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Abstract: We present a linear nano-polarizer composed of asymmetric
nanoaperture and bowtie nanoantenna, which provides a new way to
freely control the polarization azimuth of the translated optical field in
the near-field. It can not only generate large localized field enhancement
and outstanding spatial confinement, but also maintain the polarization
azimuth of linearly polarized optical field excited by arbitrary linearly,
circularly or elliptically polarized lights. The response wavelength of the
linear nano-polarizer can be easily tuned in a wide range by adjusting the
geometrical parameters of asymmetric nanoaperture. This offers a further
step in developing integrated optical devices for polarization manipulation.
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1. Introduction

Metamaterials (MMs) have drawn much attention in recent years due to many fascinating prop-
erties[1, 2]. Based on their capabilities, MMs have realized the miniaturization of optical com-
ponents, such as optical antenna [3, 4], perfect absorber [5, 6], optical switch [7, 8], light con-
centrator [9], polarization transformer [10] and nano-waveplate[11, 12]. These metallic devices
have opened up an access to control and guide light in both the near- and far-fields, which can
contribute to awide range of applicationsin biosensing [13], nonlinear optics[14, 15], quantum
optics [16], and optical circuits [17, 18] to name a few. Recently, there has been an increasing
interest in developing materials that can manipulate the polarization state of transmitted or
reflected light in the far-field [19]. A quarter-wave plate has been achieved by adjusting the
degree of asymmetry [11]. In the near-field, the MMs that can transform and control the local
polarization state have also been reported. Paolo Biagioni et al. proposed an asymmetric cross
antenna, constituted by two perpendicular dipole antennas with common feed gap but different
lengths [20]. By tuning the response of each antenna, the cross antenna can transform alinearly
polarized propagating wave into circularly polarized localized fields, realizing the behavior of
a near-field quarter-wave nano-waveplate. Erdem Ogiit et al. also presented that a linearly po-
larized light can be converted into acircularly or elliptically polarized optical spot by creating
and adjusting the asymmetry in the aperture dimensions, as well as adjusting the polarization
angle of theincident light [21].
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In terms of the capacity of these metallic devices to manipulate light interacting with them,
the previous designs usually focused on converting the polarization state of the linearly po-
larized light in the near- or far-field. However, there is seldom research on manipulating the
polarization azimuth of linearly polarized optical field in the near- or far-field. The polarization
azimuth in near-field can be considered as the localized electric field polarization. It is well
known that polarized photons represent a fundamental probe to study the behavior of electrons
in matter at optical frequencies. Thus optical fieldswith awell-defined electric field polarization
are of primary importance in many optics applications, such asin spectroscopy and microscopy.
Traditionally, Glan-Taylor polarizer consisting of birefringent materials has been employed to
control the polarization azimuth of the transmitted light in the far-field, which allows the trans-
mission of asingle linear light polarized along the optical axes of the crystals. It has become an
indispensable asset to optical experiments and practical applications. If the function of Glan-
Taylor polarizer can be realized in the near- or far-fields through MMs, the miniaturization of
linear polarizer will be highly desirable for applicationsin optical nanocircuitry and integrated
plasmonic devices.

In this paper, we present a linear nano-polarizer composed of asymmetric nanoaperture and
bowtie nanoantenna, which provides a new way to freely control the polarization azimuth of
the translated optical field in the near-field. The linear nano-polarizer can generate large en-
hancement and outstanding spatial confinement of linearly polarized optical field with a fixed
polarization azimuth excited by arbitrary linearly, circularly or eliptically polarized lights.
Meanwhile, its response wavelength can aso be easily tuned in a wide range by adjusting the
geometrical parameters of asymmetric nanoaperture. The translated mechanisms of the linearly
polarized optical field are also discussed.

2. Combination of asymmetric nanoaperture and bowtie nanoantenna

The designed near-field linear nano-polarizer composed of asymmetric nanoaperture and
bowtie nanoantenna is shown in Fig. 1. The asymmetric nanoaperture consists of two crossed
rectangular nanoapertures in a gold film with thickness h=60 nm. The lengths of the rectan-
gular nanoapertures are L1=230 nm and L,=170 nm, respectively, and the widths are both 50
nm. The cross angle between two rectangles is equal to 60°, which is bisected by x-axis. A
20-nm-thick bowtie nanoantennais located at the bottom of the asymmetric nanoaperture. The
symmetry axis of the bowtie nanoantenna along the perpendicular bisector of the triangle is

Fig. 1. The designed linear nano-polarizer can be excited by arbitrary linearly, circularly
or elipticaly polarized lights. It may generate a large localized field enhancement and
maintain the polarization azimuth of linearly polarized optical field.

#185638 - $15.00 USD  Received 20 Feb 2013; revised 12 Apr 2013; accepted 13 Apr 2013; published 19 Apr 2013
(C) 2013 OSA 22 April 2013 | Vol. 21, No. 8 | DOI:10.1364/0OE.21.010342 | OPTICS EXPRESS 10344



parallel to y-axis. Each constituent Au equilateral triangle of the bowtie has a perpendicular
bisector length of 40 nm with aradius of curvature of 6.3 nm in the corner. The geometric cen-
ter of bowtie nanoantennais overlapped with those of rectangular apertures. The permittivity of
gold isdescribed by the Drude model with the relative permittivity at infinite frequency €..=9.0,
the plasma frequency wp = 1.3166 x 10'® s~1, and the damping constant y = 1.3464 x 1014 s~1
[22]. The linear nano-polarizer is placed on the glass substrate with permittivity of 2.25. The
finite element method implemented in COM SOL Multiphysics was used to calculate the e-field
distribution through the structures [23]. The linear nano-polarizer is illuminated by normally
incident light from the asymmetric aperture side. Around the simulation domain, perfectly
matched layers are placed to completely absorb the waves leaving the simulation domain in
the direction of propagation. The near-field intensity is calculated by the maximum normalized

e-field intensity in the gap region within the plane through the center of the bowtie nanoantenna
in the z direction.

3. Comparison between bowtie nanoantenna and linear nano-polarizer

A number of recent publications have discussed the optical properties of solitary bowtie nanoan-
tenna, which exhibits high localized field enhancement and outstanding spatial confinement of
the applied electric field due to the plasmonic resonance and curvature effect of bowtie tips
[24, 25]. However, the bowtie nanoantenna will selectively enhance the field projection along
its own axis due to the strong resonance [26]. Thus, bowtie nanoantenna can only alow one
field component along the antenna axis to present in the gap region. The normalized inten-
Sity spectra of the bowtie nanoantenna and linear nano-polarizer are shown in Fig. 2(a), where
the polarization azimuth 6 of incident light is 90°. The bowtie nanoantenna has a weak res-
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Fig. 2. (a) Comparison of normalized intensity spectra between the bowtie nanoantennaand
linear nano-polarizer. The polarization azimuth 6 of incident light is 90°. (b) Normalized
intensity of bowtie nanoantenna and linear nano-polarizer under different incident excita-
tion light polarizations at the resonant wavel engths of 640 nm and 760 nm, respectively.

#185638 - $15.00 USD  Received 20 Feb 2013; revised 12 Apr 2013; accepted 13 Apr 2013; published 19 Apr 2013
(C) 2013 OSA 22 April 2013 | Vol. 21, No. 8 | DOI:10.1364/0OE.21.010342 | OPTICS EXPRESS 10345



onance. However, the proposed linear nano-polarizer has three distinct resonant peaks, which
correspond to the waveguide modes of asymmetry nanoapertures. The lowest-order waveguide
mode at 760 nm has the strongest resonance among three modes. Therefore, we specify this
mode in the following discussions about the nano-polarizer. Figure 2(b) shows the normalized
intensity of bowtie nanoantenna (blue line) and linear nano-polarizer (red line) excited by dif-
ferent polarizations of linearly polarized light at the resonant wavelengths of 640 nm and 760
nm, respectively. The normalized intensity of bowtie nanoantenna exhibits a strong dependence
on the polarization of incident light at the resonance wavelength. When the polarization angle
6 of incident light is 0°, the largest enhancement factor can be achieved. However, when the
6 equals 90°, the normalized intensity is close to zero. In contrast, the normalized intensity
of linear nano-polarizer shows a weak dependence on the polarization of incident light at the
resonance wavelength. It can still exhibit large localized field enhancement at the polarization
angle of 90°, where has not the field component of incident light along the antenna axis. In
order to quantify the dependence of incident polarization to the nanostructure, the polarization
feature can be characterized by the polarization contrast P as P=(lnax-I min)/(Imax*+!min) , Where
Imax @nd Iy are the measured maximum and minimum normalized intensity under different
polarizations of incident light at fixed wavelength, respectively. The polarization contrast for
bowtie nanoantenna is approximately equal to 1, showing strong sensitivity to the polarization
of incident light, which follows the previous result [27]. On the contrary, the polarization con-
trast for the linear nano-polarizer is 0.06, which shows aweak sensitivity to the polarization of
incident light.

To further understand the differences of near-field distribution, we give the normalized near-
field spatial distribution for solitary bowtie nanoantenna and linear nano-polarizer at the res-
onant wavelengths of 640 nm and 760 nm, in Figs. 3(a) and 3(b), respectively. As expected,
when the polarization azimuth of incident light was perpendicular to the pair of triangles, most
of the e-fields are assembled near the four endpoint of the bowtie nanoantenna, as shown in
Fig. 3(a). The e-fields can not be found in the gap region of bowtie nanoantenna. However, the
linear nano-polarizer can still make alarge enhancement and concentrate light on nanoscale in
its gap region [see in Fig. 3(b)] even though the polarization of incident light is perpendicul ar
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Fig. 3. Normalized near-field spatia distribution for (a) bowtie nanoantenna and (b) linear
nano-polarizer with the polarization azimuth of incident light along x direction at the reso-
nant wavelengths of 640 nm and 760 nm, respectively. Distribution of (¢) parameter C and
(d) modified figure of merit f for linear nano-polarizer.
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to the bowtie nanoantenna axis. In order to analyze the polarization state of optical field in gap
region, we consider a modified Stokes parameter S, = <Ey(t)2 - Ex(t)2> , Where (e) denotes
time average, Ex(t) and Ey(t) are the electric field amplitudes [28]. We also define a degree of
polarization as C :Mw , for which C = 1 or C = —1 present a perfect linear polar-
ization aong the y or x axis, respectively. Spatial map of C is shown in Fig. 3(c), providing
evidence that afairly uniform and almost unitary polarization optical field (C ~ 1) is obtained
over the area inside the gap region. Figure 3(d) shows an accordingly modified figure of merit

f=1Ix <$ﬁ(t)2> [29], confirming that the linear nano-polarizer can not only rotate the
polarization azi mlthh of the incident wave by 90° in the near-field, but also exhibit large local-
ized field enhancement and outstanding spatial confinement of the trandlated optical field in the
gap region. The discrepancy of e-field distribution between the bowtie nanoantenna and lin-
ear nano-polarizer can be attributed to the introduction of asymmetric nanoaperture. Under the
illumination of the incident light polarized perpendicular to the pair of triangles, two arms of
asymmetric nanoaperture can introduce a specific phase difference by adjusting the values of Ly
and Ly, which leads to the conversion of the polarization state for the incident light. Therefore,
the e-field component along the pair of bowtie nanoantenna can be generated in the process of
the interaction between the asymmetric nanoaperture and incident light, which can be further
concentrated by bowtie nanoantennas resulting in a large near-field enhancement in the gap
region. The asymmetric nanoaperture plays an important role in controlling the polarization
azimuth of the linearly polarized optical field in the near-field.

22
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6=135°

-1 0
Fig. 4. Spatial distribution of parametersC ((8)-(d)) and f ((€)-(h)) for linear nano-polarizer
illuminated under different polarizations of linearly incident light. The schematic configu-
rations show four incident polarization angles of linearly polarized light are calcul ated.
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4. Optical properties of linear nano-polarizer

In order to comprehensively demonstrate the optical property of the linear nano-polarizer, we
calculated the spatial distribution of parameters C and f illuminated under different polariza-
tions of linearly incident light in Fig. 4. The polarization angle of incident light has an interval
of 45° from 0° to 135°. Although the distributions of parameter C have adlight difference from
each other, afairly uniform and almost unitary polarization optical field (C ~ 1) can be obtained
inthe gap region for four different polarization azimuths, as shown in Figs. 4(a)-4(d). Moreover,
the linear nano-polarizer aso exhibits large localized field enhancement and outstanding spa-
tial confinement of linearly y-polarized optical field in the gap region for different polarizations
of excitation light, which can be seen in Figs. 4(e)-4(h). Meanwhile, the normalized intensity
in the gap region is amost same with each other consisting with the low polarization contrast
P=0.06. Based on these capabilities, the linear nano-polarizer can be employed to freely con-
trol the polarization azimuth of linearly polarized optical field in the near-field through rotating
the nano-structure, regardless of the polarization of excitation light. Our proposed linear nano-
polarizer can not only realize the function of Glan-Taylor polarizer in the near-field making
the miniaturization of linear polarizer possible, but also get rid of strong dependence on the
polarization of the incident light.

As mentioned above, thewesk sensitivity of linear nano-polarizer to theincident polarization
can be attributed to the conversion of the polarization state for the incident light by asymmetric
nanoaperture. In order to further display the influence of asymmetry nanoapertre, we simulated
the spectra of polarization contrast P and minimum normalized intensity |, as a function of
L1 in Figs. 5(a) and 5(b), respectively, where L, is fixed at 170 nm. Results show that low po-
larization contrast P can be obtained in awide range (blue areain Fig. 5(a)), exhibiting a weak
polarization sensitivity for the presented linear nano-polarizer. The linear nano-polarizer can
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Fig. 5. Spectra of (a) polarization contrast P and (b) minimum normalized intensity |yn as
afunction of L1, where L, isfixed at 170 nm. Spectra of (c) polarization contrast P and (d)
minimum normalized intensity |yin asafunction of L, where the ratio of theL; and L5 is
fixed at 1.35.
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Fig. 6. Spatial distribution of C ((a)-(d)) and f ((€)-(h)) for linear nano-polarizer illuminated
by circularly and elliptically polarized lights. The schematic configurations show circularly
polarized light and elliptically polarized light with different azimuth angles are calculated.

also concentrate light on nanoscalein its gap region and realize alarge localized field enhance-
ment (red area in Fig. 5(b)). When the optimum ratio of the L; and L is 1.35 with L1=230
nm and L»,=170 nm, the minimum polarization contrast P can be obtained, corresponding to
the previous geometry parametersin Fig. 2. Figures 5(c) and 5(d) show the spectra of polariza-
tion contrast P and minimum normalized intensity | nin as afunction of L,, where the ratio of
the L1 and L, isfixed at 1.35. The wavelength corresponding to the low polarization contrast
P exhibits an obvious red shift with the increasing of L,, meanwhile maintaining large local-
ized field enhancement. Therefore, the near-field linear nano-polarizer can be used in a wide
wavel ength range through adjusting geometrical parameters, which will be highly desirable for
practical applications.

In order to explore the optical response of our linear nano-polarizer to other polarization
states, we calculated the spatial distribution of C and f for linear nano-polarizer illuminated by
circularly and elliptically polarized lights in Fig. 6. The elipticity € (the major-to-minor-axis
ratio) of elliptically polarized light isfixed at 2, and three azimuth angles (the angle between the
major semi-axis and the x-axis) with 45°, 90° and 135° are calculated. An amost unitary po-
larization optical field (C ~ 1) and large localized enhancement can still be obtained in the gap
region for circularly and elliptically polarized lights. Therefore, the linearly polarized optical
field shows aweak sensitive to arbitrary linearly, circularly or eliptically polarized light.

5. Conclusion

In conclusion, we have demonstrated a linear nano-polarizer composed of asymmetric
nanoaperture and bowtie nanoantenna, which provides anew way to freely control the polariza-
tion azimuth of the translated optical field in the near-field. The proposed linear nano-polarizer
can not only realize the function of Glan-Taylor polarizer in the near-field, but also get rid of
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strong dependence on the polarization of the incident light. The response wavelength of the
linear nano-polarizer can be easily tuned in awide range by adjusting the geometrical parame-
ters of asymmetric nanoaperture. We believe this linear nano-polarizer enables us to modulate
electromagnetic wave polarizations flexibly, and is potentially useful in applications such as po-
larizing plate, sensor, and integrated with other optical devices for polarization manipulation,
detection, and sensing at the nanoscale.
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