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Plasmon antenna at mid-infrared made by metallic apertures
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Abstract; The transmission spectra and far-field radiation patterns of periodic metallic aperture arrays are studied in
mid-infrared region. We find that the samples have two transmission bands in mid-infrared region. The central po-
sitions of transmission bands red-shifts with the increase of the hole-diameter or the lattice constant. The periodic
metallic aperture arrays can behave as electrical dipole arrays at the central positions of the transmission bands. The
radiation intensity in far-field is strong at the two frequencies. The intensity increase with the decrease of the hole

diameter or the increase of the lattice constant.
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Introduction

Antennas have attracted a lot of attentions due to
their wide applications in millimeter-waves and micro-
waves over the past decades. Recently, antennas in opti-
cal frequency region have sparked great interests for their
potential applications''®!. Most researches on optical an-
tennas are based on wire antennas ( metal particles) or

d (671 h as bow-tie antennas'**’ | Yagi-
nanorods arrays~ -, such as , Yag
Uda antennas''®") | log-periodic antennas''*! | spherical
nano-antennas'>"7) | etc. Slot antennas ( metallic aper-
tures) , the complementary structure of wire antennas,
have the advantages of robustness and greater control of
the radiation pattern in microwave region. In optical re-
gion, numerous researches have been done on aperture
arrays'**') | such as the extraordinary optical transmis-
sion ( EOT) phenomena'®™ of metallic apertures,
which originates from both the surface plasmon polaritons
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(SPPs ) and the local surface plasmon polaritons
(LSPPs) ). Guo et al. have reported the bow-tie slot
antennas with two types of resonances in the near infrared
and visible spectral range'® . It has been found that gold
bow-tie shaped aperture nano-antenna has a localized en-
hanced field which can improve the resolution of the mi-
croscopy and optical lithography'®'. U-T-shaped nano-
aperture antennas are reported to have multiple resonant
bands**’. Moreover, Peng et al. have reported that a
metallic aperture array performs as an optical antenna ar-
ray, and the far-field emission is originated from plas-
monic emission'>"). Studies in EOT phenomena indicate
that dipole moments will be induced at the edge of the
metallic apertures at the position of the transmission peak
when illuminated by a plane wave'*'’. However, whether
the far-field radiation patterns can be modulated by the
induced local electric field has not been studied.

In this paper, we experimentally fabricate the peri-
odic metallic aperture arrays by using optical lithography
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and analyze the sample’ s transmission spectra and far-
field radiation patterns. The results suggest that all the
samples have two transmission bands in the mid-infrared
frequency. The intensities and central positions of trans-
mission bands depend on the diameter and lattice con-
stant of the aperture arrays. The near-field responses at
the central positions of transmission bands suggest that
each metal aperture behaves as one electrical dipole at
the central position of the transmission bands. The far-
field patterns indicate that the metal aperture arrays be-
have well as electrical dipole arrays.

1 Experimental results

The samples consist of one silver layer and one SU —
8 layer, and the two layers are perforated with a square
array of circular apertures. The thickness of silver layer
(h) and SU -8 layer (H) is 50 nm and 2 pm, respec-
tively. The detailed fabrication procedures can be found
in our previous publication'®. In this experiment, we
fabricated three samples: samples A, B and C. The di-
ameter of the holes (m) is 5, 5 and 6 pm, and the lat-
tice constant (n) is 9, 10 and 10 wm for samples A, B
and C, respectively. The JEOL JSM - 5610LV scanning
electronic microscope ( SEM) image of sample B is
shown in Fig. 1(a). The schematic of a unit cell of our
sample is shown in Fig. 1 (b), which also shows the
characters of the incident light. The transmission spectra
of the samples were measured with TE incident light at
normal incidence by using a Bruker Optics Equinox 55
Fourier transform IR spectrometer.

15005 5-10

Fig.1 (a) SEM image of sample B, (b) schematic diagram of
one unit cell of our samples. The diameter (m) and lattice (n)
constant are indicated. The propagation and polarization direc-
tions are indicated
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2 Simulation results

We used a numerical simulator, Comsol Multiphys-
ics, to calculate the transmission and the far-field pat-
terns of all samples. This simulator is a popular com-
mercial finite-element-based electromagnetic ( FEM )
solver. When calculating the transmission, we built a
3D model with a unit cell shown in Fig. 1 (b). The in-
cident light has the same polarization and propagation
directions as those used in the experiment. The incident
light propagates along the-z direction and its electric
field is polarized along the x direction and its magnetic
field is polarized along the y direction. To simulate an
infinite array, we defined one pair of perfect electrical
conductor boundaries of each unit cell along the polar-
ized direction of electric field (x direction in this case) ,
and the other pair of boundaries is perfect magnetic con-
ductor along the magnetic field (y direction in this
case). When calculating the far-field patterns, we built
a 3D model with a finite 4 x4 unit cell array. The rela-
tive dielectric constant of SU —8 is assumed to be 2. 56
+1%0.05%") . The relative dielectric constant of silver
is taken from Ref. 33.

Figure 2(a) is the experimental transmission spec-
tra of the samples. As shown in Fig.2(a) , there are two
transmission bands (a higher frequency ( HF) band and
a lower frequency (LF) band) in the mid-infrared for
the three samples. The central positions of the LF and
HF bands are listed in Table 1. As shown in Table 1,
both the HF and LF bands redshift when the lattice con-
stant of the sample increases from 9 to 10 um with a
fixed hole-diameter of 5 pm. At a fixed lattice constant
of 10 pm, the two bands also redshift slightly when the
diameter of the sample increases from 5 to 6 um. Figure
2(b) shows the caculated transmission spectra of the
samples. As shown in Fig. 2(b), the simulated results
match with experimental ones well, including the posi-
tions of two transmission bands and the redshift trend.
The discrepancies between the measured spectra and the
calculated ones are caused by the unavoidable inaccuracy
when fabricating experimental samples. Moreover, the
inaccuracy of material’ s dielectric loss between actual
and ideal also results in the discrepancies.
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Fig.2 (a) Measured transmission spectra of samples A, B and

C, respectively. (b) Calculated transmission spectra of samples

A, B and C, respectively
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To study the far-field radiation properties, we swept
the frequencies from 5 to 60 THz with a step size of
0.05 THz in the calculation. it was found that the radia-
tion intensity in far-field is strong at the two frequencies.
The frequency corresponding to the strong radiation in-
tensity (SRIF) matches the central position of the trans-
mission bands. Table 1 also lists the position of the
SRIF. As shown in Table 1, the position of SRIF red-
shifts when the lattice constant of the sample increases
from 9 to 10 pm with a fixed diameter of 5 pm. At a
fixed lattice constant of 10 um, the position of the SRIF
also shows slightly redshift when the diameter of the sam-
ple increases from 5 to 6 pm. In summary, the SRIFs
will redshift with the redshift of the transmission peaks.
The little inconsistent between the position of the SRIF
and the position of the transmission peak is due to the
following reason; the transmissions are obtained from an
infinite aperture array, while the antenna directivities are
obtained from a finite plane, namely a finite 4 x4 array.

Table 1  Central positions of the transmission band and
SRIFs
1 ETZRFN SRIFs By iR
Transmission peak/THz Transmission peak/THz Antenna
Sample (experiment ) ('simulation ) ( SRIFs )/THz
LF HF LF HF LF HF
A 23.44 31.15 23.79 30.55 22.5 31
B 21.58 27.82 21.22 27.36 20.5 28
C 21.52 27.82 21.07 27.28 20 28

There are also relations between the intensity of
transmission peaks and the far-field maximum radiation
intensity. The antenna’ s radiation patterns at the lower
SRIF and higher SRIF are shown in Fig.3(a) and Fig.3
(b), respectively. The antenna’ s radiation patterns at
the two frequencies have some similar properties. First,
the transmission intensity of sample A is stronger than
that of sample B, while the antenna’s radiation intensity
of sample B is much stronger than that of sample A. Sec-
ond, the transmission intensity of sample C is stronger
than that of sample B, while the antenna’s radiation in-
tensity of sample B is much stronger than that of sample
C. Consequently, the antenna’ s radiation intensity of
sample B is the strongest of the three samples at both the
central position of the lower and higher SRIF.

3 Theoretical analysis

To study the relation of the frequency of the position
between the SRIFs and the EOT pass bands, we have
calculated the electric field distribution and the electric
displacement vector in the aperture array at the central
frequencies of HF and LF bands. As shown in Fig. 4,
when excited by plane wave, the electric field at the
edge of each aperture is much stronger than that at other
regions. The electric displacement vector is along the e-
lectric field (along the x axis). The charge density accu-
mulated at opposite sides of the aperture along the polari-
zation of electric field'® **). Therefore, there exists an
oscillating dipole at the two ends of the slit and the aper-
ture array is equivalent to a dipole emitter array. The e-
quivalent dipole emitter array radiates the scattered energy
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Fig.3 (Color online) The calculated far-field E plane patterns
for the arrays aperture array excited by TE incidence of sample
A, B and C. (a) Far-field patterns in yz plane at the lower fre-
quency 22.5, 20.5 and 20 THz, respectively, (b) far-field pat-
terns in yz plane at the higher frequency 31, 28 and 28 THz, re-
spectively
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into the far-field region. The resonant frequencies of the
dipole are at the center of the HF and LF bands. Conse-
quently, the antenna’ s SRIFs match the central positions
of HF and LF bands basically.

X

Fig.4 The distribution of electric magnitude and the electric dis-
placement vector (arrows) at the top silver layer
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When the incident light illuminates the metallic ap-
erture array, both SPP modes and LSP modes will be ex-
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cited™!. The HF band and LF band are due to the exci-
tations of both the SPP modes and the LSP modes. SPPs
will be excited when their momentum matches the mo-
mentum of the incidence and the periodic structure as

follows ! .
k, =k, £G, , (D
20 .
where |ksp | = |21'rfsp/ cl is the wave vector
(&, +&,)

of the SPP, &, and &, are the relative dielectric constant
of the two adjacent dielectrics, |k, | = (2mf,,/c) sing is
the incident plane wave vector. |qu | =2%/n is the pe-
riodic structure momentum and n is the lattice constant.
At the normal incidence, k, =0, then equation (1) can
be simplified as follows :

fo = : . (2)

)

where f, is the frequency of the excited SPP mode for the
periodic structure. The HF band is excited by the Air/
Ag SPP modes. The calculated Air/Ag (1,0) SPP
modes of samples A, B and C is 33. 33, 29.99 and
29.99 THz, respectively, close to the experimental ones
(31.15, 27.82 and 27.82 THz). The LF band is excit-
ed by the Ag/SU — 8 SPP modes. The calculated Ag/
SU-8 (1,0) SPP modes calculated for samples A, B
and C is 20. 83, 18.75 and 18.75 THz, respectively,
close to the experimental ones (23. 44, 21. 58 and
21.52 THz). Besides the excitation of SPP modes, the
positions of the HF and LF bands are also related to the
excitation of LSP modes. The frequency of LSP mode for

one circular waveguide can be expressed as follows"™* ;
1. 841
f= 7R , (3)

where R is the radius of the metallic apertures. The cal-
culated frequency of the LSP modes of samples A, B and
C is at 35.29, 35.29 and 29. 13 THz, respectively.
Therefore, the positions of the HF and LF bands depend
on both the lattice constant and the aperture diameter.
The transmission band will redshift when the lattice con-
stant increases or the aperture diameter increases. As the
antenna’ s SRIFs match the central position of HF and
LF bands, the SRIFs will redshift as the transmission
band redshift.

When the absolute size of aperture decreases or the
absolute lattice constant increases, the relative aperture
size is decreased and the LSP mode becomes stron-
ger'™!. Excited mainly by the LSP modes, the plasmon
antennas’ radiation intensity will increase as the LSP
modes increase. Therefore, the transmission decrease
and the plasmon antennas’ radiation intensity increase
when the aperture diameter decreases with a fixed lattice
constant or the lattice constant increases with a fixed ap-
erture diameter.

4 Conclusions
In summary, we have studied the transmission spec-

tra and far-field radiation patterns of the periodic metallic
arrays. Two transmission bands ( HF band and LF band)

were observed in mid-infrared region. The periodic me-
tallic arrays can behave as electrical dipole arrays at the
transmission peak when excited by plane wave. The in-
tensity of the far-field radiation pattern increase with the
decrement of the hole-diameter or the increment of the
lattice constant. This work provides a unique way to de-
sign optical antennas. Our research results are useful in
the design of novel light-emitting devices and mid-infra-
red sensors.
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