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Plasmon interferometers for high-throughput sensing
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In this letter, we demonstrate a refractive index sensor based on a subwavelength plasmon interferometer. Illumina-
tion of an atilt subwavelength slit-grove pair on a metal surface with monochromatic light generates high-contrast
interference fringes of the transmitted light. Detection of the refractive index of the dielectric medium on the metal
surface is based on examining the relative position of the interference fringes. Integration of the plasmon
interferometer with a microfluidic channel provides a sensitive, high-throughput sensor with small detection

volume. © 2012 Optical Society of America
OCIS codes: 240.6680, 280.1415, 280.3420.

Small detection volume [1], increased analysis speed, and
reduced cost [2] are the main driving forces for miniatur-
ized lab-on-a-chip systems [3]. Subwavelength holes on
opaque metal films provide a unique configuration for
miniaturized sensors. Transmitted light through these
tiny holes is governed by the electronic resonance in
the surface of the metal film. Excitation of surface
plasmon-polaritons (SPPs) on the metaldielectric inter-
face characterizes the resonance condition. The sensitive
dependence of the plasmon resonance condition on the
dielectric constant of the medium is used for label-free
sensing applications [4].

Surface plasmon resonance (SPR) sensors are widely
used to measure biomolecular interactions on functiona-
lized metal surfaces [5-7]. SPPs are confined electromag-
netic modes at an interface between two media with
opposite permittivity at the working wavelength, that
is, a metal—dielectric interface. Gold, silver, and alumi-
num have negative dielectric constants at the visible
spectrum; therefore, they are used as a metal substrates
to support SPPs. Variation of the dielectric constant of
the medium on the metal layer changes the wavevector
of SPPs, which results in a change in the excitation
efficiency. Detecting the reflected power from the metal
surface through a prism provides a sensitive means of
detecting index of refraction. Surface-specific detection
together with high sensitivity allows the widespread ac-
ceptance of SPR sensors. Different types of SPR sensors
have been proposed to increase the detection sensitivity
[8,9]. Sensing schemes based on long-range surface plas-
mons (SPs) [10], localized SPs [11], and transmission
through nanohole arrays are examples for sensitive ones.
Signal interrogation techniques give another degree of
freedom to optimize SPR sensors. Various physical para-
meters, such as intensity, wavelength [12], and phase
[13], have been implemented with different interferom-
eter geometries to improve the detection sensitivity.
Recently, subwavelength plasmon interferometers
[14,15] have received attention due to their small detec-
tion volume and high sensitivity. Different combinations
of parallel grooves and slits generate spectral interfer-
ence in the transmitted light [16]. Measuring the spec-
trum of the transmitted light provides sensitive
methods for label-free sensing [17]. Due to the require-
ment of a tunable light source or a spectrometer,
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multispectral plasmon sensors are not very practical
for high-throughput applications.

In this letter, we demonstrate a refractive index sensor
based on a subwavelength plasmon interferometer using
monochromatic light. The main motivation of this work is
to introduce a fringe pattern interrogation technique for
SP sensors. A very-high-contrast fringe pattern is gener-
ated by the plasmon interferometer that consists of a sub-
wavelength slit-groove pair with a small angle between
them. The small angle between the groove and the slit
provides spatially varying slit-groove distance, which gen-
erates a high-contrast interference pattern. By interrogat-
ing the relative position of interference fringes, one can
determine the refractive index of the dielectric medium
on the metal surface. This is a practical yet very sensitive
refractive index measurement scheme. The developed
subwavelength plasmon interferometer has four distinct
advantages: (1) the interferometer uses monochromatic
light, (2) the sensor does not need a bulky prism or grating
structures to excite SPPs, (3) the signal interrogation
requires a simple image processing, and (4) the sensor
has very small detection volume (~100 fL).

Figure 1 shows the schematic drawing of the plasmon
interferometer. The interferometer consists of a subwa-
velength slit-groove pair with a small angle between
them. The distance between the slit and the groove varies
with the position x along the slit, as d(x) = x sin 6, where
@ is the tilt angle. Similar structures were fabricated with
the tilt angle (6) of 5° 10°, or 15°. Scanning electron
microscope (SEM) images of the fabricated slit-groove
pairs with tilt angles of 5° and 15° are given in Fig. 1(b)
and Fig. 1(c), respectively. The slit-groove pairs are
etched using focused Ga* ions on 150 nm thick gold
film deposited on a quartz substrate. We observed that
to obtain high-contrast fringes, the metal film should
be thicker than 100 nm. The length of the slit and groove
are 50 ym. The width of the slit and the groove are 100 nm
and 200 nm, respectively. The widths of the groove and
the slit determine the contrast of the interference pattern.
The slit extends through the gold layer, and the groove
has a depth of 100 nm.

To obtain the interference patterns, we illuminated
the slit-groove pairs with a collimated diode laser
(4 = 635 nm). The polarization of the laser was orthogo-
nal to the slit length. The transmitted light was imaged by
a CCD camera (Scion Corp.) through a microscope
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Fig. 1. (Color online) (a) Schematic representation of the plas-
mon interferometer. The interferometer is fabricated on a
quartz substrate coated with 150 nm thick gold film; (b, ¢) Scan-
ning electron microscope images of the fabricated plasmon in-
terferometer with grove-slit angles of 5 and 15 degrees,
respectively. The width of groove and slit are 200 nm and
100 nm, respectively; (d, e) Optical microscope images of the
interference fringe pattern generated by the interference of
SPPs excited by the groove-slit pair. The scale bars are 10 ym.

objective. The optical micrographs of high-contrast
fringe patterns due to the interference of SPPs are shown
in Fig. 1(d) and Fig. 1(e), for groove-slit angles of 5° and
15°, respectively. In contrast to the multispectral plas-
mon interferometers, the tilt angle allows us to obtain
the interference pattern with monochromatic light. The
SPPs interfere as they propagate through the slit. The
plasmons generated by the groove accumulate a phase
as they propagate across the separation distance
between the groove and slit. Because the separation
distance varies along the slit, a sinusoidal interference
pattern is observed. We observed some level of transmis-
sion through the groove likely because of the inhomoge-
neous etching profile of the groove. The period of the
interference pattern (A) can be written as A =
M1 sin 0, where A is the wavelength of the light source,
N 1S the effective index of SPPs, and 4 is the tilt angle.
The effective index can be written as n., = [e4€,,/
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(g4 + €,)]V?, where ¢, and ¢, are the dielectric constant
of the metal and dielectric, respectively. The period for
tilt angles of 5°, 10°, and 15° calculated for the goldwater
interface are 5.08, 2.55, and 1.71 um, respectively.

To test the performance of the sensor, we integrated the
plasmon interferometer with a microfluidic device. The
microfluidic device was fabricated using polydimethylsi-
loxane-based rapid prototyping [18]. The medium flowing
inside the microchannel is deionized water, and the re-
fractive index is controlled by varying the concentration
of salt (NaCl). The interference pattern is imaged by a
CCD camera. Figure 2(a) shows overlaid images of inter-
ference pattern obtained for various index of refraction
between 1.34 to 1.37. There are 21 fringes in the length
of 50 yum. We indexed the fringes starting from the inter-
section point of the groove and the slit. When we in-
creased the refractive index of the liquid, we observed
that the period of the interference pattern decreased
and the fringes shifted spatially toward the intersection
point. To guide the eye, we drew lines connecting the cen-
ter of fringes in Fig. 2(a). The displacement of the fringes
depends the total accumulated phase as SPPs move from
the groove to the slit. This phase is a function of wavevec-
tor of SPP and the groove-slit separation distance as
AD(x) = kgp,d(x). The fringe displacement increases lin-
early with the fringe number. The position of the first
fringe (at the intersection point) stays constant owing
to the small groove-slit separation distance. We measured
the relative position of the fringes with respect to the
first one. Figure 2(b) shows the intensity distribution of
the first three fringes. Figure 2(c) shows the last four
fringes on the interferometer. The fringe displacement in-
creases linearly with the groove-slit separation distance.
Figure 2(d) shows the fringe displacement for 1st, 14th,
and 20th fringes as a function of index of refraction.

To understand the ultimate performance of the demon-
strated plasmon interferometer, we have developed a nu-
merical model to calculate the interference pattern and
the detection sensitivity. As the surface is illuminated by
collimated light, both groove and slit generate SPPs on
the metal surface. The SPPs generated by the slit
are transmitted through the metal, whereas the SPPs
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(Color online) (a) Optical microscope images of the fringe pattern generated by plasmon interferometer with a tilting angle

of 10°, integrated in a microfluidic device. The index of refraction of the medium is varied linearly between n; = 1.34 and n; = 1.37.
The pattern has 21 fringes. The relative position of the fringes shifts as the index of refraction changes; (b, c) Spatial intensity
distribution of the first and last four fringes. The relative positions of first fringes stay nearly constant; (d) Fringe displacement
as a function of index of refraction. The slope of the curve provides the sensitivity of the sensor.
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Fig. 3. (Color online) (a) Calculated interference fringes for

two different indices of refraction (n = 1.33, dark curve;
n = 1.34, light curve) generated by a plasmon interferometer
with a length of 50 ym and a slit-groove angle of 10°. The inset
shows the CCD image of the interference fringes; (b) Measured
and calculated period of the fringe pattern as a function of
change of index of refraction; (c) Normalized displacement
of the fringes as a function of change of index of refraction.
The inset shows the sensitivity as a function of fringe index;
(d) Normalized intensity change along the slit position.

generated by the groove travel the slit-groove separation
distance, d(x) and then are transmitted to the other side
of the metal. The presence of two phase-shifted electric
fields at the slit position produces interference.

Total intensity of the transmitted light through the slit
is written as [19,20] I(x) = E,(x)? + Eo(x)* + 2E,E,
cos(®(x)), where E,(x) and Ey(x) x e %) are the in-
tensities of the transmitted light generated by slit and
groove, respectively. The phase difference between the
two electric fields is ®(x) = kg,pd(x) + Dy, where kg,
and kg, are the real and imaginary part of the SP wave-
vector kg, = kepp + tkgpp. Pp is an unknown constant
phase shift that arises from the differences of the propa-
gated distance in air and the coupling of SPs at the groove
and the slit. The imaginary part of the wavevector defines
the optical loss on the metal film. Figure 3(a) shows the
calculated normalized intensity distribution along the in-
terferometer with a slit-groove angle of 10°. The inset in
Fig. 3(a) shows the recorded CCD image of the interfer-
ence pattern. There is very good agreement between the
observed and calculated fringe pattern. The contrast of
the fringes decreases with increasing fringe number be-
cause of the optical loss of the metal. The period of the
fringe pattern decreases with increasing index of refrac-
tion (A = A/ny sin 6). Figure 3(b) shows the calculated
(red line) and measured (scattered plot) period of the
fringe pattern. An easy way to find the refractive index
of the medium is to record the relative displacement
of the fringes. Figure 3(c) shows the displacement of
the fringes normalized by the period of the fringe pattern
(A) as a function of change of index of refraction. The
normalized displacement increases linearly with the
fringe index. To quantify the sensitivity, we define two
types of figure of merit; normalized displacement per re-
fractive index, S1 = Ax/AAn, and normalized intensity
change per refractive index unit (RIU), S2 = AI/IAn.
The inset in Fig. 3(c) shows the calculated displacement
sensitivity S1 as a function of fringe index. Displacement
sensitivity S1 of 17 RIU! can be obtained with the 21st

fringe of a plasmon interferometer with a length of 50 gm.
The calculated normalized intensity change per RIU, S2,
is shown in Fig. 3(d) as a function of position along the
slit. The sensitivity increases along the slit and reaches to
a maximum value of 70 RIU~! around 50 gm. For longer
slit-groove distances sensitivity starts to decrease owing
to the optical loss of the metal surface. With our imaging
system, the minimum detectable refractive index change
is around 3 x 10~* RIU.

As a conclusion, we demonstrated a sensitive sensor
based on a subwavelength plasmon interferometer.
Oblique orientation of the slit-groove pair introduces a
position-dependent phase difference, which generates
repeating constructive and destructive fringes along the
interferometer. Interrogation of the position and the
intensity of the fringes provides a sensitive means for
refractive index measurements. The small size of the sen-
sor together with its ability to be integrated with micro-
fluidic devices are the advantages of the presented
sensor. The difficulty of the fabrication procedure using
focused ion beam can be eliminated with nanofabrication
techniques such as phase-shift lithography.
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