the sample may lead to a large background signal that cannot be fully eliminated, or that the tip locally disrupt
the symmetry, leading to a complicated interference pattern of traveling waves across the arms.

An additional feature is found at the center of the LSA: the probe of the arm A is darker than the substrate (C: -43 %)
while the probe of arm B is brighter (C: +18 %) (Figure 2, b), again, the topography does not show any difference
between the two arms (Figure 2, d) and the same effect is observed for all harmonics, indicating that this pattern does
not originate from the background (Figure S2, a – d). This unexpected effect is strongly localized at the core of the
resonator and was not predicted by computations.

Whereas asymmetry in s-SNOM images was not reported on previous work with LSA in the infrared [50], Büchner et al.
recorded similar patterns on plasmonic antennas [61]. In this work, authors attribute the asymmetry to the modification
of the resonance of the antenna when strong coupling occurs between the tip and the antenna.

Similarly, we hypothesize that the assymetry at the center of the LSA is a signature of the interaction between the probe
and the NF on the bowtie probes where high confinement was expected. To gain more insight into the NF distribution at
micrometer scale on THz photonic resonators, we now focus on smaller objects.

We performed THz s-SNOM imaging on a tuned SRR (selected in a metasurface). As for the LSA center, s-SNOM
images of the SRR showed a bright and dark pattern on the arms of the device (Figure 3, b): A bright region is imaged
on the N arm of the resonator (as labeled on Figure 3, b) with a local maxima located on the arm 500 nm away from the
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gap edge. (C: +111 % between the N arm and the substrate). This bright region is extending into the gap (C: +23 %
between the HR-Si in the gap and the surrounding substrate). As soon as the tip scans the S arm, signal vanishes and
gold appears darker than silicon (C: -9 % between the S arm and the substrate). This feature is observed on images
from the 1st to the 4th harmonics of Ω (Figure S3, a, b). Note that typical dark fringe artifacts are also visible on
the images when the probe encounters the edges of the SRR [62], but are distinct from the described features. The
topography-induced artifacts are further described in the Supporting Information (Figure S4). The AFM topography
did not show any contrast between the dark and bright areas of the device (Figure 3, c). This pattern was found to be
identical on every tuned SRR we scanned, independently of its location in the metasurface (Figure 3, e).

To compare with the computed NF distribution of the tuned SRR (Figure 3, a,), the maximum on the N arm is in good
agreement with the FDTD simulation (Figure 3, d). However, as for the LSA, the simulation does not account for
the dark area. Similar design of SRRs have been already studied by other THz microscopy techniques at larger scale
[52, 53, 54, 55, 56, 57, 58, 59], but to the best of our knowledge, this feature was not previously reported and may only
manifest in THz s-SNOM.

It is worth to mention that the N-S asymmetry of the SRR is the opposite of the asymmetry on the probes the LSA, i.e.
the dark probe of the arm A is on the north while the bright probe on the arm B is on south (Figure 2, b). Therefore,
the N-S asymmetries are not simply caused by a shadowing effect of the cantilever. We hypothesize that this effect is
likely not limited to this two micro-resonators and requires further investigation. To explore the N-S asymmetry, we
performed a series of control experiments on SRRs.

1. First, we repeated the experiment on a detuned SRR (selected in a metasurface) that is expected to show
lower field concentration. The recorded s-SNOM image (Figure S5, a, b) exhibited similar N-S asymmetry,
but largely attenuated (Table S2) and dominated by edge artifacts. Only the contrast in the gap is of similar
amplitude than on the tuned SRR (Table S2). Therefore, this feature may not be ascribed to the photonic
mode of the SRR but rather to enhanced scattering when the tip is close to the metallic edges of the structure.
The main feature on the s-SNOM image of the detuned SRR is an enhanced optical contrast with respect to
the substrate on the right side of the resonator (Table S2). This last result indicates that the THz s-SNOM
technique allows to clearly discriminate between tuned and detuned photonic resonators.

2. We also formulated the hypothesis that the N-S asymmetry may arise from an unexpected multi-resonators
effect (e.g. scattering of the THz beam by surrounding meta-atoms leading to interference). Such effect
would have been unnoticed during the THz-TDS characterization. To verify this last point, we restarted the
experiment under the same conditions but on an isolated resonator. The exact same image is obtained on the
isolated SRR with the same amplitude (figure S6, a, b) and contrast (Table S2). This observation led us to
exclude the contribution of any spurious lattice effect in the imaging process. The identical amplitude of the
s-SNOM signal on the isolated SRR and the meta-atom indicates that when s-SNOM is performed on arrays
of SRRs, only one contributes to the image formation, i.e., the NF signal is not altered by the surroundings
resonators.

3. We verified that N-S asymmetry did not originated from an adventitious phase contrast [63]. We compared the
results obtained by HD and pseudo-heterodyne detection (PHD) (Figure S7, a-c). Amplitude images yielded
the same features by HD and PHD with the same contrasts (Table S2). This observation excludes contrast on
HD resulting from a phase shift between the N and S arms.

4. Influence of the substrate on the observed pattern was also excluded. THz s-SNOM images of tuned and
detuned SRRs on quartz crystal substrates (α-SiO2) assembled in metasurfaces (Figure S8, a, b, c) revealed
the same features than on HR-Si (Table S2).

5. Finally, on the α-SiO2 sample, we also excluded that the probe was responsible for the N-S asymmetry.
When restarting the experiment with a different probe model (Figure S9, a, b), the same N-S asymmetry was
recovered (Table S2).

This series of experiments further confirms that N-S contrast is a general feature when confined NF of THz micro-
resonators are scattered during s-SNOM imaging. In the following, we discuss on the origin of this effect that requires
to be elucidated for future studies.

3 Discussion

To sum up, we demonstrated the capability of the s-SNOM to recover information from THz photonic devices in the
NF. For large-bandwidth LSA, local maxima of the concentrated electric field on the arms were successfully imaged.
Through the study of SRRs, we demonstrated that THz s-SNOM allows to probe the NF of a single device as small as
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13 µm, even if embedded in arrays. THz s-SNOM allows to discriminate efficiently tuned and detuned micro-resonators:
when the incident radiation is tuned to the resonance frequency of the device, NF confinement associated to the photonic
mode was recorded with a strong contrast with respect to the HR-Si substrate on the N arm. However, for both the LSA
and the SRRs, an additional N-S contrast is also present on the images. At this point of our investigations, we cannot
attribute the N-S contrast to any controllable parameter of the experiment. Indeed, we determined that N-S asymmetry
is not specific to SRRs, does not originates from background, multi-resonators effect or phase-induced contrast. The
asymetry is also clearly observed on SRRs when we replaced the HR-Si substrate with α-SiO2 and changed the shape
of the probe. Therefore, to elucidate the discrepancy between experimental data and our calculations, we focused on the
explanation of this contrast through the origin of the measured s-SNOM signal.

In eq. 4 (see Methods), Es accounts for the illumination, concentration, scattering, collection and detection of THz
radiation in the probe / resonator system. Due to optical reciprocity, any requirement to illuminate the system also
apply to collect the outgoing radiation. From this point of view, the bright (resp. dark) regions on our images would
correspond to efficient (resp. poor) illumination and collection of light into the probe / SRR ensemble when the tip is on
the N (resp. S) arm of the capacitor. We extended our calculations to reach a more realistic description of the system,
now treated as a complex antenna problem. We performed broadband FDTD simulations with a conductive tip placed
on several spots along the arms of a SRR (see Supporting Information). We observed a critical influence of the position
of the probe on the illumination / collection pattern of the system (Figure 4, a). If placed on the N (resp. S) arm of the
capacitor, a lobe oriented S (resp. N) is generated in the far-field. Previous work by Hale et al. with PC antenna sensors
concluded that the probe is non-invasive if placed at least 10 µm above the sample [57], but in our case, the average
tip-sample distance is two orders of magnitude smaller.

We now focus on the influence of the tip position on the image formation. We computed a scan line on the SRR, i.e.,
we calculated an analogous coefficient to S2 (see methods and SI) of the intensity received at a location similar to
the position of the off-axis parabolic mirror (centered around 45° with respect to the z axis) with an approaching tip
displaced from the N to the S arm (Figure 4, b). The features observed on the s-SNOM images, i.e. bright N arm with
a local maximum and extinction of the S arm are well reproduced at the same locations. In this configuration, the
illumination / collection lobe is facing the mirror when the tip is on the N arm, but is oriented backward when the tip is
on on the S arm (Figure 4, c). At this point of our investigations, this scenario agrees well with the experimental data.
We consider the interplay between the confined NF, its multiplication with the FF illumination / collection pattern, and
the aperture-limited focusing optics as a strong contribution to the recorded images (N.A. = 0.39 in our case, according
to the manufacturer information).

It is known that the probe shape and oscillations contributes to the contrast of THz s-SNOM images [23]. Our results
indicates that the collection mirror also participates to the contrast if the tip-sample ensemble has an anisotropic
FF pattern. Therefore, within most of s-SNOM apparatuses with a mirror in front of the probe, the lobe pointing
north would not be accessible. Acuna et al.[58] used a technique similar to s-SNOM on SRRs but did not report this
effect. However, in this study, a broadband THz source was used and authors attributed the image contrast to both the
fundamental mode and surface plasmons polaritons. We demonstrated that the tip presence perturbs the photonic mode
in a way that the symmetry of the device is broken. The classic picture of (Figure 1, b) should evolve towards the one of
(Figure 4, c).

In this framework, for a photonic resonator located at a position (x, y, z) with respect to the tip and the mirror, and
oriented with an angle ψ in the sample plane, the scattered NF contains information on both the spatial distribution
of the photonic mode, labeled here as NF(x, y, z) and the FF pattern that is modified by the tip, labeled here as
FF(x, y, z, θ, φ, ψ), limited by the portion of solid angle where the FF pattern is collected. In our case, this last is
defined by the numerical aperture of the mirror. One can then write the problem as eq. 2, for a monochromatic incident
wave with a given linear polarization. Note that the NF and FF terms in eq. 2 are squared since they intervene both
in illumination and collection. It is also worth to mention that a more sophisticated description should integrate the
scattering efficiency of the probe and the dielectric properties of the material beneath that still account for s-SNOM
signal.

Es(x, y, z) ∝
∫∫

mirror
NF2(x, y, z)FF2(x, y, z, θ, φ, ψ)dθdϕ. (2)

So far, we cannot overcome this issue with current microscope designs that would requires to replace the parabolic
mirror by a Cassegrain reflector or to rotate the mirror during the scan. However, if the mirror cannot rotate, it is
possible in some particular cases to rotate the sample.

We scanned tuned SRRs on HR-Si oriented by ψ = −45◦, 0◦, 45◦ and 90◦, ψ being defined in Figure 5, a. The
contribution of the illumination / collection lobes is further evidenced on the obtained images that are in good agreement
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with our scenario (Figure 5, a): for ψ = −45◦, 0◦ and +45◦ the N-S asymmetry is pronounced since the mirror captures
part of a lobe when the tip is on the N arm. For ψ = 90◦ smaller signals are detected and the region of the arms is less
asymmetric since the lobe is oriented parallel to the mirror.

We also note that the extension of the bright regions on the SRRs is not the same for each angle since the N and S
directions are defined in the frame of reference of the SRR, labeled as (x′, y′), but not in the laboratory one, noted here
(x, y), the respective slow and fast scan axis of the AFM. We used the orientation-dependent detection of the pattern to
reconstruct the NF of the SRR by numerical methods from the four obtained images.

First, we rotated the images to handle the data in the coordinates of the SRR noted hereafter f(x′, y′). Secondly,
we computed the symmetric and asymmetric parts of each image, respectively 1

2 (f(x
′, y′) + f(−x′,−y′)) and

1
2 (f(x

′, y′) + f(−x′,−y′)) and filtered the asymmetric part. The symmetrization is here equivalent to an experiment
where another parabolic mirror would be placed on the head of the AFM, which is not technically feasible. Finally,
we summed the symmetrized images, as if 8 mirrors were in the apparatus to simultaneously inject and detect THz
light on the tip / SRR ensemble. Despite being rather trivial, this method allows to recover almost the whole signal on
the entire half space. The reconstructed image (Figure 5, b, c) show the expected attributes, i.e., bright N and S arms
with local maxima resulting from the localized E field of the photonic mode, in good agreement with the computed NF
distribution (Figure 3, a).

Note that this method is only applicable to resonators with planes of symmetry and therefore cannot be applied to
the LSA. In addition, the reconstruction procedure is found to enhance edge artifacts and the line defects, i.e. the
shift between lines, are now in 4 directions after rotation. It is also worth to mention that the artificial increase of the
numerical aperture may not fully capture all the FF pattern, especially if pointing vertically. Ideally, a practical way to
circumvent the NF / FF multiplication leading to complex patterns for asymmetric systems would be to separate the
illumination and collection of light in s-SNOM apparatus.

4 Conclusions

Throughout this work, we investigated the NF confinement associated to the photonic mode of THz resonators by
s-SNOM. We imaged NF in broadband LSA and tuned SRR, the last being only 13 µm large with arms as small as 2 µm
(∼ λ/60). Note that this smallest feature of the SRR is two orders of magnitude larger than accessible THz s-SNOM
resolution and that smaller objects on the SRR can, in principle, be coupled to the SRR and imaged by s-SNOM.

Indeed, the bright regions imaged on photonic micro-resonators with strong E-field concentration can be used on
template substrates as additional local field concentrators to improve the performance of s-SNOM imaging of micro or
nano objects. For instance, a few bio-macromolecules deposited on a tuned SRR could be imaged with high sensitivity
on the N arm.

Nonetheless, the recorded images also showed unexpected asymmetric features. We interpreted this effect on the basis
of numerical calculations as NF / FF multiplication leading to the illumination and collection of light in the system
to be highly dependent on the position of the tip on the resonator. We emphasize that interpretation of THz s-SNOM
images of structures radiating electric field is non-trivial. In other words, scanning a micro-antenna-like device with
a micro-antenna-like scattering tip must be treated as a sophisticated macro-antenna problem. By numerical image
reconstruction, the NF / FF multiplication can be eliminated but this operation is only applicable to objects with planes
of symmetry that can be rotated in the microscope.

In principle, NF imaging free of spatial FF multiplication should be accessible with future s-SNOM designs where
incident and detected scattered light do not follow the same path[64].

5 Methods

5.1 FDTD computations

All the simulations were performed with the FDTD software from Lumerical. Computations without probe, i.e.,
transmission spectra and NF distribution, are obtained with periodic boundary condition and plane wave excitation at
normal incidence, with the SRRs and LSA on an infinitely thick substrate to avoid Fabry-Pérot effect. For the LSA
(resp. SRRs), polarization of the incident wave is collinear with the probes of the LSA (resp. the arms of the SRRs).
Computations with a probe on the micro-resonator required to avoid artifact from the FF projection from truncated data.
The FF radiation patterns are then calculated from the field on a closed box enclosing the SRR and the s-SNOM probe.
Because the refractive index along this box needs to be uniform, those simulation are run without substrate. The SRR is
excited with a TFSF (Total-Field, Scattered-Field) source inside the box, and we use Perfect Matching Layer (PML)
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boundary condition in every direction. Reflection of the incident wave on the sample was numerically subtracted to
retain only the scattered field. The tip was modeled as a truncated square-base pyramid (69.7 µm long and respectively
10.5 and 0.2 µm for the base and the apex side lengths).

To compute a scan line, the scattering radiation pattern of the SRR and the tip is simulated for 20 positions of the
tip along the N-S axis, and 4 positions along the z-axis, i.e., 80 simulations overall. The computed 2Ω coefficient of
the intensity, that is analogous to the amplitude of the demodulated intensity at the 2nd harmonic of the tip oscillation
in the experiment, is calculated from the 4 positions along the z-axis. Additional details are given in the Supporting
Information.

5.2 Manufacturing of the devices

The micro-resonators are made of gold on 300-µm-thick HR-Si (> 10 kΩcm) substrates, provided by Sil’tronix,
following standard electron beam lithography process: i) Cleaning of the HR-Si using piranha solution to ensure a
good hydroxylation of the surface and thus a good adhesion of the resist. ii) Coating with a double positive resist layer
(Poly (methyl methacrylate), PMMA). iii) Deposition of a conductive resist layer. iv) Electron beam writing of the
micro-resonators and resist development. v) Deposition of a 20 nm thick titanium layer for the adhesion followed by a
200 nm thick gold layer. vi) Lift-off of the remaining resist to keep only the micro-resonators.

The resonators in this study are LSAs in metasurfaces (2.2 x 2.2 mm, 150 µm periodicity), tuned and detuned SRRs in
metasurfaces (2.2 x 2.2 mm, 50 µm periodicity) and tuned isolated SRRs, with the same orientation than the SRRs in
the metasurfaces or tilted by an angle ψ of -45°, 45° and 90°.

5.3 THz-TDS

The THz TDS was carried out using a commercial apparatus Terasmart (MenloSystems) placed in a glovebox purged
with dry-nitrogen to avoid absorption from water vapor. The procedure is described elsewhere [12].

5.4 THz s-SNOM

We performed s-SNOM imaging using a NeaSNOM microscope (Neaspec). The THz source is a CO2 pumped methanol
gas laser (FIRL-100, Edinburgh Instruments) emitting at 2.522 THz (continuous wave). At the entrance of the integrated
interferometer of the microscope, we measured typical constant optical power during a scan between 20 and 40 mW.
The output optical signal of the microscope is detected with a pulse-tube-cooled InSb hot electron bolometer (QMC
Instruments).

In the HD scheme, intensity received by the detector and demodulated at nΩ (In) can be expressed as eq. 3

In = |Es|2 + 2|Es||Ebg| cos(ϕs − ϕbg) + 2|Es||ER| cos(ϕs − ϕR), (3)

ϕS , ϕbg and ϕR being the respective phases of the scattered NF, the background and the reference beam. Eq. 1 can be
approximated as eq. 4, provided that |ER| >> |Ebg|:

In ≈ 2|Es||ER| cos(ϕs − ϕR). (4)

We used probes with elongated (70 µm) Pt coated Si tips (Ω = 280 kHz) designed for efficient scattering of THz
radiation (Lprobes, Vmicro). Note that the positions of all the components of the microscope are fixed once the beam is
focused on the tip apex and that only the sample moves during the scan. The recorded images are show with a linear
false-color scale excluding outlying pixels for the sake of clarity. We show laterally averaged sections of the images
along an arbitrary axis (d) to discuss the observed features. Dimensions of the images and the width of the lateral
averaging of the sections are given in the Supplementary Information (Table S1). Additional details are given in the
Supporting Information.
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9 Supplementary Material

Additional methods and materials including: details on the computation of the S2 analogous, details on the s-SNOM
experiments, the transmission of the micro-resonators (computed and probed by THz-TDS) and a commented section
along the arms of a SRR. Additional s-SNOM images: On HR-SI: Sn (n = 1 - 4) for a LSA and a SRR, and S2 for
a detuned SRR, an isolated tuned SRR (HD and PHD). On α-SiO2: S2 for a tuned SRR imaged with long and short
probes.
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Figure 1: Schematic representation of the s-SNOM setup (not to scale). (a): The beam of a CO2-pumped methanol
gas laser enters the interferometer of the microscope and is focused by a parabolic mirror on the tip in intermittent
contact with the sample. The parabolic mirror also collect the scattered NF and the adventitious background. Optical
signals are combined with the reference arm of the interferometer and detected by an InSb hot electrons bolometer. (b):
Side view of the parabolic mirror, the probe and the sample.
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Figure 2: NF distribution on a LSA : (a): Computed NF (|Ez|2) on a LSA, scale bar length is 30 µm. (b): s-SNOM
images of an LSA: Left panel: large scale scan, scale bar length is 30 µm. Right panel: detail of the center, scale bar
length is 5 µm. (c) Top panel: Section along an arm of LSA in (a) (both arms give the same curve). Bottom panel: Mean
sections along the arms of the LSA on (b). Blue line: arm A, red line: arm B. Origin is the apex of the probe of the
bowtie. (d): Respective topographies measured simultaneously with (b).
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Figure 3: NF distribution on tuned SRRs: (a): Computed NF (|Ez|2) of a tuned SRR (l = 13 µm, g = 2 µm), scale bar
length is 5 µm. (b): s-SNOM image of a tuned SRR (l = 13 µm, g = 2 µm), scale bar length is 5 µm. (c): Respective
topography. (d): Top panel: Section of the computed NF along the triangular symbols on (a). Center panel: Mean
section between triangular symbols on (b). Bottom panel: Mean section (6 px) between triangular symbols on (c). (e):
s-SNOM image of four adjacent tuned SRRs, scale bar length is 20 µm.
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1 Additional information on the FDTD computations

The scan line on a SRR was computed following the procedure described here: Starting from the experimental setup,
during the s-SNOM experiment, the vertical motion of the tip can be written as eq. 1, with A the amplitude of the
oscillations and Ω the eigenfrequency of the probe. The taylor serie of the exponential dependency of the received
scattered NF intensity as the tip approaches the sample can be written as eq. 2., with a, b and c being constants for
a given (x, y) position of the tip. Using eq. 1 and 2, the intensity can be rewritten as eq. 3 and the amplitude signal
demodulated at the second harmonic of the oscillations of the probe (S2) as eq. 4.

z(t) = A cos(Ωt), (1)

I(t) = az(t)2 + bz(t) + c, (2)

I(t) = a
A2

2
cos(2Ωt) + bA cos(Ωt) + ca

A2

2
, (3)

S2 =

∣∣∣∣aA2

2

∣∣∣∣ . (4)

On 20 points along the N-S axis, the intensity received at 45° with respect to the N-S axis was calculated for 4 vertical
positions of the tip. From this 4 values, following eq 2, the a, b and c constants where determined by a polynomial
regression (2nd degree) and the first was used to calculate S2 following eq. 4.

∗Citation: L. Thomas, T. Hannotte, C. N. Santos et al.. Imaging of THz Photonic Modes by Scattering Scanning Near-field
Optical Microscopy. Pages.... DOI:000000/11111.
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Table S1: Dimensions of the images and number of lateral px for averaged sections

Figure Dimension (px) (Length) Width of mean section (px)
Figure 2 b, d, left panel

Figure S2, a – d, left panel 320 × 256

Figure 2 b, d, right panel
Figure S2, a – d, right panel 256 × 256

Figure 2 c, bottom panel 3

Figure 3 b, c
Figure S3 a, all panels 256 × 256

Figure 3 d, center panel
Figure 3 d, bottom panel

Figure S3 b
6

Figure 3 e 200 × 200

Figure S4, all panels (256) 6

Figure S5 a
Figure S6 a 256 × 256

Figure S5 b
Figure S6 b 6

Figure S7 a
Figure S7 b 512 × 512

Figure S7 c 12

Figure S8 a, all panels 512 × 512

Figure S8 b 12

Figure S9 a 128 × 128

Figure S9 b 3

Figure 4 b (64) 3

Figure 5 a, all panels 256 × 256

Figure 5 b 195 × 195

Figure 5 c 6

2 Additional information on the s-SNOM measurements

Additional information on the Lprobes used in this work can be found elsewhere[1]. Images were processed with the
Gwyddion software to correct typical artifacts on topographies and analyze data[2]. Except specified otherwise, Sn
images are raw data.

The resolution (px) of each image and the width of averaged sections are given in table S1.
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3 Computed and THz-TDS transmission of the THz resonators
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Figure S1: Accordance of the transmission between simulations and manufactured resonators probed by THz-
TDS. (a): Dark blue line: Computed transmission spectra of an array of LSAs. Grey line: THz-TDS spectra of an array
of LSAs. (b): The same than (a) for array of SRRs tuned to 2.5 THz. (c): The same than (a) for array of detuned SRRs.
Red lines mark the emission frequency (2.5 THz) of the THz source used in s-SNOM experiments.

4 s-SNOM images of LSA for all recovered harmonics

18 µV 2135 µV 60

0.11 µV 0.006.0 µV 0.2

a b

c d

S
1 S

2

S
3 S

4

Figure S2: The same patterns are found on the LSA on all harmonics: Left panels: large scale s-SNOM images,
scale bar length is 30 µm. Right panels: detail of the center, scale bar length is 5 µm: (a): 1st harmonic. (b): 2nd

harmonic. (c): 3rd harmonic. (d): 4th harmonic.
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5 s-SNOM images of a tuned SRR on HR-Si for all recovered harmonics
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Figure S3: Asymmetry is found on all recovered harmonics : (a): s-SNOM images of a tuned SRR (l = 13 µm, g =
2 µm), scale bar length is 5 µm. Optical signal are demodulated at the frequency of the 1st to the 4th harmonic of the
cantilever oscillations. (b): Mean sections following triangular symbols on (a). Each harmonic has a 60 µV offset.

6 Commented sections along the arms of a tuned SRR on HR-Si
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Figure S4: Identification of the patterns: Mean sections on the arms of a tuned SRR. Top panel: S2. Black star
indicates the local maximum. Center panel: Amplitude of the oscillations of the probe. Bottom panel: topography.
Regions colored in red correspond to the deviation of the oscillations of the probe with respect to the setpoint value
when encountering an edge.

On Figure S4, regions labeled i is the surrounding substrate, iii and iv are respectively the N and S arms of the capacitor
and region iii is the gap. Between each region the tip encounters an edge of the SRR, resulting a shift of its amplitude of
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oscillation and a fringe artifact on S2. At the location of the local maxima, the tip is far from the edge and amplitude of
its oscillations is kept at its setpoint value. Deviating from expectations is the extinction of the right arm (iv) appearing
darker than the substrate on S2.

7 s-SNOM image of a detuned SRR on HR-Si
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Figure S5: Detuned SRRs do not show the features observed on the tuned SRRs: (a): s-SNOM image of a detuned
SRR (l = 17 µm, g = 2 µm), scale bar length is 5 µm. (b): Mean section (6 px) between triangular symbols on (a).

The scan of the detuned SRR (Figure S5, a) exhibited a slighter contrast with the substrate on the N arm (C: +29 %),
compared to the same region for the tuned SRR (C: +111 %). Albeit not extinct, the S arm of the detuned SRR shows
less contrast than the N arm (C: +12 %). The contrast in the gap, with respect to the surrounding HR-Si (C: +11 %), is
similar to the tuned SRR (C: + 23 %). Section along the arms essentially shows artifacts at the edges of the resonator
(Figure S5, b). The main feature of the image is a brighter region on the right of the SRR (C: +37 %). The settings
were identical for the two experiments.
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8 s-SNOM image of an isolated tuned SRR on HR-Si
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Figure S6: Isolated SRRs show the same features than SRRs in metasurfaces with the same amplitude : (a):
s-SNOM image of an isolated tuned SRR (l = 13 µm, g = 2 µm), scale bar length is 5 µm. (b): Mean section (6 px)
between triangular symbols on (a).

We scanned an isolated tuned SRR under the same conditions than the tuned SRR in a metasurface (Figure S6, a, b).
The N-S asymmetry (C: +111 % on the N arm, -6 % on the S arm) is the same than observed on the meta-atom. The
amplitude of the s-SNOM signal on the isolated SRR is also identical.

9 s-SNOM images of an isolated tuned SRR on HR-Si by HD and PHD
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Figure S7: PHD reveals the same patterns than HD: (a): s-SNOM image by HD of a tuned SRR (l = 13 µm, g = 2
µm), scale bar length is 5 µm). (b): The same device than (a) imaged by PHD. (c): Mean sections following triangular
symbols on (a) and (b). Blue line: HD, red line: PHD.

S2 images of an isolated tuned SRR show the same pattern with the same contrast by HD (Figure S7, a, c) and PHD
(Figure S7, b, c) (C respectively, for HD and PHD, +119 and +115 % on the N arm and -1 and -6 % on the S arm)
Phase could note be recovered by PHD on the S arm due to low signal intensity.
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10 s-SNOM images of tuned and detuned SRR on α-SiO2
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Figure S8: The same results are obtained on a α-SiO2 substrate : (a): s-SNOM image of a tuned SRR on α-SiO2 (l
= 19 µm, g = 2 µm), scale bar length is 5 µm. (b): The same than (a) for a detuned SRR (l = 17 µm, g = 2 µm). (c):
Mean sections following triangular symbols on (a). Blue line: tuned SRR, grey line: detuned.

Following the same route, we designed and fabricated tuned (l = 19 µm, g = 2 µm) and detuned (l = 17 µm, g = 2 µm)
SRRs on α-SiO2. Resonators, assembled in metasurfaces, were fabricated following a procedure reported elsewhere [3].
THz s-SNOM images of tuned and detuned SRRs on α-SiO2 (Figure S8, a, b) revealed the same features than on HR-Si
(C respectively, for tuned and detuned SRR, +244 and +18 % on the N arm and -19 and +33 % on the S arm. For the
detuned SRR, the right side is +66% brighter than α-SiO2).

11 s-SNOM images of a tuned SRR on α-SiO2 imaged with a shorter probe
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Figure S9: Asymmetric images are also recorded with shorter probes : (a): s-SNOM image of a tuned SRR on
α-SiO2 (l = 19 µm, g = 2 µm), scale bar length is 5 µm. (b): Mean section following triangular symbols on (a).

On α-SiO2, a tuned SRR was imaged with a shorter probe (Figure S9, a, b). The probe is an Arrow NCPt from
NanoWorld (10 – 15 µm pyramidal tip). Image also exhibited the N-S contrast with higher amplitude (C: +601 %
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between the N arm and α-SiO2, +60 % between the S arm and α-SiO2). Albeit showing higher contrast, using a shorter
probe did not allowed to image the local maximum on the N arm.

Table S2: Recorded contrasts on the s-SNOM images

Region C(%)
Sample: LSA (large scan) – Figure 2

Max. on arm A +35
Max. on arm B +49

Sample: LSA (small scan) – Figure 2
Probe of arm A -43
Probe of arm B +18

Sample: Tuned SRR in metasurface on HR-Si – Figure 3
Arm N +111
gap +23
Arm S -9

Sample: Detuned SRR in metasurface on HR-Si – Figure S5
Arm N +29
gap +11
Arm S +12
Right side +37

Sample: Tuned SRR isolated on HR-Si – Figure S6
Arm N +111
Arm S -6

Sample: Tuned SRR isolated on HR-Si (HD) – Figure S7
Arm N +119
Arm S -1

Sample: Tuned SRR isolated on HR-Si (PHD) – Figure S7
Arm N +115
Arm S -6

Sample: Tuned SRR in metasurface on α-SiO2 – Figure S8
Arm N +244
Arm S -19

Sample: Detuned SRR in metasurface on α-SiO2 – Figure S8
Arm N +18
Arm S +33
Right side +66

Sample: Tuned SRR in metasurface on α-SiO2 (imaged with shorter probe) –
Figure S9

Arm N +601
Arm S +60
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