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Resonance Enhancement in Silicon-on-Insulator-
Based Two-Ring Mach—Zehnder Interferometer

S. Darmawan, Y. M. Landobasa, P. Dumon, R. Baets, and M. K. Chin

Abstract—We propose and demonstrate a two-ring coupled
Mach-Zehnder interferometer (2RMZI) device that exhibits a
sharp resonance with background suppression to give both high
finesse and modulation depth. The combination of MZI and the
two-ring structure leads to more complete destructive interference
that effectively removes the unwanted background envelope effect
found in the transmission spectrum of a simple two-ring-two-bus
(2R2B) system. The projected finesse enhancement of 2RMZI
relative to one-ring coupled MZI and 2R2B is discussed based on
best-fit parameter values that match the fabricated devices.

Index Terms—Guided waves, high-index contrast, integrated
optic devices, Mach-Zehnder, microring resonators, photonic
wire, silicon-on-insulator (SOI) technology, two-ring configura-
tion.

I. INTRODUCTION

ICRORING resonators are flexible building blocks

in photonic integrated circuits for realizing various
optical functionalities such as filters, sensors, modulators, and
switches. Of particular interest for sensing and switching appli-
cations is the microring-based Mach-Zehnder interferometer
(MZI) structure where a single-ring is coupled to one arm of
the MZI (1RMZI) to give a resonant enhancement of the phase
shift in that arm [1]. Recently, the two-ring configuration was
proposed by Landobasa in single-bus (2R1B) and double-bus
(2R2B) excitation [2], [3]. These structures consist of two
mutually coupled rings of possibly different sizes, where only
one ring, referred to as the inner ring, is coupled to the bus(es),
as shown in the inset of Fig. 1(a) A significant resonance nar-
rowing is predicted and observed [3] when the size of the outer
ring is twice that of the inner ring (i.e., v = 2), which implies
that the outer-ring resonance coincides with the inner-ring
antiresonance (refer to the narrow resonance in Fig. 1(b) at
61 = 7). In such a case, the two-ring system can effectively
localize the light strongly inside the outer ring, giving rise to a
sharp resonance with finesse limited only by the intrinsic and
coupling losses.
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Fig. 1. (a) The 2RMZI. The left and right insets show the 2R2B and 2R1B

structures and their possible optical pathways P1 and P2. The MZI provides
additional optical pathway P3 for destructive interference with P1 and P2 at
w1 = 27m. (b) Transmission of 2R2B (Drop) (faded line) showing poor logic
“07, the 2RMZI (Bar) (solid line), and the phase response ¢; of 2R1B (dashed
line-right axis). Simulated parameters: r; ~ 0.6, ry ~ 0.9, assuming lossless
case and balanced MZI for the 2RMZL.

In the two-bus case, the finesse is lower compared to the
one-bus because the coupling loss is twice as large, but it has
the advantage of having two complementary outputs-—through
(T) and drop (D)—and hence is useful as an add—drop filter. The
drop spectrum of the 2R2B structure over one full spectral range
is shown in Fig. 1(b), where 6, is the inner ring round-trip phase.
Note that the sharp narrow resonance at §; = 7 (antiresonance
in inner ring) corresponds to the strong resonance in the outer
ring, while the broad split resonance at §; = 2m occurs when
both rings are resonant. The narrow resonance arises because of
the 27 resonant phase response from the outer ring which leads
to rapid successive destructive and constructive interference.
However, the destructive interference is not complete, resulting
in an off-resonant dip that does not go to zero. This background
envelope limits the application of such narrow resonances, e.g.,
for switching, modulation, or sensing. For such applications, the
important figures of merit are the finesse and the modulation
depth (MD) or the contrast ratio (CR). The latter MD (CR) is
given by the difference (ratio) between the on-resonance and
off-resonance transmission values, and is reduced by the back-
ground envelope.

To alleviate this problem, we propose to excite the 2R1B
with an MZI, as shown in Fig. 1(a). By doing so, we obtain
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Fig. 2. Fabricated 2RMZI (left) and 2R 1B (right) based on SOL. L, and L,
are lengths of the DC sections of Rings [ and 2.

‘hree advantages: 1) The double-bus excitation is converted into
single-bus excitation, giving improved light localization inside
‘he two-ring system. 2) The output is similar to 2R2B as the
MZI has both complementary cross and bar outputs. In a bal-
anced MZI, the bar (cross) port is similar to the drop (add) port
of the 2R2B. 3) The additional pathway through the MZI, shown
as P3 in Fig. 1, together with the two possible pathways P1 and
P2 through the 2R 1B structure, allows a more complete destruc-
tive interference off the antiresonance of Ring 1 thereby giving
:mproved CR, MD, and finesse for the narrow resonance. This
ts borne out by the simulated spectrum for a balanced, lossless
two-ring coupled MZI (2RMZI) as shown in Fig. 1(b), where
the background envelope has been significantly suppressed.

In general, however, the MZI itself may not be balanced due
to fabrication variations and the presence of rings near one arm.
This intrinsic asymmetry may be represented by a phase bias
(Awp) in the other arm. The 2RMZI outputs are then given by
2

Ty = |11 plingo)
BAR = 5
" 3 ; 2
Teross = it + LX5(2A¢B)] (1)

where t; is the complex transmission amplitude of the two-ring
structure given in [2] [the phase of t1 is shown in Fig. 1(b)],
which depend primarily on the round-trip loss in the rings, the
reflectivity between the bus and Ring 1 (r1) and that between
Rings 1 and 2 (r3). In the presence of Ay, the output spectra
are asymmetric and the narrow resonances look like Fano reso-
nances [4].

II. RESULTS AND DISCUSSION

The 2RMZIs were fabricated in the Electronics and In-
formation Technology Laboratory of the French Atomic
Energy Commission (CEA LETI) using a complementary
metal-oxide-semicondutor (CMOS)-based 193-nm deep-uitra-
violet (UV) process. Fig. 2 shows the 2RMZI and 2R 1B devices
fabricated in a silicon-on-insulator (SOI) wafer. The SOI con-
sists of 196-nm-thick silicon on a 2-pmi-thick buffer oxide
layer. The single-mode waveguide has a width of ~450 nm and
a measured loss of ~3 dB/cm consistent with [5). The 3-dB
couplers in the MZI are based on multimode interferometers
with a width of 3.5 ym and a length of 45 yum. The MZI arms
are 200 pm long and are fabricated without any tuning mecha-
nisms. The microring radius is 5 m for R, and 10 pm for R,
The coupling between the bus and Ring 1 (71) and between the
rings (r2) are achieved with “race-track” directional couplers
with lengths Lc; and Lo, respectively. The outer ring has
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TABLE 1
2RMZI DEVICES UNDER TEST ( DUTs) SHOWING THE DEVICE PARAMETERS
AND THE THEORETICAL FIT PARAMETERS. ALL LENGTH PARAMETER IS IN
MICROMETERS. L¢3 ARE 5,9, AND 13 p#m FOR DUT 01 TO 03, RESPECTIVELY.
NOTE THAT 7 1S THE RATIO BETWEEN THE CIRCUMFERENCE OF THE
OUTER-RING (RING 2) AND THAT OF THE INNER-RING (RING 1)

DUT Y (ﬁt) Lc] ry (ﬁt) ch r (ﬁt) ny (ﬁl) @ (ﬁt) A(Pg (ﬁt)

01 2000 4 086 3 090 42984 0.995 0.58n
02 2.001 6 077 3 090 4272 0995 0.65n
03 2000 &8 0.65 3 0.90 4253 0995 06ix

i%ZO 1525 1530 1535 1540 1525 1530 1535 1540
A {nm) L {nmy)

Fig. 3. Measured spectra of 2RMZI bar (in blue) and cross output (in green) for
DUT 01 to 03. The faint bold curves are the experimental results, and the solid
curves are the theoretical fit. The red curves represent the theoretical case if the
bare-MZI is balanced (A2, = 0). The loss factor is measured as @; ~ 0.995.

two additional straight sections of length of L¢y. The gap
width is ~200 nm. To facilitate fiber input and output coupling
each device is fabricated with vertical grating couplers [6].
The fibers are butt-coupled to the grating couplers at 10° from
vertical. The device transmission is measured with a broadband
amplified spontaneous emission light source (1.41 to 1.62 pmj
and an optical spectrum analyzer. A set of three devices with
different L values were tested, as listed in Table L.

Fig. 3 shows the measured bar and cross transmission spectra
of the 2RMZI devices. The fabricated value of v for all the de-
vices is close to 2, the condition that gives the maximum finesse
for the narrow resonance, which lies in the middle between
the two broad resonances. Unfortunately, all the devices ex-
hibit a substantial phase imbalance Ay p between the two MZI
arms, thus the narrow resonances resemble the asymmetric Fano
resonances rather than the symmetric Lorentzian resonances.
Such imbalances are to be expected and difficult to control in a
single-batch fabrication [7]. Good theoretical fits based on (D),
as shown by the solid curves, can be obtained using the param-
eter values summarized in Table I, which include the .2 values,
the round-trip amplitude in Ring 1, a; = exp(—al, /2), where
« is the loss coefficient and L, the cavity length, the - value,
the group index, and the phase bias. The r1,2 are related to the
coupling coefficients (x;) of the race-track couplers by r; =
v1- n? and thus r; should decrease with increasing coupler
length L. The 7 and a values are deduced by fitting the drop
output of a standalone 2R B structure fabricated in the same
sample using the formula D = art/(1 — 2412 cos § + a2r?)
[7]. Note that the r is deduced by fitting the Lorentzian line-
shape (linewidth), whereas the a value is deduced by matching
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Fig. 4. Bar transmission of 2RMZ1 using the same parameters as the fabricated
DUT 01, 02, and 03 (Table 1), assuming balanced MZI (App = 0)
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Fig. 5. (a) Finesse (blue)-MD (red) contour plot on which the projected values
for the three balanced 2RMZI devices with different 7 values (given in Table I)
are indicated by three circles labeled 1, 2, and 3. (b) Finesse enhancement of
2RMZI relative to the 2R2B and 1RMZI counterparts. In the case of IRMZ],
the 7 value is assumed to be 0.9. For the 2RMZI and 2R2B, r» ~ 0.9 and
a; ~ 0.995 are assumed.

the maximum drop output (Dyax) of the 1R2B [7]. Finally,
the group index of ~4.27 is estimated based on the free-spec-
tral range of the periodic spectra.

Based on the good theoretical fit, we can use the best-fit pa-
rameter values to project with some confidence the spectra of
the ideal case when the MZI is balanced (App = 0), and
then compare its performance relative to the 2R2B and 1RMZI
structures. Theoretical predictions of the bar output of a bal-
anced MZI (App = 0), for the three cases of r;, while keeping
o ~ 0.9 and a; ~ 0.995, are shown in Fig. 4. The three curves
show the dependence of the narrow resonance on r;. The finesse
and MD values for the three cases are summarized in the con-
tour plot of Fig. 5(a), which gives the loci of finesse and MD as
a function of r; and a;. Similar projections are carried out for
2R2B and 1RMZI, and the finesse of their narrow resonances
compared with the 2RMZI device. The relative finesse enhance-
ments of 2RMZI over 2R2B and 1RMZ] are shown in Fig. 5(b)
as a function of r;.

Based on these projections for the three values of r; that best
fit the experiment data, the performance of the three ideal (bal-
anced) 2RMZI devices relative to 2R2B and 1RMZ] may be
summarized as follows. First, with increasing r1, the finesse in-
creases while the MD decreases, showing the intrinsic tradeoff
between them. For the three cases, ry ~ 0.86, 0.77, and 0.65,
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the corresponding finesse values are ~355, 270, and 199, which
give the finesse enhancement factor of ~12.4,9.5, and 7 times
relative to the IRMZI, and of ~1.5, 1.9, and 2.6 times relative
to the 2R2B. Note the opposite trends for IRMZI and 2R2B in
their dependence on 7y, as is evident in Fig. 5(b). Compared
with IRMZI, 2RMZI always gives superior finesse. Relative to
2R2B, 2RMZI is superior when 7 is relatively small. In the
high-r; regime, the finesse of 2R2B is as good as 2RMZI be-
cause the light is so well localized inside the two-ring system,
and it becomes insensitive to whether the lower ring is coupled
to one or two buses. In terms of MD, 2RMZ] gives better re-
sults than 2R2B for the lower r; values, where the envelope ef-
fect dominates and degrades the MD for 2R2B. In the extreme
case, the resonance becomes unresolved. On the other hand, for
higher r; values, the 2RMZI is more sensitive to loss due to
higher finesse and the MD can be slightly lower than the 2R2B
case. This is a natural occurrence in any high-finesse system.
As a guideline, 7; should be less than ~0.73 for the 2RMZI to
have higher MD than the 2R2B (MD > 0.37), in the case where
79 ~ 0.9 and a ~ 0.995,

III. CoNCLUSION

We have proposed and demonstrated the 2RMZI device to
remove the unwanted envelope effect in the transmission of the
2R2B system {3]. The device is realized on SOI using 193-nm
CMOS-based deep-UV lithography. By taking account of the
MZI phase imbalance, good agreement is obtained between
theory and experimental spectra. Overall, the 2RMZI offers
higher finesse and MD compared with the 1RMZI and 2R2B
counterparts. In this work, a projected finesse up to 355 with
MD ~ 0.19 is realistically achievable by the fabricated 2RMZI
devices but only if the fabrication-induced imbalance in the
MZI is canceled out either by incorporating width variations in
one of the MZI arms or some sort of tuning mechanism (e.g.,
thermal tuning).
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