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ELECTRO-OPTIC MODULATOR AND METHOD OF FORMING THE SAME

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of priority of Singapore application No.
10202008062V filed August 21, 2020, the contents of it being hereby incorporated by reference

in its entirety for all purposes.

TECHNICAL FIELD
[0002]  Various embodiments of this disclosure may relate to an electro-optic modulator.
Various embodiments of this disclosure may relate to a method of forming an electro-optic

modulator.

BACKGROUND

[0003]  Various electro-optic modulators have been demonstrated based on materials such
as silicon, indium phosphide, or polymers, etc. Among them, lithium niobate (LN) is the
material of choice for decades because of its relatively large Pockels electro-optic coefficient
of about 33 pm/V. Discrete modulators in the market are mostly fabricated on LN. The
conventional LN modulators are formed either by proton exchange or by diffusion of titanium,
thus leading to low-index contrast waveguides with poor optical confinement, resulting in
relatively low modulation efficiency, large size, and difficult integration. Recently, lithium
niobate-on-insulator (LNOI) modulators have been developed with significantly improved
performance. However, LNOI is very expensive and it is also difficult for monolithic
integration on the silicon (Si) platform.

[0004]  On the other hand, deposited aluminium nitride (AIN) and scandium aluminium

nitride (ScAIN) are complementary metal oxide semiconductor (CMOS) compatible materials,
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and can be monolithically integrated on the Si platform using a CMOS compatible process. AIN
modulators have been reported. However, AIN modulators suffer from the very low modulation

efficiency (about 200 Vcem) because of its small Pockels coefficient of about 1 pm/V.

SUMMARY

[0005]  Various embodiments may relate to an electro-optic modulator. The electro-optic
modulator may include a waveguide configured to carry optical light along a longitudinal length
of the waveguide. The electro-optic modulator may also include a first electrically conductive
sub-wavelength grating on a first side of the waveguide, the first electrically conductive sub-
wavelength grating including a plurality of fingers extending substantially perpendicular to the
longitudinal length of the waveguide. The electro-optic modulator may further include a second
electrically conductive sub-wavelength grating on a second side of the waveguide opposite the
first side, the second electrically conductive sub-wavelength grating including a plurality of
fingers extending substantially perpendicular to the longitudinal length of the waveguide. The
electro-optic modulator may be configured to modulate the optical light upon application of a
potential difference between the first electrically conductive sub-wavelength grating and the
second clectrically conductive sub-wavelength grating based on Pockels effect.

[0006]  Various embodiments may relate to a method of forming an electro-optic modulator.
The method may include forming a waveguide configured to carry optical light along a
longitudinal length of the waveguide. The method may also include forming a first electrically
conductive sub-wavelength grating on or in contact with a first side of the waveguide, the first
electrically conductive sub-wavelength grating including a plurality of fingers extending
substantially perpendicular to the longitudinal length of the waveguide. The method may further
include forming a second electrically conductive sub-wavelength grating on or in contact with

a second side of the waveguide opposite the first side, the second electrically conductive sub-
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wavelength grating including a plurality of fingers extending substantially perpendicular to the
longitudinal length of the waveguide. The electro-optic modulator may be configured to
modulate the optical light upon application of a potential difference between the first
electrically conductive sub-wavelength grating and the second electrically conductive sub-

wavelength grating based on Pockels effect.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007]  Inthe drawings, like reference characters generally refer to the same parts throughout
the different views. The drawings are not necessarily drawn to scale, emphasis instead generally
being placed upon illustrating the principles of various embodiments. In the following
description, various embodiments of the invention are described with reference to the following
drawings.
FIG. 1 is a schematic showing a waveguide.
FIG. 2 is a schematic showing the cross section of a lithium niobate (LN) modulator.
FIG. 3 is a schematic showing the cross section of a lithium niobate-on-insulator (LNOI)
modulator.
FIG. 4A is a schematic of an aluminium nitride (AIN) modulator in which the ground and signal
electrodes are at the top.
FIG. 4B is a schematic of an aluminium nitride (AIN) modulator with one upper electrode and
one bottom electrode.
FIG. 5 is a general illustration of an electro-optic modulator according to various embodiments.
FIG. 6 is a general illustration of a method of forming an electro-optic modulator according to
various embodiments.
FIG. 7A is a perspective three-dimensional (3D) view of the electro-optic modulator according

to various embodiments.
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FIG. 7B is a cross-sectional view (across the X-Z plane) of the electro-optic modulator
according to various embodiments.

FIG. 7C is a cross-sectional view (across the Y-Z plane) of the electro-optic modulator
according to various embodiments.

FIG. 8A compares the optical modes of (1) the conventional aluminium nitride (AIN)
waveguide without electrode, (2) the conventional aluminium nitride (AIN) waveguide with
continuous doped poly silicon electrode, and (3) the aluminium nitride (AIN) waveguide with
the sub-wavelength grating according to various embodiments.

FIG. 8B shows the electric field of the conventional aluminium nitride (AIN) waveguide with
continuous doped poly silicon electrode at a bias of 1V.

FIG. 8C shows the clectric field of the aluminium nitride (AIN) waveguide with the sub-
wavelength grating according to various embodiments at a bias of 1V.

FIG. 9 shows a push-pull Mach-Zehnder interferometer (MZI) interferometer according to
various embodiments.

FIG. 10A shows a single-ring ring modulator according to various embodiments.

FIG. 10B shows a dual-ring ring modulator according to various embodiments.

FIG. 11A shows steps 1 to 4 of forming the electro-optic modulator according to various
embodiments.

FIG. 11B shows steps 5 to 7 of forming the electro-optic modulator according to various
embodiments.

FIG. 11C shows steps 8 to 10 of forming the electro-optic modulator according to various

embodiments.
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DESCRIPTION
[0008]  The following detailed description refers to the accompanying drawings that show,
by way of illustration, specific details and embodiments in which the invention may be
practised. These embodiments are described in sufficient detail to enable those skilled in the art
to practise the invention. Other embodiments may be utilized and structural, logical, and
electrical changes may be made without departing from the scope of the invention. The various
embodiments are not necessarily mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodiments.
[0009] Embodiments described in the context of one of the modulators or systems are
analogously valid for the other modulators or systems. Similarly, embodiments described in the
context of a method are analogously valid for a modulator, and vice versa.
[0010]  Features that are described in the context of an embodiment may correspondingly be
applicable to the same or similar features in the other embodiments. Features that are described
in the context of an embodiment may correspondingly be applicable to the other embodiments,
even if not explicitly described in these other embodiments. Furthermore, additions and/or
combinations and/or alternatives as described for a feature in the context of an embodiment
may correspondingly be applicable to the same or similar feature in the other embodiments.

[T 13
a

[0011] In the context of various embodiments, the articles an” and “the” as used with
regard to a feature or element include a reference to one or more of the features or elements.
[0012] In the context of various embodiments, the term “about” or “approximately” as
applied to a numeric value encompasses the exact value and a reasonable variance.

[0013]  Asused herein, the term “and/or” includes any and all combinations of one or more

of the associated listed items.
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[0014]  Various embodiments may relate to an electrode which can enhance the modulation
efficiency of the modulator to be comparable with the efficiency of a commercial LN
modulator.

[0015]  The refractive index of an electro-optic (EO) material is changed by applying an

electric field though it, based on following equations:
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where 113, 133, and rs; are the Pockels coefficients. For LN, r33 = 31 pm/V and rs51 = 28 pm/V,
and for AIN, r33 = about 1 pm/V, 151 < about 0.1 pm/V.

[0016] FIG. 1 is a schematic showing a waveguide. For a waveguide shown in FIG. 1, a
vertical electric field (E,) and/or horizontal electric field (Ex) can be applied. The index change

can be expressed as follows:

An = — G) r33 N> -E, (2)
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[0017]  The electric field induced by the applied voltage V may be defined as:

E = % 4)
[0018] However, if there is a cladding layer such as silicon oxide (SiO2) between the
electrode and the waveguide (WQ), the field in the waveguide is usually smaller than that in
the SiO: cladding layer, because the waveguide core material usually has larger electric
dielectric constant than SiO2. An equivalent S (equivalent separation between electrodes) can
be defined as:

ew
S= _GZtSiOZ + twe Q)
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where esio2 is electric dielectric constant of SiOa, ew is the dielectric constant of the waveguide
core, tsio2 is the oxide thickness of the SiO2 cladding, and twg is the core thickness of the
waveguide.
[0019]  The product of the voltage and length for 7 — phase shift may be provided by:

S

Vol = —25 ©6)

n3r e T
where A is wavelength in free space, I is the electro-optic overlap, and S is the equivalent
separation between electrodes. A lower Vr-Lx means the higher modulation efficiency, which
requires small S, large r33 or 151, and large I'.
[0020]  FIG. 2 is a schematic showing the cross section of a lithium niobate (LN) modulator.
As LN has similar r33 and rs1, the electrode can be placed at the side of the LN waveguide to
induce a horizontal electric field through the waveguide. The waveguide is formed by titanium
(T1i) indiffusion or proton exchange, thus the refractive index contrast is only about 0.02. As a
result, it has very large mode and the distance between the electrode and the waveguide should
be larger than about 10 um to avoid metal induced optical loss, i.c., S should be larger than
about 20 pum. Then, Vr-Lx is calculated to be larger than 12 V-cm. Actually, the real LN
modulators in the market have Vr-Lx larger than 10 V-cm.
[0021] FIG. 3 is a schematic showing the cross section of a lithium niobate-on-insulator
(LNOI) modulator. By etching the LN thin film to form the waveguide, the light can be tightly
confined and the electrode can be placed close to the waveguide. However, because LN has
much larger dielectric constant than SiO2, the electric field in LN waveguide core may be much
smaller than that in SiO2. The equivalent S is calculated to be about 6 pm and Vzn.Lz is
calculated to be 2 - 3 V-cm. However, LNOI wafer is very expensive and it is difficult to be
integrated on Si platform with other photonic devices.
[0022]  Aluminium nitride (AIN) is a CMOS compatible material and can be deposited on

any substrate. AIN has rs5; much smaller than r33. As such, only vertical electric field E, can be
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used to tune the refractive index. FIGS. 4A - B show two reported configurations of AIN
electro-optic (EO) modulators. FIG. 4 A is a schematic of an aluminium nitride (AIN) modulator
in which the ground and signal electrodes are at the top. FIG. 4B is a schematic of an aluminium
nitride (AIN) modulator with one upper electrode and one bottom electrode.

[0023]  Inorder to avoid electrode induced optical loss, an electrode should be placed at least
1.5 pm away from the AIN waveguide. As AIN has dielectric constant of gaiv = ~10, much
larger than that of SiO2 (esio2 = 3.9), the electric field E; and the equivalent distance (S) between
the electrodes can be estimated as:

E, =% 4

= T
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[0024]  For a typical AIN modulator, thickness of upper electrode (tupper) = thickness of
bottom electrode (tbottom) = 1.8 pm, thickness of AIN wavegide (ta) = 1.8 pm and gain = ~10,
esio2 = 3.9, the equivalent distance (S) may be calculated to be S = ~9.6 um. Taking into I" =
71.3% into account, Vx-Lr is calculated to be ~225 V-cm theoretically. Experimentally, AIN
modulator has measured to have Vr-Lr of ~240 V-cm.

[0025]  In order to reduce Va-Lx, one needs to increase 133, — which is limited by material
property, and/or to reduce equivalent S without affecting the waveguide optical mode. The
electrode would need fulfill the following criteria: high transparence, high conductivity, and
lower refractive index than that of the waveguide material. However, there is no such material
in nature.

[0026]  Various embodiments may address the abovementioned issues. FIG. 5 is a general
illustration of an electro-optic modulator according to various embodiments. The electro-optic
modulator may include a waveguide 502 configured to carry optical light along a longitudinal
length of the waveguide. The electro-optic modulator may also include a first electrically
conductive sub-wavelength grating 504 on or in contact with a first side of the waveguide, the

first electrically conductive sub-wavelength grating including a plurality of fingers extending
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substantially perpendicular to the longitudinal length of the waveguide. The electro-optic
modulator may further include a second electrically conductive sub-wavelength grating 506 on
or in contact with a second side of the waveguide opposite the first side, the second electrically
conductive sub-wavelength grating including a plurality of fingers extending substantially
perpendicular to the longitudinal length of the waveguide. The electro-optic modulator may be
configured to modulate the optical light upon application of a potential difference between the
first electrically conductive sub-wavelength grating 504 and the second electrically conductive
sub-wavelength grating 506 based on Pockels effect.

[0027]  In other words, the modulator may include a waveguide 502, a first electrode 504
and a second electrode 506. The waveguide 502 may be between the first electrode 504 and the
second clectrode 506. The first electrode 504 may be a first electrically conductive sub-
wavelength grating with a plurality of fingers extending substantially perpendicular to the
waveguide 502. Likewise, the second electrode 506 may be a second electrically conductive
sub-wavelength grating with a plurality of fingers extending substantially perpendicular to the
waveguide 502.

[0028]  For avoidance of doubt, FIG. 5 is a general illustration and serves to illustrate the
features according to some embodiments. FIG. 5 is not intended to limit the arrangement, size,
shape etc. of the different features.

[0029]  The longitudinal length of the waveguide may refer to the length of the waveguide.
In various embodiments, the first electrically conductive sub-wavelength grating 504 having a
plurality of fingers extending substantially perpendicular to the longitudinal length of the
waveguide 502 may refer to the fingers of the first electrically conductive sub-wavelength
grating 504 having an angle of -5° to +5° to the normal, i.e. an angle selected from a range from
85° to 95° to the length of the waveguide 502. Likewise, the second electrically conductive sub-

wavelength grating 506 having a plurality of fingers extending substantially perpendicular to
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the longitudinal length of the waveguide 502 may refer to the fingers of the second electrically
conductive sub-wavelength grating 506 having an angle of -5° to +5° to the normal, i.e. an angle
selected from a range from 85° to 95° to the length of the waveguide 502.

[0030] In various embodiments, the fingers of the first electrically conductive sub-
wavelength grating 504 may be perpendicular or 90° to the longitudinal length of the waveguide
502. In various embodiments, the fingers of the second electrically conductive sub-wavelength
grating 506 may be perpendicular or 90° to the longitudinal length of the waveguide 502.
[0031] A period between neighbouring fingers of the first electrically conductive sub-
wavelength grating 504 may be less than a wavelength of the optical light. A period between
neighbouring fingers of the second electrically conductive sub-wavelength grating 506 may be
less than the wavelength of the optical light. For instance, the period between neighbouring
fingers of the first electrically conductive sub-wavelength grating 504 and/or the second
electrically conductive sub-wavelength grating 506 may be less than 500 nm, e.g. less than 300
nm.

[0032]  In various embodiments, a material included in the waveguide 502 may be different
from a material included in the first electrically conductive sub-wavelength grating 504 and the
second electrically conductive sub-wavelength grating 506. In other words, the material of the
waveguide 502 may be different from the material of the electrically conductive sub-
wavelength gratings 504, 506. The material included in the waveguide 502 may be a dielectric
with Pockels effect.

[0033] In various embodiments, an effective refractive index of the first sub-wavelength
grating 504 may be less than a refractive index of the waveguide 502. An effective refractive
index of the second sub-wavelength grating 506 may be less than the refractive index of the

waveguide 502.

10
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[0034]  In various embodiments, waveguide may include a material selected from a group
consisting of aluminium nitride (AIN), scandium doped aluminium nitride (ScAIN), lithium
niobate (LiNbQO3), lithium tantalite (LiTa0O3), and crystalline silicon carbide (SiC).

[0035]  The Pockels effect may change refractive index in the waveguide 502 induced by an
electric field generated between the first electrically conductive sub-wavelength grating 504
and the second electrically conductive sub-wavelength grating 506 upon application of the
potential difference between the first electrically conductive sub-wavelength grating 504 and
the second electrically conductive sub-wavelength grating 506. The refractive index change
may be proportional to the electric field.

[0036] Invarious embodiments, the first electrically conductive sub-wavelength grating 504
and/or the second electrically conductive sub-wavelength grating 506 may include doped
polysilicon.

[0037] In various embodiments, the electro-optic modulator may also include a first
cladding layer such that the first electrically conductive sub-wavelength grating 504 is
embedded in the first cladding layer, e.g. a first silicon oxide layer such that the first electrically
conductive sub-wavelength grating 504 is embedded in the first silicon oxide layer. The electro-
optic modulator may further include a second cladding layer such that the second electrically
conductive sub-wavelength grating 506 is embedded in the second cladding layer, e.g. a second
silicon oxide layer such that the second electrically conductive sub-wavelength grating is
embedded in the second silicon oxide layer.

[0038]  Invarious embodiments, the first electrically conductive sub-wavelength grating 504
may be over a substrate, the waveguide 502 is over the first sub-wavelength grating 504, and
the second electrically conductive sub-wavelength grating 506 may be over the waveguide 502,

such that first sub-wavelength grating 504, the waveguide 502 and the second electrically

11



WO 2022/039670 PCT/SG2021/050372

conductive sub-wavelength grating 506 form a vertical arrangement over the substrate. In
various embodiments, the electro-optic modulator may include the substrate.

[0039]  In various embodiments, the optical light may include a wavelength selected from a
range from 1330 nm to 1550 nm.

[0040] In various embodiments, the electro-optic modulator may be a push-pull Mach-
Zehner interferometer (MZI) modulator or a ring modulator.

[0041]  As highlighted above, one problem of conventional AIN electro-optic (EO)
modulator is that the electrode (metal or doped polysilicon) need be placed far away from the
AIN waveguide to avoid optical loss, which results in lower modulation efficiency.

[0042]  In order to place the electrode near the waveguide, the electrode would need to meet
the following criteria: (1) lower refractive index than the waveguide material; and (2) negligible
optical loss for the operating wavelength. Unfortunately, there is no such suitable material.
[0043]  Various embodiments may seek to address this problem by using doped polysilicon
sub-wavelength gratings. Although the refractive index of polysilicon is much larger than AIN,
the effective index of the doped polysilicon sub-wavelength grating may be lower than that of
AIN. Meanwhile, the grating may keep optical loss low for operations at 1330 nm to 1550 nm
wavelengths.

[0044]  FIG. 6 is a general illustration of a method of forming an electro-optic modulator
according to various embodiments. The method may include, in 602, forming a waveguide
configured to carry optical light along a longitudinal length of the waveguide. The method may
also include, in 604, forming a first electrically conductive sub-wavelength grating on or in
contact with a first side of the waveguide, the first electrically conductive sub-wavelength
grating including a plurality of fingers extending substantially perpendicular to the longitudinal
length of the waveguide. The method may further include, in 606, forming a second electrically

conductive sub-wavelength grating on or in contact with a second side of the waveguide
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opposite the first side, the second electrically conductive sub-wavelength grating including a
plurality of fingers extending substantially perpendicular to the longitudinal length of the
waveguide. The electro-optic modulator may be configured to modulate the optical light upon
application of a potential difference between the first electrically conductive sub-wavelength
grating and the second electrically conductive sub-wavelength grating based on Pockels effect.
[0045]  In other words, the method may include forming the waveguide, the first electrode
(i.e. the first electrically conductive sub-wavelength grating) and the second electrode (i.c. the
second electrically conductive sub-wavelength grating).

[0046]  For avoidance of doubt, FIG. 6 is not intended to limit the sequence of the steps. For
instance, in various embodiments, step 604 may occur before step 602, at the same time as step
602, or after step 602.

[0047]  In various embodiments, the first electrically conductive sub-wavelength grating
may be formed over a substrate. The waveguide may be formed over the first electrically
conductive sub-wavelength grating after forming the first electrically conductive sub-
wavelength grating. The second electrically conductive sub-wavelength grating may be formed
over the waveguide after forming the waveguide.

[0048]  In various embodiments, forming the waveguide may include depositing aluminium
nitride (AIN) or scandium doped aluminium nitride (ScAIN) via chemical vapor deposition
(CVD) or physical vapor deposition (PVD).

[0049]  In various embodiments, forming the first electrically conductive sub-wavelength
grating and/or forming the second electrically conductive sub-wavelength grating may include
depositing polysilicon via chemical vapor deposition or physical vapor deposition, patterning
the deposited polysilicon, and doping the patterned polysilicon via ion implantation.

[0050] In various embodiments, the method may additionally include annealing after

forming the second electrically conductive sub-wavelength grating.
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[0051] In various embodiments, the method may further include depositing silicon oxide
between the fingers of the first electrically conductive sub-wavelength grating after forming the
first electrically conductive sub-wavelength grating. The method may also include depositing
silicon oxide between the fingers of the second electrically conductive sub-wavelength grating
after forming the second electrically conductive sub-wavelength grating.

[0052]  In various embodiments, the method may also include forming a first metal via to
electrically connect to the first electrically conductive sub-wavelength grating and a second
metal via to electrically connect to the second electrically conductive sub-wavelength grating
after forming the first electrically conductive sub-wavelength grating and the second
electrically conductive sub-wavelength grating.

[0053] In various embodiments, an effective refractive index of the first sub-wavelength
grating may be less than a refractive index of the waveguide. An effective refractive index of
the second sub-wavelength grating may be less than the refractive index of the waveguide.
[0054] In various embodiments, a period between neighbouring fingers of the first
electrically conductive sub-wavelength grating may be less than a wavelength of the optical
light. A period between neighbouring fingers of the second electrically conductive sub-
wavelength grating may be less than the wavelength of the optical light.

[0055] In various embodiments, the electro-optic modulator may be a push-pull Mach-
Zehner interferometer (MZI) modulator or a ring modulator.

[0056]  Various embodiments may relate to using a metamaterial, i.e., doped polysilicon with
subwavelength grating (SWG) structure, as the electrode of the EO modulator.

[0057]  FIG. 7A is a perspective three-dimensional (3D) view of the electro-optic modulator
according to various embodiments. FIG. 7B is a cross-sectional view (across the X-Z plane) of

the electro-optic modulator according to various embodiments.
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[0058] The electro-optic modulator may include a waveguide 702 configured to carry
optical light along a longitudinal length of the waveguide 702. The electro-optic modulator may
also include a first electrically conductive sub-wavelength grating 704 (i.e. the bottom
electrode) on or in contact with a first side of the waveguide, the first electrically conductive
sub-wavelength grating including a plurality of fingers extending substantially perpendicular to
the longitudinal length of the waveguide 702. The electro-optic modulator may further include
a second electrically conductive sub-wavelength grating 706 (i.e. the upper electrode) on or in
contact with a second side of the waveguide 702 opposite the first side, the second electrically
conductive sub-wavelength grating including a plurality of fingers extending substantially
perpendicular to the longitudinal length of the waveguide 702. As shown in FIG. 7A, the fingers
of the first electrically conductive sub-wavelength grating 704 and the fingers of the second
electrically conductive sub-wavelength grating 706 may extend inwards. The fingers of the first
electrically conductive sub-wavelength grating 704 may extend towards below the waveguide
702, while the fingers of the second electrically conductive sub-wavelength grating 706 may
extend towards above the waveguide 702. The first electrically conductive sub-wavelength
grating 704 and the second electrically conductive sub-wavelength grating 706 may include
doped polysilicon.

[0059]  The Y-cut (X-Z plane) cross section of the modulator is shown in FIG. 7B. Each
doped polysilicon (polySi) subwavelength grating (SWG) 704, 706 may have a width of “a”
and a period of “A”. If A << A, i.e., in the subwavelength regime, the optical property of the
SWG structure may behave as a homogenous medium and the equivalent refractive index (nswe)

may be given as:
a a
ndwe =7nf + (1—n (8)
where n; is the doped polysilicon refractive index: n1 = ~3.5; and n2 is the SiOz refractive index:

na = 1.45. The value of a and A should be selected to fulfil the criteria of:
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A<<A )]
nswa < NAIN (naiN ~2.1, and nscaiN ~2.2) (10)

[0060] In the case of a =50 nm and A = 300 nm, then nswc = ~1.93, which is smaller than
that of the waveguide, i.e., AIN or ScAIN.

[0061] The first electrically conductive sub-wavelength grating 704 and the second
electrically conductive sub-wavelength grating 706 may be embedded in silicon oxide (SiOz)
layers 708.

[0062] FIG. 7C is a cross-sectional view (across the Y-Z plane) of the electro-optic
modulator according to various embodiments. In the X-cut (Y-Z plane) cross section as shown
in FIG. 7C, the modulator may further include a first metal via 710a for electrical connection
with the first electrically conductive sub-wavelength grating 704, and a second metal via 712a
for electrical connection with the second electrically conductive sub-wavelength grating 706.
The modulator may also include a first metal pad 710b in electrical connection with the first
metal via 710a, as well as a second metal pad 712b in electrical connection with the second
metal via 710b. The first metal pad 710b and the second metal pad 712b may be on an exposed
surface of the silicon oxide (Si0O2) layers 708. The modulator may additionally include a first
doped polysilicon layer 710c electrically connecting the first electrically conductive sub-
wavelength grating 704 and the first metal via 710a, as well as a second doped polysilicon layer
712c¢ electrically connecting the second eclectrically conductive sub-wavelength grating 706
with the second metal via 712a. The first electrically conductive sub-wavelength grating 704,
the waveguide 702, the second electrically conductive sub-wavelength grating 706, the metal
vias 710a, 712a, the metal pads 710b, 712b, the doped polysilicon layers 710c, 712c, and the
silicon oxide layers 708 may be over a substrate 714.

[0063]  As shown in FIG. 7C, the width of electrically conductive sub-wavelength gratings
704, 706 may be equal to the width of the waveguide 702 (Wwg) and two edge widths (Wedge).

The waveguide 702 may have a thickness twe. The thickness of the electrically conductive sub-
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wavelength gratings 704, 706 (tswg) may be equal to the thickness of the doped polysilicon
layers 710c, 712¢ (tpolysi). In one example, twg = 0.4 pm, Wwe = 1.0 pm, tswc = tpotysi = 0.1 pum;
and Wegge = 1.0 pm.

[0064] At 1550 nm wavelength, AIN may have a propagation loss of ~0.4 dB/cm,
corresponding to its refractive index of naiv = 2.1 + i1.5e-6. The doped polysilicon (poly-Si)
may have propagation loss of ~10-20 dB/cm, corresponding to its refractive index of npoly-si =
3.5 + ide-5. In the case that the sub-wavelength grating has a = 50nm, A = 300nm, then, the
equivalent index of SWG is nswg = 1.95 +1i1.2e-5.

[0065]  FIG. 8A compares the optical modes of (1) the conventional aluminium nitride (AIN)
waveguide without electrode, (2) the conventional aluminium nitride (AIN) waveguide with
continuous doped poly silicon electrode, and (3) the aluminium nitride (AIN) waveguide with
the sub-wavelength grating according to various embodiments. The upper portion of FIG. 8A
shows the schematics of (1) — (3), and the lower portion of FIG. 8 A shows the corresponding
images of the optical modes.

[0066]  For the AIN waveguide without the electrode (or the electrode is far enough to the
WG core thus no effect on the optical mode), it may have low propagation loss and the optical
light is mostly confined in the waveguide core, but as abovementioned, the modulation
efficiency may be very small due to large S. For the AIN WG with the normal continuous
polysilicon (ploy-Si) electrode, the optical light may mostly be confined in the poly-Si electrode
because of its large index and the waveguide has large loss. The continuous poly-Si electrode
may change the mode significantly. Thus, this structure may not be suitable for the EO
modulator. For the AIN WG with the SWG electrode according to various embodiments, the
mode may be close to the AIN WG without electrode because this metamaterial has lower index
than the AIN waveguide core, indicating that the poly-Si SWG can be used as electrode without

sanctifying the optical mode.
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[0067] FIG. 8B shows the electric field of the conventional aluminium nitride (AIN)
waveguide with continuous doped poly silicon electrode at a bias of 1V. FIG. 8C shows the
electric field of the aluminium nitride (AIN) waveguide with the sub-wavelength grating
according to various embodiments at a bias of 1V.

[0068]  The electrical simulation shows that the average E, in AIN is about 1.6x10° V/m at
1V bias. For comparison, the standard plate electrode gives 2.5x10° V/m at 1 V bias. It indicates
that the SWG electrode can function as the normal continuous poly-Si electrode. In order to
maximize the average electric field in AIN, the bottom SWG and the upper SWG may be offset
by A/2. However, the misalignment of the bottom and top SWG may only reduce the average
electric field by less than 5%.

[0069]  Moreover, to avoid poly-Si SWG dishing because of imperfection of chemical
mechanical polishing CMP, a very thin SiO> layer (e.g. about 20 nm) may be placed between
the SWG and the AIN waveguide, which corresponds to 0.1 um equivalent length, resulting in
reduction of Ez by 20%.

[0070] By taking both optical and electrical properties into account, the AIN modulator with
the above dimensions have a performance of waveguide loss of 1.7 dB/cm, VxLx of ~17.2
V-cm, and 3-dB bandwidth of ~1-40 GHz measured by using optimized traveling electrode
metal lines. After taking imperfect fabrication into account, Vo-Lz may be ~21 V-cm. This
performance may be comparable to the commercial LN modulators in the market.

[0071] It is expected that SCAIN has much larger Pockels coefficient than AIN, depending
on the Sc percentage. If ScAIN with r33 = 10 pm/V is used, then Vr-Lr = ~1.7 V-cm, which is
even better than the reported LNOI modulators. If ScAIN with 133 =5 pm/V is used, Vx-Lx may
be equal to or more than ~3.4 V.cm.

[0072]  The phase modulation may be converted to the intensity modulation by using either

push-pull Mach-Zehnder interferometer or ring configurations, as shown below. FIG. 9 shows
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a push-pull Mach-Zehnder interferometer (MZI) modulator according to various embodiments.
FIG. 9 also indicates the portion of the interferometer modulator which corresponds to the
modulator as shown in FIG. 7C.

[0073]  FIG. 10A shows a single-ring ring modulator according to various embodiments.
FIG. 10B shows a dual-ring ring modulator according to various embodiments.

[0074]

A comparison between the performance of a conventional commercial LN

modulator, a conventional LNOI modulator, a conventional reported AIN modulator, and two

embodiments is shown in Table 1.

[0075]

(EQO) modulators

Table 1: Comparison of various Mach-Zehnder interferometer (MZI) electro-optic

Type VrLx 3-dB WG Integratio | Operating | Cost
bandwid | Loss n Waveleng
th Feasibility | th
Commerci | >10 V-em | 10 — 40| < Discrete, Visible to | Expensi
al LN (Fujitsu, GHz dB/cm cannot be | near ve
modulator | Thorlabs integrated infrared
etc.) in Si | (NIR): ~
platform 400 nm to
LN on |18 —94]10- 10002 - Hybrid ~3um Very
insulator V-cm GHz dB/cm and/or expensiv
modulator heterogeno e
us
integration.
Process is
difficult
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and
complex
AIN ~ 240 | <1 GHz | 04 Very easy Very
modulator | V-cm (due to | dB/em in cheap
large fabrication,
size) monolithic
integration
on Si
platform
Embodime | ~17V-ecm | 1 - 40| 1.7 Very easy | NIR > 1.1 | Very
ntbased on | (theoretic | GHz dB/cm in pm to ~ 3 | cheap
AIN  with | al) (estimate fabrication, | pm
133 of d by monolithic
lpm/V using integration
traveling on Si
electrode) platform
Embodime | ~ 1711 - 100 | > 2 Very
ntbasedon | V-cm GHz dB/cm cheap
ScAIN (theoretic | (estimate | (to be
with larger | al) d by | develope
133 of using d)
10pm/V traveling
electrode)
[0076]  FIGS. 11A — C show a method of forming an electro-optic modulator. FIG. 11A

shows steps 1 to 4 of forming the electro-optic modulator according to various embodiments.
In Step 1, a silicon substrate 1114 may be covered with a layer of silicon oxide 1108a. In Step
2, polysilicon may be deposited and patterned, followed by ion implantation (~ 1x10*° cm?) to
form the first electrically conductive sub-wavelength grating 1104. In Step 3, silicon oxide may

be deposited, followed by chemical mechanical polishing to form silicon oxide layer 1108b. In

Step 4, AIN or ScAIN may be deposited to form waveguide layer 1102.
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[0077]  FIG. 11B shows steps 5 to 7 of forming the electro-optic modulator according to
various embodiments. In Step 5, the waveguide layer 1102 may be patterned. In Step 6, silicon
oxide may be deposited, followed by chemical mechanical polishing to form silicon oxide layer
1108c. In Step 7, polysilicon may be deposited, patterned, followed by ion implantation (~
1x10?° cm). The structure may be annealed to activate the dopants and to improve AIN or
ScAIN crystallization. The deposited polysilicon may form the second electrically conductive
sub-wavelength grating 1106.

[0078]  FIG. 11C shows steps 8 to 10 of forming the electro-optic modulator according to
various embodiments. In Step 8, silicon oxide may be deposited, followed by chemical
mechanical polishing to form silicon oxide layer 1108d. In Step 9, a first via may be opened to
expose the bottom electrode 1104, and a second via may be opened to expose the upper
electrode 1106. The vias may be opened by etching portions of the overlying layers. In Step 10,
a metal, e.g. aluminum, may be deposited and patterned to form metal vias 1110a, 1112a as
well as metal pads 1110b, 1112b.

[0079]  Various embodiments may relate to an EO modulator using CMOS compatible
deposited EO material such as AIN and/or ScAIN. Various embodiments may include doped
silicon subwavelength gratings as electrodes. The modulator may be very cheap and can be
monolithically integrated on Si platform with other components. Its performance may be
comparable to that of the conventional LiNbO3 modulator, which has larger Pockels coefficient
but is not suitable for monolithic integration. Various embodiments may relate to pull-push
MZI and ring modulators using the described phase modulation structure. Various
embodiments may relate to a fabrication method of the described modulator.

[0080]  Various embodiments can be used to fabricate a very low cost EO modulator to

replace the existing commercial LiNbO3 EO modulator in the market. Various embodiments
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can be monolithically integrated in Si platform to fabricate various photonic integrated circuits
(PICs).

[0081] By “comprising” it is meant including, but not limited to, whatever follows the word
“comprising”. Thus, use of the term “comprising” indicates that the listed elements are required
or mandatory, but that other elements are optional and may or may not be present.

[0082] By “consisting of” is meant including, and limited to, whatever follows the phrase
“consisting of”. Thus, the phrase “consisting of” indicates that the listed elements are required
or mandatory, and that no other elements may be present.

[0083] The inventions illustratively described herein may suitably be practiced in the
absence of any element or elements, limitation or limitations, not specifically disclosed herein.
Thus, for example, the terms “comprising”, “including”, “containing”, etc. shall be read
expansively and without limitation. Additionally, the terms and expressions employed herein
have been used as terms of description and not of limitation, and there is no intention in the use
of such terms and expressions of excluding any equivalents of the features shown and described
or portions thereof, but it is recognized that various modifications are possible within the scope
of the invention claimed. Thus, it should be understood that although the present invention has
been specifically disclosed by preferred embodiments and optional features, modification and
variation of the inventions embodied therein herein disclosed may be resorted to by those skilled
in the art, and that such modifications and variations are considered to be within the scope of
this invention.

[0084] By “about” in relation to a given numerical value, such as for temperature and period
of time, it is meant to include numerical values within 10% of the specified value.

[0085] The invention has been described broadly and generically herein. Each of the
narrower species and sub-generic groupings falling within the generic disclosure also form part

of the invention. This includes the generic description of the invention with a proviso or
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negative limitation removing any subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein.

[0086]  Other embodiments are within the following claims and non- limiting examples. In
addition, where features or aspects of the invention are described in terms of Markush groups,
those skilled in the art will recognize that the invention is also thereby described in terms of

any individual member or subgroup of members of the Markush group.

23



CLAIMS

1 . An electro-optic modulator comprising:

a waveguide, the waveguide comprising aluminium nitride, configured to carry
optical light along a longitudinal length of the waveguide;

a first electrically conductive sub-wavelength grating on a first side of the
waveguide, the first electrically conductive sub-wavelength grating comprising a
plurality of fingers, the plurality of fingers comprising doped polysilicon having a
refractive index larger than a refractive index of aluminium nitride comprised in
the waveguide, extending substantially perpendicular to the longitudinal length of
the waveguide; and

a second electrically conductive sub-wavelength grating on a second side of the
waveguide opposite the first side, the second electrically conductive sub-
wavelength grating comprising a plurality of fingers, the plurality of fingers
comprising doped polysilicon having the refractive index larger than the refractive
index of aluminium nitride comprised in the waveguide, extending substantially
perpendicular to the longitudinal length of the waveguide;

wherein the electro-optic modulator comprises a first silicon oxide layer
comprising silicon oxide between the plurality of fingers of the first electrically
conductive sub-wavelength grating such that an effective refractive index of the
first electrically conductive sub-wavelength grating is less than the refractive
index of aluminium nitride comprised in the waveguide;

wherein the electro-optic modulator comprises a second silicon oxide layer
comprising silicon oxide between the plurality of fingers of the second electrically
conductive sub-wavelength grating such that an effective refractive index of the
second electrically conductive sub-wavelength grating is less than the refractive
index of aluminium nitride comprised in the waveguide; and

wherein the electro-optic modulator is configured to modulate the optical light
upon application of a potential difference between the first electrically conductive
sub-wavelength grating and the second electrically conductive sub-wavelength
grating based on Pockels effect.
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2. The electro-optic modulator according to claim 1,

wherein the first electrically conductive sub-wavelength grating is over a
substrate, the waveguide is over the first sub-wavelength grating, and the second
electrically conductive sub-wavelength grating is over the waveguide, such that
first sub-wavelength grating, the waveguide and the second electrically
conductive sub-wavelength grating form a vertical arrangement over the
Substrate.

3. The electro-optic modulator according to claim 1,

wherein a period between neighbouring fingers of the first electrically conductive
sub-wavelength grating is less than a wavelength of the optical light; and

wherein a period between neighbouring fingers of the second electrically
conductive sub-wavelength grating is less than the wavelength of the optical light.

4. The electro-optic modulator according to claim 1,

wherein the optical light comprises a wavelength selected from a range from
1330 nm to 1550 nm.

5. The electro-optic modulator according to claim 1,

wherein the electro-optic modulator is a push-pull Mach-Zehner interferometer
(MZI) modulator or a ring modulator.

6. A method of forming an electro-optic modulator, the method comprising:

forming a waveguide, the waveguide comprising aluminium nitride, configured to
carry optical light along a longitudinal length of the waveguide;

forming a first electrically conductive sub-wavelength grating on a first side of the
waveguide, the first electrically conductive sub-wavelength grating comprising a
plurality of fingers, the plurality of fingers comprising doped polysilicon having a
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refractive index larger than a refractive index of aluminium nitride comprised in
the waveguide, extending substantially perpendicular to the longitudinal length of
the waveguide; and

forming a second electrically conductive sub-wavelength grating on a second
side of the waveguide opposite the first side, the second electrically conductive
sub-wavelength grating comprising a plurality of fingers, the plurality of fingers
comprising doped polysilicon having the refractive index larger than the refractive
index of aluminium nitride comprised in the waveguide, extending substantially
perpendicular to the longitudinal length of the waveguide;

wherein the electro-optic modulator comprises a first silicon oxide layer
comprising between the plurality of fingers of the first electrically conductive sub-
wavelength grating such that an effective refractive index of the first electrically
conductive sub-wavelength grating is less than the refractive index of aluminium
nitride comprised in the waveguide;

wherein the electro-optic modulator comprises a second silicon oxide layer
comprising between the plurality of fingers of the second electrically conductive
sub-wavelength grating such that an effective refractive index of the second
electrically conductive sub-wavelength grating is less than the refractive index of
aluminium nitride comprised in the waveguide; and

wherein the electro-optic modulator is configured to modulate the optical light
upon application of a potential difference between the first electrically conductive
sub-wavelength grating and the second electrically conductive sub-wavelength
grating based on Pockels effect.

7. The method according to claim 6,

wherein the first electrically conductive sub-wavelength grating is formed over a
substrate;

wherein the waveguide is formed over the first electrically conductive sub-
wavelength grating after forming the first electrically conductive sub-wavelength
grating; and

wherein the second electrically conductive sub-wavelength grating is formed over
the waveguide after forming the waveguide.
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8. The method according to claim 6,

wherein forming the waveguide comprises depositing aluminium nitride (AIN) via
chemical vapor deposition or physical vapor deposition.

9. The method according to claim 6,

wherein forming the first electrically conductive sub-wavelength grating and
forming the second electrically conductive sub-wavelength grating comprise
depositing polysilicon via chemical vapor deposition or physical vapor deposition,
patterning the deposited polysilicon, and doping the patterned polysilicon via ion
implantation.

10. The method according to claim 9, further comprising:

annealing after forming the second electrically conductive sub-wavelength
grating.

11. The method according to claim 6, further comprising:

forming a first metal via to electrically connect to the first electrically conductive
sub-wavelength grating and a second metal via to electrically connect to the
second electrically conductive sub-wavelength grating after forming the first
electrically conductive sub-wavelength grating and the second electrically
conductive sub-wavelength grating.

12. The method according to claim 6,

wherein a period between neighbouring fingers of the first electrically conductive
sub-wavelength grating is less than a wavelength of the optical light; and

wherein a period between neighbouring fingers of the second electrically
conductive sub-wavelength grating is less than the wavelength of the optical light.
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13. The method according to claim 6,

wherein the electro-optic modulator is a push-pull Mach-Zehner interferometer (MZI)
modulator or a ring modulator.
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