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1. Translation of CMT Model Into Opto-Geometric Design of Grating
Assisted Directional Coupler
1.1. Initial Choices Regarding Grating Assisted Directional Coupler Material Platform

II-V semiconductors are currently the only materials that can simultaneously per-
form optical emission (laser), optical guidance (filter) and photoreception (pin photodi-
odes) functions. They are therefore perfectly suited to monolithic integration of circuits
such as 1.3+/1.3- um or 1.3/1.5 um diplexers.

The most commonly used substrates are of two types: InP’ and GaAs. Only materials
epitaxially grown on InP can produce integrated circuits operating around 1.35 um and
1.5 um. We have therefore use materials epitaxially grown on InP.

The III-V lattice-matched alloys on InP substrate are either of InGaAsP type (phos-
phorus process) or InGaAlAs type (aluminium process). The phosphorus process was
chosen because it currently allows the production of high-performance lasers, with well-
controlled technology. The epitaxy technique used is atmospheric pressure organometal-
lic vapor phase epitaxy (AP-MOCVD). This technique is well suited to the production of
large surfaces. It allows excellent material quality to be obtained over large surfaces and
therefore to manufacture low-loss waveguides [100]. The band gap wavelength Az then
varies from 0.92 um (1.35 eV) for InP to 1.65 um (0.75 eV) for the InGaAs ternary [101].
We use InixGaxAsiyPy with y=0.22x respecting the lattice matching condition with the InP
substrate.

In our application, the materials composing the grating assisted directional coupler
(GADC) filter must be transparent at the working wavelength A=1.3 um. We will typically
use a quaternary InGaAsP alloy with electronic band gap wavelength Ag~1.22 um. The
materials used are intentionally undoped, which avoids high propagation losses due to
free carriers [100,102].

Knowledge of the value of the refractive index n(igA) of the considered quaternary
alloys is an essential element in the design of the component. We have chosen to use an
analytical expression n(x,A) based on experimental measurements carried out by the
Brewster angle method (precision on the value of the index of the order of 0.01) [32]. Fig-
ure S1 shows the refractive index values of the quaternary alloy (Ag=1.22 um) as a function
of the working wavelength A. These refractive index values of the quaternary alloy form
the basis of our modeling.
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As detailed in the main body of the paper, the chosen filter structure is a horizontal
asymmetric directional coupler. The two critical points that need to be solved for this type
of filter are the achievement of isotropy in TE, TM polarizations and the reduction of side-
lobes. It has been shown that coupled mode theory (CMT) allows to adequately model
this type of object in order to obtain the desired spectral response. The essential parame-
ters that determine the spectral response of a coupler are the target filter central wave-
length %o, the dispersion with wavelength of the effective indices of the waveguides -
3(1)=(B,-B,)/2=2mn(n 4 n )/A, the period of the grating - A, the number of periods - N

and the spatial profile of the coupling coefficient «(z).

The question then is how to determine these values from the given parameters of an
asymmetric directional coupler that are the geometry and composition of the waveguides,
the amplitude of the grating h and the interwaveguides separation distance g, called gap
in the following.
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Figure S1. InP and InGaAsP (Ag=1.22 um) refractive index as a function of wavelength.

The GADC chosen for the realization of the filter is composed of a slab-guiding layer
loaded by two buried ridge waveguides. As it was shown in [41] such a coupler geometry
allows to fulfill the polarization independence condition kgE =kgM . The schematic of the
coupler cross-section is shown in Figure S2a. In order to facilitate the technological fabri-
cation process the epitaxial heterostructure is composed of a thick 0.2 um of quaternary
InGaAsP slab layer and a series of bi-layers (BL) alternating InP and InGaAsP with a com-
position corresponding to Az=1.22 um.
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Figure S2. a) Schematic of GADC cut view. b) Sketch of a constant gap meander type GADC.
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In order to increase the robustness of the central wavelength position Ao of the GADC
with respect to fabrication imperfections, it is highly desirable to obtain a maximum asym-
metry between the waveguides, i.e. a maximum difference between their effective index
Anes=niefi-nzeri. This asymmetry is however limited by the single-mode condition of the
considered waveguides. For this reason the waveguide ridge width w is fixed to 1.5 um.
In this way, the waveguide with the highest effective index niet is close to the upper limit
of the single-mode behavior and the waveguide with the lowest effective index nz.t is close
to the lower limit of the single-mode domain. Although strictly speaking there is no lower
cutoff in the mathematical sense of the term, in practice, below a certain waveguide di-
mension, the mode size becomes too large and is very sensitive to variations in geometric
parameters due to technological manufacturing imperfections.

1.2. Determination of Directional Coupler Grating Parameters for Phase Matching Condition

The relation between the GADC central wavelength Ao, the grating period A and the
waveguides index contrast Anes=netti-net2 is given by the well-known relation [3,42,51,103]:

A=L,/An, (1)
The polarization independence condition imply in its turn that:
n;l'E _n;E:n;I'M _n;'M (52)

As a first approximation, the effective index of the waveguides can be calculated us-
ing many commercial mode solver software. In the present case, we used the multigrid
finite difference mode solver BBV TempSelene. The distribution of the magnetic field com-
ponent in the TE and TM polarizations for the two individual waveguides is shown in
Figure S3. As can be seen, the confinement of the fundamental mode in the lateral X-axis
direction is more significant for waveguide with higher ridge height. The mode intensity
profile is very close to the Gaussian one with an overlap coefficient around 98%. The beam
waist in the X-axis direction is about 1.2 um and 1.6 um for higher height ridge waveguide
and lower height one, respectively. The confinement of modes in the Y-axis direction is
not too different, however. This is confirmed by modes waist calculations, which is about
0.5 um for Y-axis direction. Note also that the field distribution is essentially similar for
TE and TM polarizations. The last point is particularly important to ensure that kresx™
in order to achieve polarization independence in terms of the efficiency of light power
transfer between the waveguides.
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Figure S3. a) Waveguides cross-section view and fundamental mode magnetic field component in-

tensity distribution (in linear scale a. u.).

The variation of the calculated effective index of the waveguides as a function of
wavelength is shown in Figure S4a. As can be seen, in the wavelength region of interest,
it follows a nearly linear relationship shown as an inset in Figure S4a. Given the well-
known relationship between the phase refractive index and the group refractive index, it
follows that the effective group index of the waveguide ngeiis nearly constant:

dn g, (M

A (1) (1) 2. e ) (3)

The main parameters related to the effective index of waveguides are summarized in
the Table 1. The waveguides index contrast Anet in TE and TM polarizations, shown in
Figure S4b, is a highly important parameter for the design of GADC. As can be seen, the

crossing point of the Anlf and Angf curves occurs at a wavelength =1.35 um. This is

slightly different from the target central wavelength Ao=1.32 um but the contrast difference

AnlF-AnlY' %10 is in practice quite negligible. It is two orders of magnitude smaller

when compared to Anef=nefii-neiz=10-2. The index contrast Anes at the central wavelength
Ao=1.32 um corresponds approximately to a grating period A=126 um. This value of grat-
ing period will be refined in the next section by taking into account the influence of the
coupling effect between the waveguides. Note also that the variation of index contrast
Anert with wavelength can be fitted with parabolic type equations presented in the inset of
Figure 54b. The main parameters related to the waveguides index contrast Anes are sum-
marized in the Table 2.
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Figure S4. a) Wavelength dependence of the calculated effective index nett of two individual wave-
guides in TE and TM polarizations. b) Variation of the waveguides index contrast Anetf in TE and

TM polarizations.

Table 1. Main parameters related to the effective index of waveguides.

Polarization Ao nNefi1(Ao) dnen/d) Ngeffl Nefi2(Ao) dne/d) Ngeff2
(um) (um-?) (um™)

TE 1.32 3.277 0.388 3.789 3.267 0.371 3.756

™ 1.32 3.269 0.378 3.767 3.258 0357 3.729

Table 2. Main parameters related to the waveguides index contrast Anett.

2 2
Polarization Ao Anei(ho) dAnet/dA d?Anes/(dA) Lc
(um) (um-?) (um-3) (mm)
TE 1.32 0.0103 0.01 -0.0278 2.37
™ 1.32 0.0106 0.0136 -0.0293 2.05

Another important parameter in the design of the phase matching grating is the am-
plitude of the grating corrugation h. For the realization of our filter we consider a meander
type grating shown in Figure S2b. We now need to find a value of h compatible with the
realization of the coupler. This can be done by taking into account the considerations re-
lated to the target Alsds=26 nm bandwidth for an apodized GADC. The spectral response
of an apodized GADC depends on both the coupling profile and the coupler length. For
this reason, we consider a uniform GADC with constant gap. Since for the same coupler
length, the AAsas bandwidth of an apodized coupler is generally about 30% larger than
that of a uniform coupler, we aim for the latter a bandwidth AAsas~18 pm.

To find the GADC coupling length L. fitting AA3as=18 nm bandwidth, we can use the

expression below derived in [20]:
-1

A)‘-3<le — 0.8A I_A(%_%j (84)
A L, o A,

Using elementary mathematical transformations, this expression can be cast in a
more convenient form:

L O.SA{ A2 } (5)

c
A7\'-BdB ngeff] - nge{f'Z

The resulting coupling length is about 2.4 mm (exact values of L. for TE and TM po-
larizations can be found in the Table 2). It is this value of L=2.4 mm that was used for
beam propagation method (BPM ) simulations performed by BBV Prometheus software
to optimize the grating amplitude using the following considerations.

As known, the coupling coefficient k is proportional to the overlap integral of the two
modes of the coupler and to the amplitude of the grating h [3,42,51,103]. If we now de-
crease the amplitude h, to keep the same value of the coupling coefficient, we must
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increase the overlap of the modes of the coupler. Consequently, we must bring the wave-
guides closer together. In this case, it is necessary to check that the waveguides are not too
close, because this can lead to technological difficulties in the implementation. This can
also be detrimental for the rejection ratio, because of the coupling between the waveguides
in the absence of the grating and the asymmetry of the spectral response, when a spatial
variation k(z) is introduced, as it will be shown in the following section.

A value of amplitude h that is too large can also be detrimental, because of radiation
losses for radii of curvature that are too small, but also because the grating could no longer
be considered as a small perturbation. This will be detrimental for the rejection ratio. It is
thus a question of finding a compromise between the extreme cases.

The empirically chosen amplitude of the grating is 0.5 um. The BPM simulations pre-
sented in the next section, used to refine the GADC design, show the absence of radiation
losses for a grating with a reasonable interguides distance g=2.6 um for a coupling length
of 2.45 mm.

1.3. Determination of Coupling Coefficient as Function of Coupler Interwaveguides Separation
Distance

The next step is to validate the GADC waveguides structure design and determine
the relation between the interwaveguides separation distance g and the coupling coeffi-
cient k used in the CMT model. To this end we consider the following procedure based
on BPM numerical simulations:

o Using BPM simulations, we find at the central wavelength A0=1.32 pm the value of the
gap between the waveguides as a function of the coupler length determined by an
integer number of periods N and the grating period A. In practice, for a given number
of GADC periods, we seek the value of g for which there is at least 20 dB of light
intensity extinction for the bar-channel transmission and maximal #100% intensity for
the cross-channel transmission, as illustrated in Figure S5.

BPM
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D 00 - |
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> =
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Q
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100 : : : ‘
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Figure S5. BPM simulation showing field intensity distribution for a 20 periods GADC at
A0=1.32 pm.

e The resulting dependence of gap variation as function of GADC number of periods is
shown in Figure Sé6a. To find the relation between the gap and the coupling coefficient,
we can use the following expression (Equations 33 and 36 in Ref. [103]) that links k to
the GADC length expressed in an integer number of periods L=NA:
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be

tan (m/4N)=1/8 (S6)

The resulting dependence g(x) is displayed in Figure S6b. This dependence g(i) can
approximated by the following analytical expression [26]:

g=g,+a-exp((x,«)/s) (57)

By means of a fitting procedure we found the values of the coefficients entering this
expression: go=1.25 um, a=2.2 um, «0=0.48-10° um-, s=1.1-103 um-. We see that go
which corresponds to k=+co determines the minimum distance between the wave-

guides. It is thus an indicator of technological feasibility.

)

w
3]

=y
(3]

w

N

-

Waveguides separation distance (um)
N
o

GADC number of periods

: bz,
5 -
4 TE P 2 s 4 TE
° IV g g3t % L
Fit — s & Fit
. o .
7 5 3 F
A c
. S
2 E= B
©2.5
f g -
% 2
2 "] &
# Q a
kel
51.5 .
g A
g 1 °
10 20 30 40 50 = 1

2 3
Coupling coefficient (1/mm)

Figure S6. a) Interwaveguides separation distance variation as function of GADC number of periods

b) Interwaveguides separation distance variation as function of coupling coefficient.

Q

Note that in order to maintain Ac=1.32 um, a fine-tuning of the grating period A(g) is
also required. This dependence is illustrated in Figure S7a. As can be seen, for low
values of coupling coefficient kK <1 mm the grating period A is almost constant but
notably decreases for higher values of «. This result illustrates the importance of tak-
ing into account and compensating for the grating period chirp induced by the cou-
pling between the waveguides. This chirp effect can be directly translated in a varia-
tion of the grating period length as a function of the interwaveguides separation dis-
tance, as illustrated in Figure S7b.

GaDC period (um)

122} — TE 122} — TE
120} E120
T
k-]
118} S118t
Q
2
116} g1e
114} 114
0 1 15 2 25 3 35 4

2 3 4
Coupling coefficient (1/mm)

Waveguides separation distance '(pm)

Figure S7. a) GADC period length A as function of coupling coefficient. b) GADC period length A

as function of the separation distance.

1.4. Validation of GADC Design

We therefore have all the essential parameters which allow us to perform BPM mod-

eling of the spectral behavior of a GADC. The simplest way to check the validity of such

a modeling is to consider the case of a GADC with a constant coupling coefficient. To do

this, let us take the case of a coupler composed of 20 sections with a grating period
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A=122.5 pm. The resulting spectral response obtained by BPM simulations is shown in
Figure S8.

As can be seen, BPM simulations show a AAsas=19 um bandwidth for TM polarization
and Aisae=23 nm for TE. The bandwidth for TE is always wider since dAnes/dA is lower.
The polarization independence condition is fulfilled with a precision of 1 nm, that repre-
sents a very good result (AoTE=1.321 pm, A0™=1.322 um). The extinction ratio on the bar-
channel is greater than 25 dB, which proves that the coupling coefficient and the inter-
guides distance are correctly determined for this coupler.

Unlike the spectral response predicted by the basic CMT, we notice a pronounced
asymmetry of the spectral response present in the BPM simulations. The level of the first
secondary lobe on the short wavelength side is —12.5 dB, while on the long wavelength
side it is —6.5 dB. It is worth noting that such asymmetry of the spectral response for a
coupler with uniform interguides distance may be just an artifact related to insufficient
accuracy of the BPM simulations.

To verify this point, a fabrication test with uniform gap GADCs was performed. To
account for possible deviations of the experimental results from the modeling predictions,
a series of GADCs with a grating period variation from 122.5 um to 192.5 um by steps of
5 um and interguides distance g=2.5 um was implemented on the mask.

(=)

-
=

—TE 4

Transmission (dB)
g 8

_TEX
_TMX

A6 128 13 132 134 136 138 1.4
Wavelength (um)

Figure S8. a) BPM numerical simulations of a GADC bar (//) and cross (X) channels spectral response
in TE and TM polarizations.

The experimental spectra as well as the CMT modeling results for a GADC with grat-
ing period A=122.5 um are presented in Figure S9. It can observed that the central wave-
length polarization anisotropy is about 8 nm. The bandwidth is generally consistent with
BPM simulations (A\sas™=18 nm and AAsas™=17 nm). However, unlike BPM simulations,
the asymmetry of the experimental spectral response is small. In contrast, the CMT mod-
eling results show a good fit with the experimental results. The main waveguides param-
eters used for CMT modeling are summarized in the Table 3.

The CMT fitting procedure makes it possible to determine with precision the experi-
mental value kexp of the coupling coefficient that is found to be about 38 % higher then the
nominal value insuring ~100% light intensity transfer from the bar to the cross-channel.
This fact leads us to think that the mode overlap calculated by BPM is not entirely correct.
Therefore, the correspondence established in Section 51.3 between the coupling coefficient
and the interguides distance is also not very exact. Nevertheless, it allowed us to estimate
the necessary correction that was introduced in the next fabrication runs and allowed us
to obtain correct results.
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Table 3. Main parameters related to the waveguides index contrast Ane:.

Polari ti n 7\.0 A}\.3dB An dAneff/d% dzAneff/(d}\.)z Kexp Knom
oarisatio (um) (nm) (um?) (um2) 10-3um! 10-um!
TE 1.330 18 0.01100 0.013 0.015 1.30 0.996
™ 1.322 17 0.01082 0.015 0.040 1.35 0.975
a b
- 0 | - D
m 5 1M 5
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Figure S9. a) Experimental (brown and green curves) and CMT (red and blue curves) spectral re-

sponse of a 20 periods (A=122.5 um) GADC. a) TE polarization. b) TM polarization.

2. GADC:s Fabrication Technology Process

The InGaAsP/InP layers are deposited by atmospheric pressure metal-organic chem-
ical vapor deposition epitaxial process(AP-MOCVD). This currently well-known growth
technique is not detailed here. With T-type rotating substrate reactor the epitaxy is carried
out on 2-inch diameter InP substrates. On an epitaxial wafer, dispersions of +/-5 nm
around an average wavelength gap Ag and dispersions of +/-5 % on the thicknesses of the
layers are typically obtained. The nominal values are obtained with an accuracy greater
than 10nm for A¢ and greater than +/-5 % for the thicknesses.

Let us first recall the epitaxial heterostructure. It is composed, starting from the InP
substrate (Figure 510):

e alayer of InP
e athicklayer (0.2 pm) of quaternary InGaAsP with Ag=1.22 pm
e aseries of bi-layers alternating InP and quaternary InGaAsP with A,=1.22 um
e alast thin layer (0.02 um) of InP
No layer is intentionally doped.

0.02um

0.2um

Figure S10. Schematic of the epitaxial heterostructure.

The transfer of the GADC mask patterns on the epitaxial wafer is performed by con-
tact optical lithography and subsequent etching process. Most often, a silicon nitride mask
provides better definition of the patterns and less under-etching. A PECVD (Plasma-En-
hanced Chemical Vapor Deposition) silicon nitride layer acting as a hard mask for RIBE
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(Reactive Ion Beam Etching) of InGaAsP/InP heterostructure is first of all deposited on the
top of the wafer. This steps is followed by photoresist layer deposition acting as a soft
mask for silicon nitride RIE (Reactive Ion Etching) process.

The GADCs mask patterns are then transferred onto the photosensitive resist by UV
exposure with a resolution limit of approximately 0.5 to 1 um. We choose to produce pat-
terns larger than 1.5 um (width of the waveguides making up the coupler). Dimensional
control of approximately +/-0.1 um is possible using verniers (Figure S11). The alignment
accuracy of one mask pattern over another is approximately 0.5 pm. These characteristics
are valid in the case of flat structures (i.e. without marked relief), and therefore in the case
of the coupler for which the maximum thickness of the ridge does not exceed 0.2 um.

Figure S11. Vernier type test patterns for checking waveguide widths.

The etching processes used to transfer the silicon nitride mask patterns into the In-
GaAsP/InP heterostructure are of two types: dry etching and wet etching. RIBE is well
suited to the fabrication of GADC and has the advantage of being very well controlled in
the laboratory. For better control of the etching depth, the precision of which is generally
of the order of 10 % to 20 %, thin layers of InP, called stop-layers, are used. They are not
etched by the selective etching mixtures and therefore make it possible to stop the wet
etching on a given epitaxial layer. The uniformity of the etching depth thus depends only
on the homogeneity of the epitaxial heterostructure and is much more precise.

The different technological steps of the technological fabrication process are summa-
rized in Figure S12. The schematic cross-section of the coupler composed of 2 BL of slab
waveguide and ridges of respective thicknesses 2 BL and 6 BC is shown in Figure S2a. To
avoid delicate alignment steps, the GADC, whose 1.5 um wide waveguides are spaced
approximately 2 um apart, is made using a self-aligned method. Silicon nitride is used as
a mask for defining the patterns of the GADC waveguides. Two lithography/etching steps
are then necessary to produce the coupler.

The first step is to etch the coupler to a depth equal to that of the lowest ridge height
(2BL). This is done by optical UV lithography (Figure S12a) followed by RIE and RIBE
etching and subsequent wet etching to reliably control the process by stop-layers (Figure
S12b).

The thickness asymmetry between the two waveguides is then obtained by removing
through and additional lithography and RIE step the silicon nitride mask from the wave-
guide with the lowest target ridge height. The second waveguide of the coupler remains
protected by a specially deposited photoresist mask. A second RIBE step followed by wet-
etching is then performed, up to a depth equal to the difference between the thickness of
the two guides (6 BL-2 BL=4 BL). This second etching process is illustrated in Figure S12c.

The final step is the burial of the GADC waveguide structure with a few microns of
InP using the AP-MOCVD process (Figure 5S12d). The wafer with fabricated couplers is
then thinned and cleaved.
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InGaAsP InGaAsP

Figure 5§12. a) Definition of the silicon nitride etching mask for the GADC patterns. b) First etching
step and definition of 2 BL thick waveguides coupler. c) Second UV lithography step with removal
of the silicon nitride mask on one of the coupler waveguides followed by a second etching step of 4

BL depth. d) Burial of the GADC waveguide structure with a few microns of InP.

Throughout the coupler manufacturing process, rigorous control of critical dimen-
sions is performed. The width of the waveguides is determined using verniers. Control of
the etching thicknesses and the number of BL constituting the slab waveguide is done by
SEM observations on control samples (Figure S513).

8004084 25KY

Figure S13. SEM micrographs of cleaved waveguides with different ridge height.

3. Optical Characterization of GADC Filters

The characterization of the GADC filters requires the use of a source covering a wide
range of wavelengths. It is possible to use either a broadband source such as a light-emit-
ting diode (LED) or a tunable laser. We chose to use a fiber-pigtailed LED because of a
broader spectrum and a considerably shorter acquisition time of an HP71451A optical
spectrum analyzer (OSA) compared to a TUNICS tunable laser. A temperature-stabilized
LED, centered around 1.3 um, emitting 34 pW at the output of a single-mode fiber was
used for the filter measurements in a wavelength range extending from 1.2 um up to
1.6 um. For some measurements performed around 1.5 um we used a tunable TUNICS
laser that was forced to operate in spontaneous emission mode. The schematic of the op-
tical bench setup is shown in Figure 514.
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The light polarization state is controlled by using a pigtailed OFR polarization con-
troller connected with TECOS “panda type” polarization maintaining (PM) lensed fiber
with 2 um focusing waist. A prior identification of the axes of the PM fiber makes it pos-
sible to establish a correspondence between the position of the polarizer and the TE and
TM polarizations specific to the component. The orientation precision of the polarizer is
~3° and the polarization separation ratio is greater than 20dB.

The Elliot Martock optical coupling bench is used to inject light from the lens fiber
into the optical waveguide. An optical microscope with long focal distance objectives is
used to facilitate fiber alignment and select the GADC structure to measure. The light
transmitted to the GADC output end is collected by a 32x long focal distance microscope
objective with NA = 0.6. The collimated light is divided by a cube beam splitter toward
Hamamatsu IR camera to visualize the waveguide mode and also transmitted to OSA
used either as an optical power-meter or for spectral response characterization of GADCs
in our study.

It should be noted that to reduce fiber coupling insertion losses, it is more advanta-
geous to perform light injection into the less confined straight waveguide not bearing a
grating. Further reduction of insertion losses can be achieved by considering various op-

S

tical mode transformation techniques [104-108].
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Figure S14. Schematic of the optical bench setup used for transmission spectra characterization.
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