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Abstract: In this paper, we propose a new broadband nulling interferometer based on the
Si3N4/SiO, platform which utilizes a w-phase shifter. This m-phase shift multimode interference
Mach-Zehnder interferometer (7PS MMI-MZI) leverages a novel low phase shift error (PSE)
and broadband taper-section phase shifter (TSPS). For the TSPS, our simulation predicts an
unprecedented PSE from 1450 nm to 1650 nm for the two- and three-section TSPS of 1° and
0.029, respectively. Our experimental results demonstrate a PSE of 1° within a 190 nm bandwidth
for the two-section TSPS. A slightly adjusted TSPS gives an even lower PSE of 0.6° within a
narrower bandwidth of 90 nm. With the help of the TSPS, the 7PS MMI-MZI shows a significant
improvement in extinction ratio compared to the conventional MMI-MZI. Simulations predict an
extinction ratio of 50 dB within a 150 nm bandwidth. Experimental measurements demonstrate
a 40 dB extinction ratio within a 100 nm bandwidth. The broadband TSPS, as well as the
broadband 7PS MMI-MZI, pave the way for novel high performance photonic integrated circuits.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

On-chip high performance Mach-Zehnder interferometers (MZI) have attracted much interest
in photonics applications. Nulling interferometers based on MZIs have been used to detect
exoplanets in astrophysics [1,2]. In programmable optical circuits, MZIs are used as optical
switches to change the optical routing [3—-6]. In quantum computation, MZI can be used for
qubits manipulation [7,8]. Among these applications, the extinction ratio of the MZI is the most
important factor. Due to fabrication imperfections, the beam splitter in a MZI, either a directional
coupler or a multimode interference coupler, will suffer a power imbalance and phase inaccuracy.
In a multistage approach, two tunable MZIs are optimized separately then connected to reach a
high extinction ratio [8—10]. However, this method increases the control complexity and power
loss due to the extra beam splitters and phase shifters involved.

In addition, the working bandwidth of the MZI is also important for nearly all the applications
mentioned above. The bandwidth of the MZIs is limited by that of the beam splitters as well as
by the active phase shifters used to fine tune the phase [11]. In this paper, we propose a passive
m-phase shifter MZI solution based on an ideal broadband phase shifter (see Fig. 1). Both the
power imbalance and the phase inaccuracy caused by the imperfection and bandwidth limitation
of the beam splitters can be compensated by a phase flip in the MZI arms.

Optical Phase shifters (PSs) are key components in integrated photonics. They are used in
optical modulators [12], mode (de)multiplexers [13,14], switches [15,16], and tunable filters
[17,18]. The optical path length differences between the signals can be engineered using either
active or passive designs in integrated photonics. Active PSs utilizing the thermo-optical effect
[19], electro-mechanical effect [20,21], nonlinear optical effect [21] and resonators [22,23] have
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Fig. 1. schematic modal of the 1PS MMI-MZI consisting of two MMI couplers and a novel
broadband 7-phase shifter.

previously been reported. Passive PSs are preferred in the case where power consumption is
restricted. Without the limitations of driving power and control complexity, passive PSs are
suitable for many applications. Besides the typically used adiabatic taper PSs [24] and dissimilar
length PSs [25,26], PSs based on a 1 x 1 MMI couplers [27]and tilted joint MMI PSs [28] have
also been reported.

The bandwidth and the phase accuracy of the PSs need to be significantly improved for the
next generation of photonic devices. This also applies to the 7-PS MZI we propose in this paper.
Relevant to this goal, a broadband 90° subwavelength grating (SWG) PS has been proposed, with
a phase shift error (PSE) less than 3° within a 145 nm bandwidth [29]. Pushing forward, we
propose an innovative integrated tapered-section phase shifter (TSPS) based on a multi-section
PS structure. The theory of this multi-section PS design is discussed in [30]. Using the effective
refractive indices (RI) of the tapers, we further decrease the complexity and the length of the
multi-section PSs. Our design is based on the silicon nitride platform. The simulation shows a
1°/0.02° PSE within a 200 nm bandwidth for the two/three-section TSPS design, respectively. We
optimized the two-section TSPS experimentally, reaching an unprecedented PSE of 1° from 1450
nm to 1640 nm. We note that the PSE of our PSs should be lower for a phase shift smaller than
180°, since the PSE of a PS is proportional to its total phase shift. In addition, we demonstrated
an adjusted TSPS with an even smaller PSE of 0.6° within a narrower bandwidth of 90 nm around
1550 nm for the applications requiring a stricter phase control.

Utilizing the TSPS, the simulation result of the 7PS MMI-MZI shows a high extinction ratio of
50 dB within a 150 nm bandwidth. The experimental result presents an extinction ratio of 40 dB
within a 100 nm bandwidth, indicating a significant improvement compared to the conventional
MMI-MZI which shows an extinction ratio of 30 dB within a 90 nm bandwidth [11].

The low-PSE broadband TSPS as well as the broadband 7PS MMI-MZI provide high-
performance building blocks for integrated photonics. These technical advancements will not
only improve the performance of the devices based on phase shift and interference nulling, but
also will provide powerful components for the next generation of optical devices.

2. Principles

2.1. Broadband Mach-Zehnder interferometer
2.1.1. Traditional on-chip MZI based on MMI

A conventional MMI-MZI is a MZI formed by two cascaded MMIs (see Fig. 2). Assuming a single
mode is injected from port 1, an MMI coupler will split the input power equally between ports 3
and 4 within a certain bandwidth. The phase difference between the modes coming from these
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two ports should be /2. After propagating along the two arms connecting the cascaded MMI
couplers, the phase mismatch between ports 5 and 6 should remain n/2. Similar power splitting
process repeats at the second MMI coupler for both input ports 5 and 6. Consequentially, the two
signals coming out from port 8 (bright port) have the same phase and they will constructively
interfere, so most of the energy will come out from port 8. On the other hand, the two signals
coming out from port 7 (dark port) have a m-phase difference and they will destructively interfere
so that barely any energy comes out. The energy ratio between port 8 and port 7 is called the

extinction ratio.
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Fig. 2. schematic model of a MMI-MZI. In the first MMI coupler, the input mode at port 1
splits into two modes (in blue and red color) with a phase difference of /2. Those two modes
undergo a power splitting in the second MMI coupler, respectively. The phase information
in blue at port 7 and port 8 corresponds to the two modes split from the mode coming from
port 3. Similarly, the two modes in red at port 7 and port 8 originates from the mode at port
4. The destructive interference at port 7 gives a perfect nulling.

2.1.2. Broadband MZI with a n-phase shifter

The performance of the conventional MMI-MZI is limited by the performance of the MMI
couplers. Based on the self-imaging principle [31], a MMI coupler can only work perfectly for its
center wavelength. Both the power-imbalance of the two output ports and the phase accuracy will
suffer when the device is not operated under the center wavelength or when the design/fabrication
is not optimized. Here, we discuss the relationship between the extinction ratio and the MMI
coupler performance.

First, we investigate the MZI’s imperfect nulling brought by the MMI power-imbalance. Instead
of perfectly splitting 50%/50% the original input power, we assume that the power coming from
ports 3 and 4 are @ and 8. Here @, 8<50% and a # § (Fig. 3(a)). Both a and 8 are below 50%
because of light scattering [32]. We repeat the power splitting at the second MMI coupler and we
get a total of four signals at the output ports. The power outputs of the two signals at port 7 are
a” (power « at port 5 splits to @ and 8 at port 7 and 8, shown in blue color) and 82 (power 8
at port 6 splits to 82 and B at port 7 and 8, shown in red color) separately, so their amplitude
should be @ and . Since they are not equal to each other, the nulling interference is not perfect.

Then we investigate the relationship between the extinction ratio and the phase accuracy
(Fig. 3(b)). Now we assume that the phase difference between the two MMI coupler outputs is
not perfectly /2. For convenience we set the phase of port 3 and port 4 to be Af — 7 and 7.

After repeating the power splitting at the second MMI coupler, the resulting phase difference is
still zero for the two signals at port 8. This leads to constructive interference at port 8. However,
the phases of the two signals at port 7 are now 2A6 — % and 7 so their phase difference is 7 —2A6.
These two modes cannot perfectly cancel out each other because of this 2A6 phase error. The
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Fig. 3. a) imperfect nulling brought by MMI power imbalance (a¢>p). There is power
remaining at port 7 after destructive interference. b) Imperfect nulling brought by MMI
phase inaccuracy. The modes interfering with each other at port 7 do not have a phase
difference of 7 accurately.

power imbalance and phase inaccuracy of the MMI make the destructive interference imperfect.
There is still a certain amount of power coming out from the nulling port, which results in the
performance and bandwidth limitation of the MMI-MZI device as a nulling interferometer.

As a simple solution, here we propose an innovative way to compensate the imperfection
brought by the MMI couplers by adding a w-phase shifter (7PS) between the two cascaded MMI
couplers (Fig. 4). Now the phase of the mode in port 4 can be flipped by 180°, compared to port
3. The phase in brown color in Fig. 4(b) should all be flipped by 180°. Consequently, destructive
interference happens at port 8 now while constructive interference happens at port 7. This time
the phases of two signals at port 8 are A and A@ — . The phase difference is exactly 7 so the
nulling can be perfect.

When we go from a standard MZI to a tPS-MZI, the dark port moves from port 7 to port 8
and the energies of the two signals at the output are given by a8 and Sa (Fig. 4(a)), which are
identical. So the amplitudes of the two modes are also the same, which gives a perfect nulling
even in the presence of an MMI power-imbalance.

In conclusion, adding a 7PS can solve both the power imbalance and the phase inaccuracy
problem from the MMI imperfection/bandwidth limitation. Two MMI couplers now compensate
each other to reach a perfect nulling.

2.2. Integrated broadband phase shifter

A key element in the proposed design is the 7PS which should have a low phase shift error (PSE)
for a wide bandwidth. Since the phase error of an MMI coupler is about Af ~ 1°, the PSE of the
PS should be smaller than 2A6 ~ 2° for the entire operating bandwidth in order to compensate
the phase inaccuracy.

Since such a high performance on-chip PS has not been reported yet, we have to design our
own low PSE broadband PS. We further develop the theory in [30] to transform it from the fiber
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Fig. 4. a) Compensation for MMI power imbalance using a 7PS. With the help of the 7PS,
the destructive interference happens at port 8, where the amplitudes of the two interfering
modes are the same b) Compensation for MMI phase inaccuracy using a 7PS. At port 8, the
phase difference between two modes is exactly .

system to the integrated optics platform. The original sectioned phase shifter (SPS) theory was
worked out by P. Labeye in his thesis [33].

Based on the sectioned PS design, the length of the PS can be several millimeters to one
centimeter, which can be easily used in a fiber system but is harder to implement on an optical
chip. Besides the pattern layout challenges brought by the large footprint, a long PS may also
cause directional coupling between the two arms. To solve these problems, we propose an
innovative on-chip taper-section phase shifter design to decrease the length of the device.

The traditional PS uses two ways to create a phase difference. The first is to add an extra length
to one of the two arms. Their optical path difference can be designed to reach a desired phase
difference. However the routing of the two arms with different lengths may be challenging. A
preferred way is to use two waveguide arms with the same length but different widths, so their
effective refractive indices are different. As a result of this, the optical lengths for the two arms
can be different and can create a phase difference.

However, both methods have narrow bandwidths because the phase difference A¢ = AL/
(where AL is the optical length difference and A is the wavelength) depends on the length
difference and the optical wavelength. For the extra length phase shifting method, the same
optical length difference AL will result in a different phase shift A¢ for different wavelengths.
Moreover, in the case of the second method, the effective RI of the waveguides has a dependence
on wavelength, making the phase also dependent on the wavelength.

Now we explain how the SPS can remove the wavelength dependence by first considering a
two-section phase shifter design. In Fig. 5, two parallel waveguides with widths W; and W, are
connected with two waveguides with widths W3 and Wy, respectively. For length /1, the effective
RI difference An; (1) between the two waveguides with widths Wy and W, can be expanded as
polynomials: Anj(1) = Ay + BjAd+ C1A% +
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Fig. 5. Multi-section PS and the taper design. The tapers are used to avoid the mode
mismatch loss between the waveguide sections. Each of the tapers in one PS arm can find its
counterpart in the other arm so there is no extra phase difference introduced by adding the
tapers.

Here we expand it to first order in A. So An;(1) ~ Ay + By A and for length [, Any(2) between
W3 and Wy can be written as: Any(A1) = Ay + BpA. So the total phase shift

) _ Ami(),  Any(2) Ay Ay (A1ly + Azly)
22 I+ b |2 By |+ (22 4B, 1 = L T220) gy Byl
o= T4 28 | B+ |+ B b 3 (B1ly + B2b)
A )]
If we design the length ratio to be % = —ﬁ—? then (A“A;MZ) = 0. The remaining term will be

independent of wavelength:gz(—? =Bil1 + Bolr = g—;’r. Now we can multiply /; and /5 by the same
factor to reach any phase shift we want.
Similarly, a three-section phase shifter supports a second order polynomial. In this case,

9(/1) _ 1 2 _ 1 2
P Zi:1,2,3(Ai +BiA+ Gy = Ziz]’m(Ai + G+ Zizm Bil; )

For a desired constant phase shift 8y, the length [, I, I3 can be solved by the matrix calculation:

Al Ay Aj L 0
By B, By || L |=]| 6g/2m 3
G G G I3 0

Between the different waveguide sections, tapers should be used to avoid energy loss caused by
mode mismatch. Also, to compensate the phase shift introduced by the tapers, each taper should
find its copy in the other arm. Using the two-section case as an example (see Fig. 5), taper #2 is
used to connect waveguide W, and W3. We can find its counterpart in the bottom arm. Similarly
taper #1 used to connect waveguide W, and Wy can find its counterpart in the top arm. The phase
difference between the two arms will not change after the tapers are added between the sections.

To avoid power loss in the SPS, the length of the tapers should be long enough. As a result,
the total length of the three-section design can be more than a centimeter while a two-section
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design can be several millimeters. The large footprint of the SPS makes it hard to be integrated
in on-chip optical circuits. In addition, a long device makes directional coupling easier to happen
between the arms and the larger total optical length makes phase control harder.

To address this footprint problem, we propose a new taper-section phase shifter (TSPS) design.
For a linear taper, the effective RI is different at different positions because the width of the
waveguide is different (see Fig. 6(a)). However when we extend the taper linearly by a factor, the
optical length of the whole taper should enlarge by the same factor because each infinite short
section that has a local effective RI; will be extended by that same factor. For example, if a taper
with length /o gives a 6 phase shift, it should give a 26 phase shift if we extend its length to 2/

linearly. Now we can define an effective RI for a linear taper to be ngper(4) = (%) L — (%) 4

2 20y | 2x
a) b) L l;
N 21, . | .‘ ' '
1 1 1
L
— - ::D::ﬂ:l
1 H )
| =
Megr Tegt

Fig. 6. a) A taper can be treated as a straight waveguide with the effective RI in terms of
phase shift. b) TSPS design by substituting straight waveguides by taper sections which can
be connected directly. Compared to Fig. 5, the tapers themselves create the phase shift, the
total device length can be shorter.

Based on this, now we can use the tapers themselves to act as a PS so we do not need extra
tapers to connect them. We set the width of one taper end to be a constant Wy which applies
to all the taper sections. Then we can vary the width W; on the other end to get different ngpe;.
A pair of same tapers connected by the taper end with width W; to form a taper section. Each
section can be connected to each other directly because the width of their ends should all be W)
(see Fig. 6(b)).

Now we follow a similar process discussed in the SPS but use nper Of each taper section
instead of the RI of straight waveguides. The complexity and the length of the SPS can be
significantly reduced while the performance can remain the same.

3. Simulations
3.1. Design and simulation of the broadband phase shifter

Considering a 300 nm thick silicon nitride (SizN4) platform with silicon dioxide (SiO,) cladding,
the “connection width” Wj is set to be lum so the waveguides support only the fundamental
mode. If a higher order mode is excited in the PS, it will not have the same phase shift as with
the fundamental mode because the RI are different for the two modes.

Then we pick the proper W; for each section. For a taper of width W;, we calculate the ngper(4)
of the section using FIMMWAVE [34], a commercial simulation software from Photon Design.
We simulate a model of waveguide tapered from Wy to W; for a length /. After getting the phase

A
2 ”

6o at the end of the taper, we can calculate the effective RI of the taper by nper(4) = (?—3)
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It is worth noting that in FIMMWAVE the simulation only provides the final phase information
at the end of the device. We are not able to extract the total phase shift larger than 27. For that
reason we can only simulate a short taper whose optical length is within one wavelength so the
phase information of it hasn’t been subtracted by 2nz. The problem of simulating such a short
taper is that it changes the propagation mode dramatically, which prevent us from comparing a
short taper to a longer taper estimated to be hundreds of micrometers in length. The effective RI
that we got from the short taper may be inaccurate when applied to a longer one.

To solve this problem, we first simulate the short taper (with length /g,or¢) to get a rough
effective refractive index ngpor (1) which may be slightly different of its counterpart njong(2) for
a longer taper. Then we simulate a long taper whose length /., is hundreds of micrometers,

compatible to our estimated taper length. If the simulated phase information of the long taper is

Biong (Blong <271), the total phase shift Gy should be Oypiry = 277 + Ojong, Where n = ‘oz utorlD

(integral part of the wavenumber). So

“

nlong(/l) = ( o

llong llong 2

gshlft) A (271_11071;,’;&&/1) + Hlang A

Combining the simulations of both the short and the long tapers, we can break through the
limitation of the simulating software and get the accurate effective refractive index 7ny,g(1) for
the following design.

We simulate a series of tapers with different taper width W; to extract their ny,(1). The
difference between W; and W, should not be too large so there will little energy loss through the
taper. Around Wy = 1um, we pick W; to be 0.7um, 0.8um ...1.3um. As described above, we
fit these nw, (1) by polynomials to the first and second order separately, corresponding to two-
and three-section design.

Step 1: Decide a set of W; around Step 2: Calculate the effective RI of Step 3: Calculate the section
W, for the tapered waveguides each tapered waveguide lengths with the matrix (Eq.3)
Wg W1 Optical Simulation software A, A, As L 0
Bl Bz Bg i lz = 90/271'
Neff1 G G Gl 0
WO Wz — —
| Meff2 | |
. [
1 L I3
Q Step 4: Repeat step 1-3 with different W; sets to find the minimum total PS length [ +l,+13 D

Fig. 7. The workflow to decide the parameters for the shortest TSPS design.

The taper widths of the device should be carefully engineered because the calculated device
length can be significantly different for different widths set. We have four taper widths
Wi, W,, Wi, Wy for the two-section design and six of that for the three-section design. To
simplify the engineering problem here, we set Wo<W; = W3<W;, in the two-section design and
Wi <W, = W4<W3 = W5<W; in the three-section design. Following the process we discussed
above, we calculate and compare the lengths of the sections. The shortest design of the two-section
design is given by Wp = 0.8um, W = W3 = 1.0um and Wy = 1.3um with the lengths of the
sections to be [} = 149.2um and I, = 221.9um. Similarly for the three-section design, we have
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Wi = 0.7um, Wy = Wy = 0.8um, W3 = Ws = 1.1um and Wg = 1.3um with I; = 970.7um,
I, = 988.4um and I3 = 1322.7um. The workflow to decide the parameters is shown in Fig. 7.
We simulate the two arms of the phase shifter separately with the wavelength sweeping from
1450 nm to 1650 nm (shown in Fig. 8(a)). The phase shift A6 of the TSPS is the phase difference
between the output ports of the two arms. Figure 6(d) shows the phase shift of a two-section
design as a function of wavelength. The parabolic curve gives about 179° phase shift at 1450 nm,
going up to 180.6° around 1550 nm then goes back to 179° at 1650 nm, showing a phase error

smaller than 1°.
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Fig. 8. a, b, ¢) schematic models of two-section TSPS, three-section TSPS and traditional
tapered PS. d, e, f) simulation results of PSs listed above. We show the phase shift value as a
function of the wavelength for all three designs. The PSE for two-section TSPS, three-section
TSPS and traditional tapered PS are 1°, 0.02° and 9° separately

Furthermore, by fitting the effective RI to the second order to eliminate the dependence of
wavelength, the three-section design removes the parabolic characteristic of the phase shift-
wavelength curve and reach a phase error less than 0.02° for a 200 nm bandwidth around 1550
nm (see Fig. 8(b), e).
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As a comparison, we have also designed a conventional PS which contains only one section of
the paired tapers (see Fig. 8(c)). For the bottom arm the waveguide width tapers up from lum to
1.2um then tapers back to 1um, with the total length of 69.9um. For the other arm it is a lum
straight waveguide with the same total length. The simulation result shows a phase shift varying
from 171° around 1450 nm to 189° around 1650 nm (Fig. 8(f)).

The TSPSs compensate the wavelength dependence of the PS by using multiple sections. The
phase error can be reduced from 9° for the conventional PS to 1°/ 0.02° for the two/three-section
TSPS.

3.2. Simulation of the broadband MZ|

Based on the simulation result of the TSPS, we implement it for the MMI-MZI device (see
Fig. 9(a)). The width of the MMI coupler is designed to be 15um so it supports enough numbers
of modes as well as has a relatively wide bandwidth. The length of the MMI coupler is optimized
to be 166.2um so it performs the best around 1550 nm. Also, the width and offset of the MMI
coupler ports have been optimized to be 1.8um and 5.1um, respectively.
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Fig. 9. a, b) Schematic model of 7PS MMI-MZI with the TSPS and conventional MMI-MZI.
¢) Simulated extinction ratio between the two output ports for 7PS MMI-MZI (red line) and
conventional MMI-MZI (blue line).

To avoid directional coupling between the two arms connecting the cascaded MMI couplers,
we increase the separation between them to 16um using a pair of tapered S-bends. We note that
we have just increased the separation to 16um for a reasonable simulation speed because the
FIMMWAVE calculates the EM field over the entire space. The separation can be larger in the
actual fabrication layout. The width of the waveguide is tapered from 1.8um at the MMI coupler
output port to lum so that it supports only the fundamental mode.

Here we choose the two-section TSPS for the compactness of the design. The length of the
three-section design is much longer than that of a two-section design, which requires a larger arm
separation to avoid the directional coupling effect. The simulation of such a model takes a long
time, making optimization and wavelength sweeping nearly impossible.

The simulation result of the w-phase shift MMI-MZI is shown in Fig. 9(c). The extinction ratio
(red line) between the two output ports is more than 40 dB from 1450 nm to 1650 nm, while
presenting an average value of more than 50 dB.

Compared to the conventional MMI-MZI whose simulation result is shown by the blue line,
both the bandwidth and the extinction ratio of the 7PS MMI-MZI show obvious improvement,
especially for the wavelength on both sides of the shown spectrum, where the extinction ratio is
improved by more than 20 dB.
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4. Fabrication

4.1. Experimental characterization and optimization of the broadband phase shifter

The device fabrication is performed on a silicon substrate wafer with a Sum thermal oxide layer.
A 300 nm silicon nitride is deposited using low-pressure chemical vapor deposition (LPCVD).
The design pattern is written on the positive resist ZEP-520A by e-beam lithography using a
100 kV Elionix ELS G-100 system. A 10 nm chromium layer is deposited after e-beam resist
development. The pattern is then transferred to the chromium hard mask with the remaining
resist removed by a lift-off process. The silicon nitride is dry etched using an ICP-RIE system and
the remaining chromium mask is removed using a Cr wet etching process. Finally, a Sum silicon
dioxide cladding is deposited through a plasma enhanced chemical vapor deposition (PECVD)
process.

To measure the performance of a phase engineered device such as our taper-section phase
shifter, a MZI system is a commonly used tool. If we assume the MZI system to be perfect, the
phase information of the two arms can be extracted by measuring the power in the two output
ports. The argument is similar to our previous discussion that describes the principle of operation
of the 7PS MMI-MZI, but this time we consider the phase shift to be an arbitrary angle A¢ and
the MMI couplers to be ideal.

As shown in Fig. 10, the amplitude of the mode coming from the port 7 should be:

12 (1)\2 11 11
A7:\/(5) *(z) ¥2 5 5000(89) =[5 + eos(Ad) ©)

1 1 A
So the intensity I7 = A% =5 + > cos(A¢) = sin® (;) 6)
- . . 2 [Ag
Similarly for the port 8 the intensity I3 = cos > @)
A
The extinction ratio is ER = ran” (7(1)) ®)
So the phase shift can be estimated by A¢ = 24/tan"!(ER) ©)
T n
3 g tA¢
>~
n @ W
ase m 4\ : v
\as = i
M‘f""‘\:\l casuring ool 4 \@ =\ 0 TtA¢
nifte 3) ‘ \ ® —
\ - @ v Ag is extracted by
) . Ml
. \(1) , \ g (m+Ad) — ;T +A¢ M ';l:e ::assured power
W - @ ™ phase shift P
\ \ 4 A to be measured

Fig. 10. MMI-MZI as a tool to measure the PSE when the optical component in the
MZI arms is the main source of phase error. Here the errors in the MMI can be ignored
comparatively.

For a phase engineering device whose phase error is as large as several degrees, the phase
inaccuracy of the MMI coupler is relatively small so that it can be ignored. However for our TSPS
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which targets a very small phase error, the MMI phase error will influence the measurement and
the characterization.

To address this problem, we connect multiple 7PSs to amplify its phase error. So it can be
the dominant phase error source in the MZI. As shown in Fig. 11, we connect seven identical
7PSs to form a 77 PS which should function similarly to a single 7PS. The difference is that
the PSE will be amplified by seven times so it will be easier to be accounted by the output
power measurement. Also the phase inaccuracy of the MMI coupler become insignificant again
compared to the amplified PSE.

hifte .
; - e
\ " \ / \ i 7A¢is:tra:t:| by
‘/ / the measured power
’”
s

at port 8
Ml
M > / ”’

Fig. 11. The schematic model of the 77 PS MMI-MZI. The cascaded PSs are circled by
red squares. The phase errors of 7 w-phase shifters accumulate so the error from MMI-MZI
can be ignored comparatively.

We note that, although the energy drops for both ports if the MMI coupler operates away
from its designed wavelength, the relationship between the phase shift and the extinction ratio in
Eq. (9) still holds. The energy of two MMI coupler output ports decreases simultaneously when
the wavelength shifts away from the center wavelength. The extinction ratio remains the same as
long as the power splitting of the MMI is still balanced.

The total length of this 77 PS is seven times the single 7PS length if we connect those 7PSs
end to end directly. That will increase the strength of directional coupling between the two
arms. To control the length of this 7 PS, we use several 180° bends to rearrange the positions
of the 7PSs as shown in Fig. 11. The radius of the bends is set to be 100um so the bending
loss is negligible, also the separation between the parallel waveguides can be 200um, which is
sufficiently large to prevent directional coupling.

Since the RI of the waveguide is sensitive to its width, a small bias in the fabrication process
will cause the difference between the simulation and experimental results. For the optimization
convenience, here we choose the two-section TSPS in our design. As discussed before, we
have:% = M + (Bil1 + Balp). If A12, B1 in the actual device are different from the
theoretical number, the trend of the phase-wavelength curve may not be flat.

0(A) increases as A increases, if Ajl;+Al,<0. And it decreases as A increases, if Ajl;+Az1>0.
Now that A;>0>A,, we can increase /1 /I, if Ajl; + Ay, <0 or decrease [ /1, if Ajl; + Ayl,>0
to get A1l1 + Axlr = 0. Then we can scale /;, [, with a same factor so the total phase shift can
be adjusted without changing the /;, [, ratio that we have optimized. In that way we are able to
optimize the design according to the measured results experimentally. On the other hand, the
relationship between the phase-wavelength curve and the section lengths of the three TSPS is
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less straightforward. Although the performance of it is better than the two-sections design, the
parameter optimization of three sections can be too complicated.

Additionally, since our device is designed for TE modes, a TM filter consisting of a set of
90-degree bends with a radius of 50um has been added to reduce TM noise. By leveraging the
different bending losses of the fundamental TE and TM modes, the TM noise can be effectively
suppressed while the TE mode experiences minimal loss.

As a comparison, we also fabricate a 77 PS using a conventional 7PSs using the design in
section 3.1(Fig. 8(c)). To measure the performance of these 77 PSs, the optical chip is butt
coupled to a TE polarized tunable laser source Keysight 8164B LMS Mainframe/81600B tunable
laser source with a tuning bandwidth of 1450nm-1640 nm. The output spectrum of our device is
then measured using a Keysight N7744A detector.

Figure 12 shows the normalized transmission spectrum for the optimized devices. Figure 12(a)
shows the transmission curves of two MZI output ports when the conventional 77 PS is applied.
The extinction ratio reaches its peak around 1563 nm, indicating that the phase shift between

the two arms is about 7 (or 7 + 67). The extinction ratio drops when the two curves gets closer
at 1460 nm as well as 1640 nm, indicating the phase shift goes close to % s 37” (org, 37” + 67r)
for these shorter and longer wavelengths. This shows the strong wavelength dependence of the
conventional PS.
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Fig. 12. Measured power from two MZI output ports with a) conventional tapered PS,
b)adjusted two-section TSPS, c) two-section TSPS inserted into the MZI arms (the device
in Fig. 11). d) PSE of these three PSs extracted from the measured MZI output power in
insets a, b and c. To note, here PSE is the difference between the actual phase shift and the
desired 180°. e, f, g) simulation results of these three PSs as a comparison, with dotted lines
showing the level where PSE equals to zero (when the phase shift is 180°).

Based on the relationship between the PSE and the extinction ratio (Eq. (9)), we plot the PSE
as a function of wavelength (Fig. 12(d)). The measured PSE for the conventional PS (blue line)
is about 12° when it deviates from the center wavelength. The PSE of the TSPS (red line) is
about 1° for a 180 nm bandwidth. In addition, we present an adjusted TSPS (cyan line) that has a
PSE smaller than 0.6° for a 90 nm bandwidth. This adjustment is realized by shrinking the total
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length of the PS slightly so the peak of the parabolic curve (see figure) decreases to 180°. Such
an adjusted TSPS can be used in the case where the phase error requirement is stricter within a
relatively narrow bandwidth.

4.2. Experimental realization of the broadband MZI

After optimizing the TSPS, we move to the 7x back to the 7PS to measure the performance of
the 7PS MMI-MZI. As a comparison, we also fabricated the conventional MMI-MZI.

As shown in Fig. 13(c) (red line), the extinction ratio of the 7PS MMI-MZI is around 40 dB
from 1500 nm to 1600 nm, dropping to around 25 dB for shorter wavelength at 1450 nm and to
around 35 dB for longer wavelength at 1650 nm. Compared to the conventional MMI-MZI (blue
line) there is an obvious improvement for the extinction ratio especially for the two sides of the
inspected band.
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Fig. 13. a, b) Measured output power for 7PS MMI-MZI (Fig. 9(a)) and MMI-MZI
(Fig. 9(b)) ¢) Extinction ratio for 7/PS MMI-MZI (in red) and MMI-MZI (in blue). A
significant improvement of extinction ratio and bandwidth can be observed (corresponding
to the simulations in Fig. 9(c)).

5. Conclusions

In conclusion, we have designed a 7PS MMI-MZI to compensate the power imbalance and phase
inaccuracy brought by the imperfection and bandwidth limitation of the MMI couplers, using
an innovative broadband taper-section phase shifter (TSPS). The simulations on FIMMWAVE
predict an unprecedented PSE of 1° and 0.02° for a two- and three-section design, respectively.
Applying this broadband TSPS to the 7PS MMI-MZI, the simulation shows an extinction ratio of
about 50 dB over a 150 nm bandwidth, compared to 30 dB for the conventional MMI-MZI. After
experimental optimization, the PSE of the TSPS is measured to be around 1° from 1450 nm to
1650 nm. In addition, an adjusted TSPS gives a 0.6° PSE for a narrower bandwidth of around 90
nm. Applying our broadband PS, the extinction ratio of the 7PS MMI-MZI is measured to be 40
dB for a 100 nm bandwidth, which is a significant improvement compared to the conventional
MMI-MZI which has an extinction ratio of 30 dB for 90 nm bandwidth. Our low PSE broadband
TSPS, as well as the broadband MMI-MZI, can serve as valuable components in broadband
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integrated photonic circuits; they promise to have wide applications in astrophotonics, sensing,
spectroscopy and quantum photonics.
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