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We discuss the design and demonstration of various III–V/Si asymmetric Mach–Zehnder interferometer (AMZI)
and ring-assisted AMZI (de-)interleavers operating at O-band wavelengths with 65 GHz channel spacing. The
wafer-bonded III–V/Si metal-oxide-semiconductor capacitor (MOSCAP) structure facilitates ultra-low-power
phase tuning on a heterogeneous platform that allows for complete monolithic transceiver photonic integration.
The second- and third-order MOSCAP AMZI (de-)interleavers exhibit cross-talk (XT) levels down to −22 dB and
−32 dB with tuning powers of 83.0 nW and 53.0 nW, respectively. The one-, two-, and three-ring-assisted
MOSCAP AMZI (de-)interleavers have XT levels down to −27 dB, −22 dB, and −20 dB for tuning powers of
10.0 nW, 7220.0 nW, and 33.6 nW, respectively. The leakage current density is measured to be in the range of
1.6–27 μA∕cm2. To the best of our knowledge, we have demonstrated for the first time, athermal III–V/Si
MOSCAP (de-)interleavers with the lowest XT and reconfiguration power consumption on a silicon
platform. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.444991

1. INTRODUCTION

Over the past decade, there continues to be an increased demand
for high bandwidth density optical interconnects for growing
mega data centers, long-haul telecommunications, and peta/
exa-scale high-performance computing. Some studies suggest
annual global data center IP traffic will reach 20.6 zettabytes
by the end of 2021; 94% of those workloads will be processed
by cloud data centers and 6%by traditional data centers [1]. The
majority of this IP traffic comes from video streaming services,
and machine-learning applications [2]. With the advent of the
Internet-of-Things, machine-to-machine connections via home
applications and connected cars are expected to have a 30%
compound annual growth rate over a forecast period from
2018 to 2023, connecting half of global devices [3]. To accom-
modate the exponential growth in data traffic, the trend has been
to scale mega-data centers with hundreds of thousands of
servers, which underscores the concern for data center power
consumption given increased ecological concerns and future
environmental impact [2,4]. In fact, by 2030, it is estimated that
8%–20.9% of global power consumption will be from data cen-
ters [5]. Therefore, future data center interconnects will need to
support higher bandwidths at reduced energy dissipation
(energy/bit) at a cost that economically scales.

Silicon photonics is a promising technology that aims to
reduce system-level power consumption to a few or sub-
picojoule/bit, increase aggregate bandwidth to multiple tera-
bytes/second, and lower manufacturing costs by leveraging
well-established complementary metal oxide semiconductor
technologies. A major advantage of silicon photonics lies in
dense integration capacity to conveniently enable advanced
technology, such as dense wavelength-division multiplexing
(DWDM) where many parallel channels of wavelengths can
be multiplexed onto a single fiber for massive aggregate band-
width. At Hewlett Packard Labs, a novel DWDM architecture
to drastically reduce chip power consumption (<1.5 pJ∕bit),
while simultaneously increasing transmission bandwidth
(>1 Tbit∕s), has been proposed [6]. A heterogeneous III–V/Si
platform is being developed to enable such a DWDM trans-
ceiver. Within this platform, optical (de-)interleaving is an im-
portant functionality for realizing high-bandwidth DWDM
systems with our heterogeneous optical frequency comb (OFC)
sources [6–10], semiconductor optical amplifiers (SOAs) [11],
and micro-ring modulators [12,13]. Typically, micro-ring res-
onators (MRRs) are cascaded onto a single common bus wave-
guide; however, there is a practical limit to the number of
MRRs that can be used in this architecture. This is due to cross
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talk (XT), off-resonance insertion loss (IL), and the free spectral
range (FSR) limitation of MRRs at the expense of smaller ring
radius size, as well as control complexity [14–16]. On-chip
(de-)interleavers address this issue by splitting every other OFC
wavelength onto a separate spatial bus waveguide such that each
spatial bus links a half number of the MRRs, but with the chan-
nel spacing doubled. The channel spacing is chosen to be
65 GHz because it was found in DWDM applications to suffer
from moderate power penalty for modulation at 10 Gbit/s [17].
Multiple stages of (de-)interleaving can further extend the
channel spacing if necessary. Current state-of-the-art silicon
photonic (de-)interleavers use either power inefficient thermal
[18,19] or current injection phase shifters to compensate for
either waveguide phase errors, power splitting errors, or tem-
perature drift. In this paper, we demonstrate the use of a hetero-
geneously integrated III–V/Si metal-oxide-semiconductor
capacitor (MOSCAP) structure to efficiently tune the phase
errors in various (de-)interleavers such that channel XT is re-
duced. In this case, we aim to (de-)interleave an OFC source
(comb laser A) with 65 GHz channel spacing, as illustrated
in Fig. 1 [6]. We have designed and fabricated various
(de-)interleaver architectures such as second/third asymmetric
Mach–Zehnder interferometers (AMZIs); one-, two-, three-
ring-assisted AMZIs (RAMZIs); and cascaded second-order
ring filters on the same heterogeneous III–V/Si chip. Each de-
sign has advantages/disadvantages in terms of flatness of pass-
band, passband roll-off, and IL. These designs should address
three main desired requirements of (de-)interleavers: (1) low IL
such that the optical power budget is minimized, (2) passband
widths are wide enough to accommodate OFC drift and tem-
perature fluctuation such that minimal wavelength tuning is
required, and (3) there is a way to efficiently correct for fab-
rication imperfections which are an issue for high-index plat-
forms such as silicon photonics. The use of heterogeneously
integrated MOSCAP (de-)interleavers not only addresses these
three issues, but also allows for convenient integration of low-
power OFC sources [7], SOAs [11], modulators [12,13], and
photodetectors [6,20–23], all with identical III–V/Si material

stack and coherent fabrication flow. In addition, the ultra-
energy-efficient MOSCAP (de-)interleavers presented here
offer a building block that will benefit a wide range of appli-
cations such as DWDM/CWDM (de-)multiplexers [24–30],
programmable photonics [31–36], RF photonics [37,38],
and optical neural networks [39,40].

In this paper, we demonstrate various second/third-order
MOSCAP AMZI and one-, two-, three-ring-assisted
MOSCAP AMZI (de-)interleavers operating at O-band wave-
lengths with 65 GHz channel spacing. The second/third-order
AMZI (de-)interleavers show channel XT of −22 to −15 dB and
−32 to −22 dB, respectively, with an associated power consump-
tion of 83.0 and 53.0 nW. The power consumption for the sec-
ond-order MOSCAP AMZI is 2.77 × 105 smaller than that of a
similar AMZI-based interleaver using thermal re-configuration
[18]. The one-, two-, three-ring-assisted AMZI (de-)interleavers
exhibit channel XT of −27 to −16 dB, −22 to −21 dB, and −20
to −18 dB, respectively, with associated power consumption of
10.0, 7220.0, and 33.6 nW. The power consumption for the
one-ring-assisted MOSCAP AMZI is 2.55 × 106 smaller than
that of other similar reported (de-)interleavers with thermal tun-
ing [19]. To the best of our knowledge, we have demonstrated
for the first time, III–V/Si MOSCAP (de-)interleavers with the
lowest XT and reconfiguration power consumption. Such an
athermal phase tuning process results in zero thermal XT to ad-
jacent devices, e.g., micro-ring modulators, and facilitates dense
integration. Table 1 shows a list of current state-of-the-art sili-
con-based (de-)interleavers, their performance, and the work
presented in this paper. A comparison of different material sys-
tems (silica, silicon nitride) was not made due to several reasons:
(1) these devices are significantly larger in footprint; (2) difficulty
with active device integration; and (3) significantly larger power
consumption when aligning to OFC spectra. The designs in this
work can be adapted for C-band wavelengths (λ0 � 1550 nm)
with ∼1.4 × phase tuning efficiency, but with the cost of an
equally incurred factor of optical loss. This will be discussed
in Section 2.

Fig. 1. (a) Schematic of envisioned DWDM architecture with integrated OFC, MOSCAP (de-)interleaver, MRRs, and photodetectors;
(b) (de-)interleaver after comb-source [6].
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2. III–V/Si HETEROGENEOUS DWDM
PLATFORM DESIGN

For silicon photonic filters, it is critical to understand the process
variability on device performance which eventually affects elec-
trical power consumption from the choice of phase tuning.
Phase-sensitive devices such as arrayed waveguide gratings
(AWGs), lattice filters, and (de-)interleavers can be sensitive
to phase errors and are dependent on waveguide width, thick-
ness, and refractive index non-homogeneity. The change in res-
onant wavelength can be determined by the following equation:
Δλ0 � �λ0∕ng�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��dneff∕dw� ·Δw�2 � ��dneff∕dt� ·Δt �2

p
,

where λ0, neff , ng , Δw, and Δt are the free-space wavelength,

effective index, group index, width variation, and thickness
variation, respectively. By taking into account the group index
defined as ng � neff − λ0 · dneff∕dλ, the resonant wavelength
shift for each dimensional variation can be calculated by the
following: Δλ0∕Δw � �λ0∕ng��dneff∕dw� and Δλ0∕Δt �
�λ0∕ng��dneff∕dt�. In Figs. 2(a) and 2(b), the effective index
and group index are plotted, and it can be observed these
two parameters monotonically increase as waveguide dimen-
sions increase because modal confinement becomes larger
within the silicon material. Figures 2(c) and 2(d) show that
width sensitivity (dneff∕dw) and thickness sensitivity
(dneff∕dt) of the effective index are decoupled when the width

Table 1. Complete Survey of State-of-the-Art DWDM Si (De-)interleavers

Authors Device Type Material Wave. (μm) Sep. (GHz) XT (dB) IL (dB) Tuning Pow. (mW)

Q. Deng 2nd-order AMZI Si 1.55 1838 −15 0.4 0
A. Rizzo [16] 1-ring RAMZI Si 1.55 400 −15 <1 N/A
S. Lai [41] SCOW Si 1.55 100 −20 8 0
J. F. Song [19] 1-ring RAMZI Si 1.55 178 −22 8 25.5
N. Zhou [18] MZI-SLM Si 1.55 56 N/A <1 23
J. F. Song [42] 1-ring RAMZI Si 1.55 1250 −7 to −10 10 0
J. F. Song [43] 1-ring RAMZI Si 1.55 250 < −10 8 0
L. W. Luo [14] 3-ring RAMZI Si 1.55 120 −20 8 5
M. Cherchi [44] 2nd-order AMZI Si 1.55 1875 −22 3 0
M. Cherchi [45] 1-ring RAMZI Si 1.55 125 −9 to −18 3 0
X. Jiang [46] MZI-SLM Si 1.55 123 −20 <1 N/A
This work 2nd-order AMZI III−V∕Al2O3∕Si 1.31 65 −22 to −15 2 0.000083
This work 3rd-order AMZI III−V∕Al2O3∕Si 1.31 65 −32 to −22 1.4 0.000053
This work 1-ring RAMZI III−V∕Al2O3∕Si 1.31 65 −27 to −16 1.8 0.000010
This work 2-ring RAMZI III−V∕Al2O3∕Si 1.31 65 −22 to −21 2.0 0.00722
This work 3-ring RAMZI III−V∕Al2O3∕Si 1.31 65 −20 to −18 4.4 0.000034
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Fig. 2. Finite difference eigen-mode (FDE) calculations for (a) effective index (neff ), (b) group index (ng ), (c) effective index change versus width
(dneff∕dw), (d) effective index change versus thickness (dneff∕dt), (e) wavelength shift versus width (Δλ0∕dw), (f ) wavelength shift versus thickness
(Δλ0∕dt).
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>500 nm and thickness >300 nm for λ0 � 1310 nm.
Throughout this paper, single-mode silicon rib waveguides are
used and have design dimensions of height � 300 nm,
width � 500 nm, and etch depth �ED� � 170 nm, thus re-
sulting in effective index variations of dneff∕dw � 5.974 ×
10−4 nm−1 and dneff∕dt � 1.338 × 10−3 nm−1. As a result,
themost critical parameter in controlling phase errors is the start-
ing wafer thickness uniformity. The wavelength shift variation
also follows the same trend with Δλ0∕dw � 0.1968 nm∕nm
and Δλ0∕dt � 0.4418 nm∕nm, as shown in Figs. 2(e) and 2
(f ). Use of thicker waveguides will significantly reduce the effec-
tive index variation due to silicon thickness variations (dneff∕dt);
however, tomaintain single-mode operation, the width will have
to be narrower, which works against lowering overall dimen-
sional sensitivity and becomes more sensitive to waveguide side-
wall roughness. In fact, the silicon waveguide dimensions used
throughout this paper offer the best design trade-off in terms of
low dneff∕dw and dneff∕dt while maintaining single-mode
operation. In the design section, we will show how local width
variations from dneff∕dt can significantly affect passband XT.

In order to correct for phase errors due to silicon waveguide
non-uniformity (dneff∕dw, dneff∕dt), we explored the use of
ultra-power-efficient MOSCAP phase tuners based on a GaAs/
dielectric/Si heterogeneous structure, as shown in Figs. 3(a)–
3(c). There exists a number of high-k dielectrics [47] such as
Ta2O5 (k ∼ 22), TiO2 (k ∼ 80), SrTiO3 (k ∼ 2000), and
ZrO2 (k ∼ 25), to name a few; however, we focused on Al2O3

(k ∼ 9) and HfO2 (k ∼ 25) here due to well-studied property
and availability of the in-house fabrication. Between these
two, HfO2 should exhibit 2–3 times the capacitance of Al2O3

for the same given area and dielectric thickness. In order to de-
termine the effective optical phase shift due to electron and hole
induced effects, we simulated the heterogeneous MOSCAP
structure which takes into account the free-carrier absorption
(FCA), plasma dispersion, and bandgap shrinkage. The change
in material index Δn and FCA Δα due to voltage-dependent
plasma dispersion effect can be described by the classic
Drude model [10,48]. The associated index and FCA values
are directly proportional to the square of the operating wave-
length and thus at C-band wavelengths (λ0 � 1550 nm), Δn
and Δα should increase by ∼1.4× compared to O-band wave-
lengths (λ0 � 1310 nm). Due to ∼4× smaller electron effective
mass and∼6× larger electronmobility of GaAs (m�

e � 0.063m0,
μe � 8500 cm2 · V−1 · s−1) than that of crystalline Si (m�

e �
0.28m0, μe � 1400 cm2 · V−1 · s−1), the plasma dispersion ef-
fect on index change in n-type GaAs is more efficient with lower

FCA losses. The similarity in hole parameters for these materials
is quite similar in terms of index change; the fact that GaAs hole-
induced inter-valence band absorption is larger than that of Si
also precludes the use of p-GaAs [10]. In addition, the effects of
optical phase shifts from Si free-carrier holes are larger than from
electrons which make the choice of using p-Si a convenient one
[48]. InP (m�

e � 0.07m0, μe � 5400 cm2 · V−1 · s−1) is another
III–V choice; however, GaAs performs better in terms of FCA
losses and slightly better for Δn change. These design choices
align with conventional heterogeneous III–V/Si active device
(laser, amplifier, and photodetector) structures where the
III–V p-i-n layer stack is positioned from top to bottom after
wafer bonding, such that the n-layer serves as the diode cathode
terminal and MOSCAP gate layer simultaneously. Our recent
strategic change from previous InP/InAlGaAs-based quantum
well lasers/amplifiers to GaAs/InAs-based quantum-dot (QD)
is another pleasant coincidence for improved phase tuning
and lower FCA losses. As a result, there is no need to alter
the conventional III–V epitaxial structure and fabrication pro-
cess to integrate highly efficientMOSCAP in our heterogeneous
GaAs/Si QD-powered platform.

Our single-mode waveguide structure is defined by a width,
height, and etch depth of 500, 300, and 170 nm, respectively,
as indicated in Fig. 3(a). The wafer-bonded III–V region is
primarily 190 nm thick and n-GaAs doped at 3 × 1018 cm−3.
Figures 4(a) and 4(b) show the simulated transverse electric
(TE) effective index change (ΔnTE00) and the associated
FCA optical losses for both n−GaAs∕Al2O3∕p−Si and
n−GaAs∕HfO2∕p−Si structures for various values of dielectric
thicknesses at a forward bias. Assuming a 5 nm thick Al2O3

with a refractive index of nAl2O3
� 1.75, the calculated optical

confinement factors are ΓAl2O3
� 1.15% and ΓIII−V � 28.2%

with an overall effective index of neff � 3.1144. A 5 nm thick
HfO2 with a refractive index of nHfO2

� 1.88 has optical con-
finements of ΓHfO2

� 1.15% and ΓIII−V � 28.3% with an
overall effective index of neff � 3.1154. In forward bias, the
MOSCAP structure operates in accumulation mode to achieve
maximal plasma dispersion effect over other modes. If we as-
sume a length of L � 500 μm, wavelength of λ � 1.31 μm,
and an Al2O3 thickness of 5, 10, 15 nm, the corresponding
static V πL � 0.13, 0.21, 0.29 V·cm, respectively, based on
Δφ � 2πΔnTE00L∕λ, where Δφ is the phase change from
MOSCAP carrier-dependent index ΔnTE00. For a high-
k-dielectric such as HfO2, a thickness of 5, 10, 15 nm corre-
sponds to a static V πL � 0.09, 0.12, 0.16 V · cm, considerably
more efficient than Al2O3. In both structures, a thinner dielec-
tric thickness yields increased phase tuning efficiency at the ex-
pense of increased FCA and fabrication challenge to maintain a
negligible leakage current.

3. III–V/Si MOSCAP (DE-)INTERLEAVER DESIGN

A. Nth-Order AMZI (De-)interleavers
It is well known that N th-order AMZI (de-)interleavers have
been shown to have low loss and a flat-top filtering response
[49]. There have been a few variations on the SOI (silicon-
on-insulator) platform, particularly at the 1550 nm wavelength
bands [44,45], with channel spacing range of 56–1875 GHz
and channel XT down to −22 dB with thermal tuning [18].

(a)

(b)

BOX
p-Si

III-V

(c)

BOX

p-Si
P++

n-GaAs

170 nm

130 nmw = 500 nm

150 nm

Al2O3/HfO2

Fig. 3. (a) 3D schematic of the heterogeneous III–V/Si MOSCAP
tuner, (b) simulated TE optical mode for a HfO2 dielectric interface,
and (c) TEM image of a GaAs/dielectric/Si interface as an example.
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An N th-order (de-)interleaver consists of N differential
path lengths and N � 1 power splitters. The N th-order
AMZI (de-)interleavers are modeled with a transfer matrix
model where a single MZI is defined as ΦMZI �
Φcplr�κ2�ΦdelayΦcplr�κ1�, where [49]

ΦMZI �
�

c1�λ� −js1�λ�
−js1�λ� c1�λ�

��
e−j2πng �λ�ΔL1∕λ 0

0 1

�

×
�

c0�λ� −js0�λ�
−js0�λ� c0�λ�

�
: (1a)

The through and cross port transmissions are respectively
defined as c0,1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − κ0,1�λ�

p
and −js0,1 � −j

ffiffiffiffiffiffiffiffiffiffiffiffiffi
κ0,1�λ�

p
,

where κ1,2 is the power coupling coefficient for each coupler
and ΔL1 is the path length difference that determines the
FSR. The FSR of a (de-)interleaver is twice the intended chan-
nel spacing where FSR � λtarget∕ngΔL. ΔL is the base optical
path length difference between the upper and lower arms.
Therefore, a channel spacing of 65 GHz for the second-order
AMZI requiresΔL � 610.5 μm for a calculated group index of
ng � 3.78. The transfer function of a higher N th-order AMZI
can be derived by simply cascading another set of matrices such
that the transfer function can be succinctly defined as

ΦN �
�
e−j2πng �λ�ΔLN ∕λ 0

0 1

��
cN �λ� −jsN �λ�
−jsN �λ� cN �λ�

�

�
�
cN �λ�e−j2πng �λ�ΔLN ∕λ −jsN �λ�e−j2πng �λ�ΔLN ∕λ

−jsN �λ� cN �λ�

�
, (1b)

ΦN order AMZI �
�

cN�1�λ� −jsN�1�λ�
−jsN�1�λ� cN�1�λ�

�
ΦN…Φ0: (1c)

For a second-order AMZI, the second arm delay is defined
as ΔL2 � 2ΔL1 with coupling coefficients c1, c2, c3 being
0.50, 0.29, 0.08, respectively. Table 2 outlines these design
parameters. The power splitters implemented throughout this
paper are standard directional couplers, and dimensional toler-
ances were examined for performance robustness in terms of
Δκ2∕ΔΩ where κ is the field coupling coefficient and Ω is
either width (w), gap (g), or ED. For a 50% power coupler,
the percent difference from nominal was 	9%∕40 nm,

	11%∕40 nm, and 	20%∕40 nm for Δκ2∕Δw, Δκ2∕Δg ,
and Δκ2∕ΔED, respectively. Etch control is expected to be
	10 nm, which made the choice of using directional couplers
a reasonable one due to its lower backreflection, albeit more
spectrally narrow band than a multi-mode interferometer
(MMI) coupler. On the other hand, broadband directional
couplers have been demonstrated [50] and offer an alternative
to traditional MMIs with limited arbitrary splitting ratios.
Arbitrary power splitting ratios for MMIs have been demon-
strated [44,45], but were not used to de-risk design complexity.

Figures 5(a) and 5(b) show the calculated optical response of
a second-order and third-order AMZI for the cases of with and
without phase tuning. The solid lines indicate the case for per-
fect phase tuning whereas the dashed lines indicate the case for
a π phase offset. Phase errors are an unavoidable issue in high-
contrast-index systems such as the SOI platform and usually
require power-hungry thermal phase tuning to achieve the ex-
pected response in phase-sensitive devices such as (de-)interlea-
vers, AWGs, and lattice filters. For the second-order AMZI, we
assume an effective width variation of Δw � 2 nm between
the two delay paths due to sidewall roughness and variability.
This results in a variation of Δneff � 0.0011 (dneff∕dw �
5.974 × 10−4 nm−1), which is large enough to increase theoreti-
cal XT by 13 dB. It will be shown in the experimental section
that the III–V/Si MOSCAP tuning can significantly improve
channel XT with ultra-low power consumption. Third-order
AMZIs exhibit wider 1 dB channel bandwidth due to the in-
creased passband roll-off compared to a second-order AMZI,
however, at the cost of increased waveguide loss due to a third
delay arm. An extra coupler also makes it more challenging to
realize than a second-order AMZI. As can be seen in the insets
of Figs. 5(a) and 5(b), the long delay paths for each (de-)inter-
leaver design were made in a spiral geometry to minimize
footprint size.

Fig. 4. Simulated refractive index change and FCA losses for (a) n−GaAs∕Al2O3∕p−Si, and (b) n−GaAs∕HfO2∕p−Si for gap thicknesses of 5, 10,
15, 20, and 25 nm. Layer doping: n-GaAs (3 × 1018 cm−2), n−Al0.20Ga0.80As (3 × 1018 cm−2), Si (5 × 1016 cm−2).

Table 2. Design Summary of III–V/Si MOSCAP
Nth-Order AMZI (De-)interleavers

Design ΔL (μm) c1 c2 c3 c4
2nd-order AMZI 610.5 0.50 0.29 0.08 –
3rd-order AMZI 610.5 0.50 0.19 0.19 0.025
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B. N-Ring-Assisted AMZI (De-)interleavers
Ring-assisted AMZIs with N rings have been shown to exhibit
wider flat-top response with improved channel XT [51]. There
have been a number of demonstrations on silicon with channel
spacing ranging from 120 to 1250 GHz and channel XT
∼ −22 dB [16,19,42,43,45,51]. The one-ring-
assisted AMZI (one-ring RAMZI) is modeled by [49]

Φ1−ring RAMZI

�
�

c1�λ� −js1�λ�
−js1�λ� c1�λ�

��
AR�z�∕A�z� 0

0 ej2πng �λ�Lring∕λ

�

×
�

c0�λ� −js0�λ�
−js0�λ� c0�λ�

�
, (2a)

AR�z� �
ffiffiffiffiffiffiffiffiffiffiffi
1 − κr

p
� �ej2πng �λ�Lring∕λ�−2, (2b)

A�z� � 1�
ffiffiffiffiffiffiffiffiffiffiffi
1 − κr

p
�ej2πng �λ�Lring∕λ�−2: (2c)

The AMZI bar and cross port transmissions are respectively
defined similarly for a first-order AMZI filter with the addition
that κr is the ring coupling coefficient. The FSR is defined by
the ring circumference such that the FSR � c∕ngL. Therefore,
a channel spacing of 65 GHz for the one-ring RAMZI requires
Lring � 1200 μm for a calculated group index of ng � 3.78.
The transfer function of an N -ring RAMZI can be derived
by simply cascading another set of matrices such that the trans-
fer function can be succinctly defined as

ΦN−ring RAMZI
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The ideal ring resonator coupling for one-ring RAMZI,
two-ring RAMZI, and three-ring RAMZI occurs at
κr � 0.89; κ1,2r � 0.97, 0.62; and κ1,2,3r � 0.96, 0.68, 0.25,
respectively. Table 3 outlines these design parameters.

Figures 6(a)–6(c) show the calculated optical responses of
the one-, two-, and three-ring RAMZIs for the case of with
and without phase tuning. Again, the solid lines indicate the
case for perfect phase tuning whereas the dashed lines indicate
the case for a π phase offset for each of the rings. The result of
successive ring resonator loading on one or both AMZI arms
allows for broadband and flat passbands at the expense of com-
plicated coupler and phase control, as well as increased optical
losses on fabricated devices. Optical insertion loss has the effect
of reducing the flatness of the passbands; therefore, waveguide
scattering should be kept to a minimum in fabricated devices.
In fact, passband flatness is much more sensitive to loss than to
alternative N th-order AMZI designs. Simulations show that for
every additional 10 dB/cm loss incurred, there will be a 14%
reduction of the 0.5 dB bandwidth.

For the one-ring RAMZI, we assume an effective width varia-
tion of Δw � 2 nm between the ring circumference and delay
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Fig. 5. 65 GHz (de-)interleaver transmission response with and without MOSCAP phase tuning for (a) second-order AMZI and (b) third-order
AMZI.

Table 3. Design Summary of III–V/Si MOSCAP
One-, Two-, Three-ring RAMZI (De-)interleavers

Design Lring (μm) κ1r κ2r κ3r c0 c1
1-ring RAMZI 1200 0.89 – – 0.50 0.50
2-ring RAMZI 1200 0.97 0.62 – 0.50 0.50
3-ring RAMZI 1200 0.96 0.68 0.25 0.50 0.50
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path due to sidewall roughness and variability. A local effective
index variation of Δneff � 0.0011 (dneff∕dw � 5.974 ×
10−4 nm−1) is found to be large enough to increase theoretical
XT by >40 dB. Also, waveguide and power coupler dispersion
will have to be taken into account such that perturbations in the
delay arm of the ring-assisted AMZI will be minimum for ultra-
broadband operation (>100 nm). In Fig. 6(d), for complete-
ness, we included the design of a 65 GHz (de-)interleaver based
on the use of two second-order ring resonators for each drop
channel. The details of the design can be found in Refs. [52–55],
but the purpose is to illustrate that AMZI-based designs are
the more appropriate design choice based on wider channel
passbands.

4. FABRICATION

Experimentally, we explored three different MOSCAP gate ox-
ide designs with varying degrees of silicon doping and a dielec-
tric selection of Al2O3 and/or HfO2. These designs are shown
in Table 4. TheHfO2 dielectric has a higher dielectric constant
(k ∼ 25) compared to Al2O3 (k ∼ 9); therefore, a HfO2-based
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Fig. 6. 65 GHz (de-)interleaver transmission response with and without MOSCAP phase tuning for (a) one-ring RAMZI, (b) two-ring RAMZI,
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Table 4. Fabricated Platform Variations

Design Name Si Doping (cm−3) Gate Type

Design 1 4 × 1016 Al2O3 (6 nm)
Design 2 5 × 1017 HfO2∕Al2O3 (10/3 nm)
Design 3 u.i.d. HfO2∕Al2O3 (5.4/3 nm)
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capacitor should have ∼3× the capacitance for the same unit
area. However, the measured thickness of HfO2 in Design 2
is 10 nm with an additional 3 nm of Al2O3, which indicates
the capacitance is only ∼1.7× or less compared to Design 1.
The majority of measured (de-)interleavers in this paper are
based on Designs 1 and 2.

In-house device fabrication begins with a 100 mm SOI wa-
fer which consists of a 350 nm thick top silicon layer and a
2 μm buried oxide layer, as shown in Fig. 3(a). The top silicon
is thinned down to 300 nm by thermal oxidation and buffered
hydrofluoric acid etching, thus leaving a clean silicon surface.
Doped silicon regions are defined by a deep-UV (248 nm)
lithography stepper, and boron is implanted to create p-Si re-
gions. Grating couplers, silicon rib waveguides, and vertical
out-gassing channels [56] are respectively patterned using the
same deep-UV stepper and then subsequently etched 170 nm
with Cl2-based gas chemistry. Next, a dielectric of Al2O3 and/
or HfO2 is deposited on both the patterned silicon and GaAs/
AlGaAs epi-wafer via atomic layer deposition. The two wafers
are then wafer bonded. An Al0.20Ga0.80As etch stop layer allows
selective substrate removal via wet etching, thus leaving a
150 nm thick n-GaAs thin film on top of the SOI substrate.
Next, the III–V film is defined and dry etched for device re-
gions that require the use of MOSCAP phase tuning. The
III–V film covers all of the delay lengths or ring resonators
up until the ends of the directional couplers. Next, a plasma-
enhanced chemical vapor deposition SiO2 cladding is deposited
and vias are defined and etched. Finally, the n-contact and
p-contact are defined on the n-GaAs and p-Si layers, respec-
tively. Optical microscopic images of the various fabricated
(de-)interleaver devices are shown in Figs. 7(a)–7(f ).

5. (DE-)INTERLEAVER CHARACTERIZATION
AND MEASUREMENTS

A. Measurement Preliminaries
The spectral responses of the MOSCAP (de-)interleavers were
characterized with a Thorlabs superluminescent diode capable

of 40 nm bandwidth (1290–1330 nm) and a launch power of
12 dBm. The 100 mm wafer is vacuum mounted onto a stain-
less-steel chuck on a semi-automatic probe station. Light is ver-
tically coupled in/out of devices via grating couplers and a 7°
polished fiber array with 250 μm pitch. Polarization control is
performed with the use of a polarization controller and maxi-
mized for peak transmission on a straight test waveguide. All
measured (de-)interleaver responses are normalized to a 0.5 μm
wide straight waveguide with a length of ∼850 μm. However,
this is not the same length as the various (de-)interleaver designs
measured throughout this paper. The pre-bonded 0.5 μm wide
straight waveguide TE losses were determined to be about
∼9.2 dB∕cm for a wavelength of 1310 nm from a series of cut-
back test structures. 0.8 μm wide straight waveguide TE losses
were about 9.8 dB/cm. After III–V removal, TE waveguide
losses were measured to be ∼21.1 and 42.2 dB/cm for the
0.8 and 0.5 μm wide waveguides, respectively. TE waveguide
losses with wafer-bonded III–V regions are undetermined due
to the absence of these types of test structures. Circular bends
of radius 2, 5, 7, 14 μm had bend losses 1.22, 0.83, 0.3,
0.08 dB/90° bend, respectively. Spline bends with a radius of
4 μm and angles of 45°, 10°, 5° have measured bend losses
of 0.23, 0.86, 1.09 dB/bend, respectively. The angular coverage
of a spline bend is discussed at length in Ref. [57]. A
spline bend with radius of 2 μm exhibited a bend loss of
0.74 dB/bend. Grating coupler losses before and after bonding
were calculated to be 7.7 and 7.8 dB/coupler (using single
cleaved fibers angled at 13°) indicating negligible effect after
III–V removal. The use of a 7° polished fiber array for the
(de-)interleaver experiments is expected to significantly
increase coupling losses to ∼14 dB∕coupler. Initial phase tun-
ing measurements were performed on a 350 μm long
p−Si∕Al2O3�6 nm�=n-GaAs MOSCAP MZI structure and
spectral responses indicated ∼2 nm of tuning at a 2 V bias
while maintaining an extinction ratio of ∼24 dB, as shown
in Fig. 8(b). The measured FSR � 18.58 nm and the calcu-
lated V πL�0.325V · cm which is 4× smaller than typical val-
ues seen in PN junction-based phase tuners. The observed

2nd order 
AMZI

3rd order 
AMZI

(a) (b)

1-ring assisted 
AMZI

(c)

3-ring assisted 
AMZI

2nd order 
cascaded rings

(e) (f)

2-ring assisted 
 AMZI

(d)

Fig. 7. Microscope images of various (de-)interleavers: (a) second-order AMZI; (b) third-order AMZI; (c)–(e) one-, two-, three-ring-assisted
AMZIs; and (f ) second-order cascaded rings.
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leakage current appears to be smaller than the current meter
limit of sub-nA, indicating negligible power consumption.
The MOSCAP MZI is capable of achieving 4 Gbit/s eye
diagrams and an f 3 dB ∼ 1.5 GHz. We also measured an MZI
with HfO2�10 nm�=Al2O3 (3 nm) dielectric; however, the
V πL was slightly larger (V πL � 0.487 V · cm) than the
Al2O3 counterpart. We believe this is due to the thicker
HfO2 and Al2O3 capacitor or/and smaller dielectric constant
in actual gate oxide thin film than their literature values.
III–V/Si transitions are also important to consider since
MOSCAP structures are only placed in regions where phase
tuning is desired for a large-scale photonic integrated circuit.
We numerically analyze the reflection and insertion loss of the
III–V/Si interface as a function of angle between the III–V
and Si, as shown in Fig. 8(a). Three-dimensional finite-
difference time-domain simulations show minimal reflection
(< −60 dB) back into the fundamental TE00 mode at an an-
gle of 45° with an insertion loss of 0.36 dB/facet. Minimal
insertion loss was found to occur at 72°, but with increased

reflection into the main TE00 mode. Throughout this paper,
an angle of θ � 45° is used for all fabricated and measured
(de-)interleavers. Angled GaAs/Si interface losses were evaluated
by cutback loss structures shown in Fig. 8(a). The interface losses
for angles of 0°, 45°, and 72° weremeasured to be 1.08, 0.69, and
0.29 dB/facet, respectively, and match up with simulated values
quite well.

B. Nth-Order AMZI (De-)interleavers
Figures 9(a) and 9(b) show the measured optical response for a
second-order MOSCAP AMZI (de-)interleaver before and after
phase correction, respectively. In the second-order AMZI, er-
rors in the three coupling ratios and the path length difference
ΔL can contribute to non-ideal passband response with re-
duced channel XT. As shown in Fig. 9(a), the cross and bar
channels exhibit XT ∼ −10.1 and −18.8 dB, respectively.
With appropriate modeling using the transfer matrix model,
it was determined the biggest error came from the first coupler
c0 being 0.35 instead of the ideal 0.50 as well as a 0.0035%

III-V/Si MOSCAP arm

Si arm

50% 
splitter

50% 
splitter

(a)

2 nm

18.58 nm

(b)

Si waveguide III-V

 

Fig. 8. (a) Microscope image of angled III–V/Si test structures and cutback loss measurements for evaluating III–V/Si transition losses, (b) image
of MOSCAP MZI structure for evaluating phase tuning efficiency and optical response as a function of bias voltage.

Fig. 9. Measured response of second-order MOSCAP AMZI (de-)interleaver with (a) un-corrected phase and (b) corrected phase with
V delay1 � −1 V.
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error in the lengths between the first and second delay paths.
The assumption of c0 ∼ 0.35 is further experimentally substan-
tiated by confirming a 190 nm etch depth will yield this
cross-coupling value. By applying −1V on the first delay length
(V delay1) to correct for this error, the XT of the bar channel was
improved from −10.1 dB to −15.3 dB while the cross-channel
XT improved from −18.8 dB to 21.8 dB. At V delay1 � −1 V,
approximately 83.0 nA was drawn resulting in a tuning power
consumption of 83.0 nW. Regarding IL, the measured ILs be-
fore and after MOSCAP tuning were ∼1.8 and 2.0 dB. Keep in
mind that all (de-)interleaver structures have two III–V/Si in-
terfaces each angled at 45°. Therefore, 1.4 dB of the total IL can
be attributed to III–V/Si interface losses. The remaining losses
will be due to a combination of FCA, doping absorption, and
waveguide interface scattering. In the future, an angle
(θ � 72°) with lower interface loss (0.3 dB/facet) or III–V/Si
taper structure will be used. Figures 10(a) and 10(b) show the
measured optical response for a third-order MOSCAP AMZI
(de-)interleaver before and after phase correction, respectively.
Modeling shows that the non-ideal passband transmission in
Fig. 10(b) came from c0 � 0.35, c1, c2 � 0.18 along with a
0.004% error in ΔL. With the appropriate bias conditions
(V delay1 � 0.3 V, V delay2 � 1.0 V, V delay3 � 0.1 V), the XT
of the bar channel was improved from −7.9 dB to −27.8 dB or
−32.0 dB while the cross-channel XT improved from −4.6 dB
to 22.0 dB. In this case, the XT levels approach the theoretical
limit, as shown in Fig. 5(b). The total tuning power consump-
tion was calculated to be 53.0 nW.

C. N-Ring-Assisted AMZI (De-)interleavers
Figures 11(a)–11(e) show the measured optical responses for
one-, two-, and three-ring-assisted MOSCAP AMZI (de-)inter-
leavers before and after phase correction, respectively. The main
source of errors for non-ideal passbands and reduced XT comes
from errors in the AMZI coupling ratios (c0, c1), ring coupler
ratios (κr , κ1r , κ2r , κ3r ), and the path length difference Lring∕2.
Fortunately, c0 � c1 � 0.50; thus the case of the one-ring-
assisted AMZI requires only two parameters to target compared
to theN th-order AMZIs. As shown in Fig. 11(a), the measured
bar and cross channels for the one-ring-assisted AMZI exhibit
XT ∼ −7.1 dB and −10.7 dB, respectively, before phase correc-
tion. By applying −2 V on the delay length (V delay), the XT of

the bar channel was improved from −7.1 dB to −16.4 dB while
the cross-channel XT improved from −10.7 dB to −26.6 dB.
At V delay � −2 V, approximately 5.0 nA was drawn resulting
in a tuning power consumption of 10.0 nW. The passbands are
far from the theoretical flat-top response shown in Fig. 6(a),
which indicates a combination of waveguide loss and errors
in power coupling coefficients. No flat-top response is mainly
attributed to waveguide loss, whereas increase channel XT in-
dicates non-ideal power coupling. An improved design is
underway with the use of robust 50% MMI power couplers
for c0 and c1 as well as tunable MOSCAP directional couplers
for the ring resonator. The two- and three-ring-assisted AMZIs
are considerably more complicated owing to the fact that there
are multiple ring resonator coupling ratios that have to be tar-
geted as well as the presence of increased optical losses. As
shown in Figs. 11(c) and 11(d), the bar and cross channel XT
for the two-ring-assisted AMZI is −4.3 dB and −4.7 dB, re-
spectively, without tuning. After phase correction of the delay
length, the bar and cross-channel XT improved to − 20.6 dB
and −21.5 dB. At a V delay � −1.9V, approximately 3.8 μAwas
drawn resulting in a tuning power consumption of 7.2 μW.
Again, the passbands are far from the intended flat-top response
shown in Fig. 6(b) and attempts were made to tune a combi-
nation of the two rings and delay; however, none resulted in the
theoretical passbands. This most likely indicates errors in the
coupling coefficients κr1, κr2, c0, and c1 and the presence of
increased optical loss beyond the 9.2 dB/cm measured before
wafer-bonding. With improved reduction of losses in the
future, we believe flat-top response will be achievable. The bar
and cross channel XT for the three-ring-assisted AMZI in
Fig. 11(e) is −6.1 dB and −4.3 dB without tuning. With
V delay � −3V, the channel XT improved to −20.0 dB and
−18.1 dB for the bar and cross channels, respectively. The rea-
sons for non-ideal passband shapes are the same as discussed
above. At a V delay � −3.0V, approximately 11.2 nAwas drawn
resulting in a tuning power consumption of 33.6 nW. The
leakage current density for the two-ring-assisted AMZI is quite
high and represents an outlier possibly due to design/fabrica-
tion imperfections which results in electrical conduction be-
tween tuners in some areas. Overall, the leakage current
density is measured to be in the range of 1.6–27 μA∕cm2,
if the two-ring-assisted AMZI is ignored.

Fig. 10. Measured response of third-order MOSCAP AMZI (de-)interleaver with (a) un-corrected phase and (b) corrected phase with
V delay1 � 0.3 V, V delay2 � 1 V, V delay3 � 0.1 V.
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Regarding device repeatability, the wafer-bonded III–V film
was only large enough to cover four dies (each 9.4 × 9.0 mm)
on a 4 in. SOI wafer with a unique device in each die. We
measured the one-ring-assisted AMZI from each die without
MOSCAP tuning and (de-)interleaver response can vary
greatly. This can be due to wafer variability, global fabrication
inaccuracies such as etch depth and waveguide width which can
affect either the directional couplers or path length differences.
In addition, the possibility of the wafer-bonding process alter-
ing the aforementioned reasons is unknown at this time.
However, we believe if the directional couplers can be substi-
tuted with fabrication robust MMIs or tunable directional cou-
plers, device performance yield should increase significantly
with minimal power consumption cost. The use of MMIs
and the evaluation of tunable MOSCAP directional couplers
will be underway in the near future.

6. CONCLUSION

This work demonstrates for the first time various III–V/Si
MOSCAP (de-)interleavers consisting of second/third-order
AMZIs and one-, two-, three-ring-assisted AMZIs with
65 GHz channel spacing at O-band wavelengths. The wa-
fer-bonded MOSCAP structure allows for ultra-low-power
phase tuning compared to thermal counterparts. Such athermal
phase tuning allows more compact integration without thermal
XT/impact on other components. The tuning response is also
in sub-nanosecond scale as shown by high-speed MOSCAP
modulators we developed recently [13]. The second- and third-
order MOSCAP AMZI (de-)interleavers have XT levels down
to −22 dB and −32 dB with tuning powers of 83.0 and
53.0 nW, respectively. The one-, two-, and three-ring-assisted
MOSCAP AMZI (de-)interleavers have XT levels down to −27,
−22, and −20 dB for tuning powers of 10.0, 7220.0, and

Fig. 11. Measured response of one-ring-assisted MOSCAP AMZI (de-)interleaver with (a) un-corrected phase and (b) corrected phase at
V ring1 � 0 V, V delay � −2 V. Measured response of two-ring-assisted MOSCAP AMZI (de-)interleaver with (c) un-corrected phase and (d) cor-
rected phase at V ring1 � 0 V, V ring2 � 0 V, V delay � −2 V. Measured response of three-ring-assisted MOSCAP AMZI (de-)interleaver with
(e) un-corrected phase and (f ) corrected phase at V ring1 � 0 V, V ring2 � 0 V, V ring2 � 0 V, V delay � −3 V.
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33.6 nW. Overall, the leakage current density is measured to be
in the range of 1.6–27 μA∕cm2, assuming an outlier from the
two-ring-assisted AMZI. Transfer matrix calculations indicate
non-ideal coupling ratios and path length differences affect
bandpass shape, whereas waveguide loss will affect flat-top re-
sponse and overall insertion loss. The demonstrated (de-)inter-
leavers represent the lowest tuning power consumption and
XT levels for (de-)interleavers on a silicon platform. Future im-
provements will include the use of fabrication robust
MMI-based arbitrary power couplers, tunable MOSCAP direc-
tional couplers/MZIs, advanced dispersion engineered compo-
nents, and better fabrication process for lower waveguide
loss. These should all further improve XT levels down to theo-
retical values for each respective design and increase overall
bandwidth > 100 nm. Current investigation into thinner and
higher-k dielectric such as HfO2 is underway for improved
phase tuning efficiency. We believe the III–V/Si MOSCAP
(de-)interleaver presented here is a fundamental building block
that offers significant improvement in energy efficiency for fu-
ture large-scale DWDM transceivers, optical neural networks,
RF-photonics, and programmable photonic architectures.
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