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Abstract: A class of plasmonic interferometers consisting of a circular slit
flanked by a concentric circular groove is demonstrated. Laying in-between
the conventional bullseye and the linear slit-groove interferometers, these
circular slit-groove interferometers show a polarization-insensitive optical
response (thanks to the rotational symmetry imposed by the circular
geometry), and overall higher light transmission (due to the absence of a
cutoff condition in the circular subwavelength slit). Light transmission and
sensitivity can be further enhanced by the presence of plasmonic resonant
modes excited by the circular slit. The proposed circular plasmonic
interferometers can be employed to develop improved biochemical sensors.
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1. Introduction

Surface plasmon polaritons (SPPs) have received significant attention for their potential to
develop high sensitivity, compact, and efficient nano-biosensors [1]. Being confined at the
metal surface [2—4], the SPP propagation constant can be affected by very subtle changes in
the refractive index due to analytes on the metal surface. This property makes SPPs excellent
candidates for the development of real-time, label-free biochemical sensing schemes.

Generally, SPPs can be excited through the use of a prism [5,6], or metal nanostructures
[7-10]. Conventional surface plasmon resonance (SPR) implementations rely on the prism-
based configuration [11,12]. Comparably, sensors utilizing plasmonic nanostructures employ
simpler optical geometries and thus offer great potential for system miniaturization [13—15],
an essential requirement for the development of fast and portable sensing devices for various
biomedical applications. Several researchers have therefore channeled their efforts into the
study of different structures [16—18], among which the (linear) slit-groove (SG)
interferometer and the bullseye structure (consisting of a circular shallow groove flanking a
subwavelength hole) have shown great promise for future applications due to high sensitivity
and their potential for multiplexing [19-21].

In this paper, we propose an alternative geometry: a circular SG structure, consisting of a
circular through-slit flanked by a concentric circular shallow groove. The proposed structure
represents a generalized geometry, which includes the bullseye and the linear SG structures as
two extreme cases [9,19-26]. Accordingly, many benefits of the two well-known structures
are retained by this geometry and can be optimized by a proper choice of parameters. The
outer groove acts as a broadband source of SPPs by efficiently scattering a normally-incident
white light beam into propagating SPPs and redirecting them toward the central slit, where
the fields of the directly incident beam and SPP waves interfere with each other, thus
modulating the light intensity transmitted through the slit. Furthermore, SPPs excited by any
subwavelength segment of the circular slit can also propagate toward other parts of the slit
and interfere with the incident light and with the SPPs originating from the groove, to further
affect light transmission. Far-field measurements of light intensity transmitted through the slit
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carry detailed information about the near-field interaction between the SPPs and the dielectric
material on the metal surface. Hence, circular SG plasmonic interferometers can prove to be
useful for the detection of biochemical analytes and the interplay between SPPs generated by
both the circular groove and slit can further enhance the device sensitivity. Preliminary results
show that, compared to a linear SG plasmonic interferometer, a circular SG plasmonic
interferometer can achieve 7-fold higher sensitivity. In addition, thanks to the polarization
independence property due to its rotational symmetry and the larger transmission area, a
circular SG plasmonic interferometer is able to make better use of the incident light intensity,
an advantage over both the bullseye and the linear SG plasmonic interferometer structures.
This high light throughput characteristic is crucial for the future integration of the proposed
general SG interferometer into a real-time, label-free and portable sensing platform.

2. Description, fabrication and characterization of circular plasmonic interferometers

Plasmonic interferometers consisting of circular and linear slit-groove (SG) pairs were
fabricated in a gold film using a combination of micro- and nano-fabrication techniques. A
4nm-thick Ti film was first deposited onto a previously cleaned quartz slide to serve as an
adhesion layer, followed by e-beam deposition of a 300nm-thick Au film. Gold was chosen
because (1) it can support the excitation of long-range propagating SPPs at A > 550 nm, and
(2) it offers a surface that is stable and resilient upon exposure to various chemical
environments, making it a good material choice for sensing applications. Several arrays of
plasmonic interferometers were then fabricated by focused ion beam (FIB) milling, using a
Ga-ion beam current of ~100 pA and an accelerating voltage of 30 kV.

Figure 1(a) shows the SEM image of a representative circular SG plasmonic
interferometer, consisting of a 100nm-wide circular slit entirely etched through the metal
film, with radius Rs = 2.5 um, and a concentric 300nm-wide, 20nm-deep circular groove, with
radius Rg = 13 um. The optical path in-between the slit and the groove defines the
interferometer arm, with a characteristic length p = Rg — Rs. The sign of p is defined positive
(negative) if the circular slit rests inside (outside) the area defined by the circular groove. For
example, the plasmonic interferometer depicted in Fig. 1(a) has a positive arm length p = 10.5
pm. The bullseye and the linear SG plasmonic interferometers can be thought of as two
extreme cases of the more general circular SG structure. For instance, when Rg = 0, the
circular SG becomes a bullseye interferometer, as shown in Fig. 1(b); on the other hand, if Rg
= Rg = oo, the circular SG becomes a linear SG plasmonic interferometer, as shown in Fig.
1(c). Twelve columns of 246 plasmonic interferometers each were milled with various
combinations of the geometric parameters mentioned above. For the circular SG case, each
column has a constant Rs, while Rg varies between 0.75 and 13 pm in steps of 0.05 um. For
example, p varies from —1.75 to 10.5 pm when Rg = 2.5 um. To improve the statistical
significance of the experiment, two identical columns of circular SG plasmonic
interferometers were milled for each Rs. The spectra of any two nominally identical devices
were measured and then used to calculate a mean value at each wavelength. The procedure
was repeated for each interferometer. In addition, a column of single through-slits with the
same Rg was also milled to serve as the reference for normalization of the raw transmitted
intensity spectra through SG plasmonic interferometers.
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Fig. 1. (a) SEM image of a circular SG plasmonic interferometer with Rs = 2.5 um and Rg = 13
um. The arm length of the interferometer, defined as the separation distance between the
groove and the slit, is p = 10.5 pm. The slit and groove widths are 100 and 300 nm,
respectively. The depth of the groove is ~20 nm. (b) SEM image of a bullseye structure with a
hole and a concentric groove, which is an extreme case of a circular SG plasmonic
interferometer with Rs = 0. (c) SEM image of a linear SG plasmonic interferometer featured by
a linear slit flanked by a groove, which is the other extreme case of a circular SG plasmonic
interferometer with Rg = Rg = oo.

The aim of this study is to determine the functional dependence of the transmitted
intensity through a SG plasmonic interferometer Isg(A, Rs, p) as a function of incident
wavelength, A, radius of curvature of the slit, Rg, as well as interferometer arm length, p. The
scope of work is to experimentally identify the best configuration for sensing applications.

The intensity spectrum transmitted through the slit of each SG plasmonic interferometer
was measured using a modified inverted microscope (Nikon Eclipse Ti) with automated
stage, coupled to a spectrograph (Princeton Instruments Acton SpectraPro® SP-2300) and a
CCD camera (Princeton Instruments PIXIS 100). A broadband light beam from a
supercontinuum laser (NKT Photonics, SuperK Extreme) was collimated and focused at
normal incidence onto the sample surface through the microscope condenser lens using a
Kohler illumination condition with fully closed iris diaphragm. The light intensity transmitted
through the slit of each plasmonic interferometer was collected by an objective lens (either
40x% or 10x magnification, depending on the actual size of the circular slit) and then dispersed
using the single-grating monochromator and detected by the CCD camera using a suitable
region of interest. For the Au/water measurements, a polydimethylsiloxane (PDMS)
microfluidic channel was used to confine and guide the flow of water onto the metal surface.

3. Optical properties of circular slit-groove plasmonic interferometers

The groove in a circular SG plasmonic interferometer works as an efficient source of
propagating SPPs through diffractive scattering of the incident light beam. The circular
groove focuses the SPPs in-plane and redirects them toward the inner slit where the incident
beam and the SPP waves interfere, resulting in intensity modulation of the transmitted spectra
through the circular slit, as a function of wavelength and interferometer arm length.

The optical properties of circular SG plasmonic interferometers, as shown in Figs. 2(a)-
2(d), were characterized systematically for four specific types of circular SG plasmonic
interferometers, with Rg = 0.25, 2.5, 11 pum (circular SG plasmonic interferometers) and Rg =
oo (linear SG interferometers). For each finite value of Rg, Rg was varied between 0.75 and 13
um, in steps of 0.05 pm. For Rg = oo (corresponding to a linear SG plasmonic interferometer),
R = oo as well, since both the linear slit and groove have an infinite radius of curvature. The
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slit and groove lengths were kept constant at 15 pm, and the SG distance p was varied
between 0.25 and 8 pum. Figures 2(e)-(h) show the corresponding isolated slits. The light
intensity transmitted through the slit of each plasmonic interferometer (/sg) was measured and
normalized to the reference light intensity transmitted through an isolated circular slit (/s)
with the same Rs, to isolate the interference effects due to SPPs propagating in between the
circular slit and groove, as shown in Figs. 2(i)-() for representative SG plasmonic
interferometers with p = 5.45 pm.
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Fig. 2. (a)-(d) Representative SEM images of circular slit-groove (SG) plasmonic
interferometers with different Rs: Rs = 0.25 um (a), 2.5 um (b), 11 pm (c), Rs = Rg = o= (d). (e)-
(h) Respective SEM images of isolated circular slits with different Rg: Rg = 0.25 pum (e), 2.5
um (f), 11 um (g), Rs = = (h). (i)-(1) Normalized transmitted intensity spectra for circular SG
plasmonic interferometers with p = 5.45 pm, Rs = 0.25 pm (i), 2.5 pm (j), 11 pm (k), Rs =R =
oo (1). (m)-(p) Color maps showing normalized transmission spectra (Au/air interface) for the
four kinds of plasmonic interferometers, as shown above, with fixed Rs (0.25 um, 2.5 pm, 11
pm and o) and varying p (—1.75 to 8 pm, in steps of 0.05 um). For the case of Rs = 0.25 um
and the linear SG plasmonic interferometer, the experimental p value starts at 0.5 um. In the
absence of experimental data, the region p < 0.5 um is intentionally left blank in panels (m)

and (p).

A color map reporting normalized transmitted intensity defined as n = Isg/ls can be
constructed by recording and then stacking together the spectra of all the plasmonic
interferometers as a function of arm length, p. A vertical cut in such a color map is the
normalized transmission spectrum for a plasmonic interferometer with a specific arm length,
as shown in Figs. 2(i)-2(l). Normalized intensity color maps for these four different SG
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structures on an Au/air interface are displayed in Figs. 2(m)-2(p). Since Ry is different for the
four configurations, even though R is constant, the range of p will vary accordingly. To be
consistent, only spectra for interferometers with p between —1.75 and 8 pum are presented
here, in order to provide for a clear comparison between the different devices. For the case of
Rgs = 0.25 pm as shown in Fig. 2(m), p starts at 0.5 pum. For the linear SG geometry, the
spectra are symmetric for positive and negative p, assuming normal incidence for the light
beam; the region with p < 0.5 um in Figs. 2(m) and (p) has been left intentionally blank. In
Fig. 2(o), since p ranges between —10.25 and 2 um, —p was adopted as the horizontal axis to
show a comparable p range for all plasmonic interferometers.

Figure 2(m) presents the color map of normalized transmitted intensity obtained for the
circular SG interferometer with Rg = 0.25 pm. Since the radius of the circular slit is smaller
than the wavelength of the incident light (within the experimental wavelength range), the slit
behaves like a subwavelength hole, and the entire circular SG plasmonic interferometer can
therefore be thought of as a bullseye structure. In a single-hole/circular-groove system, it is
known that the transmission through the hole can be enhanced by constructive interference of
SPPs originating at the circular groove and redirected or focused toward the central hole [22—
24]. It is interesting to note that the alternating oblique blue and red bands in Fig. 2(m),
corresponding to suppressed (blue) and enhanced (red) light transmission respectively, are
remarkably similar to the bands observed in Fig. 2(p) for a linear SG geometry with
comparable arm lengths. This suggests that the periodicity observed in the normalized
intensity # vs. arm length p at any given wavelength is dictated by SPP interference effects
controlled by the changes in SPP propagative phase due to the variation in arm length, p. In
simpler terms, as the distance of the groove from the slit is varied, the SPP optical path also
changes, thus producing either constructive or destructive interference with the incident beam
at the slit location. Also worth noting in Fig. 2(m) is the presence of a feeble yet distinct
horizontal white band at around A = 700 nm. This band neither shifts nor is modulated in
intensity by a change in arm length, suggesting that its origin cannot be related to SPP waves
generated by the circular groove. It is worth noting that a white pixel observed in the color
map indicates a normalized transmission equal to 1, corresponding to a condition of neither
enhancement nor suppression with respect to a reference single circular slit having the same
diameter. The observed white band at ~700 nm can therefore be the result of the
normalization procedure. For instance, at certain wavelengths, SPPs generated by the circular
slit itself are so strong that the interference effect is mainly the result of the addition of the
incident beam and these SPPs, and it is not affected significantly by the SPP contribution
from the neighboring circular groove, which is a weaker source of electromagnetic fields.
Therefore, at these specific wavelengths, the raw intensity measured through the slit of the
circular SG interferometer is largely unaffected by the SPP contribution originating from the
groove, leading to a value comparable to that of the isolated circular slit. Accordingly, the
normalized transmission spectra will have a value of 1 at the resonant wavelength,
irrespective of the interferometer arm length, p.

Figure 2(n) reports the normalized transmission intensity color map for a circular SG
plasmonic interferometer with Rs = 2.5 um as a function of incident wavelength and arm
length. The radius of the slit was chosen to be 2.5 um so that the transmission area of the
circular slit and the linear slit would be similar. Besides higher normalized transmission
intensity, Fig. 2(n) now shows four instead of one horizontal white bands at around 550 nm,
610 nm, 670 nm, and 765 nm for p > 0. These bands do not shift in wavelength and are not
modulated in intensity when p is varied, suggesting once again that their origin is unrelated to
the presence of the groove and any groove-excited SPP contribution. Observation of these
bands further supports the theory that their origin is related to SPPs excited by the slit itself.
Since the diameter of the cavity defined by the slit is 5 um, more plasmonic resonant modes
can be supported, compared to the previous structure with a diameter of 500 nm.
Interestingly, for p < 0 the white bands experience dramatic wavelength shifts. A negative
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arm length indicates that the groove is now inside the area defined by the slit, which may
introduce an additional phase shift due to the presence of the groove inside the slit-defined
cavity area.

Figure 2(0) shows the color map for a circular SG plasmonic interferometer consisting of
a relatively large circular slit (Rg = 11 pm) and varying groove radius. For small arm lengths,
i.e. when p = Rg — Rs<< R, the system behaves locally like a linear SG interferometer, indeed
the periodicity features observed in the corresponding color maps of the two interferometers
(Figs. 2(o) and (p)) are quite similar. Due to the longer radius, the cavity defined by the slit
can support more resonant modes, that are responsible for the intensity ripples observed in the
color map as faint horizontal bands characterized by short oscillation periods. These bands are
more visible in the top-right corner of the color map, corresponding to longer wavelengths
and longer interferometer arm lengths, i.e. smaller groove radius. Incident light with longer
wavelengths can be diffracted by the slit and generate SPPs that, having longer propagation
lengths, can propagate across the entire cavity thus setting up weak yet observable standing
wave patterns due to plasmonic resonances. Furthermore, scattering of the slit-generated SPPs
by the central groove is reduced for long p, since the relatively small groove does not offer
significant scattering area to the propagating SPP; therefore ripples can be observed. As p is
decreased, the groove becomes a stronger scatterer for the slit-generated SPPs which reduces
the strength and visibility of the horizontal ripples.
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Fig. 3. (a) Raw spectra of light intensity transmitted through an isolated circular slit (Rs = 2.5
um, black line) and a linear slit (Rs = oo, red line). (b) Ratio between the transmitted intensity
of the two structures as a function of wavelength. Four peaks are observed at ~555 nm, 610
nm, 675 nm, and 765 nm as denoted by the dashed lines, in good agreement with the horizontal
white band positions observed in Fig. 2(n). Note that the reported ratio in (b) is calculated only
for qualitative description and identification of the wavelength position of the resonant peaks;
the specific relative intensity ratio values are therefore irrelevant since they are obtained from
two totally different structures.

In order to demonstrate the hypothesis that the horizontal white bands in the color maps
actually originate from the interference between the directly incident light and the SPPs
excited by the circular slit rather than the groove, the transmission spectra through the
isolated slits were directly measured. Figure 3(a) shows the transmission spectra through an
isolated circular slit with Rg = 2.5 um (black line) and a linear slit (red line), as well as their
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intensity ratio plotted in Fig. 3(b). Four resonant peaks at ~555, 610, 675, and 765 nm are
clearly observed, as denoted by the gray dashed lines, which exactly match the horizontal
white band positions in Fig. 2(n). This resonant behavior can be explained by the constructive
interference effect of the directly incident light and SPPs excited by the circular slit itself,
which weakens the relative contribution of SPPs induced by the circular groove and results in
arm-length independent white bands. However, in the region where destructive interference
occurs, the SPPs excited by the groove plays a more important role in the modulation of
transmitted light intensity, as confirmed by the dark blue and red regions between the white
bands in Fig. 2(n), attesting to stronger interference effects.

4. Sensing experiments with slit-groove plasmonic interferometers

In this section, we compare the performance of two systems, i.e. circular SG plasmonic
interferometers with Rg = 2.5 um, and 15pum-long linear SG plasmonic interferometers.
Figures 4(c)-(f) represent color maps of normalized light transmission for these two
geometries (Figs. 4(a) and 4(b)) recorded in the presence of air and water, respectively.
Figures 4(c) and 4(d) are the same as Figs. 2(n) and 2(p), except that a smaller p range was
chosen for better comparison. Due to the refractive index change induced by water onto the
gold surface, the color maps show a systematic wavelength shift and a change in the
normalized intensity, clearly evidenced when comparing panel (c) with (e), and (d) with (f) in
Fig. 4. Specifically, when air is replaced with water as the dielectric material in contact with
the gold surface, a higher number of oscillations in normalized intensity is observed at each
wavelength, due to the increased refractive index. In addition, the characteristic white bands
in Figs. 4(c) and 4(e) also shift to longer wavelengths. For a straightforward comparison,
representative spectra for the devices with p = 6.85 pm on Au/air and Au/water interfaces
were plotted in Figs. 4(g) and 4(h), for the circular and linear geometries, respectively.
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Fig. 4. (a),(b) SEM images of a representative circular (Rs = 2.5 um) and a linear SG
plasmonic interferometer. (c),(d) Color maps of normalized transmission spectra of the two
types of plasmonic interferometers with varying p (0.25-8 pm, in steps of 0.05 pm) on Au/air
interface. (e),(f) Color maps of normalized transmission spectra of the two types of plasmonic
interferometers with varying p (0.25-8 pum, in steps of 0.05 um) on Au/water interface. (g)
Normalized transmitted spectra for a specific circular SG plasmonic interferometer (Rs = 2.5
pum, p = 6.85 um) on Auv/air (black) and Au/water (red) interfaces. (h) Normalized transmitted
spectra for a specific linear SG plasmonic interferometer (p = 6.85 um) on Au/air (black) and
Au/water (red) interfaces.

Clearly, the circular SG plasmonic interferometer reaches higher normalized intensity
both in air and in water. An evident advantage of the circular SG geometry is that the circular
groove can focus the SPP waves toward the central slit, thus enhancing light transmission
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through the slit if the arm length is chosen in such a way as to generate constructive
interference. Moreover, the number of subwavelength scatterers making up the groove
increases linearly with increasing groove radius, i.e. arm length p, which in turn determines a
proportionally higher field amplitude at the slit location when p increases. On the other hand,
as the distance between the groove and the slit is increased, the SPPs generated by each
subwavelength section of the groove reach the slit with an attenuated amplitude ~p e,
where o is the SPP absorption coefficient due to ohmic loss in the metal. The overall net
effect is that as the circular SG arm length p is increased, the total SPP amplitude at the slit
location slightly increases as evidenced when looking at a horizontal cut at ~720 nm as a
function of p in Fig. 4(c). This is valid only for interferometer arm lengths p such that ap <<
1, since, for ap >> 1 the exponential decay becomes more important, causing the overall
intensity to decrease as p is increased. On the contrary, the normalized transmitted intensity of
the linear SG interferometer decreases monotonously as the arm length is increased, as seen
from a horizontal cut at the same wavelength in Fig. 4(d). To clarify this point, Fig. 5 reports
a comparison between the normalized intensities transmitted through circular and linear SG
interferometers as a function of arm length, p. From Fig. 5 it is evident that the envelope
function of the periodically varying normalized light intensity increases with p for circular SG
interferometers, thus supporting the hypothesis provided above. The magnitude of the
increase is reduced since the central slit has a finite diameter (5 pm), while the explanation
provided above strictly applies to small nano-apertures placed at the center of the circular
groove. In contrast, Fig. 5 also shows that the linear SG interferometer is characterized by a
decreasing intensity envelope function as p increases, due to ohmic loss in the metal.
Compared to the linear SG interferometer, the circular geometry can therefore mitigate the
ohmic loss in the metal. The resonant cavity modes supported within the area defined by the
circular slit can be tuned by simply varying the slit diameter and employed to further enhance
the sensitivity of the device to small refractive index changes.

2[R <25 m

Fig. 5. Normalized light transmitted intensity measured in air through the slit of a circular SG
interferometer with Rs = 2.5 pm (solid line) and through the slit of a linear SG interferometer
with Rg = e (dashed line) as a function of interferometer arm length, p, at 1 =718 nm.

To evaluate the sensing performance of each plasmonic interferometer, a figure of merit
FOM,, can be defined as [19]:

Nyvater — Mair
Mair
Here, #yaeer and #,;; are the normalized transmitted intensities calculated when the surface

of the plasmonic interferometers is in contact with water and air, respectively; (water — #air)/ Hair

is a relative intensity change at a specific wavelength induced by the refractive index change

An. Color maps of FOM, for circular and linear SG plasmonic interferometers are shown in

Figs. 6(a) and 6(b), where Eq. (1) has been evaluated taking into account the refractive index

dispersion of air and water [27,28]. With specific combinations of wavelength and arm

FOM, = x100% / An. (1)
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length, the circular SG plasmonic interferometers demonstrate several times higher FOM,
than that of the linear SG plasmonic interferometers. For example, Fig. 6(c) plots FOM, as a
function of p at the wavelength of 693 nm, which corresponds to the horizontal cuts in Figs.
6(a) and 6(b). This plot is useful to determine the best device at a certain wavelength, an
advantage of tunability provided by the broadband response of the subwavelength-width slit
and groove in the SG plasmonic interferometers. Figure 6(d) shows the FOM,, as a function of
wavelength for a specific interferometer with p = 6.85 pm. At 693 nm, the FOM, of the
circular SG plasmonic interferometer with p = 6.85 pm reaches 464%/RIU, compared with
67%/RIU for the linear plasmonic interferometer, which is a ~7 fold improvement. With
optimization of the structure parameters, such as arm length, width and depth of the groove,
as well as increased number of circular slits and grooves, the performance can be further
enhanced. It is also important to note that the device sensitivity can be higher for smaller
changes of the refractive index, as shown for example in Ref [19].
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Fig. 6. (a),(b) Color maps showing FOM, for circular (a) and linear (b) SG plasmonic
interferometers with varying p (0.25-8 pm, in steps of 0.05 um). (c) FOM, as a function of
arm length for the circular (solid line) and linear (dashed line) SG plasmonic interferometers at
693 nm, corresponding to the horizontal cuts in (a) and (b). (d) FOM, as a function of
wavelength for a circular (solid line) and a linear (dashed line) SG plasmonic interferometer
with p = 6.85 pum, corresponding to the vertical cuts in (a) and (b).

It is well known that linear nano-slits on a metal film can be efficient polarizers [29]: light
can be transmitted through the slits without cutoff under transverse magnetic (TM)
illumination condition, i.e. when the electric field of the incident electromagnetic wave is
perpendicular to the long slit axis; instead, a transverse electric (TE) incident field is highly
attenuated [29]. Due to its circular symmetry, randomly polarized light can be transmitted
through a circular slit without a significant loss. This property is beneficial for future
integration of the interferometers onto an imaging system such as a CCD camera, which
directly captures transmitted light intensity changes caused by biochemical analytes. The
optical setup will be simplified without the requirement of using polarized light sources. Even
though the bullseye structure is also polarization independent, due to its small aperture, the
transmitted intensity is limited, compared with that through a circular SG plasmonic

#247665 Received 10 Aug 2015; revised 30 Oct 2015; accepted 30 Oct 2015; published 4 Nov 2015
©20150SA 1 Dec2015]| Vol. 5, No. 12 | DOI:10.1364/OME.5.002742 | OPTICAL MATERIALS EXPRESS 2751



interferometer, since the subwavelength hole cannot support any guided modes, and hence
light transmission is cutoff for all polarizations.

To better illustrate the advantage of using a circular SG as shown in Fig. 7(a) to achieve
polarization independent light transmission, a linear polarizer (Thorlabs LPVIS) with high
extinction ratio (> 10%: 1 over a broad wavelength range) was inserted into the original light
path before the sample surface. The setup was also used for the measurement of light intensity
transmitted through a linear SG plasmonic interferometer, as shown in Fig. 7(b). Figures 7(c)
and 7(d) report the raw transmission spectra for TM (red lines) and TE (black lines)
illumination conditions through representative circular and linear SG plasmonic
interferometers, respectively. As shown in Fig. 7(c), a circular plasmonic interferometer
shows a polarization insensitive light transmission. In contrast, the linear SG plasmonic
interferometer shows more than two orders of magnitude higher transmission under TM
illumination compared to TE polarization, since the linear slit is characterized by an
extinction ratio > 100: 1 [29].
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Fig. 7. (a),(b) SEM images of a representative circular (Rs = 2.5 um) and linear SG plasmonic
interferometers. The inset shows TM and TE incident polarization. (¢) Raw transmitted
intensity spectra for TM (red) and TE (black) polarized light through the slit of a circular SG
plasmonic interferometer (with Rs = 2.5 um, and p = 3.55 pm). (d) Raw transmitted intensity
spectra for TM (red) and TE (black) polarized light measured through the slit of a linear SG
plasmonic interferometer (with p = 3.55 pum). The transmitted intensity of TE-polarized light
has been magnified by a factor of 100 for clarity.

Devices with high light throughput are important for potential biochemical sensors.
Compared with the linear SG, the circular SG geometry can make better use of the chip area.
Indeed, given a fixed device area, the length of the circular groove can be up to « times that of
the linear counterpart, allowing the circular groove to couple more of the free space light
intensity into SPPs. The circular slit can also be longer given the same area, and it can
transmit more light. In addition, the curvature of the circular groove and slit also reduces the
crosstalk between adjacent devices, which enhances the integration capability of the circular
geometry for high-density, high-throughput sensing applications.
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5. Conclusion

In conclusion, we reported a detailed experimental study about the design, fabrication and
characterization of circular slit-groove (SG) plasmonic interferometers. These
interferometers, consisting of a circular through-slit flanked by a concentric shallow groove,
can be thought of as a generalization of two well-established geometries, i.e. the bullseye and
the linear SG interferometers. Being characterized by an increased light transmission per unit
area and a polarization-independent response, the proposed circular SG plasmonic
interferometers show a significant advantage over both the bullseye and the linear SG
geometries. The transmission properties of various circular SG plasmonic interferometers
were studied in detail as a function of slit and groove diameters, as well as slit-groove
separation distance, which defines the characteristic interferometer arm length. A circular SG
plasmonic interferometer works by employing the circular groove as an efficient source of
SPPs. The generated SPPs are then focused toward the central slit location, where the incident
beam and the SPP contributions interfere with each other thus generating either constructive
or destructive interference. Tuning of the interference conditions can be achieved by simply
varying the arm length, the wavelength of the incident light, or even the slit radius. Indeed,
the circular slit can also serve as an additional source of SPP resonant modes that can further
modulate the transmitted intensity, a capability missing in both linear SG and bullseye
plasmonic interferometers. We then assessed the potential of this class of interferometers to
perform as sensors and measured their optical response upon variation of the dielectric
material on top of the metal surface. Thanks to the synergistic interaction between resonant
SPP modes and plasmonic interference effects, the circular SG interferometers show
improved sensitivity compared to their linear counterpart. For instance, compared to the linear
SG plasmonic interferometer with same arm length, the circular SG structure shows a 7-time
increase in the sensitivity to refractive index change. Moreover, compared to both the
bullseye and the linear slit-groove geometries, circular SG plasmonic interferometers show
overall increased light transmission per unit area, thus allowing for a higher signal-to-noise
ratio when coupled to an integrated photodetector. In addition, a reduced crosstalk between
adjacent circular interferometers due to the circular geometry can allow for higher degrees of
device integration, with achievable densities up to one million of plasmonic interferometers
per square centimeter. In conclusion, the proposed circular SG plasmonic interferometers
hold great promise for the realization of compact, sensitive and high-throughput platforms for
various point-of-care sensing applications, such as glucose management for diabetic patients
[21], or detection of relevant biomarkers.
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