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On-Chip High Extinction Ratio Single-Stage
Mach-Zehnder Interferometer Based on
Multimode Interferometer

Shengjie Xie

Abstract—On-chip high extinction ratio Mach-Zehnder interfer-
ometers (MZI) have always attracted interest from researchers as it
can be used in many applications including astrophotonics, optical
switching, programmable photonic circuit, and quantum informa-
tion. However, in previous research studies, ultra-high extinction
ratio on-chip MZIs have only been achieved by using a multi-stage
MZI approach. In this paper, we investigate a high extinction ratio
single-stage MZI based on two cascaded multimode interferome-
ters (MMI). We determine that TM noise is an important factor
that can prevent us from achieving high extinction ratio MZI. By
introducing a bend-based TM filter without additional loss, we
experimentally demonstrate that such a TM filter can improve the
maximum extinction ratio of the MMI-MZI by more than 10 dB.
With the TM filter, we report a record high 61.2 dB extinction ratio
on a single stage, thermally tunable MMI-MZI with only 1.5 dB
insertion loss and more than 60 nm bandwidth. These results pave
the way for many interesting applications.

Index Terms—Mach-Zehnder interferometers, nanophotonics.

1. INTRODUCTION

N-CHIP high performance Mach-Zehnder interferometer

(MZI) have recently attracted much interest as it is a key
component for many photonics applications such as in astropho-
tonics [1], [2], optical switching [3], [4] and programmable pho-
tonic circuits [5], [6], and quantum information [7], [8]. Among
the figure of merits of a successful MZI, the extinction ratio is
the most important factor in many situations. In astrophotonics,
astronomers have used nulling interferometers, which are based
on MZI, to detect exoplanets. Since the host star is at least six
orders of magnitude brighter than the exoplanet, the light from
the host star must be removed, either by using a coronagraph
or an interferometer. In this case, a higher extinction ratio for
the interferometer directly translates into better capability for
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finding exoplanets. In programmable photonic circuits, MZI is
widely used to change the optical routing. A higher extinction
ratio represents a better control precision of the photonic circuits.
In quantum computation, MZI is often used for qubits manipu-
lation. A MZI with higher extinction ratio can greatly increase
the fidelity of quantum computation. In optical switching, a high
extinction ratio MZI can also benefit optical routing and optical
modulation and thus improve the overall performance of the
photonic circuits. Conventionally, researchers found that due to
fabrication imperfection, the beam splitter in a MZI, either a
directional coupler or a multimode interferometer (MMI), will
unevenly split the injected light. As a result, the extinction ratio
is limited. A common solution is to use a multi-stage MZI.
The first stage MZI works as a reconfigurable beam splitter to
ensure a 50:50 splitting ratio so that the second stage MZI can
achieve high extinction ratio [8]-[10]. However, this method
is not ideal since it requires the simultaneous control of two
separate MZIs, which increases the control complexity and the
power consumption due to the additional phase shifters.

In this paper, unlike the previously reported multi-stage high
extinction ratio MZI, we report a single-stage high extinction ra-
tio MMI-MZI on silicon nitride (Si3Ny), a material that has been
shown to be an ultra-low loss material for photonics applications
[11]-[14]. We first optimize the MMI design to maximize the
extinction ratio of the MMI-MZI. A noise mechanism due to
unwanted TM light is investigated. We design a bend-based TM
filter, and we characterize the suppression ratio of the TM filter
with a Bragg grating. A more than 25 dB TM light suppression
is achieved with the proposed TM filter. With the on-chip TM
filter, we demonstrate a thermally tunable MMI-MZI with an
insertion loss of 1.5 dB, a maximum extinction ratio of 61.2
dB, and a tuning power of 200 mW working in C+L band.
Lastly, by comparing the extinction ratio of the MMI-MZI with
or without TM filter, we experimentally show that the TM filter
can improve the maximum extinction ratio of the MMI-MZI by
more than 10 dB. All these technical advancements pave the
way for future applications in astrophotonics, optical switch,
programmable photonic circuits, and quantum information.

II. MMI-MZI DESIGN

Fig. 1(a) shows the schematic of the MZI. The proposed MZI
consists of two identical 2 x 2 MMIs and two arms, both of
which are thermally tunable to maximize the tuning range of
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Fig. 1. (a) Schematics diagram of MZI. (b) Cross section of the SizNy4

waveguides.

the MZI. Compared to our previous work [15], the MMI is
designed for 300 nm thick SizN, for a balance of low loss and
compactness. The cross section of the waveguide is shown in
Fig. 1(b). The top oxide and buried oxide thickness are set to be
4 pm and 5 pum respectively to minimize the mode interaction
with the silicon substrate and the metal heater. There are several
considerations in designing a high extinction ratio MMI-MZI
before we start the simulation. While simultaneously achieving
broadband and high extinction ratio MZI are highly desirable
characteristics for many applications, it is impossible in practice
due to the nature of the MMI. The bandwidth of the MZI purely
depends on the bandwidth of a single MMI. The bandwidth of
a MMI is related to the MMI’s dimension:

dho _ OL  20We !

o L W )
where the Ag is the central wavelength of the MMI, L is the
length of the MMI, and W, is the effective width of the MMI,
which can be written as [16]

We= W+ ();TO) (n? - n?)fé

From Equations 1 and 2, the bandwidth decreases as the
dimension of the MMl is increased. However, MMI works based
on the “self-imaging” principle [16]. The more modes the MMI
supports, the better the imaging quality will be, thus resulting
in a higher extinction ratio of the MMI-MZI. Hence, there is a
fundamental tradeoff between a larger bandwidth and a higher
extinction ratio. Fig. 2(a-b) shows the simulated transmission
of the MMI-MZI. When the MMI width of the MMI-MZI is
set to be 10 um, supporting 8 guided TE mode, the MMI-MZI
has a 3-dB bandwidth larger than 200 nm. But the largest
extinctionratiois only ~40 dB. Instead, a MMI-MZI with a MMI
width of 15 pm, supporting 10 guided modes, has an extinction
ratio of better than 65 dB with a reduced 3-dB bandwidth of
80 nm. Despite the fundamental tradeoff, we put our effort into
improving the extinction ratio in this study.

After careful simulation, we design the dimension of the MMI
to be 15 x 166.23 um?. The port width W), is designed to be
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Fig. 2. (a-b) Simulation results of the MMI-MZI with (a) 10 pm and
(b) 15 pwm MMI transmission at the null port and anti-null port. The dashed
line shows the 3-dB bandwidth of the MMI-MZI. (¢) Simulated transmission of
the 15 pm MMI (d) Simulated propagation profile of the MMI-MZI.

1.8 wm with a separation d of 3.2 um between the two ports of the
MMI. The MMl is optimized for TE polarized light. Such design
enables the paired interference mode [15], [16], so that all modes
whose mode number is an integer multiple of 3 are not excited.
As a result, the MMI dimension is reduced three-fold. Fig. 2(c)
shows the transmission of the designed MMI at both ports. The
FIMMPROP simulated MMI-MZI transmission profile is shown
in Fig. 2(d). Since we need 27 phase shift capability for the MZI
and since the thermo-optic coefficient of both SizsNy and SiOq
are small (2.4 x 107°/K and 0.96 x 1075/K, respectively) [17],
the two MMIs are separated by 600 pm, and the heater are
designed to be 500 x 10 um? to allow larger thermal tuning
capability.

III. TM NOISE REDUCTION

While other researchers mainly put their efforts into mitigat-
ing the impact of fabrication imperfection, such as multi-stage
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Fig. 3. (a) Simulated mode propagation profile of the 15um wide MZI with
a TM input. (b) Simulated transmission of the 15um wide MZI, which is
optimized for TE input, with a TM input. (c) Simulated TE and TM mode
bending losses at 1550 nm with different bending radius. (d) Simulated TE and
TM mode bending losses at 50 um at different wavelengths. The TE and TM
mode bending loss difference remains large between 1450 nm to 1650 nm.
(e) Experimental results of the bend waveguide TM filter. Inset: schematic
diagram of the bending waveguides used in the test.
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Fig. 4. (a) Schematic of the fabrication process. (b) Schematics diagram of
the high extinction ratio MZI. TM filters are connected to both output ports of
the MZI. (c) SEM image of the fabricated MMI. (d) Microscopic image of the
fabricated MMI-MZI. The second MMI is not shown due to limited field of view
of the microscope.
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MZI, to improve the extinction ratio, other factor that limit the
extinction ratio has long been ignored. Indeed, in addition to the
power imbalance due to fabrication imperfections, we found that
TM noise is an important factor that prevents us from getting a
high extinction ratio MMI-MZI. Since the MM is optimized for
TE polarization, when TM polarized light goes into the MMI, a
small portion of the TM light will still go to the port that should
have minimal output, which will limit the overall extinction ratio.
As shown in Fig. 3(a-b), for the MMI that is optimized for TE
mode, the light does not perfectly converge in the output port
with a TM input, and the simulated extinction ratio decreases
from 65 dB to around 40 dB. Unlike the fabrication imperfection
of the MZI, which can be minimized by advanced fabrication
techniques, such as high precision e-beam lithography and dry
etch, the TM noise issue is rooted in the MMI design. Due to the
limited polarization extinction ratio of the laser and polarization
maintaining fiber, an on-chip broadband TM filter is the only
solution to this issue. Here, we take advantage of the different
bending loss sensitivity of the TE and TM modes to remove the
TM noise [9]. As shown in Fig. 3(c), we design a bent waveguide
with a cross section of 900 x 300 nm, operating in single mode
condition. At a wavelength of 1550 nm, as the bending radius
decreases, the bending loss increases significantly for both the
TE mode and TM mode. However, with a bending radius of
50 pm, while the bending loss for TM mode is 4.8 dB/360
° bend, the bending loss for TE mode remains negligible. By
setting the bend radius to be 50 um , we also confirm that
such a significant bending loss difference between TE mode
and TM mode can be achieved across a 200 nm wavelength
span, as shown in Fig. 3(d). We test the performance of the TM
filter with a Bragg grating. The Bragg grating is defined by a
sidewall corrugation method with an alternating width of 900
nm and 1200 nm, respectively. It is designed to have a stopband
at around 1600 nm for TE input. As shown in Fig. 3(e), without
the broadband TM filter, the rejection ratio of the Bragg grating is
limited by the TM noise. The TM noise floor is observed to be at
around —20 dB. After adding the TM filter to the Bragg grating,
the TM noise is suppressed by 25 dB with 720° bends. In fact, the
TM suppression ratio is limited by the depth of the stopband and
can be even larger. It is also worth noting that the transmission
of the Bragg grating (with or without TM filter) outside of the
stopband overlaps with each other, which is a good indicator
that the bending loss of the TE mode is negligible. The stronger
than simulated TM suppression is attributed to the fact that the
bending loss simulation does not take the mode mismatch loss
between the straight waveguide mode and the bend mode into
consideration. Thus, the experimental TM suppression can be
higher than the simulated results. In the following high extinction
ratio MZI experiment, a TM filter with 720° 50 pm radius bend
is always included in all MZI designs to remove the on-chip TM
noise.

IV. EXPERIMENTAL RESULT

As shown in Fig. 4(a), the fabrication of the MMI-MZI starts
from asilicon wafer witha 5 pm thermally grown silicon dioxide
layer. Then 300 nm thick SigNy is deposited using low-pressure
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Experimental results of the MMI-MZI. (a) Normalized transmission of the MMI-MZI for different tuning powers from 12.35 mW to 216.55 mW.

(b) Extinction ratio of the MMI-MZI. Inset: Zoomed-in view of the extinction ratio around 1560 nm. (¢) MMI-MZI transmission with maximum ER achieved at
different wavelengths by tuning the heater power from 11.73 mW to 12.32 mW. (d) Maximum extinction ratio achieved at different wavelengths, corresponding to
the arrows shown in (c). The dashed line represents the 3-dB line of the high extinction ratio. (e) Transmission of the MMI-MZI without TM filter. (f) Switching

behavior of the MMI-MZI around the maximum state and minimum state.

TABLE I
COMPARISON OF SEVERAL EXPERIMENTALLY DEMONSTRATED MZI

Structure Material Extinction Ratio Insertion Loss Bandwidth Reference
2-stage DC-MZI LiNbO3 53dB 3dB/cm 100nm [9]
C-band 160nm
2-stage DC-MZI SOI >65dB n/a [10]
O-band 95nm
3-stage MMI-MZ SOI 60.5dB n/a n/a [8]
MMI-MZI SOI ~40dB 1-4dB 65nm [19]
MMI-MZI ~35dB
Si3Ny <5dB 80nm [20]
S-stage MZI ~70dB
MMI-MZI SOI 30dB 0.5dB ~100nm [21]
DC-MZI SOI 38dB 1.0dB n/a [22]
DC-MZI SOl 35dB n/a n/a [23]
MMI-MZI Si3Ny 46.1+2.5dB n/a ~100nm [5]
MMI-MZI SizNy 61.2dB 1.5dB 60nm This Work

chemical vapor deposition (LPCVD). A positive tone e-beam
resist, ZEP-520A, is exposed using a Elionix ELS G- 100 100 kV
e-beam lithography system. After chromium deposition and
lift off, the e-beam pattern is transferred to the SigNy layer
by inductively coupled plasma (ICP) etch. A 4 um top oxide
cladding is then deposited by plasma enhanced chemical vapor
deposition (PECVD). We use some e-beam overlay feature to
align the heater pattern to the arms between the two MMIs.
Finally, 130 nm Nichrome metal is deposited on top of the top
oxide as the heater. Fig. 4(c) shows the SEM images of the
fabricated devices. The device’s dimension agrees well with the
design. Thanks to the precision of the e-beam overlay process,
the heater aligns well with the arms of the MZI, with a precision

better than +1 pm, as shown in Fig. 4(d), which ensures an
efficient thermal tuning of the MZI.

To characterize the performance of the MZI, a TE polarized
tunable laser source with a tuning range of 1450-1640 nm and
5 pm scanning resolution is used. The light is edge coupled
in and out of the chip by polarization maintaining fiber with a
coupling efficiency of 4 dB/facet. The signal is then analyzed
by an optical powermeter. The heater is controlled by a Keith-
ley 2401 sourcemeter with a current precision of better than
1 pA.

The measurement result of the MMI-MZI is shown in Fig. 5.
Fig. 5(a) shows the transmission of the MMI-MZI at different
heater power. The transmission is normalized to a reference
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straight waveguide to remove the coupling loss and waveguide
propagation loss. The insertion loss of the MMI-MZI is mea-
sured to be 1.5 dB at 1550 nm, and the 3-dB bandwidth of
the MMI is measured to be ~80 nm and agrees well with
simulation results as shown in Fig. 2(b). By applying power to
the heater, the transmission of the MZI gradually shifts from the
maximum state to the minimum state. As shown in Fig. 5(b), with
a tuning power of 200 mW, the minimum state is achieved, and
a maximum extinction ratio of 61.2 dB is observed at 1562 nm,
which agrees reasonably well with the simulation results. In
Fig. 5(c), we demonstrate that by slightly tuning the heater
power by less than 1 mW, the maximum extinction ratio can be
achieved at different wavelengths. Compared to the simulation
results shown in Fig. 2(b), the linewidth of the high extinction
ratio is greatly reduced. MZI designed in the work is a balanced
MZI. Howeyver, due to fabrication variation and heater control,
the actual MZI is surely slightly unbalanced. As a result, instead
of the transmission spectrum shown in Fig. 2(b), one can expect
some sharp MZI fringes with ultra large FSR (since the optical
path difference between the two arms remain very small). Ad-
ditionally, fabrication variation to the MMI may also contribute
to the difference. As marked by the dashed line in Fig. 5(d), the
3-dB bandwidth of the high extinction ratio MMI-MZI, which
is defined as the wavelength span such that the extinction ratio
is less than 3-dB smaller than the maximum extinction ratio, is
around 60 nm. It is primarily limited by the 3-dB bandwidth of
the MMI. We also experimentally investigate the performance
of the MZI without an on-chip TM filter. Fig. 5(e) shows the
transmission of the MZI without an on-chip TM filter. Without
the on-chip TM filter, with a TE input, the maximum extinction
ratio of the MZI is limited to less than 50 dB, proving that the
on-chip TM filter is critical to achieve a high extinction ratio
MZI. We also demonstrate the switching behavior of the MZI
by tuning the power around the maximum and minimum state
at 1562 nm, as shown in Fig. 5(f).

V. DISCUSSION AND CONCLUSION

A comparison of the performance of several MZI using dif-
ferent structures and materials are shown in Table I. Thanks to
the bending waveguide-based TM filter and ultra-high precision
of the e-beam lithography, the MZI demonstrated in this work
shows a much higher extinction ratio than other previously
demonstrated single-stage MZI, and an extinction ratio com-
parable to the results obtained from the best-to-date multi-stage
MZlIs. In addition, the MMI-MZI demonstrated in this work
shows a reasonably low insertion loss due to the low-loss nature
of properly designed SizN, photonic components. There are
multiple directions to further improve the performance of the
high extinction ratio MMI-MZI. Firstly, the tuning power can
be greatly reduced in future work by optimizing the heater design
and using a more efficient heater material [24]. Heat dissipation
may be avoided altogether by using PZT materials for tuning
the interferometer [25]. Secondly, the response time of the MZI
can be reduced by removing the silicon substrate as reported in
[21], or again, by using PZT tuning. Lastly, by designing a wider
MMLI, the extinction ratio can be improved further.

2237906

In summary, we have experimentally studied a single-stage,
thermally tunable, high extinction ratio SisN, MMI-MZI. The
MMI-MZI has an insertion loss of 1.5 dB at 1550 nm and a
3-dB bandwidth of ~60 nm. Such a single-stage MMI-MZI
has great potential for reducing the control complexity and
power consumption. We found that on-chip TM noise is an
additional noise mechanism. After removing the TM noise by
using a carefully designed broadband TM filter, we demonstrate
that a tuning power of 200 mW combined with a record high
extinction ratio of 61.2 dB can be achieved at 1562 nm. We
also experimentally investigate the extinction ratio of the MZI
without a TM filter and determined that the on-chip TM filter can
improve the maximum extinction ratio of the MMI-MZI by more
than 10 dB, which proves the importance of removing TM noise
for an MZI with a high extinction ratio. We envision that the
high extinction ratio MMI-MZI will benefit many applications
in astrophotonics, optical switching, programmable photonic
circuits, and quantum information.
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