Georgieva et al. Journal of the European Optical Society-Rapid Publications

(2020) 16:7
https://doi.org/10.1186/541476-020-00129-4

Journal of the European Optical
Society-Rapid Publications

RESEARCH Open Access

Design and performance analysis of
integrated focusing grating couplers for the

Check for
updates

transverse-magnetic TMyg mode in a
photonic BiCMOS technology

Galina Georgieva"”, Karsten Voigt', Anna Peczek?, Christian Mai® and Lars Zimmermann'?

Abstract

showing a stable and repeatable performance.

Focusing grating couplers for the excitation of the fundamental transverse-magnetic (TM) mode in integrated
silicon photonic waveguides are designed and characterized under the boundary conditions of a photonic BICMOS
foundry. Two types of waveguide geometries are considered — a nanowire and a rib waveguide. Wafer-scale
experimental results for nanowire TM grating couplers are in excellent agreement with numerical investigations and
demonstrate a robust behavior on the wafer. The mean coupling loss and the 3o interval are -39+ 0.3 dB. The on
wafer variation is three times lower than for the fundamental transverse-electric (TE) polarization. Similarly, the
coupling in rib waveguides is examined as well. The results indicate that the rib waveguides require a modified
geometry when designed for TM. In general, the nanowire waveguide type is more suitable for TM coupling,

Keywords: Photonic integration, Integrated waveguides, Silicon nanowire, Silicon rib waveguide, Transverse-
magnetic mode, Focusing grating coupler, Integrated grating coupler, Photonic BiICMOS

Introduction

Over the recent years, integrated optical communication
systems are gaining in importance and are receiving a
strong interest from both industry and research. For
their accomplishment, silicon photonics offers the possi-
bility of the integration of optics in parallel with elec-
tronics on existing CMOS or BiCMOS platforms [1, 2].
The most important property of silicon photonic wave-
guides is the high index contrast between Si as a core
and SiO, as a cladding. With this, light can be guided in
waveguides with very small dimensions, which allows for
a high-density integration and a large-scale fabrication.
On the other hand, the high index contrast inevitably
leads to a strong birefringence — the fundamental
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transverse-electric (TE) and transverse-magnetic (TM)
polarizations have a large difference in their effective re-
fractive indices and consequently, all silicon photonic
components are strongly polarization dependent [3]. For
the main application of silicon photonics for optical
communications, the typical components are well stud-
ied and an operation with the TE;, mode has been
established as a standard.

When moving away from the classical applications of
silicon photonics, the adoption of TM becomes again in-
teresting. Trends from the recent few years show an in-
creasing number of developments in the area of sensing
and biosensing, where the strong evanescent field com-
ponent of TM is of great advantage [4—7]. Furthermore,
highly stable frequency comb generation can be sup-
ported by TM, as shown in [8]. Signal regeneration en-
abled by four-wave-mixing (FWM) involving the TM
mode was demonstrated in a single-mode regime [9]
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and more recently, intermodal FWM [10] allowed for a
large wavelength conversion. Novel on-chip components
like optical isolators and circulators [11] require an op-
eration with the TM polarization as well.

Independent of the application field, the coupling
problem is always present in silicon photonics. Because
of the large mode mismatch between the silicon wave-
guide and external light sources like single-mode-fibers
(SME), light coupling on chip is one of the most challen-
ging issues. A possible solution is the design of grating
couplers (GCs), in which the silicon waveguide is ta-
pered to match the dimensions of the SMF and then
periodically etched to direct the light to the fiber by dif-
fraction. Having been more important so far, the TEq
mode coupling received more attention and a huge var-
iety of grating couplers for TE is available. On the other
hand, grating couplers for TMy, are reported seldom. In
linear GCs [12], the TMy, mode passes through a long
taper, where a mode hybridization takes place [13]. To
avoid this effect, focusing GCs (FGCs) need to be de-
signed instead, which also have the obvious advantage of
having a reduced on-chip footprint. There were several
successful demonstrations of FGCs for TM in the past.
For nanophotonics, uniform [14] and apodized [15] sub-
wavelength designs show a good performance with a
coupling loss of —3.7dB and - 3.3 dB respectively. FGC
for TM with subwavelength teeth reducing the Fresnel
reflection and achieving —5dB loss were reported as
well [16]. A TM FGC for silicon-organic-hybrid applica-
tions with a coupling loss of -3.95dB was shown in
[17]. The reported designs require, however, non-
standard fabrication techniques like electron beam lith-
ography or the application of polymer cladding.

A natural next step would be to move to fully inte-
grated devices, offering a large-scale fabrication and con-
sidering the limitations of the foundry used. Here, we
propose designs for TM FGCs that take into account the
integration boundary conditions of a photonic BiCMOS
[18]. The designs include GCs for nanowire (short: wire
TM FGC) and shallowly or deeply etched rib waveguides
(short s-rib TM FGC and d-rib TM FGC). Rib wave-
guides are especially important for non-linear applica-
tions on silicon, where a lateral pin diode is necessary to
reduce the free-carrier absorption loss [19]. Further-
more, recent reports show that MOS capacitor modula-
tors comprising rib waveguides have a better modulation
performance when operating with TM [20, 21].

Previously [22], we described the numerical design
procedure for wire TM FGCs in a photonic BiCMOS
technology and verified its reliability by manual on-chip
measurements. We obtained a moderate coupling loss of
-4.3dB, which was in a good agreement with the
simulations. A manual measurement is sufficient to con-
trol the simulation results, but is still not a thorough
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characterization under the foundry boundary conditions.
Therefore, we extend here our work by full-wafer
measurements, in order to proof statistically the com-
patibility of the proposed TM FGCs with the photonic
BiCMOS limitations. We demonstrate highly robust wire
TM FGC designs, which are less sensitive to fabrication
variations in comparison to their TE counterparts.

In the case of rib TM FGCs designs, we face additional
issues, which do not necessarily address to the grating
couplers themselves. We explain the effects occurring in
their case and discuss solutions, which still make it pos-
sible to use TM on rib waveguides.

Methods

In this section, we first describe the specifics of the pho-
tonic BICMOS technology that need to be considered
and our numerical design approach. Afterwards, details
on the experimental setup and the measurement proced-
ure are provided as well.

Photonic BiCMOS platform

Monolithic photonic-electronic integration has certain
advantages compared to a separate integration, which
are illustrated in the following example of a photonic
BiCMOS platform [18]. Here, fast SiGe: C heterojunc-
tion bipolar transistors (HBT) are realized in the fron-
tend of line (FEOL) in parallel with silicon-on-insulator
(SOI) photonic components, including waveguides, mod-
ulators, grating couplers and photodiodes. Both electron-
ics and photonics are covered by a backend of line
(BEOL) stack, which comprises multiple SiO, and SizNy
layers with different properties and thicknesses (Fig. 1).
Using the metals in the backend of line, the shortest inter-
connects between photonics and electronics can be real-
ized, which minimizes parasitic effects and allows for the
accomplishment of high-speed systems. A disadvantage of
such systems is the limited space for optimization of the
photonic components, which often have individual re-
quirements. The main limitations in our photonic BiC-
MOS platform for the grating couplers are: (a) fixed
feature-size resolution, because of the 248 nm deep UV
lithography used, (b) fixed backend of line stack height,
layer thicknesses and material composition. Top and bot-
tom layer thicknesses are shown to be crucial for the GC
performance [23].

Numerical design

We follow the design workflow described in more detail
in [22] and consider similarly the case of an out-coupling
GC. For any type of grating coupler, the basic modeling
steps remain the same. To determine a desired coupling
angle 9, the effective refractive index neg of the grating
area must be known. The latter depends on the grating
slot width wg (the width of the etched part) and the etch
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Fig. 1 Example of a photonic BICMOS platform in cross-section. Electronics (e.g. heterojunction bipolar transistors, HBT) in bulk-Si depicted on the
right hand side are integrated in parallel with silicon-on-insulator (SOI) photonic components in the frontend of line (FEOL). Both are covered by
a complex backend of line (BEOL) stack, here represented in a simplified form

depth d, which are varied during the optimization process
to maximize the out-coupled power. To keep the coupling
angle 9 constant, the grating period A must be adjusted
according to the effective refractive index change.
Additional improvement of the GC efficiency can be
achieved by choosing an appropriate buried-oxide (BOX)
thickness or top layer thickness. When we work with inte-
grated grating couplers, the following constraints occur:

o The material composition of the waveguide is more
complex; therefore, known simple analytical methods
like averaging the effective indices of the etched and
non-etched grating area cannot be used to determine
accurately the effective refractive index, when the
grating slots dimensions are changed (cf. [24]).

e The BOX and top layer thicknesses are fixed and
cannot be varied for an additional GC improvement.

The latter problem means that we have less flexibility
for our design optimization and the choice of an appropri-
ate coupling angle can be important as well, in order to
ensure a constructive superposition of the waves diffracted
upwards and reflected by the substrate. To handle the first
problem, the effective refractive index neg is estimated
after every optimization step, by using a spatial Fourier
transform for the calculation of the real radiation angle.
The technique is inspired by the antenna theory; a con-
cept for the estimation of the radiation angles from the
near field distribution was first proposed in [25]. Once the
radiation angle 9 is estimated, the actual neg can be de-
rived by its usual relation to the angle 9 and the grating
period A. If necessary, the period can be afterwards ad-
justed for a desired coupling angle 9 without changing the
slot dimensions corresponding to neg.

Grating period and coupling angle are related to each
other by a well-known formula for the diffraction condi-
tion for curved gratings [26], which is here written in
polar coordinates, according to Fig. 2.

A
neff_}:— = cosysind, meN\{0} (1)

m

Here, n.g is the effective refractive index in the grating
area, 2y is the taper opening angle, A is the design wave-
length, 9 is the coupling angle and p,,, give the positions
of discrete radii, which define the positions of the grat-
ing slots with increasing number m. The grating period
A hides in the formula as the difference between two
neighboring radii.

Because ng is estimated with the help of numerical
simulations, its accuracy is limited by the numerical ac-
curacy of the angle 9. The numerically predicted angles
have a limited precision, because of the possible impact
of the perfectly matched layers (PML) used to represent
an open boundary condition, in combination with dis-
persive materials. In such cases, a numerical reflection is
inevitable. For more details on this issue, please refer e.g.
to [27].

Figure 2 shows further the models for a nanowire and
rib waveguide FGCs. A separate model for the rib wave-
guide is necessary, as rib waveguides have larger effective
refractive indices than nanowires and another type of
backend stack covering, which also differs for shallowly
and deeply etched ribs.

The taper start width is 500 nm, the end width is
19.25 um with a total length of 39.6 um. The dimensions
correspond to a taper opening angle of 2y= 28°. The first
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Fig. 2 Numerical models of focusing TM GCs for rib (left) and a nanowire (right) waveguides, including the taper geometry. Grating parameters
for optimization are the slot width wg, and the etch depth d

grating period is defined at p;= 23 um, where the taper in all cases is 1550 nm; the simulation wavelength range is
width is about 10 pm and is enough for a good overlap  from 1500 nm to 1600 nm. A resolution of 15 grid cells per
with an SMF mode. An example of the three waveguide  minimal wavelength was found to be appropriate. A numer-
types and their transverse magnetic field distribution is ical reflection level at the PML of below 10 © was enforced.
given in Fig. 3. For all models, the BOX thickness is The choice of these settings is empirically approved and
2 um and the Si waveguide height is 220 nm. The slab  leads to a deviation between measured and simulated angles
height of the rib waveguide is 150 nm for the shallowly  of no more than 2°. Such difference is typical when fabrica-

etched or 100 nm for the deeply etched one. tion deviations of the waveguide height, the grating slot
A commercial finite-integration-technique [28] imple- dimensions or the top or bottom layers are present.
mented in the time domain solver by Simulia CST is used For the wire TM FGCs, structures for two different

for full 3D numerical simulations. The design wavelength  coupling angles centered at 1550 nm are designed. For

nanowire shallowly etched deeply etched
rib 150 nm rib 100nm¢

A/m
3.84e+5

3e+5
2.5e+5
2e+5
1.5e+5
le+5
50000
0

Fig. 3 Example of different types of silicon waveguides considered for the TM FGC design. The nanowire and rib widths are 500 nm. Below:
mode field distribution of the transverse magnetic field component
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the rib TM FGCs, a single coupling angle is chosen and
the designs with different slab heights are studied.

Experimental devices and setup

Test devices for back-to-back measurements are fabri-
cated on 200 mm wafers under a full photonic BiCMOS
flow. The characterization involves two different test
fields. Schematic of the fabricated devices can be seen in
the Fig. 4 (a), where the structure on the left hand side
is used in the first test field (test field 1) and the struc-
ture on the right hand side — in the second test field
(test field 2).

On the first test field, we have 91 chips, which include
a wire TM FGC and a reference TE FGC with standard
dimensions (610 nm period, 317 nm slot width, 70 nm
etch depth) for a direct comparison with the TM FGC
in terms of coupling loss and 3¢ variation on the wafer.
The back-to-back structure for both TM and TE con-
sists of two 1D GCs as in- and output, connected by a
waveguide of 870 pm length with negligible loss (for TM
~1.5dB/cm, for TE ~2dB/cm), which is therefore not
taken into account. The waveguide includes an S-bend
for filtering of possible higher order modes.

On the second test field, we have 61 chips containing
a second wire TM FGC design. For this structure, slot
width variations are defined, in order to investigate their
impact on the coupling loss and the 30 variation. Their
values are chosen to be significantly larger than process
variations permitted by the foundry. In addition, the wire
TM FGCs on the second test field can be compared with
the wire TM FGC on the first test field in terms of 3¢
variation. They are designed to have a large difference in
their grating period, resp. central wavelength for that
purpose. More details on the concrete designs follow in
the next section.
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Test field 2 includes further the two types of rib TM
FGCs and reference rib TE FGCs with the same geom-
etry as the reference nanowire TE FGC. The second test
field allows for a direct comparison of the coupling loss
and the 30 variation of the three types of TM FGCs (de-
signed for nanowire, shallowly and deeply etched rib
waveguides).

The connecting waveguides for all structures on the
second test field are this time 250 pm long, without an
S-bend.

For our back-to-back measurements, we entirely rely
on an automatic wafer-probe system. We use a tunable
laser source Keysight 81608A, followed by a manual
polarization controller and the device under test (DUT).
After light in- and out-coupling with cleaved standard
SMFs, the power is detected by an optical power meter
Keysight M7745A. A schematic setup representation is
shown in Fig. 4 (b). A well-controlled distance between
the in- and output fibers and the GCs is ensured. The
coupling angle is fixed at 14°; therefore, the structures
coupling spectra have a maximum at different wave-
lengths (cf. Eq. (1)). The evaluation for each structure
will be made at its maximal transmission wavelength.
The fixed measurement conditions are needed to
guarantee for a stable experimental environment. A
calibration measurement supports the proper result
normalization and no waveguide loss had to be extracted
from the results. The given values of coupling loss and
30 deviation are rounded up to the first decimal place.

Results and discussion

In this section, we summarize the most important re-
sults of our numerical and experimental analysis on inte-
grated focusing GCs for TM.

Devices under test (DUT)
Test field 1 Test field 2
(a) Input w: Output Input Output
1D FGC & > 1D FGC # * 1D FGC
: 870 um | 1DFGC 250 pm
Measurement Setup @
S3 T
(b) 1 o SSMF SSMF
Tunable Laser Polarization .« Power Sensor + PC
Control DUT
Fig. 4 a Devices under test (DUT) comprising two 1D FGCs at the in- and outputs, connected by a short waveguide. Test field 1 has a waveguide
length of 870 um; test field 2 has a waveguide length of 250 um. b Experimental setup for the FGC back-to-back characterization, including a
laser source, a polarization controller, standard single-mode-fibers (SSMF) for in-and out-coupling and a power sensor
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A) Simulation Results

Here, simulation results for wire TM FGCs with differ-
ent design angles and for rib TM FGCs with different
slab heights are presented.

Nanowire focusing TM GC

The grating out-coupled power is found to be maximal
for a slot width of 520 nm and an etch depth of 70 nm.
For these slot dimensions, two different grating periods
for two coupling angles at 1550 nm are chosen — 1 pm
for 20° and 940 nm for 13°. Figure 5 (a) shows the simu-
lated coupling loss spectra for both structures. As the
automatic measurements are performed at a fixed angle
of 14°, the coupling loss of both designs is evaluated for
this angle as well (Fig. 5 (b)).

Both structures show a minimal coupling loss of -4
dB at 1550 nm for their design angles, as can be seen
from the coupling spectra maximum in Fig. 5 (a). At 14,
the first design is shifted to the L-band, showing a min-
imal coupling loss of —3.8dB at 1610 nm. The second
design is shifted to 1542 nm with no change of the max-
imal transmission (see Fig. 5 (b)).

Rib-waveguide focusing TM GC

Two different models are used to represent appropriately
the geometry and the different stack configurations of a
shallowly and deeply etched rib TM FGC. For both GCs,
the slot etch depth remains 70 nm, whereas the optimal
slot width changes to 480nm. The grating period is
chosen to be 920 nm and is the same for both waveguide
types, which makes it possible to see the effect of the
slab height variation. With these parameters, the d-rib
TM FGC has a coupling angle of 13.5° and the s-rib one
14.3°. The coupling loss spectra shown in Fig. 6 are eval-
uated at 14° and predict a minimal coupling loss of — 4
dB at 1550 nm for the shallowly etched waveguide (s-rib,
150 nm slab) and - 4.4dB at 1558 nm for the deeply
etched one (d-rib, 100 nm slab). The minimally better
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behavior of the s-rib TM FGC is not necessarily a gen-
eral property and may change, if another coupling angle
and geometry are chosen.

B) Experimental Results

In this subsection, we show results from large-scale
tests on the structures, fabricated in a full photonic BiC-
MOS flow [18].

Nanowire focusing TM GC

First, the nanowire focusing TM GC with a period of
1um is characterized on the first test field. Any differ-
ences in terms of maximal transmission wavelength or
minimal coupling loss from the previously reported
measurement in [22] may be a result of the limited ac-
curacy of the manual angle adjustment and the fact that
for the manual measurements, only one chip out of 91
was characterized. The manual single-chip measurement
was explicitly performed, in order to control the numer-
ical results and does not represent the statistical behav-
ior on the wafer.

For the wafer mapping, the mean maximum transmis-
sion wavelength is determined and wused for the
characterization of the mean insertion loss. Because of
the fixed coupling angle of 14°, the resulting evaluation
wavelength for the TM GC is 1625 and for the TE GC —
1552 nm. Figure 7 (a) and (b) shows the wafer map and
the histogram with the coupling loss statistics of the TM
GCs and Fig. 8 (a) and (b) — of the TE GCs. Statistically,
we obtain for the first wire TM FGC a mean loss of —
3.9 dB, which is only 0.1 dB higher than predicted by the
simulations. Furthermore, the 30 interval is only +0.3
dB, which shows a remarkable robustness against varia-
tions on the wafer. By comparison, the TE FGC has in-
deed a lower mean coupling loss of — 3.2 dB, but also a 3
times larger variation with a 3¢ interval of +0.9dB. A
compensation of the gap between TE and TM in terms
of efficiency is possible to some extent by apodizing the

-4
m
=, 6
§ —=20°, A=1pm
5 —#=13°, A =940 nm
£
a
e |
8 -10

-12
1520 1540 1560 1580 1600

wavelength [nm]

(a)

Fig. 5 Simulated coupling loss spectra for nanowire focusing TM GC with different periods A, resp. coupling angles: (a) evaluation at the design
angles, (b) evaluation at 14° as a reference to the automatic measurement results

—#=14°, A =1pum
—+—14° A =940 nm

coupling loss [dB]
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Fig. 6 Simulated coupling loss spectra for a rib-waveguide GCs for
TM with two different rib slab heights: shallowly etched (s-rib, 150
nm slab) and deeply etched (d-rib, 100 nm slab). The coupling angle
is 14°

TM GC (cf. [14, 15]). The adoption of TM for certain
on-chip applications can be a key for reproducible de-
signs and robust large-scale fabrication, as the TM mode
with a lower index contrast is less sensitive to process
variations.

On the second test field, the second wire TM FGC
with a period of 940 nm is characterized for three slot
width (wgt) variations — 425 nm, 470 nm and 520 nm
(design slot width). The results are summarized in
Tab.1. We again obtain a maximal 3¢ variation of +0.3
dB, which confirms that the stability of the wire TM
FGC:s is repeatable on different test fields.
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Exemplary coupling loss spectra of all four wire TM
FGCs are shown in Fig. 9 for comparison with the rib
waveguide designs. Independent of the existence of an
S-bend (the case with period of 1um), we see for all
structures nearly identical curve shapes with a similar 1
dB bandwidth (45nm - 47nm) and no oscillations.
Therefore, we can assume that no TMg,-TE;o conver-
sion takes place.

Rib waveguide focusing TM GC

In the case of rib waveguides, we compare again the per-
formance of TE and TM FGC for each slab height. We
first evaluate the FGCs for TE and find little difference
in the mean performance of both structures. The s-rib
TE FGC (slab 150 nm) shows a mean loss of —3.8dB
and a 3o interval of +0.7 dB at 1515 nm and outperforms
only little the d-rib TE FGC (slab 100 nm). The latter
has a mean loss of —3.9dB a 30 interval of +0.8dB at
1516 nm. Unfortunately, a meaningful comparison with
their TM counterparts proves to be difficult, because of
an effect occurring in the TM structures, which is
expressed in a wavy spectrum shape. Figure 10 (a) and
(b) show exemplary this effect, by comparing the coup-
ling loss spectra of TE and TM on a single chip. While
for TE we see typical GC curves, the TM have a trans-
mission drop at certain wavelengths resulting in curve
oscillations, which make it difficult to define a maximal
transmission wavelength and thus a mean loss and a 3¢
deviation. The effect seems to be more pronounced for
the s-rib TM FGCs, but for d-rib TM FGCs, the dips are

dB
> I
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4.000 18
3.980 7
16
3.960 15
14
3.940 13
3.920 12
1
3.900 10
3.880 9
8
3.860 7
3.840 5
5
3.820 4
3.800 2
0 5
1 2 3 4 5 6 7
(a)
The mean coupling loss is —3.9dB and the 30 interval is £0.3 dB
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Fig. 7 Wafer map (a) and histogram (b) for the insertion loss of a wire TM FGC from the first test field. The evaluation wavelength is 1625 nm.
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Fig. 8 Wafer map (a) and histogram (b) for the insertion loss of a wire TE FGC from the first test field. The evaluation wavelength is 1552 nm. The
mean coupling loss is — 3.2 dB and the 3o interval is £0.9 dB

often at the wavelength where the maximal transmission
is expected.

We analyzed possible reasons for the oscillations in
the rib TM coupling spectra. As this problem does not
occur for rib TE FGCs, we exclude the reason to be the
sidewall roughness, as TE should be affected by this
problem as well. The typical problem of TMq, to TEq
conversion is less probable, as the wire TM FGC have
the same taper geometry and do not show such oscilla-
tions in their spectra (cf. Figure 9). For the same reason,
substrate losses are also a less probable reason. A pos-
sible explanation for the behavior of the rib structures is
a rather rarely reported phenomenon — the TM lateral
leakage loss, which was first shown both numerically
and experimentally for millimeter waves and later at op-
tical frequencies [29, 30]. In a more recent publication,
an experimental demonstration was carried out also on
a silicon photonic platform [31]. The reason why this ef-
fect could not be seen in the grating coupler simulations

Table 1 Mean loss and 30 variation of a wire TM FGCs with a
period of 940 nm, an etch depth of 70 nm and varying slot
widths. The results are averaged over 61 chips on the same
wafer

Slot width Wavelength Mean loss 30 deviation
425 nm 1565 nm —43dB +0.2dB
470 nm 1550 nm —4.1dB +03dB
520 nm 1535nm —-42d8B +03dB

is that only the fundamental TM mode is taken into ac-
count there and any other modes are usually absorbed
by the excitation port.

The lateral leakage loss is caused by a rib TM mode
coupling to a TE slab mode at the rib waveguide edge.
The following points summarize the theory explained in
more detail in the references [29-31]:

The coupling is not connected to a surface or
sidewall roughness, but results, when a guided TM
mode fulfils a phase condition allowing it to get
leaky.

3

o
S,
7]
1]
kel
)]
£
=y
§ m— A = 940 Nm, wslol=425 nm
e A = 940 Nm, w_ . =470 nm
slot
A =940 nm, w_ _ =520 nm
slot
—A=1pum, wslm=520nm
10 . . .
1500 1520 1540 1560 1580 1600 1620 1640

wavelength [nm]

Fig. 9 Exemplary experimental coupling loss spectra of wire TM
FGCs with different periods A (940 nm or 1 um) and slot widths wge
measured at 14°
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Fig. 10 Exemplary experimental coupling loss spectra of TE (a) and TM (b) rib FGCs for different slab heights — a shallowly etched (s-rib)
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— A mode is completely guided, when the surface
waves resulting during its propagation are
evanescent in the outer region. Otherwise, the
guided mode gets leaky.

— In standard SOI rib waveguides, the fundamental TE
mode does not leak, whereas the fundamental TM
mode may do. Basically, a guided rib TM mode may
leak, when its effective refractive index is lower than
those of a TE mode in the slab area.

— The TM lateral leakage loss can be avoided, if the
slab height would be sufficiently small. This is a
natural convergence to the TM behavior in a wire
waveguide.

To investigate if the rib TM mode leaks, a planar dis-
persion diagram can be used [30]. Here, the effective re-
fractive indices of the two lowest slab waves are plotted
depending on the slab height. To obtain the dispersion
characteristics of the slab modes, we performed a simu-
lation of a waveguide with a very large width (50 pm)
and silicon thickness from 50 nm to 220 nm. The effect-
ive refractive indices are calculated at a constant wave-
length of 1550 nm with a commercial finite-difference
method mode solver by Photon Design. The model takes
into account the specifics of the BiCMOS layer stack
that covers the waveguide. The numerical results are
shown in Fig. 11.

Two specific thicknesses in this diagram are of import-
ance — t; corresponding to the thicker rib region and t,
corresponding to the rib waveguide slab height. A leak-
age does not occur, when the effective refractive index
of the certain mode negre/Mm at the Si thickness t; is
larger than the effective refractive index of the other
mode at t, (see Ref. [30], p.8). In our case, the value of t;
is fixed to be 220nm. We see that negre(t;) is larger
than negrMm(tp) for all values of t;, which confirms that
TE rib mode is generally not leaky. In the opposite,

negrMm(t;) has smaller values than negre(ty) for all slab
heights larger than 90 nm. The vertical gray line can be
seen as the upper limit of the rib slab height, after which
the TM mode becomes leaky.

Obviously, both the shallowly and the deeply etched
rib waveguides lie above this line and the gap between
the two n.g values (shown with the black arrows) in-
creases with increasing slab height, which is also stated
in the literature (e.g. [31]). The wavier spectrum of the
s-rib TM FGC may be therefore explained by its higher
sensitivity to TM lateral leakage loss. It is evident that if
we aim to design rib waveguides for TM, the rib slab
height should be below 90 nm. Note that this is a single-
wavelength simulation, so if we want to avoid leakage
also for longer wavelengths, even lower slab height may
be necessary. For the proper function of the lateral pin
diode, which is necessary for FWM applications, a slab
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effective refractive index
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Fig. 11 Effective refractive indices of the fundamental TE and TM
modes in a slab waveguide, in dependence on the waveguide
height at 1550 nm wavelength. A TM leakage is possible for all rib
slab heights, where negm(ty) < nesrre(ty) (right from the vertical gray
line). Both shallowly etched (s-rib) and deeply etched (d-rib)
waveguides find themselves in this area
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height of 50 nm is eligible [32]. Therefore, we are still
able to design proper rib waveguides for TM for such
applications without the effect of a lateral leakage loss.
In future, further structures are to be investigated in
more detail and tested experimentally.

Conclusion

We designed, fabricated and analyzed numerically and
experimentally focusing grating couplers for the funda-
mental TMy, mode, integrated in a photonic BICMOS
platform. The test structures, which are realized in a full
photonic BiCMOS flow, are covered by the complete
backend-of-line stack. Full-wafer measurements serve to
guarantee for their performance under the foundry
boundary conditions.

The coupling structures are intended for three types of
waveguides — a nanowire, a shallowly etched and a
deeply etched rib waveguide. The focusing TM grating
couplers for a nanowire show a robust performance and
independent of the grating period or slot width a 3o
variation of no more than +0.3 dB is measured on two
separate test fields. Compared to their TE counterparts,
the variation on the wafer is three times lower. For the
best TM focusing grating coupler design, a mean min-
imal coupling loss of — 3.9 dB can be achieved.

The characterization of the focusing TM grating coupler
design for rib waveguides reveals a possible waveguide de-
sign issue. The measured wavy spectra for both shallowly
and deeply etched rib TM grating couplers can be caused
by a lateral leakage loss. Simulations at 1550 nm wave-
length show that the lateral leakage loss can be avoided
when the rib slab height is reduced to below 90 nm.

As many of the applications of TM allow the usage of
nanowire waveguides, its excitation via focusing grating
coupler on a BICMOS platform proves generally to be re-
liable, as designs are repeatable and provide enough coup-
ling efficiency. For applications requiring rib waveguides,
more care must be taken about the waveguide design it-
self, in order to guarantee for a smooth performance.
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