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Abstract—Optical isolators and circulators are fundamental
building block in photonic integrated circuits to block undesired
reflections and routing light according to a prescribed direction.
In silicon photonics, heterogeneous integration of magneto-optic
garnet bonded on a pre-patterned silicon layer has been demon-
strated to be an effective solution for manufacturing optical iso-
lators and circulators for TM polarized light. However, most
integrated semiconductor lasers emit TE polarized light, which in-
dicates the need to find a reliable solution for this polarization. In
this paper, we demonstrated broadband optical isolators and circu-
lators for TE polarized light based on heterogeneous bonding on the
silicon photonics platform. To achieve this goal, an integrated adi-
abatic coupler and a broadband polarization rotator are designed
and optimized. The nonreciprocal behavior is induced through an
energy-efficient integrated electromagnet with a minimum power
consumption of 3 mW. Two isolators/circulators are fabricated with
small and large free spectral range, respectively. In the former case,
an optical isolation ratio as large as 30 dB is measured at 1555 nm
with an insertion loss of 18 dB, while for the broadband circulator,
an optical isolation larger than 15 dB is guaranteed over more than
14 nm (1.75 THz) for all port combinations with an insertion loss
between 14 and 18 dB at 1560 nm. Finally, it has been theoreti-
cally shown that the insertion loss can be reduced below 6 dB with
design and fabrication improvements. To the best of the authors’
knowledge, the proposed integrated TE optical circulator is the first
experimental demonstration of this device in silicon photonics.

Index Terms—Integrated optical circulators, integrated optical
isolators, integrated optoelectronics, Mach-Zehnder interferome-
ters, magneto-optic devices.
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1. INTRODUCTION

ILICON photonics is now considered the most reliable and
S cost effective platform for very large-scale integration of
photonic circuits operating at the second (~1310 nm) and the
third telecom window (~1550 nm). Silicon is optically transpar-
ent at these wavelengths, which makes it an excellent material
for low-loss passive optical components. Active components
such as lasers and photodetectors have been effectively demon-
strated by heterogeneous integration of III-V compound semi-
conductor and germanium on a pre-patterned silicon layer [1].
Despite the great achievements in manufacturing photonic in-
tegrated circuits (PIC) in silicon photonics, additional optical
components that need to be efficiently integrated on the silicon-
based platform to enable more complex and higher performance
functionalities are optical isolators and circulators.

Optical isolators and circulators are unidirectional devices
that allow the propagation of light in one direction and block the
propagation in the opposite direction. They are used to reduce
unintended optical feedback in lasers, allow serial integration
by cascading multiple photonic components, and, in the case
of optical circulator, asymmetrically routes light coming from
different directions. Such a unique behavior is accomplished
when the Lorenz reciprocity of the device is broken [2], which
can be achieved three different ways: 1) using spatial-temporal
modulation (STM) of the refractive index [3]-[8], ii) exploiting
nonlinear effects (NLE) [9]-[12], and iii) using magneto-optical
(MO) materials [13]-[15]. The third solution has emerged as the
most reliable in terms of circuit complexity, optical power ef-
ficiency, and wide isolation bandwidth. STM requires complex
microwave driving circuits, while NLE suffers from low nonlin-
ear conversion efficiency. Furthermore, optical devices based on
STM and NLE operate with high performance only in a narrow
bandwidth, since the refractive index modulation is wavelength
sensitive, and the phase matching condition must be satisfied,
respectively. On the other hand, the nonreciprocal effect in MO
materials does not significantly change over a wide range of
wavelengths when operating in the near and mid-infrared, al-
lowing for a larger isolation bandwidth.

An optical wave that travels in a MO material is altered by
the presence of an external magnetic field. The light may ex-
perience one or more nonreciprocal effects like the rotation of
the polarization plane, the perturbation of the phase velocity,
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Fig. 1. Waveguide cross-section and external magnetic field that provides
largest nonreciprocal phase shift for (a) TE and (b) TM modes.

or the variation of the propagation loss according to the direc-
tion of propagation and the orientation of the external mag-
netic field. When this field is perpendicular to the direction of
propagation (Voigt configuration), forward and backward prop-
agating waves exhibit different phase velocities. This is known
as the nonreciprocal phase shift (NRPS) effect. Based on this
effect, on-chip integrated optical isolators and circulators have
been demonstrated in photonic crystals [16], [17], unbalanced
Mach-Zehnder interferometers (MZI) [18]-[22], and microring
resonators [23]-[28], where optical waves constructively inter-
fere for a prescribed direction and destructively interfere for the
opposite direction.

Because silicon is a reciprocal medium, several efforts have
been made to integrate MO material on this platform. The typi-
cal MO material used at the telecom wavelengths is yttrium iron
garnet (YIG), which is usually grown with cerium (Ce:YIG) or
bismuth (Bi:YIG) atoms to increase the nonreciprocal effect.
The explored approaches to integrate YIG on a silicon-platform
are pulsed laser deposition [29], sputtering [30] and wafer bond-
ing [25]. The first two approaches are appealing to realize mono-
lithic integration of MO garnet on a silicon substrate because
they provide conformal growth and sidewall coverage. However,
the quality of the YIG grown on silicon, or amorphous silica, is
far from that obtained by growing YIG on a gadolinium gallium
garnet (GGQG) substrate, which is the preferred native substrate
due to the lattice matching.

In heterogeneous Ce:YIG/silicon waveguides, the NRPS is
very sensitive to light polarization and the waveguide cross-
section. Additionally, the magnetic field orientation must be
properly arranged to maximize the phase shift between the for-
ward and backward propagating direction. As explained in [31],
for the TE mode, the optimum waveguide cross-section is hor-
izontally discontinuous and the external magnetic field is per-
pendicular to the circuit plane; vice versa, for the TM mode, the
waveguide is vertically discontinuous, and the magnetic field is
in the plane of the waveguide — as shown in Fig. 1. The configu-
ration of the optimal cross-section has important consequences
for the fabrication and packaging of the device. While TM non-
reciprocal waveguides can be fabricated in a straightforward
manner by bonding MO garnet [32], TE nonreciprocal waveg-
uides require deposition of the MO material in a lateral trench,
on the side of the waveguide, which has not been effectively fab-
ricated yet [33], [34]. Moreover, the intensity of the magnetic
field needed to induce the nonreciprocal effect is significantly
different for the in-plane and out-of-plane direction. For exam-
ple, in Ce:YIG, the in-plane field (TM case) required to achieve
the maximum NRPS is 50 Oe, while it is forty times stronger
for the out-of-place direction (TE case) [35]. As a result, TM
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optical isolators and circulators are more easily assembled, and,
as recently demonstrated, the in-plane saturation field can be ef-
ficiently generated using an integrated electromagnet [28], [36].
On the other hand, most semiconductor lasers emit TE polarized
light, which indicates the need to develop TE optical isolators
and circulators.

Since manufacturing TM optical isolators and circulators in
silicon photonics holds the lead over the TE case, integrating
polarization rotators with a TM isolator is, at the moment, the
most effective solution for realizing the TE devices. Based on
this approach, several solutions have been proposed. S. Ghosh
et al. demonstrated MZI-based optical isolators that achieved
an isolation ratio of 32 dB [37]. Although a large isolation is
attained, the fabrication of the polarization rotator requires the
deposition of 160 nm thick amorphous silicon over a 220 nm
silicon layer, followed by a selective dry etch. Due to the com-
plex geometries of the rotator structure, this approach is not
straightforward to implement. Moreover, the largest NRPS is
reached in a 220 nm silicon thick waveguide [32], so that the
taller waveguide used in this work (i.e., 380 nm) implies a larger
footprint for a prescribed NRPS (6 mm x 0.2 mm), resulting in
a large insertion loss of 22 dB. A maximal isolation of 26.7 dB
and excess loss of 26.2 dB for the TE mode at 1553 nm was
demonstrated by Shoji et al., implementing a planar polariza-
tion rotator with two asymmetric parallel waveguides [38]. The
main advantage of this solution is that the patterning of the sil-
icon layer requires a single lithography and etching step. On
the other hand, this isolator still suffers from large losses and
the implemented polarization rotator [39] is more sensitive to
wavelength and fabrication variation than an adiabatic solution
[40]. More recently, Yamaguchi et al. reduced the insertion loss
down to 3.4 dB by replacing directional couplers with tapered
mode converters [41]. Nevertheless, such mode converters limit
the optical isolation to 16 dB because of a Fabry-Perrot res-
onance between the input and the output of the multi-mode
interferometer junctions.

All the proposed solutions refer to an integrated optical isola-
tor, while no TE optical circulator has been fabricated in silicon
photonics. A TE optical circulator is more challenging to fabri-
cate, and, in an MZI-based circulator, the 50:50 couplers must
be perfectly balanced to provide the same isolation ratio at all
ports. In this work, we demonstrate, for the first time, to the best
of our knowledge, a broadband TE integrated optical circulator
in silicon photonics. Although the results are mainly focused
on the circulator, the same components can be effectively em-
ployed as a TE isolator by using only two ports, as described in
[20], [21].

The device is fabricated by bonding Ce:YIG on a pre-
patterned silicon-on-insulator (SOI) wafer. To operate for TE
polarized light, a broadband integrated polarization rotator is de-
signed and fabricated. The magnetic field is generated through
two independent integrated electromagnets, which drive the
nonreciprocal behavior in the Ce:YIG film. To reduce the drive
current and power consumption in the electromagnet, the bonded
GGG substrate is thinned down to a few microns. A multi-
coil electromagnet is used, which drops the power consump-
tion down to <1% of the value previously demonstrated for
broadband TM optical isolators [20]. The final devices show
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Fig. 2. Heterogeneous waveguide cross-section.

large isolation and wide isolation bandwidth. The integrated
electromagnet provides an effective solution for device packag-
ing, leading towards integration of nonreciprocal components in
silicon photonics. Moreover, the thermal heating induced by the
electromagnet can be gainfully used to tune the operating wave-
length and compensate for fabrication deviations.

II. MZI-BASED ISOLATOR AND CIRCULATOR DESIGN

Broadband optical isolators and circulators can be effectively
implemented using MZI geometry, where at least one of the two
arms of the MZI is equipped with a nonreciprocal waveguide.
In this section, the design of the sub-components for this device
is described. After presenting the optimal nonreciprocal wave-
guide cross-section for the TM mode, the transfer function of the
MZI-based circulator is derived with the definition of the design
rules to achieve maximum optical isolation between two adja-
cent ports. Electromagnets are optimized to reduce the power
consumption and TE-TM polarization rotators are presented in
the last subsection.

A. Heterogeneous Waveguide Cross Section

The waveguide cross-section of the proposed device is
schematically shown in Fig. 2. A high-quality Ce:YIG single
crystal is grown on (Ca, Mg, Zr)-substituted GGG by using
sputter epitaxy with a target of Ce; YoFe;O;2. The MO die is
bonded onto the pre-patterned SOI waveguides, and the GGG-
substrate is then lapped to reduce the distance between the elec-
tromagnet and the Ce:YIG layer. Eventually, gold metal strips
are deposited to create the electromagnets [36].

The cross-section is optimized to achieve the largest nonre-
ciprocal shift at Ay = 1550 nm between TM forward and back-
ward propagating modes; the thickness of the Ce:YIG layer is
400 nm, the thickness of the silicon (Si) layer is 220 nm, and
the waveguide width is 600 nm. A 10 nm-thick oxide layer is
also assumed between Ce:YIG and Si, which is a byproduct of
the oxygen plasma assisted bonding process [28].

To compute the transfer function of the device, the effective
index and the group index are calculated using the accurate fi-
nite element mode solver presented in [42]. All materials are low
loss at Ag = 1550 nm, with the exception of the Ce:YIG which
has a propagation loss of about 60 dB/cm, included in the mode
analysis. When no current is injected in the electromagnet, the
waveguide is reciprocal and the effective and group indices at
Ao = 1550 nm are n.f¢(Ao) = 2.18 and ny (19) = 3.2, respec-
tively. When the current is non-zero, the effective index in the
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Fig. 3. Top view of an integrated Mach—Zehnder interferometer. In the case

under study, the two arms have magneto-optic phase shifter with length L; and
Ly, respectively.

two directions is differentiated, i.e., n.¢f(Ao) £ Anar(ro)/2,
where the sign depends on the direction of the x-component
of the magnetic field and so the direction of the current I,
+7z in Fig. 2. The amplitude of Anj; grows linearly with the
current until it reaches its maximum value when the magneti-
zation of the Ce:YIG is saturated. In this working condition,
the Faraday rotation constant of the Ce:YIG reaches its peak,
i.e., O = —4800° /cm [43], such that Any e, = 1.17-1073
at Ag = 1550 nm. On the contrary, the group index does not
change significantly with the external magnetic field or with
the direction. Since the electrical current induces local heating,
the variation of the effective index and the degradation of the
Faraday rotation constant, with respect to the temperature, is
taken into account as shown in [28], [36]. Moreover, to include
wavelength dispersion, the effective index is computed as

A A
ey () =gy Ga) -y )+ (1= ) @)
Ao Ao
while the simulated propagation loss is about 8.6 dB/cm in all
operating conditions.

B. MZI Model and Design

Fig. 3 shows a push-pull MZI design, where each arm in-
cludes a heterogeneous waveguide, like the one described in the
previous subsection. The two arms of the MZI are driven by
integrated electromagnets with lengths L; and L, to induce the
nonreciprocal phase shift. The remaining lengths of the arms
are Lo and Lo, respectively.

To compute the scattering matrix of a nonreciprocal MZI, the
coupling matrix of the first coupler, the transfer function of the
two arms, and the coupling matrix of the second coupler are
cascaded. Following the port labelling shown in Fig. 3, the light
is injected from Port 1 or Port 3, and collected at Port 2 and
Port 4.

Eouta t5 —ko el 0 t1 ki\ [(Eina
Eoui o k5 to 0 €% —ki 17 Eip 3
2

where k; (ky) is the field cross-coupling coefficient and #; (2)
is the field transmission coefficient of the first (second) coupler,
while ¢, and ¢, are the phase shifts of arm 1 and arm 2,
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respectively, when the light propagates from left to right in the
figure. Analogous relations are derived when the light is sent
from Port 2 or Port 4 and collected at Port 1 and Port 3

Eoutn i —k /%0 to ko\ (Eina
Eous) \ki t 0 % ) \—kit5) \Eino
3)

where ¢; and ¢, are the phase shifts of arm 1 and arm 2,
respectively, when the light propagates in the backward direc-
tion. In Egs. (2) and (3), the couplers are reciprocal and lossless
(ie., [t:? + |ki|*> =1, fori=1,2).

As described in detail in the next section, the couplers are
designed to be adiabatic and to split the power equally, i.e. t; =
ty = ki = ky = —j/+/2. For the light that propagates from left
to right (or right to left) in Fig. 3, the two adiabatic couplers
have opposite orientation, like in [44], which explains why the
transfer matrices of coupler 1 and coupler 2 in Eq. (2) and Eq. (3)
are formally one the inverse of the other. Adiabatic couplers are
designed to operate over a broad bandwidth, and to achieve the
same scattering coefficient between adjacent ports.

To derive the phase relation between the arms of the MZI, the
propagation loss is neglected to a first approximation. Using the
previous assumptions on the coupling coefficients, Egs. (2) and
(3) become

EOUtA _ " cos <A¢+/2> jSil’l (A¢+/2) Ein,l
o)~ \dsin(867/2) cos (867 /2) ) \Bins

(€]
Eout 1 _ b cos (Ap~/2) —jsin(A¢ /2)\ [ Eina
Eout3 —jsin (A¢~/2) cos(Ap~/2) Ei, 2
5
where
7 (1) =[¢] M) +¢5 V)] /2, o=+,— (6.1)
A (A) = 6] () — d5 (A), o =+, — 62)
Introducing the compact notation
7 =jel" sin (A¢7[2), o=+, — (7.1)
@ =el? cos (A¢7)2), o=+,— (7.2)
the scattering matrix is finally written as
Eout,l 0 —s= 0 ¢ Ein.l
Eyut2 _ st (1 ct 07 By ®)
Eout,3 0 ¢ 0 —s Ei71,3
Eout‘4 C+ 0 5+ 0 Ev',n,,4

which is akin to the one derived in [31] for a nonreciprocal
ring-based optical circulator.

To achieve optical circulation according to the direction Port
1—Port 2—Port 3—Port4—Port 1, the following relations must
be satisfied

©.1)
9.2)
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For the opposite circulating direction, i.e., Port 1—Port 4
—Port 3—Port 2—Port 1, the following conditions must be
fulfilled

|t =|s7| =1 (10.1)

| =1]s"|=0 (10.2)
The conditions stated in Egs. (9) imply

A¢~ =2mm (11.1)

ApT =7+ 2nr (11.2)

where n and m are integers. For the opposite circulating direc-
tion, the relation in Egs. (11) are flipped, providing

Ao~ =m+2mm
A¢T = 2nrw

(12.1)
(12.2)

In both cases, the phase difference between A¢~ and Agp™
must be equal to an odd multiple of 7, which means that the
minimum phase shift to achieve optical isolation between the
forward and the backward spectra is half of the free spectral
range (FSR) of the MZI. For the device under investigation, the
shift of the spectrum between the two operating conditions (e.g.,
forward and backward propagation) is equal to

ATLO . AL() + ATLQ . L2 — Am . L1
ng‘o . ALO —|— ng’g . LQ — ’I’Lgﬂl . Ll

Al = A (13)
where An;, fori =0, 1, 2, is the effective index variation of the
reciprocal waveguide (i = 0) and the nonreciprocal waveguide
under the two electromagnets (i = 1, 2); ny ;, fori =0, 1, 2, is
the corresponding group index, and ALy = Log—Ljg. Since
the Ce:YIG is bonded on all the devices, the group indices
in the three sections have very similar values ng o = ng 1~ ng ».
Eq. (13) can also be written in terms of phase. When AM is
equal to a full FSR, which implies a phase variation equal to
27, therefore A¢ = AA-27w/FSR. The derivation of Eq. (13) is
reported in the appendix.

When the currents in the two electromagnets have the same
intensity but opposite directions, Any =0and Any = —Any =
Amnyy, so that the spectrum shift due to the magneto-optic effect
is

ATLM . (L2 —+ Ll)
Ng - (ALO + Ly — Ll)

Adkpr = A (14)

With the same current in the two electromagnets, the two
arms of the MZI are locally heated and the spectrum is shifted
due to the temperature increase

ATI,T . (LQ — Ll)

Alr = A -
r TLg'(ALO+L2—L1)

15)

To maximize the optical isolation, the forward and backward
spectra must be offset by half of the FSR. To minimize the
thermo-optic effect, the lengths of the two electromagnets are
made equal. The minimum length of the electromagnet is set
from the condition A%, = FSR/2, which is equivalent to Eq.
(11) or Eq. (12) depending on the phase difference between
A¢~ and A¢*. Recalling that FSR = A% /(n, AL) [45], the
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Fig. 4. Optical isolation ratio as a function of the power coupling coefficient
of the directional couplers. By varying the splitting ratio of the power, the optical
isolation between Port 1 and Port 4 (IR 4 ) and the one between Port 2 and Port 3
(IR23) decrease. Same decreasing behavior is observed for K;, Ko < 0.5.

previous condition implies Ly = Ly = /(4 - Anasmaz) Such
that the minimum electromagnet length is L; = Ly = 342 pum.
Finally, the difference between the two arms lengths, AL, can
be independently chosen to set the FSR.

C. Adiabatic Power Splitter

To achieve large optical isolation between adjacent ports, the
power splitter must equally split the optical power between the
two arms. When this condition is not matched, the isolation
decreases, and the performance of the device is limited. This
particularly happens because the coupling coefficient changes
with the wavelength or because of fabrication variability.

To quantify how the isolation ratio (IR) degrades with the cou-
pling coefficient, the two couplers are assumed to be identical
and to provide the same power splitting. As aresult, the field cou-
pling coefficients and the field transmission coefficients in Eqgs.
(2)and (3) are |k; | = |ko| = VK, and |t;| = |t2] = VI — K,
respectively, where K is the power coupling coefficient. When
K = 0.5, the scattering matrix has the form in Eq. (8) and the
isolation ratio is ideally infinite when Eq. (11) or Eq. (12) is
satisfied. Vice versa, when the phase difference between A¢p~
and A¢™ is still equal to (2n + 1)-7 but K = 0.5, the isolation
ratio between Port 1 and Port 4 (IR;,) and between Port 2 and
Port 3 (IRy3) decrease as shown in Fig. 4, while the isolation
ratio between Port 1 and Port 2 (IR;9) and between Port 3 and
Port 4 (IR34) remain infinite. The reason why IR;5 and IR3, are
still very large is that those parameters measure the isolation at
the cross-ports, so that the light that travelled in the two arms is
modulated equally by the two couplers and it results multiply by
VK - (1 — K) for both arm 1 and arm 2. On the contrary, at
the through port the light that propagates in one arm is tempered
by K, while the light that travels in the other arm is reduced by
(1 — K), socondition (11) or (12) do not nullify the scattering co-
efficient. Since optical isolation is always very large at the MZI
cross-port, compact directional couplers can be used instead
for integrated isolators [20]. Vice versa, when optical circula-
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Fig. 5. Schematic layout of adiabatic directional coupler (top) and simulated
field coupling coefficient (i.e., t) and filed coupling coefficients (i.e., k) of the
optimized adiabatic directional coupler (bottom).

TABLE I
ADIABATIC MODE-EVOLUTION-BASED COUPLER

Symbol Description Size
w Waveguide width 600 nm
w; Waveguide width 700 nm
w» Waveguide width 500 nm
g Waveguide distance 6 um
o) Coupler distance 300 nm
L Taper length 100 um
Ly s-bend 100 um
Ly> s-bend 100 pm
L. Coupler length 200 um

tor function is required, all ports must have the same behavior.
To provide this, fabrication tolerant and wavelength insensitive
adiabatic directional couplers are designed which call for a
larger footprint.

For the purpose of this work, a mode-evolution-based adia-
batic coupler proposed in [46] is implemented in the heteroge-
neous platform (Ce:YIG/Si). The schematic layout of the cou-
pler is shown in Fig. 5 together with the numerical results, while
the dimensions of the coupler are reported in Table I. From the
analysis in Fig. 4, the above-mentioned optimized directional
coupler will guarantee an extinction ratio larger than 20 dB over
more than 100 nm. Indeed, 0.45 < K;, Ky <0.55 for 1504 nm <
A <1625 nm.

D. Integrated Electromagnet

This section is focused on optimization of the integrated elec-
tromagnet, which is fabricated by depositing a metal microstrip
on the thinned GGG substrate. When current flows in the mi-
crostrip, a magnetic field is generated and the nonreciprocal
effect is induced in the Ce:YIG [36]. Since the magnetic field
decays with distance, the GGG substrate is mechanically thinned
down to few microns after die bonding. The in-plane compo-
nent of the magnetic field can be increased by using parallel
microstrips or multi-coils, as proposed for micro-ring based
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Fig.6. Thein-plane magnetic field at the Si/Ce: YIG interface (left) and the av-

erage temperature increment in the waveguide are computed with respect to the
electrical current. Different substrate thicknesses (2 pm and 8 pim) are consid-
ered. The numerical results show field enhancement of three-coil electromagnet
with respect to single coil solution.

optical isolators and circulators [28]. To work in a push-pull
configuration, the currents in the two arms of the MZI are cho-
sen to be in opposite directions.

The magnetic field and the temperature distribution is com-
puted using COMSOL Multiphysics [47] assuming a 500 nm
thick and 5 pm wide gold micro-strip, with a spacing of 3 yum in
the case of multi-coils. The electrical and thermal constants used
in the simulations are reported in the supplementary material of
[27], while a more accurate estimation of the Ce: YIG magnetic
permeability is extracted from magnetization measurement re-
ported in [35]. As a result, the relative permeability is

387 0 0
prcevic=| 0 1.94 0 (16)
0 0 387

where the reference frame in Fig. 2 is considered.

The in-plane magnetic field at the Si/Ce:YIG interface and
the average temperature increment in the waveguide are shown
in Fig. 6 for 2 ym and 8 pm thick GGG substrates for the
single and the three coil electromagnet cases. As expected, a
larger in-plane field is produced by the thin GGG with a 3-coil
electromagnet. In this case, 100 mA electrical current is needed
to magnetically saturate the Ce: YIG, i.e., H; = 50 Oe, so that the
largest nonreciprocal phase shift is produced (see Section II-A).

Since the magneto-optic effect decreases with the tempera-
ture induced by the electromagnet [48], and the magnetic field
diminishes when the distance between the Ce:YIG and the elec-
tromagnet increases, L; and Lo are chosen to be longer than
the minimum values reported in Section II-B. A longer elec-
tromagnet is also beneficial for reducing the maximum current,
consequently limiting electro-migration in the metal. Consider-
ing a more conservative length, the magneto-optic, Aiyr, and
thermal, ALy, wavelength shifts are computed as a function of
the electromagnet currents using Eq. (13), where the effective
index is calculated with respect to the magnetic field and the
thermal variation shown in Fig. 6.

The results are shown in Fig. 7 for different GGG thick-
nesses and electromagnets. As predicted in the previous sec-
tion, when |I; | = |I5| the thermal shift is very small, while the
magneto-optic shift increases with increased current. By unbal-
ancing the current in the two arms, a suitable thermal shift can
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Fig. 7. Simulated magneto-optic and thermal wavelength shift of MZI circu-
lators in the case L; = Ly = 1020 pm and ALy = 70 pm. The cases with
the lowest and largest magnetic field presented in Fig. 6 are considered. Similar
results are achieved in other cases.

be used to trim the operating wavelength and compensate for
fabrication deviations without compromising the nonreciprocal
split between forward and backward spectra.

E. TE-TM Polarization Rotator

Since the waveguide cross-section in Fig. 2 maximizes the
nonreciprocal phase shift for the TM mode, a TE—TM polar-
ization rotator is placed at the MZI-port. The rotator consists of
an adiabatic coupler followed by a linearly shaped taper. The
former is used to couple the fundamental TE mode (TEO) into
the first higher TE mode (TE1), as commonly used in mode-
multiplexed systems. The latter converts the TE1 mode into the
fundamental TM mode (TMO) through a mode hybridization
effect [40]. This mode hybridization occurs at certain widths for
which the TE1 and TMO modes in the waveguide have similar
refractive index. The waveguide geometry must be asymmetric
as well, provided by the bonded Ce:YIG upper cladding in our
device. The lengths of each section of the rotator are chosen such
that the transition is fully adiabatic. The detailed dimensions of
the polarization rotator can be found in [49].

III. EXPERIMENTAL RESULTS

In this section, the fabrication steps and the experimental
characterization of the proposed device are presented. After
characterizing the basic building blocks, i.e., the adiabatic cou-
pler, the polarization rotator and the integrated electromagnet,
the performance of the full device is evaluated in terms of optical
isolation, insertion loss and isolation bandwidth.

A. Device Fabrication

A 220 nm-thick silicon-on-insulator (SOI) wafer is patterned
using 248 nm deep ultra-violet lithography and dry etched using
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Fig. 8.  Experimental characterization of the power coupling coefficients of

the adiabatic couplers in a MZI.

a Bosch process. To prepare the sample for the bonding, the
pre-patterned SOI wafer and the MO garnet are carefully cleaned
and activated with Oz plasma. The bonding with alignment
is performed on a pick-and-place machine, and the process is
completed by annealing the bonded sample at 200 °C for 6 hours
under 3 MPa of pressure. A protective silica layer is sputtered
on the final die before the lapping step, which is used to thin
the GGG substrate. Finally, the metal stack is fabricated by
evaporating 22 nm of titanium followed by 500 nm of gold [36].

Beyond the high quality of Ce:YIG separately grown on
GGG, another benefit of the described bonding fabrication pro-
cess is the compatibility with heterogeneous laser integration
allowing for large volume manufacturing. For more detail about
heterogeneous integration of optical isolators and circulators
with lasers on silicon, the reader is referred to [49].

B. Device Characterization

The adiabatic coupler is characterized using the method pro-
posed in [50]. Such a method allows for fully characterizing the
power coupling coefficients of the adiabatic couplers from the
extinction ratio of the MZI spectra in the case of small FSR.
As shown in Fig. 8, the power coupling coefficients of the two
adiabatic coupler in the MZI are very close to 50% over the
wavelength range 1460 nm-1560 nm with a variation of less
than 3%. This guarantees an IR larger than 25 dB in that wave-
length range, as predicted from Fig. 4.

The experimental characterization of a 1.85 mm-long het-
erogeneous waveguide (i.e., Ce:YIG/Si) is shown in Fig. 9 in
comparison with a 600 nm x 220 nm silicon waveguide with
a silica cladding. Assuming the scattering loss at the interfaces
between the channel waveguide with a silica cladding and the
Ce:YIG bonded waveguide is 0.6 dB/facet [36], the TM propa-
gation loss is about 30 dB/cm at 1550 nm. This value is larger
than the simulated one reported in Section I A (i.e., 8.6 dB/cm)
since the TM mode is located at the Ce:YIG/Si interface [32]
and it suffers from the scattering loss, not included in the mode
analysis. As shown in the following, this is the main cause of
the large insertion loss of the isolator/circulator.

Figure 9 shows also the characterization of the polarization
rotator that guarantees a polarization extinction ratio larger than
17 dB between the output TE and TM polarization. For this
characterization, a TE-polarized light is injected in the polariza-
tion rotator and an external polarization beam splitter separates
TE and TM components of the output signal. The insertion loss
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Experimental characterization of the integrated broadband polarization
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v
&

Fig. 10. Micrograph of integrated MZI optical circulators. Two electromagnet
configurations are show in the figure, named 3-loop coil and 1-microstrip.

(IL,0¢) is estimated by comparing those results with the TM
mode loss in the heterogeneous Ce:YIG/Si waveguide.

Two different electromagnet configurations are fabricated and
investigated. The fabricated devices are shown in Fig. 10, where
they are named “3-loop coil electromagnet” and ““1-microstrip
electromagnet”, respectively. The 3-loop coil electromagnet re-
quires a single electrical source to control the nonreciprocal
behavior of the two MZI arms. It provides a larger in-plane
field (3 microstrips as shown in Fig. 6) and a longer nonrecip-
rocal interaction compared to the two-distinct single microstrip
cases. On the other hand, in the other device, the current of
the two arms is independently controlled, holding the benefit
of fine spectral tuning through thermal heating. For both con-
figurations, the passive silicon MZI underneath is identical. To
compare the experimental results with the theoretical model
previously developed, note that the 3-loop coil electromagnet is
equivalent to assuming that the two electromagnets fully cover
the two arms and no reciprocal part is present, i.e., ALj is 0. As
a result, for the device under investigation, the electromagnet
lengths are L; = 1450 pym and Ly = 1520 pm for the 3-loop
coil electromagnet and L; = Ly = 1020 pm for the 1-microstip
case, while ALy is 0 and 70 pm, respectively. In this way the
FSR is equal to 10.7 nm in both configurations.

The nonreciprocal wavelength shift is measured by sweeping
the current in the electromagnet, and the experimental results
are shown in Fig. 11 for 4 MZI devices with different elec-
tromagnet configurations and GGG substrate thicknesses. The
experimental (discrete markers) and theoretical (curves) results
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Fig. 11.  Nonreciprocal wavelength shift in MZI-based optical circulator. Dif-
ferent electromagnets and GGG substrate thicknesses are investigated.
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Fig. 12.  Optical spectrum of MZI-based optical circulator in the C band,
1530 nm-1565 nm.

are plotted, showing an excellent agreement. In the device under
investigation, AA must be equal to 5.35 nm for optimal isola-
tion ratio, meaning the nonreciprocal phase shift is equal to 7.
To meet this requirement, a current of 50 mA is needed in the
I-microstrip electromagnet with 8 yzm thick GGG. Thinning the
substrate down to 2 um, results in a 50% lower driving cur-
rent with a power consumption one fourth of the former case.
A further current reduction down to 10 mA is achieved in the
3-loop coil electromagnet with longer magneto-optic interac-
tion. In this case, the resistance of the electromagnet is roughly
30 2, meaning only 3 mW of electrical power is required. This
is a significant improvement over previous MZI devices, which
required 180 mA of current and 260 mW of power [20].

The optical behavior of the TE optical circulator is character-
ized in the C telecom band (1530 nm — 1565 nm). Considering
the circulating direction Port 1 — Port 2 — Port 3 — Port 4
— Port 1, the optical spectra between two adjacent ports are
shown on the top of Fig. 12, while the corresponding spectra in
the opposite direction are reported on the bottom. The operat-
ing wavelengths in the direction Port 1 — Port 2 — Port 3 —
Port 4 — Port 1 are highlighted with the continuous vertical
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Fig. 13.  Optical spectrum of MZI-based optical circulator 1530 nm— 1565 nm.

line, while the dashed vertical line refers to the Port 1 — Port 4
— Port 3 —Port 2 — Port 1 operating wavelength. The isolation
ratio computed between two adjacent ports reaches a maximum
value of 30 dB near 1555 nm, while a minimum isolation larger
than 18 dB between two adjacent ports is guaranteed across the
C-band. The insertion loss of this device is between 18 dB and
21 dB and it is measured by comparing it to a straight silicon
reference waveguide of the same dimensions, however, without
the bonded Ce:YIG (not shown in Fig. 12).

Reducing the path difference between the two arms enlarges
the FSR and allows for realizing an optical circulator that oper-
ates across a broader bandwidth. In the case of ALy = 1 um, the
forward and backward optical spectra are shown in Fig. 13. The
spectrum is centered at 1560 nm and an optical isolation of more
than 18 dB is provided between each port pair. The IR slightly
decreases with respect to the previous device because the mode
conversion in the TE-TM polarization rotator has lower per-
formance at different wavelengths and some residual TE is not
fully converted. In this case, the insertion loss is between 14 dB
and 18 dB when compared to a silicon reference waveguide at
1560 nm.

The isolation ratio for different isolation bandwidth (BW) is
computed by using the following expression

Ao+BW /2 ro+BW/2

|Sji (M) dn

a7
where S;; and Sj; are the scattering coefficients in Eq. (8)
between Port i and Port j, A is the central isolation wavelength
or the wavelength where the minima of the backward spectra
occurs. The results are shown in Fig. 14, where 15 dB of isolation
ratio is guaranteed over more than 14 nm (1.75 THz).

The insertion loss (IL) is the main limitation of the current
devices, however, its value can be significantly reduced. To
understand how, all the contributions to the total insertion loss
are analyzed. When a signal propagates from Portito Porti+ 1,
where the index i is modulo 4, the light crosses two polarization
rotators, two bonded facets and two adiabatic couplers. Since
the two arms of the MZI have similar length and the power is
equally split between them, this contribution is like the insertion

1S, (1)2dn/

A —BW /2

TR(BW)= /

ro—BW/2
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Fig. 14.  Optical spectrum of MZI-based optical circulator 1530 nm-1565 nm.

loss of one arm only. As a result, IL can be written as

IL=2-TLtqeet +2-ILpot +2-ILeoup +1Lary  (18)

where ILy,..; = 0.6dB is due to the interfaces between the
channel waveguide with a silica cladding and the Ce:YIG
bonded waveguide [36], IL,,; = 2.0dB is the insertion loss
of the polarization rotator, I L.o,, = 2.2dB is the loss of the
50/50 adiabatic coupler and I L,,,, = 6.4dB is the loss in one
arm of the MZI, respectively. As a result, the estimated IL is
about 16 dB, which close to the measured value of both devices.
The variation of IL with respect to A is due to two reasons. The
propagation loss in the heterogeneous waveguide varies linearly
between 44 dB/cm at 1520 nm and 16 dB/cm at 1580 nm, while
the value of I L, ,; ranges between 0.5 dB and 3 dB over the same
wavelength spectrum. It is also worth noting that the insertion
losses of the adiabatic coupler and the MZI arm are proportional
to their lengths and to the propagation loss in the heterogeneous
waveguide.

An effective way to reduce the IL is moving the polarization
rotator inside the MZI like in [37] and reducing the length of the
nonreciprocal phase shift to its minimum, i.e., L; = Ly =342 um
as described in Section II.A. The implementation of this solution
requires a precise bonding alignment or the development of an
etching process for GGG and Ce:YIG similar to the one used for
heterogeneous III-V on silicon [51]. Moreover, a larger current
is needed to saturate the MO material. On the other hand, the
benefits are a negligible insertion loss of the adiabatic coupler
[46] and a loss as low as 1.0 dB for the MZI arm, resulting in a
total insertion loss of about 6.0 dB. Moreover, optimization of
the TE-TM polarization rotator can further reduce this value.

IV. CONCLUSION

In this work, integrated TE optical circulators in silicon pho-
tonics are experimentally demonstrated, for the first time, to the
best of the authors’ knowledge. Devices with different perfor-
mance are fabricated using magneto-optic garnet bonding on a
standard 220 nm-thick SOI wafer. Since bonding provides non-
reciprocal phase shift for TM mode only, TE-TM polarization
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rotators are designed at all ports to enable high performance
optical circulators. The nonreciprocal effect is controlled by an
integrated electromagnet, and an optical circulator is demon-
strated for the C-band with an isolation ratio as large as 30 dB.
A broadband optical circulator is fabricated for operation around
1560 nm, which guarantees optical isolation of more than 15 dB
over 14 nm at all ports. Optimizing polarization rotator perfor-
mance can further increase the optical isolation. Furthermore,
power consumption needed to drive the integrated electromag-
net has been successfully reduced to 3 mW, which is only 1.15%
compared to 260 mW, which was previously demonstrated. Al-
though this work is focused on optical circulators, the same
devices can be employed as an integrated TE isolator using
only two ports, providing an effective solution for integrating
nonreciprocal devices in silicon photonics.

APPENDIX
MZI SENSITIVITY

The sensitivity indicates the optical spectrum shift, A, with
respect to a reference operating condition due to an external
perturbation. Several effects, such as magneto-optic or electro-
optic effects, temperature variation and fabrication variability,
can cause this shift. In this section, the sensitivity of an MZI is
derived considering the unbalanced MZI shown in Fig. 2. Each
arm of the MZI holds a magneto-optic phase shifter with lengths
L, and Ly, respectively. The remaining lengths of the arms are
indicated by L, and Ly, respectively.

The interference fringes of the spectrum are computed con-
sidering the constructive (or destructive) interference between
the two arms. At the reference condition, the maxima of the
output spectrum at the bar port are the wavelengths that solve
the following equation

Bo (A1) Lo + B2 (A1) La—Bo (A1) Lio—01 (M) Ly =7 + 2nmw
(19)

where 3y is the phase constant of the waveguide, while 3,
and (35 are the phase constants of the magneto-optic waveguide
in the two arms. An analogous relation can be written for the
perturbed case

Bo (X2) Lag + B2 (2) Ly — By (o) L1o — f1 (Ag) Ly =7 + 2nm

(20)
where Ao is the interference wavelength, and the superscript
tilde indicates the perturbed phase constants.

To compute the sensitivity, i.e., AL = A1 — Ao, Eq. (19) and
Eq. (20) are computed with respect to the central wavelength
A = (A1 + A2)/2, and the phase constant are replaced using the
Taylor expansion series:

A 27 A\ .
Bi ()&+2>:)\|:nz’(}\)_ng,i()‘)2k:| , 1=0,1,2
Q1.1

~ AX 27 [ . - AM .
ﬁl()\.—2>:)\’|:nl()\.)+nql()\.)2)\’:| s 220,1,2
21.2)
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where n; and n, ; are the effective index and the group index
of the waveguide (i = 0) of the magneto-optic waveguide in
arm 1 (i = 1) and arm 2 (i = 2), respectively. The superscript
tilde in Eq. (21.2) indicates the perturbed effective index and the
group index. Replacing Eq. (21.1) and Eq. (21.2) in Eq. (19) and
Eq. (20), respectively, and computing the difference between the
two equations, the following expression is derived

ATLO . ALO —|—A7’L2 . LQ — A’I’Ll . L1

Ak =4 Ngo ALy +ng2 Lo — g1 - Ly @2)
where

ALy = Ly — Lo (23.1)

Ang =i (W) —7; (A), i=0,1,2 (23.2)

Ngi = [ngi (A) +ngi (A)] /2, i=0,1,2 (23.3)

In Egs. (23.1)—(23.3), ALy is the path difference between
the two MZI arms, An;, fori = 0, 1, 2, are the effective index
variations between the reference and the perturbed cases and
ng i, fori=0, 1, 2, are the average group indices. For small AA,
the average group indices in Eq. (23.3) can be approximated
with n,, since they do not change significantly. Eq. (22) is very
similar to the one known for ring resonators AA = A-An / ng
reported in [52].
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