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Abstract: Bethe’s theory predicts that scattering by a small
hole on a thin perfect electric conductor (PEC) is presented
as radiation by an in-plane magnetic dipole of the incident
magnetic field direction. Even in the near-infrared range
where metals are no more PEC, the magnetic dipole radi-
ation of Bethe holes has been demonstrated. However, such
Bethe holes’ nature has not been addressed yet in the ultra-
violet (UV) range where conductivity of metals becomes
severely deteriorated. Meanwhile, UV plasmonics has been
elevating its importance in spectroscopy and photochem-
istry, recognizing silicon (Si) as an alternative plasmonic
metal featuring the interband transition in the UV range.
In this work, we expanded the Bethe’s theory’s prediction
to the UV range by investigating Si Bethe holes theoretically
and experimentally in terms of the scattering pattern and
polarization. Simulation results showed that the scattered
field distribution resembles that of an in-plane magnetic
dipole, and the dipole direction at oblique incidence is
roughly given as the incident magnetic field direction with
a deviation angle which can be predicted from the Fres-
nel equations. Simulation with various diameters showed
that the magnetic dipole nature maintains with a diameter
less than the quarter-wavelength and multipoles becomes
noticeable for diameters larger than the half-wavelength.
We performed scattering polarization measurement at 69-
degree incidence, which confirms the theoretical analysis.
The features of Si Bethe holes demonstrated here will be
useful for designing UV plasmonic metasurfaces.
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1 Introduction

Scattering by a small circular hole on a conducting film
has been a classical problem treated in textbooks in the
fields of optics and photonics, yet its usage is increasing,
especially in the field of nanophotonics with ability to sup-
port localized surface plasmons. Due to the enhancement
of electric field inside and light—matter interaction [1, 2],
small circular holes have been exploited in various areas
such as perfect absorber [3], single photon emission [4],
single molecule fluorescence [5, 6], and surface-enhanced
Raman spectroscopy [7]. Theory on scattering by a small
circular hole given by Bethe in 1944 tells that scattering
by a small hole is represented as in-plane magnetic and
out-of-plane electric dipole radiations [8]. Although Bethe’s
theory assumes a hole on a PEC screen, scattering polariza-
tion analysis on a near-infrared frequency revealed that a
small hole can be regarded a magnetic dipole induced by
the in-plane component of the incident magnetic field even
at the plasmonic regime [9-11], which can be attributed to
the fact that the permittivity of few tens is still large enough
to approximate the surface currentasK =~ n X 2H;, where
H;, is the incident magnetic field and n is the unit vector
normal to the film [9, 12, 13]. This magnetic dipole response
as a Bethe hole implies that we can analyse optical mag-
netic field by measuring scattering from a nano-sized hole,
enabling magnetic field mapping with nanometer spatial
resolution [10, 11].

UV plasmonics is an emerging frontier of photonics
which finds interesting applications including spectroscopy
[14, 15], photocatalysis [16], wavefront control [17, 18],
and UV lasers [19, 20]. The fact that noble metals widely
used for plasmonics in the visible and infrared ranges
suffers from the low refractive indexes in the UV range
made researchers in this field to search for alterna-
tive plasmonic materials. Along with several alterna-
tive metals such as aluminum [14, 21], gallium [22],
and rhodium [15], Si have been suggested as a UV
plasmonic material due to the considerable permittivity
arising from the interband transition [17, 23]. An impor-
tant advantage of Si is that Si nanostructures can be read-
ily fabricated by the industrial fabrication techniques. In
the recent years, some studies have demonstrated UV plas-
monic systems using basic Si structures such as nanodisks
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and nanoholes [23] as well as sophisticated Si metasurfaces
and metamaterials [17, 24], yet much remains to be proved
in UV plasmonics using Si nanostructures. In this work, we
studied UV scattering from Si nanocholes and demonstrated
the features as a Bethe hole. The scattering pattern and
polarization with normal or oblique UV incidence was theo-
retically investigated to reveal the magnetic dipole response
and experimental measurement on scattering polarization
was consistent with the simulation. Our results indicated
that the same argument for metallic nanoholes can be
applied to Si nanoholes, making it easier to expand the
horizon of plasmonics to UV range using Si nanostructures.

2 Theoretical analysis

The main goal of this work is to confirm that a Si small
hole acts as an in-plane magnetic dipole induced by the
in-plane component of the incident magnetic field in the UV
range. One critical feature of magnetic dipole-like scattering
is the radiation pattern given by cosine squared with zero at
the magnetic dipole direction. Therefore, we started from
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examination of the scattering pattern. Figure 1(a) and (b)
shows the simulation results for the scattered magnetic and
electric field distributions respectively when y-polarized
310 nm UV plane wave is normally incident on a Si aper-
ture of 40 nm diameter and 80 nm thickness on a sapphire
substrate from the air side. Simulation details are given
in the methods section. Compared to the magnetic field
in the yz plane (Figure 1(a)), the electric field in the xz
plane (Figure 1(b)) shows evident decrease with increasing
scattering angle, implying magnetic dipole-like scattering
induced by incident magnetic field of x-direction. To confirm
this more clearly, we plotted scattering intensity S in the xz
plane as a function of scattering angle 8, in Figure 1(c). The
cosine squared function (red line, Figure 1(c)) expected for
a dipole radiation agrees well with the simulated scattering
pattern (black line, Figure 1(c)), except for the jiggling sim-
ulation artifact. Although an electric dipole directed along
the x-axis can produce the same scattering intensity distri-
bution, the fact that the incidence is y-polarized excludes
that possibility. Investigation on scattered field components
confirms again that the scattering is magnetic dipole-like
(see Supplementary Materials S1).
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Figure 1: Simulation results on scattered fields for normal incidence of 310 nm UV plane wave. (a) Scattered magnetic field distribution in the yz
plane. y-Polarized UV was incident from the air side. The Si thickness and hole diameter were 80 and 40 nm, respectively. (b) Scattered electric field
distribution in the xz plane. (c) Polar plot of the normalized scattering intensity S(6, ) in the xz plane (black). Cosine squared (red) was also plotted for

comparison.
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The magnetic dipole response becomes even more
evident when investigating the scattering polarization at
oblique incidence. Investigation on scattering polarization
at oblique incidence has been exploited in the previous
studies [9-11] to distinguish an electric dipole and a
magnetic dipole. Considering the normal detection
scheme shown in Figure 2(a), a magnetic dipole induced
by the in-plane magnetic component H;,, will have
the scattering polarization y;, perpendicular to Hj,,
while an electric dipole driven by the in-plane electric
component E; , will have the polarization wyg, of
the same direction. For normal incidence, these two
polarizations cannot be distinguished (yyp = wip)
because H;,, and E;,  are perpendicular to each other.
However, for oblique incidence with an incidence angle
0, and polarization angle ¢, the in-plane components
are given by Hy,; = (cos @ cos@,X +sin@y)H;, and
E;, = (sing cos 0, % — cos @9)E;,, and accordingly,
wyp = tan~!(sin @/ cos @ cosf,) and g, =tan™
(sin @ cos 6y, / cos @) which are distinguishable from each
other.

We investigated scattering polarization y ., at the nor-
mal scattering direction with an incident angle of 80°.
Except the incident angle, rest of the simulation condi-
tion was the same as above. The simulated scattering
polarization shown in Figure 2(b) was much closer to
wyp than ygp, indicating that the Si aperture virtually
response to UV as a magnetic dipole. Moreover, we found
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that the scattering polarization can be predicted much
more precisely by calculating Fresnel equations at the
air/Si interface. A close relation between Fresnel equations
and magnetic response of a metal aperture had been
pointed out in previous studies [12, 13]. We decomposed
the incident polarization into s- and p-polarization com-
ponents, and the in-plane electric field for the respec-
tive polarizations was obtained using Fresnel equations at
the interface as follows: E, = —cos ¢(1+ 1,(6y,))E;, and
E, = sin@ cos 6;,(1—r,(6;,) ) Ein Where 1, are amplitude
reflection coefficients. From the polarization ellipse given
by E, and E, at the infinite air/Si interface, we deduced angle
of the major axis y ., which is plotted as a function of inci-
dent polarization in Figure 2(b) showing excellent agree-
ment with the simulated hole scattering polarization y . It
can be understood from the fact that, for a highly absorbing
plasmonic film thicker than the penetration depth, light
barely reaches the exit side film/substrate interface, so the
reflection at the film/substrate interface cannot affect the
overall polarization inside the film. Accordingly, scatter-
ing from a small hole in a such plasmonic film has polar-
ization simply duplicating the in-plane polarization solely
determined by the incident side interface (with a possible
phase difference). Because the penetration depth given by
imaginary part of the Si refractive index A/2nk is about
16 nm, a Si thickness of only few tens of nanometers is
enough to satisfy the above condition at the UV wavelength.
The Si thickness of 80 nm assumed in Figure 2(b) is already
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Figure 2: Magnetic dipole-like scattering at oblique incidence. (a) Schematic illustration of scattering with an incident angle of 80°. In this
situation, angle between projections of incident electric and magnetic fields on the film plane is larger than 90°, which implies that in-plane electric
and magnetic dipoles driven by incident electric and magnetic fields respectively will radiate different polarizations (y ¢, W p)- Therefore, which

of the two dipole polarizations is closer to the actual scattering polarization y ., reveals the nature of the scattering. (b) Simulation results on
scattering polarization for the oblique incidence. Black dots are the calculated scattering polarization. For comparison, y gy, Wy, and y ¢ are also
plotted as red, blue, and green lines, respectively. y. is the angle given by Fresnel equations for the air/Si interface.
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much thicker than the penetration depth and we can expect
that a small hole on a Si film thicker than 80 nm will also
show scattering polarization close to y,, because the same
physics will apply. On the other hand, scattering polariza-
tion from a small hole on a film thinner than the penetra-
tion depth can significantly deviate from ., due to the
reflection at the film/substrate interface (see Supplemen-
tary Materials S2). We also note that a simple algebra shows
that yp,. is recovered to y,p, when the refractive index
of the film is infinite, agreeing with Bethe’s theory. That
is, the similarity between y, and y,y for the Si hole is
a direct consequence of the high complex refractive index
(R310nm = 2.87 + 3.061) at the UV wavelength.

We investigated diameter dependence of the magnetic
dipole-like scattering to check the meaning of ‘small holes’
for UV plasmonics of Si. Figure 3(a) shows simulated scatter-
ing polarization curves for diameters up to 320 nm which
is slightly over the wavelength A of 310 nm. The curves for
diameters of 40 and 80 nm are very close to the curve yp.
given by Fresnel equations. However, polarization curves
start to deviate from y . when diameter increases further
and scattering polarization by a 320 nm-hole almost loses
the feature of a magnetic dipole, being Wi um ~ @. We
quantified this deviation by calculating root mean squares
of Yo — Wire and W, — Wyp- As shown in Figure 3(b),
Wea — Wrre 1S Negligible when diameter is below 80 nm
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(~ A/4), but when diameter is over 160 nm (~ 1/2), the
deviation become increasingly noticeable. Therefore, in
terms of scattering polarization, holes with a diameter less
than A/4 can be regarded as ‘small holes’ behaving similar
to a magnetic dipole.

We checked the criterion, (diameter) < A/4, again in
terms of scattering pattern. Figure 3(c) shows simulated
scattering patterns for the various diameters. For diameters
of 40 and 80 nm, the scattering patterns were almost same
with the cosine squared, confirming the criterion. When
diameter increases over 160 nm, the scattering pattern devi-
ates from the cosine squared to a more directional shape
implying contribution of higher order multipoles. Because
the cutoff wavelength of the fundamental TE,; mode in a PEC
circular waveguide is given by Aoy = (diameter)s /1.841,
the significant higher order contribution already at ~ /2
indicates that Si play as a real metal at the UV wavelength,
making the effective hole diameter larger than the nominal
due to the field penetration [25].

3 Experimental measurements

We measured scattering polarization from Si apertures with
oblique UV incidence (0;, = 69°) to confirm the theoreti-
cal analysis discussed above. Samples fabricated on a c-cut
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Figure 3: Simulated diameter dependence of UV scattering by Si apertures. (a) Scattering polarization obtained for various diameters from 40 to
320 nm. (b) Root mean square of differences, y,, — wyp and ., — W, calculated from the values given in (a). (c) Scattering patterns in the xz

plane for the TE incidence polarization (@ = 0).
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Figure 4: Experimental confirmation of the theoretical analysis. (a) Scanning electron microscope images of apertures on a Si film of 75 nm thickness.
Diameter of the upper is 200 nm and the lower is 300 nm. (b) Typical polar plots of polarization analyzed scattering intensity from the 200 nm Si hole
for various incident polarizations. The incident angle is 69° and the wavelength is 365 nm. Dashed lines are fitting curves. (c) Scattering polarization
versus incident polarization. Black and red dots for diameters of 200 and 300 nm, respectively. Simulation results (dotted lines) and y¢p, p, and

W (soled lines) are also plotted for comparison.

sapphire substrate are shown in Figure 4(a). Fabrication
and experiment details are given in the methods section.
Because the c-axis in a c-cut sapphire is normal to the sur-
face, the birefringence effect was removed in the detection
direction. For various incident polarizations in the range
of 0° to 90°, we analyzed scattering polarizations, some of
which are presented in Figure 4(b). Since we used small
numerical aperture of 0.1 for scattering collection, the mea-
surements can be regarded to have been performed only for
scattering in the normal direction, being consistent with the
simulations. The measured intensities showed an excellent
sinusoidal modulation depending on angle of the analyz-
ing polarizer, enabling extraction of well-defined scattering
polarization by fitting with a sinusoidal function (dashed
lines, Figure 4(b)).

Scattering polarizations obtained by fitting are plotted
in Figure 4(c) as a function of incident polarization. Scat-
tering polarizations from the 200 nm-hole and the 300 nm-
hole both show some magnetic dipole-like responses, being
closer to yyp than yg,. We note that, the difference
between vy and yp, in Figure 4(c) is smaller than the one
given in the above section because of the smaller incident
angle. Scattering polarization curve expected from Fresnel
equations, yp,, is quite close to yp due to the high com-
plex refractive index (fizgs,, = 3.90 + 2.66i) implying that
scattering will be more magnetic dipole-like if experiment
is performed with smaller holes. Deviation of experimental
scattering polarization curves from y, can be attributed
to the fact that the diameters of 200 and 300 nm are already

over half the wavelength. Scattering polarization from the
300 nm-hole show larger deviation than the one from the
200 nm-hole as we discussed in the above section. We per-
formed simulations with the experimental conditions and
the results (dotted lines, Figure 4(c)) were in good agree-
ment, confirming the validity of our simulation method. The
difference between the experiments and simulations can be
partially attributed to the slight ellipticity and irregularity of
the fabricated holes (see Supplementary Materials S3).

4 Conclusions

Magnetic dipole-like response of Si apertures in the UV
range was demonstrated in terms of scattering pattern and
polarization. If the hole diameter is small, the scattering pat-
tern is given by cosine squared like a dipole radiation, and
the scattering polarization determined by Fresnel equations
at the incident side interface is similar to the orientation
perpendicular to the in-plane component of the incident
magnetic field. In other words, refractive index of Si at
the UV wavelength is sufficiently large to reproduce mag-
netic dipole responses of a metallic hole at longer wave-
lengths predicted by Bethe’s theory. Our work shows that
Si is a promising plasmonic material in the UV range and
scattering polarization from a small hole can be predicted
using Fresnel equations valid for any plasmonic materials,
paving a way for UV magnetism and UV magnetic field
mapping.
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5 Methods

5.1 Simulation

We used a commercial simulation software, COMSOL Multiphysics 6.1
with the wave optics module. The simulation space was a sphere with
aradius of 2.2/ and a perfectly matched layer covered the sphere with
a thickness of 14. The sapphire substrate occupied a half sphere, and
the other half was occupied by the Si film and air. The center of hole
bottom face was set to the origin. To implement scattering by a single
hole, scattered field formulation was applied with the background field
calculated for the air/Si film/sapphire system except a hole. Because we
adopted scattered field formulation, we regarded the relative fields,
which are defined as difference between the total field and the back-
ground field in COMSOL, as the scattered fields. Scattering pattern was
obtained at the distance of 24 from the origin in the xz plane. That
is, we obtained time-averaged power flow of the relative fields in the
normal direction of the half circle of 24 radius. Scattering polarization
was also calculated at the 24 distance by taking the major axis of
the polarization ellipse. Maximum mesh size in the Si film was set
as the penetration depth. We used refractive index of amorphous Si
(1 =2.8743.06iat A = 310 nmand i1 = 3.90 4 2.66iat A = 365 nm) [26]
and refractive index of the sapphire substrate was set as 1.79.

5.2 Experiment

For sample preparation, we deposited 75 nm thick Si and 20 nm thick
Cu films sequentially on a c-cut sapphire substrate using electron beam
evaporation. The holes were fabricated by focused ion beam (FIB)
milling where the Cu film prevented charging effect. After finishing
the FIB milling, the Cu film was removed by CR-7 etchant. For optical
experiment, UV from a 365 nm light emitting diode (Thorlabs, M365L2)
was collimated by an aspheric condenser lens. The UV beam passed
a polarizer and a half-wave plate defining incident polarization ¢
and was weakly focused onto the sample from the air side with the
incident angle of 69°. Scattering in the normal direction was collected
by an objective lens with a numerical aperture of 0.1. The image on
the conjugate focal plane was cropped by an iris diaphragm to collect
scattering only from the hole region which was identified by a CCD
camera. The cropped scattering was re-focused on a single photon
counting module (Perkinelmer, SPCM-AQR-14), whose electrical signal
was read by a photon counter (SRS, SR400). Background noise from
a region without holes was also measured to calculate net scattering
signal from the hole. Scattering polarization was analyzed by rotating a
motorized polarizer before the detector with a 2° step. The polarization
analyzed data were fitted to I(y) = a+b cos 2(y — ) to extract
the scattering polarization y .
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