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A Novel Mach—Zehnder Interferometer Based on
Dual-ARROW Structures for Sensing Applications
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Abstract—A novel Mach-Zehnder interferometer (MZI) based
on dual antiresonant reflecting optical waveguides (ARROWSs)
for sensing is proposed. By adjusting the degree of structural
symmetry to control the coupling behavior of the dual ARROW,
an interferometric sensor without any bending structure can be
realized. Operating principles and simulation characteristics of
the device are discussed in detail. The refractive-index detection
limit of the order of 105 is achieved.

Index Terms—Integrated optics, interferometry, optical planar
waveguides, waveguide couplers.

I. INTRODUCTION

NTEGRATED optical devices have been increasingly used

for chemical and/or biochemical sensing applications [1],
[2]. These devices feature high sensitivity, miniaturization, me-
chanical stability, and freedom from electromagnetic interfer-
ence (EMI). By using the standard silicon-fabrication process,
they offer the possibility of fabricating multiple sensors on
a single chip for simultaneous detection and the prospect of
integrating optical and electrical functions to form smart sen-
sor systems. Among various kinds of transduction (readout)
techniques, interferometry is widely adopted due to its inherent
higher sensitivity [3]-[5]. Integrated optical interferometers of
the Fabry—Pérot and Mach—Zehnder types for chemical and
biochemical sensing applications have been realized [6]-[9].
The Mach—Zehnder configuration seems to be the most popular
because of its simplicity in design and fabrication and of the
presence of the reference arm that is useful for the compensa-
tion of the common-mode effect.

In a Mach—Zehnder interferometer (MZI), the incoming
coherent light wave is equally split into two channels, and
after a certain distance of propagation, the waves from both
channels are recombined together. One of the channels [the
phase-modulating arm (a.k.a., sensing arm for sensing appli-
cations)] is exposed to the outer medium for a certain distance
L (interaction length), while the other channel (the reference
arm) is isolated from the medium. During this distance, the
wave in the phase-modulating arm will experience a phase shift
with respect to the wave in the reference arm. At the output
port, light coming from both channels will interfere and show
a sinusoidal variation corresponding to the accumulated phase
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Fig. 1. Configurations of MZIs.

difference, which is related to the change of the refractive index
of the surrounding medium. An integrated MZI usually com-
prises two back-to-back splitters/combiners, such as symmetric
Y-junctions or directional couplers, connected by a pair of
widely separated straight waveguides, as shown in Fig. 1.
The wide separation between the two arms requires a lengthy
bending structure for the signals to be split into or recombined
from the channels, and thus, limits the capability to shrink the
device size.

To get relief from this limitation, we propose a novel
MZI based on dual antiresonant reflecting optical waveguides
(ARROWS) [10]. As a result of the fact that the coupling
length of dual-ARROW directional couplers does not increase
monotonically with the waveguide separation [11], and the
maximum coupling efficiency can be controlled from near
100% to 0% by simply varying the thickness of the outermost
cladding layers to adjust its symmetry [12], a compact MZI
without any bending structure can be realized. In Section II,
we briefly discuss the coupling behavior and the coupling
efficiency control of dual-ARROW devices. The configuration
and operating principle of the dual-ARROW MZI is given
in detail in Section III. To verify the functionality, a design
example and the simulation results of the interferometer for
chemical sensing are presented in Section IV. Finally, a brief
conclusion is provided in Section V.

II. COUPLING BEHAVIOR OF THE
DUAL-ARROW STRUCTURE

In contrast to conventional waveguides, ARROW structures
utilizing antiresonant reflection as a guiding mechanism instead
of total internal reflection can guide waves in low-index cores
on a high-index substrate and perform low-loss single-mode

0733-8724/$20.00 © 2005 IEEE
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Fig. 2. Schematic view of a dual-ARROW waveguide.

propagation with a relatively large core size to provide efficient
coupling with single-mode fibers [10]. With this structure,
they are attractive because of many unique features, such as
polarization and wavelength-selective behaviors, flexible de-
sign rules for the dimensions of core and cladding layers, and
relaxed fabrication tolerance. Moreover, the coupling length
of ARROW-based couplers does not increase but varies as a
periodic function of waveguide separation such that remote
coupling can be realized [13]. Based on our previous investi-
gation [12], it is found that a dual ARROW can operate as a
directional coupler or two decoupled waveguides by controlling
the coupling behavior.

The basic configuration of a dual-ARROW waveguide
(na/m, /nn, [1g, /T, [Tisep /M, /Mgy /T /711 /Nsub ), consis-
ting of two parallel ARROW waveguides, is depicted in Fig. 2.
The core layers of the two ARROW waveguides are with
low refractive indices of ng, and ng, and thicknesses of dg,
and dg,, respectively. Between two waveguide cores is a
three-layered separation with a high—low-high index profile
N, /Msep/Mn, and corresponding thicknesses dy,_ /dsep/dh. -
Interference cladding layers with indices ny, /n; and thicknesses
dy /dy, respectively, are sandwiched between the lower core and
the substrate. Atop the upper core are the outermost cladding
layers of indices ny, /ny, and thicknesses dj, /dp,. In order
to obtain the highest symmetry, the refractive indices and
thicknesses of the core layers are set to be the same. Except
the outermost cladding layers of thicknesses d;, and dy,,, all
cladding layers satisfy the transverse antiresonance condition
as [14]

d 22 Mg
d/q — ny
d ny
| sub
%
index

where d, . is the effective core thickness and j = hg, h, and [,
representing corresponding high-index separation, high-index
cladding, and low-index cladding layers, respectively.

As for the separation layer, it is worth noting that ARROW-
based couplers possess another peculiar character that does not
occur in conventional two-channel directional couplers. The
thickness of the separation layer could be freely chosen to
tailor the coupling length if the coupling structure is used for
complete power transfer (i.e., full couplers), as discussed in
[11] and [13], but for the case of 3-dB couplers required in this
paper, only structures with an antiresonant separation layer can
achieve a splitting ratio very close to 50/50. This is because the
two-mode coupling condition is best satisfied at antiresonant
separations. As the separation approaches resonance, the three-
mode coupling effect becomes more and more significant [15]
and a more substantial fraction of power will remain in the
separation layer at the 3-dB splitting length, and at a resonant
separation, the dual-ARROW structure turns out to be impossi-
ble to design as a 3-dB coupler. Therefore, the separation layer
has to satisfy (1) as well.

The coupling efficiency C(z) from one waveguide core (say,
the upper core) to the other (the lower core) at any position z
can be defined as the ratio of the power transferred AP (z) to
the initial power P;(0), and can be expressed as [12]

_APR(z) _ o (Be— Do
C(z) = Pi0) Cp sin (22> (2)

where P; and P, are the guided powers in the upper and
lower cores, and (3, and 3, are the propagation constants of the
fundamental even and odd modes, respectively. Cy represents
the maximum coupling efficiency at the coupling length z =
Lo = /(8. — B,). Since the coupling behavior between dual-
ARROW waveguides strongly depends on the degree of the
structural symmetry, the thickness of the outermost cladding



4202

100 T

90

80

0

70

60

50

40

c, %)

SO — N W A Lo

S 7T

30

-
YN R R R

0 0.03 006 0.09 0116
d, . (um)

20

Maximum coupling efficiency C_ (%)

10

O b b b b b Lo s

00 05 10 15 20 25 3.0 35 40
Outermost cladding layer thickness d]a (um)

Fig. 3. Maximum coupling efficiency as a function of thickness of
the outermost cladding layers. The parameters are ng, = ng, =n; =
Ngep = N1, = 1.46, ny, =ny, =ny, = 2.00, dg; = dg, =4.00 pm,
d] = dsep = 2.00 pm, dh = dhs = dha =0.116 pm, and )\0 = 0.6328 pm.
The inset plot shows the dependence on dy,, when dj, = 0.

layers can be adjusted to vary the symmetry degree, and
thus, control the coupling efficiency between two waveguides
[12]. Fig. 3 shows the dependence of the maximum coupling
efficiency on the thickness of the outermost cladding layers
dy, and dp,. It can be seen that an efficient coupling oc-
curs when the structure possesses relatively high symmetry
(di, ~ 1.83 pm); the maximum coupling efficiency is close
to 100%. When the outermost low-index cladding layer is
completely removed (dj, = 0), however, the decoupled phe-
nomenon occurs with the maximum coupling efficiency drop-
ping to less than 10%. In addition, the outermost high-index
cladding layer can be partially etched as well to further spoil
the structural symmetry, and thus, lower the maximum coupling
efficiency to near zero, as shown in the inset of Fig. 3. For
instance, the maximum coupling efficiency Cj can be low-
ered to less than 0.01%, from about 7% when the thickness
dp, is reduced to 0.030 pum from the antiresonant thickness
of 0.116 pm.

III. CONFIGURATION AND OPERATING PRINCIPLE

As illustrated in Fig. 1, an integrated optical MZI typ-
ically has two Y-junctions [Fig. 1(a)] or directional cou-
plers [Fig. 1(b)], which act as the splitter or combiner. The
waveguides utilized in these interferometers only support a
single mode at the operating wavelength \y. Light propagating
in one arm of the interferometer is affected by the variation of
the optical properties of the outer medium (superstrate) during
the interaction length L. As a result of a change in the effective
index of the waveguide mode An.g, the wave will experience
a phase shift A¢ = koAneg L, where kg = 27/ )¢ is the free-
space wavenumber. For the interferometer with a combiner of
Y-junction type, the waves from the two arms will recombine
and couple to radiation modes if they are out of phase. In
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the case of the directional-coupler type, on the other hand,
it is advantageous that the sum of outputs can be used as a
reference for the total input power since the power is not lost
into radiation. The normalized powers of the two output ports
can be expressed as [16]

i = sin? (M)
Py 2
i cos? (A(b)
Py 2
where P, is the input power.

The configuration of the proposed dual-ARROW MZI
resembles traditional MZIs with directional-coupler split-
ters/combiners in slab-waveguide form. Fig. 4 depicts the basic
structure of the proposed dual-ARROW MZI that is composed
of three sections of dual-ARROW waveguides. The first and
third sections are of dual-ARROW structures with the maxi-
mum coupling efficiency near 100% and act as 3-dB couplers
to split and recombine the light signals, respectively. Therefore,
the length of these two sections should be equal to a half of
the coupling length of the structure. The second section, whose
outermost low-index cladding layer is completely removed, is
a decoupled dual-ARROW structure acting as both the phase-
modulating and reference arms. The purpose of the partial etch-
ing of the outermost high-index cladding layer is twofold. First,
as mentioned in the previous section, the maximum coupling
efficiency can be further lowered such that the light waves
propagating in the reference arm are virtually isolated from the
waves in the phase-modulating arm. For sensing applications,
a thinner high-index cladding layer can enhance the interaction
of waves in the sensing arm with the surrounding medium, and
thus, increase the sensitivity.

Assume that a Gaussian beam is launched into either core

at the input end of the device. The input-field profile can be
expressed as the superposition of all eigenmodes

W)= 3 et (@)

3

“

(&)

where ¢, and 1, (x) are the field-excitation coefficient and
modal field distribution of mode v, respectively. Based on the
modal analysis of the structure, it is found that there are only
two low-loss TE modes that are highly excited with excitation
efficiencies (|c.|? and |c,|?) greater than 48.5% and will domi-
nate the propagation. The field profiles of the fundamental even
(symmetric) and odd (antisymmetric) TE modes in the coupling
section are shown in Fig. 5(a). It can be seen that the field
distributions are similar to those of the even and odd modes
of a typical directional coupler. Other modes existing in the
waveguide are either mainly located in the claddings or too
lossy to be significant. Besides, the excitation efficiencies of
these modes are all lower than 0.8%. If the Gaussian input is
launched into the upper core, the input field distribution will be
mainly concentrated in the upper core and can be approximately
represented as the superposition of the two dominant modes,
as shown in Fig. 5(b). The output after the propagation of
a coupling length will primarily locate in the lower core, as
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depicted in the dotted curve of Fig. 5(b). Now that the lengthof ~ _____ odd mode s
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For the decoupling section, the field profiles of the two s 02F ) \‘
dominant TE modes are shown in Fig. 6. It is obvious that - r : )
light waves of the two modes are predominantly confined in z 00 Tl I
individual channels. The wave residing in the sensing arm (the E -
upper core) interacts with the outer medium and is substantially 0.2 -
influenced by the variation of the medium. Meanwhile, the r
wave in the reference arm (the lower core) is almost unaffected, -04 -
due to its extremely low evanescent-wave portion. After a r
certain distance of propagation, the recombined light waves in- B —
. . . . 2 0 2 4 6 8§ 10 12 14 16
terfere and the output powers provide the required information x-direction (um)
to extract the phase shift A¢ obtained, and thus, the change of (a)
the refractive index of the surrounding medium An,. .
T T in phase
ol | out of phase
’ — Gaussian beam
IV. DESIGN EXAMPLE AND SIMULATION RESULTS - :
In this section, an MZI sensor based on the dual-ARROW - 0.6 |-
structure is used as a design example. The design example g -
is based on a silicon substrate (ng,, = 3.85 at the operat- = 04
ing wavelength Ag = 0.6328 pm) in an aqueous environment =] I
(na = 1.332). Silicon dioxide (SiO3) with a refractive index !
. 0.2 :
of 1.46 is used for the upper and lower cores (ng, and ng,), :
the separation layer (nsep), and the low-index cladding layers r _ ;
(ny and ny,). Silicon nitride (SizNy) is adopted as the high- 0.0 == e
index cladding near the substrate to maintain low propagation L B
. - . . . 2 0 2 4 6 8 10 12 14 16
loss, i.e., ny, = 2.00. Since the refractive index of other high- direction (um)
. . . . . X-direction
index cladding layers either determines the coupling length of (b) wm
the coupling section and the degree of virtual isolation in the
sensing section (nhs)’ or affects the amount of the evanescent- Fig. 5. Field profiles of (a) the fundamental even and odd TE modes in the

field penetration and the sensitivity in the sensing section (ny,, ),
silicon oxynitride (SiON) with a refractive index ranging from
1.46 (SiO2) to 2.00 (SizNy) is employed [17], and the suitable
values will be discussed later. The thicknesses dg, and dg, of

coupling section with ng;, = ng, = N = Ngep = Ny, = 1.46, ny, = Ny, =
Nh, = 2.00, dgl = de = 4.00 pum, d] = dsep = 2.00 pm, dh = dhs =
dyp, = 0.116 pm, d;, = 1.83 pm; (b) the superposition of these two modes
with 0 (dashed curve) and 7 (dotted curve) phase differences and the input
Gaussian beam (solid curve).



4204

i sensing mode
----- reference mode
-~
=
<
N
N
_ - .
X Sl =
m \ '
— r \ H
\
&2 02+ \‘ !
- \ ’,
' i
-0.4 ' )
. \ /
L N I}
\
0.6 N
0.6 .
L Ny
P Ll . PR A 1 U B

2 0 2 4 6 8 10 12 14 16
x-direction (um)

Fig. 6. Field profiles of the two dominant TE modes in the decoupling section
with dy,, = 0.030 pm, d;, = 0 pm, and all others are the same as in Fig. 5.

the waveguide cores are chosen to be 4.00 pm, the thickness
of the separation is 2.00 pm, and the thicknesses of the other
layers, except dy, and dj,, are determined according to (1).

As a result of the fact that the outermost high-index cladding
layer can cause the field distribution of the sensing mode to
shift toward the outer medium and enhance the interaction
between the medium and the sensing wave, as depicted in
Fig. 6, a higher value of the refractive index ny,, is desired.
To make the design simple and sensitive to the refractive-index
variation of the surrounding medium, ny, = ny = 2.00 is used.
As for the refractive index of the high-index separation layer
ny,, the dependence of the coupling length of the coupling
section on ny,, is displayed in Fig. 7 (solid line). It can be seen
that the coupling length is approximately proportional to the
index ny,. To have a device of small size, a lower value of
ny, is preferred. However, the combined excitation efficiency
of the two dominant modes |ce|? + |c,|? (the dashed curve
in Fig. 7) will become lower and contributions from other
modes (cladding and higher order modes) in wave propagation
along the coupling sections will increase if a lower value of
np, is used. Moreover, a lower refractive index of the high-
index separation layers may not provide the required isolation
between the sensing mode (arm) and the reference mode (arm)
in the sensing section. Fig. 8 shows the maximum coupling
efficiency for the sensing section versus the refractive index
of the high-index separation layers. To minimize the power
transfer between two arms in the sensing section, a value of ny,
which is not too low is required. Hence, ny,, = 1.60 is adopted
in the following examples.

As discussed in the previous section, the thickness of the
outermost cladding layers dy,, and dj, determines the coupling
behavior of the dual-ARROW structure. Therefore, they are
chosen to be d,, =0.116 pum and d;, = 1.83 pum to have
a maximum coupling efficiency near 100% in the coupling
section. While in the sensing section, dj, is zero, and dy,, =
0.030 pm is used to achieve an extremely low coupling effi-
ciency and high sensitivity. Table I summarizes the structural
parameters of the dual-ARROW MZI sensor.

With the aforementioned structure and throughout the in-
terested superstrate-index variation ranging from n, = 1.330
to 1.360, the coupling length of the coupling section is found
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to be 8.12 mm, and then, the lengths of the first and third
sections are both a half of it for acting as 3-dB couplers, i.e.,
Ly = L. = 4.06 mm. The total length of the device will now be
(L + 8.12) mm. The propagation losses of the two dominant
TE modes are both lower than 0.05 dB/cm in the coupling
section and lower than 0.002 (sensing mode) and 0.09 dB/cm
(reference mode) in the sensing section. The maximum cou-
pling efficiency is higher than 99.99% in the coupling sections,
while in the sensing (decoupling) section, it is lower than 0.1%
throughout the range. These results indicate that the coupling
and decoupling properties can be maintained in corresponding
sections.

The devices with different interaction lengths L are sim-
ulated by eigenmode-propagation analysis. Fig. 9 shows the
normalized output powers P} and P, against the superstrate
index for the sensor with L =5 mm, and the sum P; + P»
is shown as a reference. Due to the leaky nature of ARROW
structures, it is expected that the sum of the output powers will
be slightly lower than the input power. The main reason for the
sum far below unity around n, = 1.347, 1.353, and 1.357 is
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TABLE 1
STRUCTURAL PARAMETERS OF THE DUAL-ARROW
MACH-ZEHNDER-INTERFEROMETER SENSOR

Refractive index Thickness (pm)

Ngys Ngs | 146 || dgy, dgy 4.00

Ny, Nsep | 146 || di, dsep 2.00
ni, 1.46 d, 183t 0%
nh 2.00 dy, 0.116
Nh, 1.60 dn. 0.240
Nh, 2.00 dp, 0.116 ; 0.030 *

T in the coupling section; ¥ in the decoupling section.
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Fig. 9. Output powers P1, P, and P; + P» of the sensor versus the super-
strate index. The structural parameters are summarized in Table I, Ls = L. =
4.06 mm, and the interaction length L is 5 mm.

that some of the power couples to highly lossy modes, whose
propagation losses are greater than 30 dB/cm, and radiation
modes at the abrupt discontinuity between the second and third
sections.

Fig. 10 shows the phase change as a function of the re-
fractive index of the outer medium for different structures,
and the slope of the curve A®/An, can be defined as the
sensitivity. For the sensor with the structure described above
and an interaction length L = 15 mm (a device length of
23.12 mm), the sensitivity obtained is about 676 - (27) at n, =
1.332, which corresponds to a minimum detectable refractive-
index variation of An, min = 1.48 X 1075 if the phase resolu-
tion is 0.01 - (27). Another measure of the sensitivity is the rate
of change of the modal effective index to the variation of the
superstrate index Aneg/An, [9], which is 2.85 x 1072, The
sensitivity of ARROW-based MZI sensors is generally limited
due to the good confinement of the guided waves within the
core, an intrinsic characteristics of ARROW devices [5]. To
increase the sensitivity, a thinner waveguide core is helpful

4205

14"".""!""!'"'!"".""

[ - n =230, d =3 pum J
L ha s s
— 7, =2.00, d =4 um S
oL T
8

Phase change A® (*2m)

P . . . .
il T W T T T T Y Y AT ST S SR B

1335 1340 1.345 1350 1.355 1360
Refractive index of the superstrate n_

0
1.330

Fig. 10. Phase change as a function of the refractive index of the outer
medium for several designs. The interaction length is 5 mm.

since it can reduce the confinement with the penalty of higher
propagation loss. By employing a high-index cladding near the
substrate with a higher refractive index, this increased loss can
be relieved. Another way is to replace the outermost high-index
cladding layer with a material of a higher refractive index,
which can build up the evanescent wave, and thus, enhance
the interaction between the superstrate and the sensing wave.
For instance, the value of Aneg/An, for the device with
dg = 3.00 ym and ny,, = 2.30 (dashed line in Fig. 10) can be
increased to 3.94 x 10~2. The detection limit of the superstrate-
index variation can be lowered to An, min = 1.07 X 1075 with
an interaction length of 15 mm and a device size of 17.61 mm.

In comparison, Heideman et al. [8] have reported a slab
waveguide MZI sensor with an index-detection limit of about
4 x 1075, but the whole interferometric setup is somewhat
bulky. Schipper et al. [3] proposed a more integrated MZI sen-
sor with higher sensitivity, however, the tiny dimensions of the
waveguide structure makes it difficult to reliably fabricate and
efficiently couple with fibers. The first rib-ARROW-based MZI
sensor, demonstrated in [5], has a minimum detectable index
variation of 2 x 107° in a 35-mm device length. The analysis
shows that the proposed dual-ARROW MZI sensor, with a
smaller device size, can have a higher sensitivity than the rib-
ARROW MZI sensor. Although the sensitivity of the proposed
device might not be easily competitive to conventional ones, the
compact structure and the potential to further shrink the device
size are still attractive.

V. CONCLUSION

In this paper, we have proposed and described the operation
of a novel Mach—Zehnder interferometer (MZI) based on dual
antiresonant reflecting optical waveguide (ARROW) structures.
By simply varying the thickness of the outermost cladding lay-
ers to control the coupling behavior of the structure, a compact
interferometer without any lengthy bends can be fulfilled. To
verify its functionality, chemical sensors for use in an aqueous
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environment are designed and analyzed. Techniques to improve
the sensitivity are also discussed. Within a device length of
24 mm, a refractive-index detection limit of 107> can be
achieved if the phase resolution is 0.01 - (27).
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