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A general silicon mode-converter waveguide that converts a fundamental mode to any higher-order mode is pro-
posed. Specifically, dielectric substrip waveguides are inserted in the fundamental mode propagation path so that the
conversion is done directly in the same propagation waveguide, without coupling the power into another waveguide
as it happens in traditional mode converters. The device has a very small footprint compared to traditional con-
verters. A mathematical model is developed to determine the design parameters of the used dielectric material and
analyze the whole performance of the proposed device. Both the effective index method (EIM) and the perturbative
mode-coupled theory are used in our mathematical analysis to get exact values for both the coupling coefficient and
the length of the used dielectric material, so as to ensure a maximum coupled power transfer to the higher-order
mode. In addition, full vectorial 3D-FDTD simulations are performed to validate our mathematical model. Our
results show good agreement between the approximate EIM method and accurate full vectorial 3D-finite-difference
time-domain (FDTD) simulations in characterizing the device parameters and performance. In order to validate the
design model, two mode converters are simulated, fabricated, and tested for converting a fundamental TE, mode
into both first- and second-order (TE; and TE,) modes, respectively. Good insertion losses and low crosstalks are
obtained. Good agreement between simulated and fabricated results are achieved.  ©2019 Optical Society of America
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1. INTRODUCTION conversion at the design wavelength [13-15]. To selectively
excite one specific mode, it is enough to match the phase profile
of that particular mode, which can be achieved through phase
modulation of the input field by placing a proper phase element
in its path [16]. Tilted binary phase plates have been investi-
gated in optical communications systems for dynamic and ef-

ficient mode conversion not only for the design wavelength but

Along with the rapid development of photonics integrated
systems, on-chip mode converters are serving as important
components in multplexing techniques [1-5]. Currently,
mode-division multiplexing (MDM) and simultaneous mode-
and polarization-division-multiplexing techniques are getting

much interest as they provide high on-chip data transmission
rates [6-11]. Indeed, the transmission capacity of on-chip optic
systems can be increased by increasing the number of allowed
modes in MDM systems [12]. Normally these techniques re-
quire mode conversions from fundamental modes to higher-
order modes before multiplexing on a multimode waveguide
[12].

One of the most commonly used methods for mode con-
version in optical fiber communication systems is based on the
use of phase plates, due to its simplicity and good selectivity
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also over a wide spectral range [17]. Phase plates, which phase
patterns match that of higher-order modes, are made of glass
with thicker part of its surface. This introduces a phase jump of
7 to the light that passes through it [13]. This phase plate has
many phase patterns for different higher-order modes [13].
Due to the increasing use of silicon-on-insulator (SOI) in
the manufacture of integrated circuits because of its advantages
in high speed and low power requirements [18], the mode
conversion process in SOI is getting great attention as being
a basic part of on-chip platforms. The traditional techniques
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adopted for on-chip mode converters are based on traditional
directional couplers and Bragg grating couplers [19,20]. In tra-
ditional coupling methods, an optical field is converted from
one mode to another by precisely designing the coupling
gap, the coupling length, as well as determining the grating
parameters. These coupling techniques depend on coupling
the optical power from its main propagation path to another
waveguide and their coupling lengths cannot be very short
[21]. These methods face great difficulty in setting precise
values of their design parameters due to device parameter
variations from fabrication [22].

Another strategy has been investigated by etching different
shapes in the propagation waveguide to produce a perturbation
in the refractive index distribution, and accordingly some of
the electromagnetic energy propagating in one mode would cou-
ple into another mode [23-25]. For the conversion from funda-
mental (TEy) to first-order (TE;) mode, a dielectric metasurface
consisting of nanoscale features etched into a 1 pm x 220 nm
waveguide has been proposed in [24]. The mode converter
has an 88% transmission and is 23 pm long. A TEj to TE; mode
converter with a small footprint of 0.8 um x 5.3 ym and 0.95
transmittance has been realized by two cascaded trenches fully
etched inside a silicon nanowire [25].

Also, a TEg”TE; mode conversion Bragg grating device
incorporating resonant cavity section has been reported to ob-
tain narrow transmission wavelength peak [26]. The device has
a large footprint where its length is greater than 127 Um using
single resonance cavity structure, and can be double this length
using a double cavity structure. In addition, a topology opti-
mization method has also been used for fundamental to first-
order mode conversion [27]. The device has a cross-sectional
area of 1.4 pm x 3.4 pym, and achieves an insertion loss (IL)
less than 2 dB and extinction ratio greater than 9.5 dB. In ad-
dition, this topology optimization has been employed to design
a device that allows for reversible conversion between the fun-
damental TEy mode and second-order TE, mode [27].

In [28], we have proposed a broadband silicon-silicon ni-
tride (Si — SigNy4) dual polarized mode converter for SOI tech-
nology. The device converts a fundamental TEy (TMg) mode
in a silicon multimode waveguide into a first-order TE; (TMy)
mode over a wide spectrum range. The device has a very small
footprint, as it is composed of an etched silicon nitride substrip
of length 0.8 um on half-width of a 1 pm x 220 nm silicon
strip waveguide for TE polarization. The device characteristics
have been evaluated using simulation without fabrication
verification.

In this paper, we extend the idea in [28] to higher-order
modes. In addition, we fabricate the device to validate the
simulation results. Specifically, the fundamental mode in its
propagation path is divided into a number of equal parts de-
pending on the mode number of the desired higher-order
mode. Phase shifts are introduced to some of these parts by
forcing them to propagate through substrips of different dielec-
tric materials, each of length d. That is, the substrips are used to
readjust the relative phase differences among the fundamental
mode parts and excite the desirable higher-order mode. In
particular, we focus on the design of TEy to TE¥”TE; mode

converters and evaluate their performances through simulation
and fabrication.

We start by developing a mathematical model for a funda-
mental to first-order mode converter using both the effective-
index method (EIM) [29-33] and coupled-mode theory [34].
This mathematical model helps in determining both the
coupling coefficients and system design parameters. Next, full
vectorial 3D-FDTD simulations are performed for both the
first- and second-order mode converters to verify the developed
mathematical model. The two mode converters are designed
and simulated using two different dielectric materials: silicon
nitride SigNy and silicon dioxide SiO;. Finally, the devices
are fabricated and tested to validate the proposed model using
only SiO, material. The results show that the insertion loss
ranges from 1.28 dB to 1.9 dB for different modes using differ-
ent dielectric materials with a length of only 0.6-0.8 pm.

The remaining of this paper is organized as follows. The
device structures of both first- and second-order mode convert-
ers are presented in Section 2. It includes a general equation to
determine the number and positions of dielectric substrips
that divide the fundamental mode. Section 3 is devoted for
the mathematical model development and educing formulas
for both the coupling coefficient and system design parameters.
3D-FDTD simulations based on our theoretical results are pre-
sented in Section 4. The fabrication process is described in
Section 5. The experimental data and the measurement results
are analyzed, in the same section, to get the insertion losses and
crosstalk (CT) for converted higher-order modes. Finally, our
conclusions are given in Section 6.

2. DEVICE STRUCTURE AND MODE PROFILE

The mth-order mode converter, m 1,2, ...9, consists of one
multimode waveguide of width W, notched with a number of
small parts of dielectric material (substrips), each of length d
and width w”m 1 . These substrips provide phase jumps
of 7 relative to that of light propagating through the silicon
part. That is, they create a phase pattern like that of the desired
higher-order mode. For example, the first-order mode con-
verter, which converts the fundamental TEq mode to first-order
TE; mode, is formed using one substrip of length d and width
w2, as shown in Fig. 1(a). Also, the second-order mode
converter is formed using two substrips, each of length d
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Fig. 1. Structure of proposed (a) TEq to TE; and (b) TEq to TE,

waveguide mode converters.
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and width W~3, as shown in Fig. 1(b). In addition, a notched
circle, of the same dielectric material as that of the substrips,
with radius R is placed after the phase pattern in order to en-
hance the coupled power to the higher-order mode and reduce
the crosstalk to the fundamental mode. The proposed mode
conversion process is based on the phase retardation technique.
This technique has been adopted in optical fibers, but it is the
first time to be implemented on SOI platforms directly in the
same propagation waveguide.

A. Spatial Distributions of Substrips

The dielectric substrips would readjust the relative phase
differences among divided m 1 parts and excite the desired
higher-order mode. The number of dielectric substrips and
their spatial distributions can be determined based on the phase
distribution of the higher-order mode by a transmittance func-
tion of the N -1 th-order mode Ty-1 X,z , N m 1.
The transmittance functions for both odd and even higher-
order modes are given by Eq. (1):
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C. Mode Profiles

Using EIM, we can find the 2D mode profile of our first-order
strip waveguide mode converter. That is, the profile can be
writtenas W, X,y G Y F X ,where Gy and F X are the
electric fields of two slab waveguides in the y- and X-directions,
respectively [32]. The electric field in the y-direction is

8
<A cos ply2 g7V ¥2:

ify <-b2,
Gy _Acos py ; if jyj <b2, (3)
T ACos p2 eV ify > b2,

where A is a constant. The parameters p and y are given by

279
N NG — NG,
279
Y i ngﬁg -nZ, 4)

respectively. Here, Neff, is the effective index of a slab waveguide
of height h in the y-direction, n; is the refractive index of the
clad, and A is the operating wavelength. In the X-direction, the

s n ion h o]
<1 ifx N e, n 1w M1 -2, - 2n-1 W
Tn-1 X2 - n on io; for odd - order modes,
T -1 ifx N - 1w —onw "1 2n-1.2ng
8 . nia i (1)
<1, ifjxj no oy 2n-1 .o 2ng
Tna X,z o i for even - order modes:
-1, ifjxj n1 ooy 2Nsay  2n 1

B. Perturbation of the Refractive Index
In our mathematical development, we aim at determining the
design parameters for the first-order mode converter. Although
our focus is for first-order mode converters, the mathematical
model can be easily extended to higher-order mode converters.
According to Eq. (1), the first-order mode converter consists
of one dielectric substrip of width W2 and length d. By ditch-
ing this substrip in the propagation waveguide, a perturbation
in the refractive index distribution is created and some of the
electromagnetic energy propagating in the fundamental mode
would couple into the first-order mode. The perturbation of
the refractive index distribution An? X,y is obtained by sub-
tracting the refractive index of the perturbed system from that
of the unperturbed system [Fig. 1(a)]:

AR X,y nd. - n; f0<z<d0sxsw?2
’ 0; otherwise,
-d W
nd. — N3 -rect TZ rect —+ (2
2

where Ng; and Npje are the refractive indices of silicon and the
dielectric substrip material, respectively.

electric field F, X of the mth-order mode, m 0,1, 2, ...,

of the propagating waveguide is
N
—p 0 C . COS apW2  Mz2
C
.gom X W2 ifx <-w2,

Fox N—[fgﬂcmcos apX-mz2 ;  ifjxjsw2, (5)
effg

N
—Wﬁgm'ﬁcmcos W2 - Mz"2
T oeTom w2 if X >w2,

where C, is a constant, N g is the final effective index of the

waveguide, and 79 Mg~ €g is wave impedance in free space,
where [y and €q are free space permeability and permittivity,

respectively. In addition, ay, and oy, are given by

279 229
Qm = n& ~Nég>  Om il N&g, - (6)
l() 9 AO
respectively.

The constants A and C,, are chosen so that power flow in
the z-direction is unity. Using Eqs. (3) and (5), we can extract
the orthogonality property for strip waveguides:
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where &, is the Kronecker delta.

3. COUPLED-MODE EQUATIONS

In this section, we aim at finding a system of first-order coupled
differential equations that relates the amplitudes of the forward
propagating modes for the waveguide using coupled-mode
theory. The electric field in the propagating waveguide can be
expressed as

> _
E XY,z Anz W, X,y ez, (8)
m
where Ap Z is the complex amplitude of the mch-order

mode in the propagation waveguide. In addition, Wy, X,y
is the electric field profile for the mth-order mode and
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dA, _ .
27 M a-ipnz -
dz ¢ J

(11)

KnmAp Z €732
m

where the coupling coefficient is

3 XZ
a)(:'oneﬁg

2 2 .
K, W, X,y ng.,—-ns W, x,y dxdy:
nm OJZJ;M n y Die Si 'm y y

4noN \%/gn
(12)

Performing the double integration, the coupling coefficient
is given by Eq. (13). The coupling coefficient &py is an
important parameter to the device performance as it con-
trols the coupling between the input mode N and output
mode M through the propagation waveguide in the forward
direction:

3
weoneffg 2 _ 2 h 4 2 N wg, 110 N wg,, 10
Knm 27N2 x Npje = Ng; 5 5 5 A“ x > Cn 2 Cm
Mo wg, P r]effg neffg
8

Ne

MW ©

i z T _ i z z
a, SIn nz cos mz apy SIN m2 COS ﬂ2

§ ety 2
On =~ On

2_ 2 1 Neffy O 1 Neity
n n; an ne

Pm  2aNye~7g is its propagation constant. Here, Nyq
denotes the effective index of the Mth-order mode. Starting
from the wave equation for perturbed and unperturbed sys-
tems, and following the procedure in [34,35], we obtain
X d
12 PP Xy

m

Am e_jﬁmz
dz

KZAN? x,y,z - Ay z Wy, xye (9)

m

Multiplying the last equation by W, X,y , integrating over both
X and Y, and using orthogonality property Eq. (7), we get

; 2’7%ng dA, _
jZﬁn n =" N a-ifnz
nSffg dz
X -4
k% An z -rect Z_2 grifmz
7z M
o ¥ 0V e W oy . (10)

where An? X,y,z is substituted from Eq. (2). Focusing our
attention within length 0 <z < d of the phase plate, where
outside this region there is no coupling between any modes:

13
. ey (13

VW

We assume that the propagation waveguide in our mode con-
verter supports only three modes 0, 1, 2 with only one input
mode N, an output (converted) mode M, and an interfering
mode i. Applying this constraint to Eq. (11), we get the fol-
lowing coupled-mode equations:

dA, . - . :
d_zne‘lﬂnz —jkmnA, Z p ipnz - jknmAm Z e iPmz
- jrn A Z e,
dA, _ . . ) .
d—zme"/”mZ “jkmmAm 2 e — i A, 7 eI
- jrmiA Z e,
dA; _ . ) . .
d—z'e‘lﬂiZ -jKii A Z €7 - jin A, Z e7VPn?
- jKinA, z 7P (14)
Defining
o A Ape o APz (15)

Eq. (14) reduces to
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d . . .
£ =1 B Kan Mo~ JKomdm ~ JKniXis
d . . .
% “JkmoXn =1 P Kmm Xm ~ JKmiXis
dy; . . .
T)? “JKinXn ~ JKimXm ~) Bi Kii Xi (16)
The last set of equations can be written in matrix form:
dX
Fia AX, (17)
where
2 3
Xn
X 4ym® (18)
Xi
and
2 . . 3
=1 Pn Knn ~JKnm ~JKni
A 2 ~JKmn I P Kmm ~JKmi \Z’: (19)
~Jkin =JKim -i B i
Knowing the initial values at the input z 0,
2 3 5 3
Xn 0 A 0
X0 4,,05 4 0o 5 (20)
xi 0 0
we get the solution of Eq. (17) as
Xz eMX0: (21)

From the last general solution, we can evaluate the optimum
length of the phase plate which ensures that maximum power
is coupled from the input mode N to output mode m.

Although, the previous mathematical model is performed
for first-order mode converters, it can be extended easily to
higher-order mode converters. This depends only on the order
of the mode, and corresponding number and spatial distribu-
tions of dielectric substrips as indicated in Eq. (1).

4. 3D-FDTD SIMULATION AND NUMERICAL
RESULTS

In this section, we perform 3D-FDTD simulations on both
first- and second-order mode converters and present the sim-
ulation results. In our simulation, we use a strip waveguide
with SiO, cladding and buried oxide of 2 um. The design
parameters of the mode converters are determined using the
theoretical expressions developed in the previous section. The
designs and simulations are performed for two different sub-
strip materials: silicon nitride (Si3N4) with refractive index
Ngi,n, 2.016 and silicon dioxide (SiOy) with refractive
index n5i02 144

A. First-Order Mode Converter
In the case of the TE¢”TE; waveguide mode converter, a
1 pm x 220 nm strip waveguide is used.

1. Design Parameters Evaluation

The first-order mode converter is composed of one dielectric
substrip with width W2 and length d as demonstrated in
Eq. (1) for m 1. Using the solution of the coupled-mode
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Fig. 2. Normalized power in all the supported modes in the
TEg”TE; mode converter for (a) SigNy, (b) SIO, substrip material.

equations Eq. (21), we determine the smallest length d of
the dielectric material to guarantee maximum power transfer
to the first-order mode.

Figure 2 shows the normalized power for all three supported
modes versus the substrip length. It is clear from the figure that
the smallest lengths for maximum power transfer are achieved
atd 0.68 ymandd 0.55 pm for silicon nitride, Fig. 2(a),
and silicon dioxide, Fig. 2(b), respectively. It is also noticed
from Fig. 2 that the conversion to the first-order mode is
achieved at different lengths of the dielectric substrip which
correspond to maximum power transfer (the peaks of the power
curves). High crosstalks to the second-order modes are noticed,
i.e., some power is transferred from the fundamental mode
to the TE; mode. This motivates us to add a notched circle of
the same substrip material. The dimension and position of the
circle are optimized to achieve maximum power coupling to
the TE; mode as well as minimum power coupling to other
modes.

2. 3D-FDTD Simulation of First-Order Mode Converter

In this subsection, we use 3D-FDTD Solutions to simulate the
performance of the proposed first-order mode converter in a
220 nm height strip waveguide with SiO; cladding and BOX
of 2 ym. In our simulation, we use the obtained parameters as

determined in the last subsection. The performance is deter-
mined in terms of both the IL and CT, defined in decibels as

Pn L P L
P, 0"’ P, 0"’
where Py, is the power of the mth mode and L is the device
length. For the first-order mode converter, we have n 0,
m 1,andi f0,2g.

The simulation results when using SizN4 material have been
illustrated in [28]. Figure 3(a) shows the transmission results

IL  10log,, CT 10logyq (22)

—O-ILof TE,
—O-CTwoTE,

—Q—CT 0 TE,

o &» b N
o & AN

S

S

5
K

5

Transmission [dB]
5

Transmission [dB]

5

-18

20 -2
1400 1450 1500 1550 1600 1650 1700 1400 1450 1500 1550 1600 1650 1700
(a) Wavelength [nm] b Wavelength [nm]

Fig. 3. [Insertion loss and crosstalks for TEq to TE; mode converter
using (a) SigNy material, (b) SiO, material.
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for the sake of comparison. At an operating wavelength of
1550 nm, we can observe that the conversion into the TE;
mode is achieved with an insertion loss of 1.5 dB and cross-
talks of —12.8 dB and -16.73 dB to both fundamental TE
and second-order TE, modes, respectively.

In addition, the device is designed when using SiO, material
with length d 0.6 pm (as obtained from FDTD sweeping)
and with a circle of radius 70 nm placed at position z,x

2.6, 0.3 pm. The diameter and position of the circle are
optimized to achieve maximum power transfer to the TE;
mode and minimum power coupling to other modes. The
3D-FDTD simulation results in this case are illustrated in
Fig. 3(b). It is clear from the figure that the conversion into
the TE; mode is achieved at 1550 nm with an insertion
loss of =1.9 dB and crosstalks of -=15.13 dB and -14.79 dB
to both fundamental TE; and second-order TE, modes,
respectively.

It is clear from Fig. 3 that the silicon nitride material pro-
vides a better insertion loss for the TE; mode, but the SiO,
mode converter has a lower crosstalk to the fundamental TEq
mode.

The 3D-FDTD field propagation of our mode converter is
illustrated in Fig. 4(a) when exciting the device by a TEq mode
at the input of the waveguide. Conversion to the TE; mode is
clear after passing through the dielectric substrip.

B. Second-Order Mode Converter

A TEg~”TE; mode converter is designed following similar steps
as illustrated in the last subsection and simulated fora 1.8 pm x
220 nm strip waveguide. Unlike the first-order mode, the sec-
ond-order mode is an even mode which has a phase distribution
determined from Eq. (1) with m 2. Accordingly, we need
two substrips of the dielectric material, each with a length d
and a width W3 to equally divide the fundamental mode into
three parts. Two parts propagate in the two dielectric substrips
and encounter phase shifts of 7 relative to the other part which
propagates in the silicon material. Finally, the light is accumu-
lated in the second-order mode.

Starting from Eq. (10) (with integration split into two parts
for two dielectric substrips) and following a similar procedure,
we can extract the length d that ensures maximum power trans-
fer to the second-order mode.

1. 3D-FDTD Simulation of Second-Order Mode Converter
3D-FDTD simulations are performed to evaluate the perfor-
mance of the proposed second-order mode converter for both
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Fig. 5. Insertion loss and crosstalks for TEy to TE, mode converter
using (a) SigNy material, (b) SiO, material.

silicon nitride and silicon dioxide materials, and the simulated
results are plotted in Figs. 5(a) and 5(b), respectively. Here both
the IL and CT are defined as in Eq. (22) withn  0,m 2,
and i 0,1,3,4g.

For the mode converter with SigN4 material, the length d
0.6 pm and the notched circle has a radius 175 nm and is
placed at position Zz,X 1.9,0 pm. For the mode con-
verter with SiO;, we use same waveguide parameters, except
that the circle radius is reduced to 140 nm and placed at posi-
tion Z,X 2.2,0 pm. From Fig. 5(a), we can clearly ob-
serve that at 1550 nm, the conversion into the TE, mode
occurs with an insertion loss of =1.4 dB and crosstalks of
-12.8 dB and -11 dB to both fundamental TE; and TE,
modes, respectively. On the other hand, Fig. 5(b) shows that
the conversion into the TE; mode is accomplished at 1550 nm
with an insertion loss of =1.28 dB and crosstalks of =13.5 dB
and -26.96 dB to both fundamental TE; and TE,; modes,
respectively. A comparison between the last two mode convert-
ers indicates that the one which uses SiO, has a better
performance.

The field propagation of this converter is illustrated in
Fig. 4(b). Conversion to the TE, mode is clear after passing
through the dielectric substrips.

C. Effect of the Notched Circle
In this subsection, we discuss the effect of the notched circle on
the performance of mode converters. The notched circle is
placed in the light propagation path after the mode conversion
occurs using dielectric substrips. The mode conversion using
only phase retardation has high crosstalks to the unwanted
modes, as shown in Fig. 2. We reduce this crosstalk by inserting
a notched circle with optimized dimension and position. This
circle produces a perturbation to the refractive index which
makes a fluctuation in the power propagation in the
supported modes. This added perturbation is optimized to di-
minish the power loss that exists in the undesirable modes.
In Fig. 6, we plot the transmission through the TEg”TE;
silicon nitride mode converter with and without the use of the
notched circle. It is clear that the conversion into the TE; mode
without the perturbation circle is achieved at 1550 nm with an
insertion loss of -2.2 dB and crosstalks of -10.87 dB and
-9.77 dB to both TEq and TE, modes, respectively. After
inserting the circle, the coupled power to the TE; mode in-
creases and the IL improves to —1.5 dB, and the crosstalks to
the TEg and TE; modes improve to =12.8 dB and -16.78 dB,

respectively. In fact, the circle makes small disturbance in the
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Fig. 6. Insertion loss and crosstalks for TEy to TE; mode converter
using SigN, material with and without a notched circle.

propagating modes as it divides the power in the mode into two
parts, so the position and size of this circle is crucial.

5. EXPERIMENTAL RESULTS

Our devices have been fabricated (for both TE¢”TE; and
TEg”TE, mode converters) using 100 keV electron beam
lithography. A silicon-on-insulator wafer of 200 mm diameter,
220 nm device thickness, and 2 ym buffer oxide thickness has
been used as the base material for the fabrication. A 2.2 ym
oxide cladding has been deposited using a plasma-enhanced
chemical vapor deposition process based on tetraethyl orthosi-
licate at 300°C. The devices have been inspected using a scan-
ning electron microscope (SEM) to verify patterning and etch
quality. Reflectometry measurements have been performed
throughout the process to verify the device layer, buffer oxide,
and cladding thicknesses before delivery. Spectrum analysis has
been measured using a spectrum laser source, which can be
swept over 1500 nm. A polarization-maintaining single-mode
fiber array has been used to couple light in/out of the chip. The
fiber array has a channel pitch of 127 pym and all on-chip gra-
ting couplers are spaced with the same distance so as to allow
automated measurements for devices.

A. Circuit Description for Both TEx~TE; and TE,TE,
Mode Converters

Figures 7(a) and 7(b) show schematic diagrams of the whole
circuits with different parts that have been used in the fabrica-
tion of both first- and second-order mode converters, respec-
tively. The SEM images of the fabricated devices are illustrated
in Fig. 8. The fabricated structures for the TEg”TE; mode con-
verter are located at both the right and left of Fig. 8(b), whereas
that for the TEg~TE, mode converter are located at the center
of both Figs. 8(a) and 8(b).

The proposed devices have been fabricated using silicon di-
oxide material as an etched dielectric material. Grating couplers
have been used to couple light from the fiber to the fundamen-
tal mode on an input waveguide of width 500 nm. The wave-
guides used in the proposed mode converter have different
widths, so they are connected to the I/O ports by tapers to re-
duce backreflections and maintain the power in the desired

TEO_to_TE1 Converter TE1_to_TEO Converter

TEO_to_TE2 Converter  TE2_to_TEO Converter

|
Input port | : Through port

(b)

Fig. 7. Schematic of the whole device with different components
for (a) TEy to TE; mode converter, (b) TEy to TE, mode converter.

(a) (b)

Fig. 8. SEM images with different components of fabricated
systems for both TEg”TE; and TEg~TE; mode converters.

mode. A taper and its inverse are used to allow the detection
of the fundamental mode in the 1 ym and 1.8 ym waveguides
via grating couplers in the first- and second-order mode con-
verters, respectively, as shown in Figs. 7(a) and 7(b). The pro-
posed mode converter is a reciprocal device, i.e., it converts
TEgTE; (TEg~TE,) and TEL~TE, (TE~TE;) with same
insertion losses. Accordingly, an inverse mode converter has
been used to restore the power to the fundamental mode so
as to be coupled out through an output grating coupler.

An indirect calibration method has been used to extract the
IL of our higher-order mode converter, which depends on refer-
ence circuit(s) to eliminate the loss due to irrelevant compo-
nents. One reference circuit is a grating coupler pair with a
single-mode waveguide between them, from which we can
get the IL of the grating coupler alone. Next, we design a circuit
that is composed of a grating coupler pair, the proposed mode
converter, and its inverse converter, as shown in Fig. 7.
Accordingly, we can determine the performance of our mode
converter by subtracting the IL of the grating coupler alone
from the IL of the whole fabricated circuit and then dividing
the obtained IL by two.

1. Grating Coupler Pair Layout

The grating coupler has a finite bandwidth which affects the
measured data of our device. To correct this, the base line shape
of the grating coupler must be removed. One method of re-
moving this shape is by fitting its measured data to a low-order
polynomial and then truncating our analysis to the top 10 dB of
the grating coupler response to avoid noise introduced at the
end of the spectrum. The grating coupler pair layout and its
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Fig. 9. (a) Grating coupler pair layout. (b) Measured, fitted, and
truncated data.

fabricated data are shown in Fig. 9. The two fiber grating
couplers are designed at 1550 nm quasi-TE operation.

B. Experimental Data

A fundamental mode is provided to test our devices through a
TE-polarized grating coupler. In the first-order mode converter,
a taper of length 6 Pm is used to couple the fundamental mode
from a 500 nm single-mode waveguide to a 1 Um multimode
waveguide. Similarly, a taper of length 9 pm is used to couple
the fundamental mode to a 1.8 pm multimode waveguide in
the second-order mode converter. Performing the aforemen-
tioned calibration process, we get the ILs for both first- and
second-order mode converters, as shown in Figs. 10(a) and
10(b), respectively. Specifically at 1550 nm, the ILs of the
TE; and TE, modes are =2.0875 dB and -1.3745 dB for both
fabricated first- and second-order mode converters, respec-
tively. To reduce the error in the measurements due to fabri-
cation error, the insertion loss to the higher-order mode is
estimated by averaging the measured data of multiple fabricated
devices.

In order to measure the crosstalks in our fabricated mode
converters, we fabricate another system which contains only
the mode converters without their inverse ones, as shown in
Fig. 8(a). The fabricated systems for cross-talk measurements
of both the TEg”TE; and TEg”TE, mode converters are
located at the right and left of the figure, respectively. In this
case the grating coupler detects only the crosstalk to the
fundamental mode. The crosstalk to the higher-order modes
cannot be measured as the grating coupler just detects the fun-
damental modes. As shown in Fig. 10, the measured crosstalks

2 _O_O—O—O—O—O—O—O—o—o_o R —O—O—O—Mo
-6
—O-— Insertion loss of TE, mode .
- O Crosstalk to TE, mode —O~ Insertion loss of TE,, mode
8 | —O— Crosstalk to TE  mode

14 12 o

16 14 P S S S S S
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Transmission [dB]
Transmission [dB]

Fig. 10. Measured results for fabricated (a) first-order and
(b) second-order mode converters.

Research Article

to the fundamental modes are —13.4055 dB and -12.6270 dB
for both fabricated first- and second-order mode converters,
respectively.

The results of ILs and CTs show good agreement between
simulation and experimental data in the same wavelength
range. The little differences can be attributed to some of the
unavoidable manufacturing challenges, e.g., the surface of
the SOI wafer is not flat and has thickness variations across
the wafer. These fabrication variations lead also to variations
in the feature size of the fabricated device. However, the used
theoretical model still gives a good indication for the perfor-
mance of the fabricated device.

6. CONCLUSION

A high-order waveguide mode converter based on small
substrips of a dielectric material has been proposed for SOI
platforms. The mode converter is formed internally in the
propagation waveguide at any position, using very short sub-
strips of different dielectric material with a length that ranges
from 0.6 Um to 0.8 Pm. A mathematical model of the device
has been developed in order to determine the design parameters
of the device. With the aid of the obtained design parameters,
the performance of the device has been simulated, fabricated,
and tested for conversion from fundamental to both first- and
second-order modes. An insertion loss that ranges from 1.28 dB
to 1.9 dB has been achieved for different modes using different
dielectric materials. Fabrication results show good agreement
between simulated data and experimental data for both
first- and second-order mode converters.
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