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Abstract: Vertical plasmonic Mach-Zehnder Interferometers are
investigated theoretically and experimentally, and their potential for ultrasensitive optical sensing is discussed. Plasmonic interferences arise from
coherently coupled pairs of subwavelength slits, illuminated by a broadband
optical source, and this interference modulates the intensity of the far-field
scattering spectrum. Experimental results, obtained using a simple
experimental setup, are presented to validate theoretically predicted
interferences introduced by the surface plasmon modes on top and bottom
surfaces of a metal film. By observing the wavelength shift of the peaks or
valleys of the interference pattern, this highly compact device has the
potential to achieve a very high sensitivity relative to other nanoplasmonic
architectures reported.
©2009 Optical Society of America
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1. Introduction
Surface Plasmons (SPs) are coherent oscillations of conduction electrons on a metal surface
excited by electromagnetic radiation at the metal-dielectric interface. The sensitivity of the
Surface Plasmon Resonance (SPR) to the refractive index change at a flat metal interface has
led to the development of SPR sensing systems, which typically use prisms to couple light
into a single surface-plasmon mode on a flat, continuous metal film (typically gold) [1].
However the intrinsic size of these experimental systems is a disadvantage for applications
requiring integrated, low-cost, compact, image-based devices for portable, rapid bioanalytical
measurements. Nanoplasmonic biosensors, employing nanoscale metal particles and
nanostructured hole arrays, slits or gratings, and other novel topographies, could be an
attractive miniaturized platform for sensitive, label-free monitoring of cellular processes [1–
3]. When receptor molecules are immobilized on the nanostructured metal surface, the
binding of target biomolecules changes the local refractive index, affecting the optical
properties of the SP modes and permitting optical detection [4,5]. Recent advances in
nanofabrication, nanomaterial synthesis, and nanocharacterization permit significant advances
over conventional SPR evanescent wave-based biosensors, whose large size limits their
effectiveness for probing nanovolumes and single cells, and for integration into microfluidic
platforms. In recent years, periodic nanoplasmonic structures have been successfully
employed in biosensing applications [4–15]. However, the sensitivities for these
nanoplasmonic structures reported to date are much lower (two to three orders of magnitude)
than other sensitive optical sensing technologies [1,4–15]. Consequently, increasing the
sensitivity of nanoplasmonic biosensors is essential to their integration into practical devices
and achieving significant impact on the future markets.
Interferometry is one of the most sensitive optical interrogation methods and has been
used to screen molecular interactions in surface binding modes. Examples include
fluorescence interferometry for high resolution microscopy or nanoscopy [16–20], label-free
sensing based on the Mach-Zehnder Interferometer (MZI) [21–24], Young Interferometer
[25], dual polarization interferometer [26], back-scattering interferometry [27], and spectral
reflectance interferometry [28], etc. Recently, surface plasmon interferometry was also
proposed [29,30], and is believed to be promising for sensitive lable-free sensing applications
[31].
In this article, we propose a vertical plasmonic Mach-Zehnder interferometer (VPMZI) for
sensitive optical sensing. The paper is organized as follows. We first investigate the principle
of operation for the VPMZI in section 2. Section 3 presents analytical calculations and
numerical simulations, and discusses how high sensitivity may be achieved by combining SP
modes with the MZI concept. We show that the sensitivity of compact biosensing devices
could be enhanced significantly relative to other nanoplasmonic architectures reported [4–15]
when the refractive indices at the top and bottom surfaces of the metal film are closely
matched. To complement the theoretical investigations, we present in section 4 experimental
observation of the spectral interference introduced by the VPMZI. The experimental apparatus
is relatively simple, and the measured results indicate that SPP modes at the top and bottom
surfaces do interfere with each other and have the potential to achieve high sensitivity to the
surface refractive index change. Finally, conclusions and potential applications of the VPMZI
are presented in Section 5.
2. VPMZI Constructed by double slits on a metal film
We consider the structure illustrated in the upper inset in Fig. 1, which contains two nanoslits
in a metal film deposited on a glass substrate. In principle, both the top surface (1:
liquid/metal interface) and bottom surface (2: metal/glass interface) can support SPP modes.
When SPP modes excited by the slit at the right propagate to the left slit, the SPP signals from
the two optical branches (the top and bottom interfaces) interfere with each other and
modulate the far-field scattering, essentially comprising a plasmonic MZI. The sensing arm of
this plasmonic MZI is on the top surface of the metal film, and the reference arm is at the
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bottom surface. Because of the relative position of these two arms, which is vertical to the
metal surface, we call it a vertical plasmonic MZI. The expression for the far-field
interference pattern contains the term . cos  2πL  ε m' (λ )n12 − ε m' (λ )n22
'
2
ε m' (λ ) + n22
 λ  ε m (λ ) + n1

 . [31]. Here, ε’ is
m




the real part of the metal permittivity, n1 is the refractive index of the dielectric material on top
of the metal surface, n2 is the refractive index of the substrate, and L is the slit separation
distance. The term

ε m' (λ )n 2
is the effective refractive index (ERI) of the metal/dielectric
ε m' (λ ) + n 2

interface. Notably, the two branches of this plasmonic MZI structure comprise a vertical
structure, which differs from conventional planar MZI devices [21–24]. An advantage of this
VPMZI is that this vertical integration permits denser array packing. The gap between the
sensing and reference arms is only several hundred nanometers, which is appreciably smaller
than for silicon-based planar MZIs. In addition, this structure, which consists of double slits in
a metal film, should be quite simple to fabricate in large-area arrays [32].
The phase modulation properties of this novel VPMZI are sensitive to changes in the
refractive index in the sensing arm (top surface) relative to that in the reference arm (bottom
surface). When the refractive index of the sensing arm, n1, is changed to n1 + ∆n1, the phase
change is given by the expression
∆φ =

'
2
ε m' (λ )(n1 + ∆n1 ) 2
2π L  ε m (λ )n1
 '
−
λ  ε m (λ ) + n12
ε m' (λ ) + (n1 + ∆n1 )2







(1)

which relates the phase change to the change in refractive index. In our calculations, an
incident wavelength of 1033nm is employed, for which the permittivity of silver is −48.81 +
i3.16 [33]. We assume that the dielectric material on the sensing surface is water (n1 = 1.33)
and the slit separation distance, L, is 70µm. As shown in Fig. 1, a refractive index change of
0.1 may introduce a phase change of about 7.2(2π), which is in a good agreement with the
two-dimensional (2D) finite-difference-time-domain (FDTD) modeling result shown in the
lower inset of Fig. 1. Based on the FDTD modeling result, more than 7 periods of the
interference pattern can be observed in the far-field scattering signal, which can be utilized in
optical sensing applications. However, the length of the sensing arm for this metal structure
must be kept short due to the intrinsic loss of metals. Consequently, the phase-change
sensitivity of this metallic MZI [~72(2π)/RIU] is much lower than Si-based MZI devices with
very long sensing arms [21–24]. For example, the phase-change sensitivity of a Si-based MZI
with a 5mm sensing arm was reported to be about 1400(2π)/RIU [24].
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Fig. 1. The phase modulation properties of VPMZI. The upper inset: The interference path
related to the SPP modes on the top and bottom interfaces. The lower inset: Intensity
modulation output signal from the VPMZI modeled by FDTD simulations.

3. Achieving high sensitivity by matching the refractive indices at the two surfaces

Besides the phase modulation at a single wavelength, such double-slit or slit-groove metal
structures have also been reported to exhibit spectral interference when the input is a broad
band light source [29–31]. In this section, we discuss how that the spectral interference
supported by this proposed VPMZI can lead to an high sensitivity, significantly better than
that reported for other nanoplasmonic architectures [4–15,32].
When the refractive index of the dielectric top layer is changed, the peaks and valleys in
the interference pattern will shift accordingly. The sensitivity could be approximately derived
'
2
'
2
by setting the term. 2πL  ε m (λ )n1 − ε m (λ )n2  .to be constant, yielding [31]:
'
2
'
λ  ε m (λ ) + n1
ε m (λ ) + n22 
S=

'
2
∆λ λ  ε m (λ )n1 
= 3 '

∆n n1  ε m (λ ) + n12 

3/ 2

 ε ' (λ ) n 2
ε ' (λ )n22
1
 'm
− 'm
2
 ε m (λ ) + n1
ε m (λ ) + n22







(2)

From Eq. (2), it is seen that when the n1 < n2, the sensitivity parameter is negative, indicating
that the interference pattern will shift to shorter wavelengths, whereas if n1 > n2, the sensitivity
value is positive, indicating that the interference pattern will shift to longer wavelengths. More
importantly, this equation indicates that the sensitivity increases greatly if the two terms in the
denominator are close in value. Figure 2 illustrates the sensitivities that could potentially be
achieved by varying the refractive index of the substrate material below the metal surface. In
this calculation, we assume the metal film is gold and the top dielectric layer is water (n1 =
1.33). As an example, when n2 = 1.51, the relation between the sensitivity and the operating
wavelength is shown by the lowest curve in Fig. 2. These simulation parameters, which are
similar to the measurement conditions employed in ref [31], yielded a sensitivity of
approximately 4718nm/RIU at approximately 860nm. This value is in close agreement with
experimental value of 4547nm/RIU reported in ref [31]. Based on Eq. (2), Wu et. al. noted
that higher sensitivities can be achieved at longer wavelengths [31]. However, this approach
to improving performance is limited by strong water absorption in the near-infrared spectral
region. Another obvious approach to enhance the sensitivity, not emphasized in ref [31], can
be realized when the refractive index of the substrate, n2, is decreased, approaching that of the
top layer, n1, as illustrated by the series of curves in Fig. 2.
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Fig. 2. Theoretical sensitivity (absolute value) of the VPMZI obtained by Eq. (1). The
thickness of the Au film is 200nm. The gap between the two slits is 70µm, and the width of
each slit is 400nm. In this calculation, the refractive index for the top layer is 1.33.

The most important design requirement for a sensitive VPMZI is to match the ERI at the
top and bottom interfaces. The ideal structure to meet the ERI matching condition is the one
where the dispersion curve at the top surface is very close to that at the bottom interface,
indicating that the ERI match condition could be met over a broad range of wavelengths. This
can in principle be accomplished by finding a substrate whose refractive index is close to the
liquid on the top. For example, the authors in ref [5] employed the fluorinated ethylene
propylene copolymer (FEP) as a replica substrate because it is chemically inert, thermoplastic,
transparent in the visible region, and has a refractive index of 1.341 at the λ of 590 nm. Here
we employ the 2D FDTD method to simulate the sensitivity for a Au structure on substrates
with various values of refractive index. The computational setup is shown in the upper inset in
Fig. 1, the separation between the two slits is 70µm. Only one slit is illuminated by the
incident light. The scattered light from the other slit is monitored. One can calculate the
sensitivity from the shift in the peak or valley wavelength. For example, consider n2 = 1.46.
When n1 changes from 1.33 to 1.331, the peak of the interference pattern at 970nm will shift
to 964nm, indicating that the sensitivity is −0.6X104 nm/RIU [see the upper panel in Fig.
3(a)]. If n2 is instead set to 1.36, the valley of the interference pattern at 940nm will shift to
908nm, indicating a sensitivity of about −3.2X104nm/RIU. Similarly, the peak at 1168nm will
shift to 1132nm, indicating a sensitivity of about −3.6X104nm/RIU [see the upper panel in
Fig. 3(b)]. When n2 is further decreased to 1.35, the valley position at 1076nm will shift to
1034nm, indicating a sensitivity of −4.2X104nm/RIU. At the same time, the peak at 1582nm
will shift to 1486nm, indicating a sensitivity of about −9.2X104nm/RIU [see the upper panel
'
2
'
2
in Fig. 3(c)]. Using the interference expression, 2πL  ε m (λ )n1 − ε m (λ )n2  , the
'
2
'
λ  ε m (λ ) + n1
ε m (λ ) + n22 
theoretical spectral interference pattern of this structure was calculated and plotted in the
lower panels in Fig. 3, which is in reasonably good agreement with the FDTD modeling
result. Remarkably, the sensitivities shown in Fig. 3 (b) and (c) are between one and two
orders of magnitude larger than the best sensitivity reported for nanohole arrays in ref [11]
(about 1500nm/RIU).
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Fig. 3. Numerical modeling for the interference signal of the scattered light from the slit on the
Au film shown in Fig. 1 (a). The refractive indices of the substrates are 1.46 (a), 1.36 (b) and
1.35 (c), respectively. The gap between the two slits is fixed to be 70µm. The upper panels are
FDTD modeling results, and the lower panels are results obtained using the term
 2πL  ε ' (λ )n 2
ε ' (λ ) n 2   .
1
2
m
m

−
cos 
'
2
ε m' (λ ) + n22
 λ  ε m (λ ) + n1





If a low refractive index substrate is unavailable, the ERI matching condition can also be
met by various surface dispersion engineering approaches. For example, one can introduce a
thin film of dielectric material with a higher refractive index on top of the metal surface to
tune the ERI of this interface. Various nanopatterned structures, such as periodic metaldielectric-air grooves [34] and surface grating structures [35,36], could also be employed to
finely tune the shape of the dispersion curve and approach to the ERI match condition. In
addition to optimizing the sensitivity, other important factors should be considered, such as
fluctuations in the refractive index induced by changes in temperature, which were not
considered in this theoretical study. Considering that the temperature induced refractive index
changes for SiO2 substrates and metals are smaller than that for Si-based waveguides, the
temperature performance of this plasmonic MZI is expected to be better than Si-based MZI
devices. This will be studied further in future investigations.
4. Experimental validation of the spectral interference in the VPMZI

In the previous sections, we discussed predictions that measurement of the spectral
interference in a VPMZI can lead to very high sensitivity. We now discuss the important
question of how straightforward it may be to observe the SPP-mediated spectral interference
experimentally. In a previous report, Wu et. al. employed a prism based SPR apparatus using
a tunable Ti-Sapphire laser [31] to observe spectral interference patterns. Here we present a
simpler experimental approach to measure spectral interferences and to validate theoretical
predictions for the VPMZI.
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Fig. 4. (a) Sketch of the doublet geometry. (b) A scanning electron microscope image of a
doublet structure with a slit–slit separation distance of 15.73µm. (c) SPP-mediated spectral
interference introduced by the SPP modes from the top and bottom surfaces: Here we study 4
doublet samples on a Ag film with slit–slit separation distances of 10.50µm (bottom), 13.12µm
(lower center), 15.73µm (upper center) and 20.98µm (top). Bold solid lines are measurement
results and the thin solid lines are theoretical predictions.

The optical transmission measurements were performed using an Olympus X81 inverted
microscope. A white light beam from a 100W Halogen lamp was focused at normal incidence
onto the sample surface (glass substrate side) through the microscope condenser with a linear
polarizer. The polarization of the incident light is either parallel (TE) or perpendicular (TM) to
the long axis of the slit. The transmission light was collected by a X40 microscope objective
with a numerical aperture of 0.6. The collected light was coupled into a multimode fiber
bundle interfaced to a fiber-based compact spectrometer (Ocean Optics USB 4000). A CCD
camera was employed to align the position of the double slits, ensuring nearly identical
collection conditions for all samples studied. An illustration of the doublet geometry is shown
in Fig. 4 (a). The white light beam is focused at one of the slits. A diaphragm in the condenser
was employed to control the intensity of the light beam illuminating the other slit. A series of
surface-wave interferometers, consisting of double slits with varying slit–slit separation
distances, were fabricated by FIB milling (FEI Dual-Beam system 235) on 300nm-thick layers
of Ag (or Au) evaporated onto flat fused silica microscope slides (Fisherbrand). Here we
examine 4 doublet samples on a Ag film with slit–slit separation distances of 10.50, 13.12,
15.73 and 20.98µm. A scanning electron microscope image of a doublet structure with a slit–
slit separation distance of 15.73µm is shown in Fig. 4 (b). The width of the slit is about
220nm. The measurement results are shown by bold solid lines in Fig. 4 (c). Obvious spectral
interference patterns are observed under the TM illumination. In this plot, the low frequency
background and high frequency noise have been numerically filtered using a Fast Fourier
Transform technique (here we set the low frequency cutoff at ~2.896µm−1 and the high
frequency cutoff at ~217.196µm−1). To interpret these measurements, theoretical interference
patterns are calculated using the term cos  2πL  ε m' (λ )n12 − ε m' (λ )n22
'
2
ε m' (λ ) + n22
 λ  ε m (λ ) + n1

 [see the thin solid




lines in Fig. 4 (c)]. One can see the theoretical predictions agree very well with the measured
data, indicating that the SPP-mediated spectral interference from the top and bottom surfaces
is clearly observed in this simple experiment. It should be noted that such an air/Ag/glass
interface is capable of supporting several different interference patterns: the SPP modes on
interface 1 or interface 2 [see the inset in Fig. (1)] can both interfere with the free space light
and introduce interference patterns with higher modulation frequencies [29,30]. In our
measurements, these higher frequency modulation signals were also observed, for example, in
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the wavelength region from 700nm to 800nm. To optimize the amplitude of the interference
signal, the intensity of the two SPP modes should be carefully balanced. This involves the
coupling efficiencies for the two SPP modes at the top and bottom surfaces in a single sample.
It was proposed that the SPP coupling efficiency can be tuned by varying the slit width [37].
The performance of the VPMZI could be optimized further by varying the widths of the slits,
the separation distance between the slits, and the refractive indices of the materials on top and
bottom of the metal film. A more detailed experimental analysis of these issues is still under
investigation and will be discussed elsewhere. Compared with previous reports that employ
more complex instrumentation (such as near-field scanning microscope [38], leakage radiation
microscope [39], and a prism-based SPR setup [31], etc.), our measurement apparatus is
relatively simple and the measurements are easy to repeat. Such measurements are also very
useful for gaining deeper insight into the SPP-mediated interaction between optical nanoobjects at metallo-dielectric interfaces [40–43].
5. Conclusion

In conclusion, this work demonstrates the feasibility of the VPMZI with very high sensitivity
for optical sensing, and a potential one-to-two orders-of-magnitude improvement over
previously reported nanoaperture arrays. Plasmonic interferences arise from coherently
coupled pairs of subwavelength slits, illuminated from below by an optical beam, and this
interference modulates the intensity of the far-field scattering. A simple experiment setup is
also presented to observe the spectral interference introduced by the SPP modes from the two
surfaces. Important advantages of this design were discussed, including the vertical MZI
structure, in which the sensing branch is on top of the metal-liquid interface, and the reference
branch is on the bottom interface. The gap between these two branches is only tens or
hundreds of nanometers, which is promising for novel integrated sensitive biosensing
platforms and subwavelength optics on-a-chip.
Acknowledgment

The authors would like to acknowledge the support of this research by NSF (Award #
0901324).

#117905 - $15.00 USD

(C) 2009 OSA

Received 29 Sep 2009; revised 12 Oct 2009; accepted 12 Oct 2009; published 28 Oct 2009

9 November 2009 / Vol. 17, No. 23 / OPTICS EXPRESS 20755

