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Extreme skin depth engineering (e-skid) can be applied to integrated photonics to manipulate the evanescent field
of a waveguide. Here we demonstrate that e-skid can be implemented in two directions in order to deterministi-

cally engineer the evanescent wave allowing for dense integration with enhanced functionalities. In particular, by
increasing the skin depth, we enable the creation of two-dimensional (2D) e-skid directional couplers with large
gaps and operational bandwidth. Here we experimentally validate 2D e-skid for integrated photonics in a comple-
mentary metal-oxide semiconductor (CMOS) photonics foundry and demonstrate strong coupling with a gap of
1.44 um. ©2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/JOSAB.416848

1. EVANESCENT WAVES IN SILICON
PHOTONICS

Evanescent waves in silicon photonic waveguides have the
propensity to cause parasitic optical cross talk. In traditional
photonic circuits, design strategies must consider minimum
separation distances between any closely spaced waveguides to
prevent unwanted coupling [1]. This problem is inhibiting for
many photonic circuits due to cost and size constraints. Many
efforts have been made to overcome these issues, battling size
constraints by employing inverse design [2,3] or implementing
metamaterials to increase performance [4-0].

Recent work introduced a new, metamaterial paradigm for
waveguiding that fundamentally suppresses coupling between
waveguides [7]. In this approach, a subwavelength, multi-layer
cladding is placed in plane and in parallel with the waveguide,
decreasing the skin depth of the fundamental transverse-electric
(TE) mode’s evanescent field. The concept is called extreme skin
depth engineering, or e-skid. E-skid has been employed as cross
talk suppression [7,8], and for high performance polarization
splitting [9,10]. The e-skid features are created in the same
processing step as the waveguide itself, allowing this to be an
innate no-cost addition to any design. The addition of these
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features can reduce the cross talk between waveguides by more
than 3 orders of magnitude, which will dramatically reduce the
photonic design footprint [7].

Here we expand on this work by using e-skid engineering in
two directions, within the same plane as the waveguide. Using
both a parallel (as in [7]) and perpendicular e-skid cladding,
we engineer the coupling between waveguides throughout a
photonic circuit. Specifically, the perpendicular e-skid cladding
(with features orthogonal to the waveguide) can dramatically
increase the evanescent tail of the mode [or equivalently decrease
its decay constant—as shown in Fig. 1(c)]. This then enables
arbitrary enhancement in coupling between nearby waveguides
anywhere in the circuit. While parallel e-skid cladding can be
used to suppress coupling in the routing of the rest of the circuit.
Here we explore this with the design of a two-dimensional
(2D) e-skid directional coupler with a large gap (>1.4 pm)
between the waveguides and large operational bandwidth
(>40 nm). We also demonstrate these 2D e-skid directional
couplers in a complementary metal-oxide semiconductor
(CMOS) photonic platform, thereby affirming the manufac-
turability of e-skid components and integration with foundry
offerings. Ultimately, this work is motivated by the idea that
we can employ 2D e-skid techniques to ensure low cross talk in
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(a) Here we demonstrate the parallel oriented subwavelength, multi-layer cladding. The anisotropic permittivity tensor is displayed over

the cladding, which follows the Rytov relations for each direction. (b) The perpendicular cladding essentially swaps the xx and yy components of the
permittivity tensor in panel (a). The incident wave is reflected (shown by the two arrows in medium one), and the evanescent wave is strongly decay-
ing in medium two in panel (a) and weakly decaying in panel (b). (c) A plot of Eq. (3) for the two different cladding strategies. We see that decay is
increased over SiO; for most of the fill factors of the parallel case, whereas we can see a variable decrease in decay by almost the whole scale between the
two materials in the perpendicular cladding. The likely “manufacturing window” over which these features can be fabricated in a CMOS silicon pho-

tonics foundry is indicated.

the routing phase (with parallel e-skid) and, without the use of
bends, efficient coupling between waveguides with larger-than-
normal gaps (with perpendicular e-skid)—fully leveraging both
directions of e-skid. Consequently, 2D e-skid allows for dense
integration within the constraints of CMOS manufacturing.

2. THEORY
A. E-Skid in Two Directions

Consider two media with index of refraction 7;, 7,. When an
incoming wave from 7; meets the boundary at 7, and the angle
is greater than the critical angle, 6, <6, =sin"'(ny/n), an
evanescent wave is formed in the second medium. This wave
does not carry power across the boundary; it exponentially
decays into the second medium [11]. E-skid allows us to tune
the decay constant of this evanescent wave by introducing
subwavelength, periodic structures that transform a wave’s
(specifically, a polarized wave’s) momentum [12,13]. These
features change the second medium from an isotropic material
to an anisotropic metamaterial. The anisotropy here refers to the
permittivity values of the dielectric tensor of the material (where
we are assuming that the permittivity can be defined €, = #?).
For deep-subwavelength features, these component values are
defined by the Rytov relations [14,15]:

ni=nip+n3(1—p), (1)

’ 2
where 71, n, are the indices of the first and second medium,
respectively, and p is the fill factor. The parallel component,
n|, is defined in the direction parallel to the periodic structure’s
orientation, and the perpendicular component, 7, is oriented
perpendicular to the periodic structure. For features that are
deep-subwavelength, these relations demonstrate how the
second material transforms from isotropic to an anisotropic
metamaterial; however, any subwavelength structures will
exhibit anisotropy albeit without these neat relations.

nt=np+n (1—p),

The key result of the e-skid derivation leverages this
anisotropy for the evanescent wave, which is characterized
by the decay constant, §:

L, 7mx(0) [

in2(0;) — 2
5(6:) Oﬂzy(P) my sin” (6;) = n2, ()", (3)

B©O;; p) =

where 4 is the wavevector and 6; is the angle of the incident
wave to the boundary (we assume paraxial 0; &~ 77/2) [12]. The
decay constant is now subject to a degree of variable tunability
(p), allowing for control of the evanescent wave [7,12].

In Fig. 1(a), we show the dielectric tensor for the e-skid
structure, where the periodicity of the subwavelength fea-
tures is parallel to the boundary (y = 0). In this orientation,
the diagonal components of the second material become
[, n%y, n%z] = [nﬁ, nﬁ_, nﬁ] in accordance with the Rytov
relations [Eqgs. (1) and (2)]. This structure will increase the decay
constant of the evanescent wave, thereby decreasing the skin
depth [7]. Without loss of generality, we recognize that we can
rotate the optical axis by rotating the subwavelength features
and realize e-skid in a second direction. Due to the direction
dependency outlined by the Rytov relations, when we rotate the
periodicity of the features, we effectively swap the xx and yy
components of the dielectric tensor of the parallel cladding such
that we now see 73, ngy, n 1= [ni, nﬁ, nﬁ] [Fig. 1(b)]. The
values of 75, 75, in Eq. (3) control the decay constant, and by
rotating the periodic structure, we are able to dictate an increase
or decrease.

We populated Eq. (3) with the new dielectric tensor values
outlined in Figs. 1(a) and 1(b) such that we show in Fig. 1(c)
the full range of decay constant tunability of e-skid in two
directions. Figure 1(c) shows clearly that both decreasing and
increasing skin depth can be achieved by the parallel features;
however, applying this to CMOS photonics manufacturing, we
generally omit the higher and lower fill factors due to resolution
constraints [16]. We used a material platform consistent with
CMOS photonics in Fig. 1(c), such that material one is silicon
(Si) and material two is silicon dioxide (SiO,); however, this is
true for any optical material combination aslongas #; > n;.
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B. E-Skid in Two Directions in Waveguides

Optical waveguiding is not fully described by the simple electro-
magnetic wave-at-a-boundary example above. While it lends
intuition, we must find the electromagnetic mode of the entire
structure to get a clear picture of this effect. We used a commer-
cial finite difference eigenmode (FDE) solver to simulate the
TE modes of three specific types of waveguides to demonstrate
e-skid in two directions [17]. Figure 2(a) shows a top view of a
single-mode strip waveguide, where the propagation is in the
x direction. Next to the strip waveguide, Fig. 2(d) shows a 2D
mode profile of the fundamental TE propagating mode. We
introduce the wave supressing e-skid features on one side of the
waveguide in Fig. 2(b) and show the corresponding 2D mode
profile in Fig. 2(e). Finally, we introduce the wave enhancing
e-skid features in Fig. 2(c) and the corresponding 2D mode
profile in Fig. 2(f). We compiled the cross sections of all three
modes in Fig. 2(g) to demonstrate the effect of the features on
the evanescent wave of the mode. Figure 2(g) clearly demon-
strates, with a log-scale in y, that the decaying wave outside of
the center of the waveguide is suppressed by the parallel features,
and greatly enhanced by the perpendicular features.

We extend our analysis to include a full wave three-
dimensional (3D) finite-difference time-domain (FDTD)
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Fig. 2.

solver with Bloch-periodic boundary conditions [17]. Figure 3
displays the decay constant as extracted for varying fill factors
and periods of subwavelength features. The decay constant
extraction fit for both Figs. 3(a) and 3(b) had average correlation
coefficients of R* = 0.98. In Fig. 3(a), we show the results of the
parallel cladding, and in Fig. 3(b), we show the perpendicular,
both of which follow the general shape outlined by the analytical
expression in Eq. (3) at the paraxial limit, or simply, a guided
wave. As the period increases, we notice a shift in behavior of the
peak toward the lower fill factors; however, this is not significant
enough to alter the design parameters. We also note the simi-
larity of Figs. 3 and 1(c), where the parallel features are the only
features that increase the decay constant and the perpendicular
features allow for deterministic reduction of the decay constant,
thereby enhancing cross talk. Figure 3 stops at 270 nm to allow
each simulation to fall below the Bragg limit. We note that the
operational window for subwavelength devices is dependent on
the minimally reliable feature (or hole) size for the manufactur-
ing process. Here, we see at the highest period that only 30-70%

of fill factors are expected to resolve for an 80 nm minimum.
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Comparison of the different cladding strategies discussed, with the note that they have a common cladding on the right-hand side (normal

isotropic SiO5). (a)—(c) Here we have the top-down perspective of the waveguides, which shows the cladding for the none, parallel, and perpendicu-
lar structures on the left-hand side, respectively. (d)—(f) Z-Y plane cross section mode profiles corresponding to the cladding diagrams from panels
(a)—(c) where the width of the waveguides is 400 nm and the height is 220 nm. (g) Center slice through each of the mode profiles, which demonstrate,
on a log-linear scale, the amount of control we can impose on the evanescent wave with these structures. Simulations were done with an anisotropic
material following Rytov relations [Egs. (1) and (2)], where the core waveguide width was 400 nm, and the fill factor was 0.6 for both orientations.
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Fig. 3. Decay constant contour plots extracted via simulation for the (a) parallel and (b) perpendicular cladding features over varying fill factors
and periods. We include a trace that indicates an 80 nm minimum feature/space cutoff to demonstrate the constraints present in subwavelength
CMOS photonics. These simulations were run with waveguide widths of 400 nm.
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3. 2D E-SKID DIRECTIONAL COUPLER DESIGN

We propose and demonstrate a new coupler that leverages e-skid
in two directions to create coupling in desired regions. In a
traditional integrated photonic platform, a directional coupler
is created by bending two waveguides close to each other [Fig.
4(a)]. The waveguides must otherwise be kept far apart in other
parts of a circuit in order to avoid unwanted coupling, limiting
the circuit density. By using e-skid with parallel subwavelength
features [Fig. 4(b)] that suppress coupling, we overcome this
limitation and keep two waveguides within close proximity,
with negligible coupling. Furthermore, when the design with
e-skid needs coupling, we show that the introduction of per-
pendicular subwavelength features in the coupling region, as
are seen in Fig. 4(c), will significantly enhance coupling. These
features have tunable variables (i) period (A | ) and (ii) fill factor
(p1), which directly tune the amount of coupling experienced.
We introduce 2D e-skid as a way to leverage the size reduction
offered by the parallel features with the addition of the per-
pendicular features to create practical circuits as seen in Fig.

4(d).

A. Coupled Modes for E-Skid

The evanescent wave of the mode, even though it carries no
power across the boundary, causes coupling between parallel
guides if the overlap between the evanescent waves of supported
modes is large enough [18]. From coupled mode theory [18], we
define the power in the bar and cross ports as

L

Ppay(L) = Pycos® (k L) = Pycos® (%L—) , 4)
L

Prpis(L) = Pysin® (kL) = Pysin® <%L—) , (5)

with L as the coupling length, P as the injected power, « as the
coupling coefficient, and L, as the crossover length such that
k =m/(2L,),and the bar and cross refer to the light remaining
in the injected waveguide or transitioning to the other wave-
guide, respectively. The crossover length is defined so that when
L = L, thereis complete power transfer from waveguide one to
two.

This approach allows for an intuitive understanding of the
device. The crossover length is given as

(a) Conventional (b) e-skid (c) Proposed
wL 4, C A, C A,
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Fig. 4.

(a) Conventional directional coupler with a coupling region characterized by the gap between waveguides and the length of the parallel

section. (b) E-skid platform discussed in [7], where the period (A ) and silicon fill (#)) characterize the subwavelength features. (¢) Our directional
coupler that leverages the enhancing e-skid features in the coupling region, where the features outside the coupling region are the same as panel (b)
and where the period (A | ) and silicon fill (2 ) characterize the subwavelength features in the coupling region. (d) Example of an integrated photonic
circuit implementing 2D e-skid. Note the circuit maintains the size reduction of e-skid coupled with 2D e-skid directional couplers. In the colored
version, the colors throughout indicate the photonic waveguides (blue), parallel (orange), and perpendicular (green) e-skid features (where all are the
same material—namely, silicon), and the base is the buried oxide (black). The figure is not drawn to scale.



Research Article

L= (6)

2(7leven,k - ”odd,A) ’

where A is the free space wavelength and #eyen 1, 70dd, 5 are the
effective indices of the even and odd modes, respectively [1].
The field of the odd mode is antisymmetric across the coupling
region, and it remains generally unaffected by symmetric fea-
tures there [19]. However, by introducing features into the
coupling region, the even mode is affected, thereby enabling
dispersion engineering of the directional coupler—specifically,
controlling the directional couplers’ optical bandwidth [19]. By
crafting L, we can dictate how the device performs according
to Egs. (4) and (5). Essentially, if we make the slope of L, as
flat as possible over a span of A, we ensure a useful operating
bandwidth (e.g., a 3 dB coupler) is preserved for that span. Our
design is fundamentally different than [19] due to the structural
asymmetry, which encourages coupling, and the higher fill
factor. These parameters allow us to create a directional coupler
with more than an order of magnitude shorter crossover length
in comparison, at the penalty of reduced operating bandwidth.

In order to demonstrate the effect of dispersion engineering,
we begin by simulating the photonic band structure of the
directional coupler in a full wave 3D FDTD solver with Bloch-
periodic boundary conditions [17]. Figures 5(a)-5(c) show the
photonic band structure of a traditional, one-dimensional (1D)
e-skid and 2D e-skid directional coupler. These directional cou-
plers are fundamentally different from photonic crystals as they
are not designed to work in the photonic bandgap; instead, these
subwavelength features allow for low loss propagation through
the periodic structures below the bandgap [15]. The traditional
and e-skid couplers exhibit similar band structures, but the 2D
e-skid directional coupler’s even mode is approaching the band
edge just above 200 THz (1500 nm). Because the even mode
is near the band edge, dispersion is increased, which allows for
flexibility in tuning the behavior.
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From the band structures, we extract the dispersive effective
index of both the fundamental even and odd supermodes [Figs.
5(d)-5(f)]. The effective indices exhibit a similar characteristic
shape to their corresponding band structures. The e-skid cou-
pler brings the even mode effective index much closer to the odd
mode in comparison with the traditional coupler, and the 2D
e-skid directional coupler has increased the difference between
the two effective indices. Figures 5(g)—5(i) show the crossover
length given the corresponding effective indices. The tradi-
tional coupler and e-skid behave as expected, with an increase
in crossover length for the latter. The 2D e-skid directional
coupler exhibits a dramatically reduced crossover length and,
in relation to dispersion engineering, a completely different
shape. It is important to note that the 2D e-skid directional
coupler does support a higher-order mode [Fig. 5(c)]; however,
the coupling efficiency extracted from a modal overlap inte-
gral between the fundamental and the first higher-order mode
is <8% over the wavelength span for our designs, according
to our 3D FDTD simulations [17]. While 8% is not insig-
nificant, tweaking our parameters (specifically p; and A})
can reduce this coupling efficiency into higher-order modes,
increasing device performance [19]. For this experiment, the
primary design choices were dictated from a perspective of
manufacturability. In the future, small decreases to p; and A |
will result in higher performing couplers verified by our 3D
EDTD simulations [17] and prior work [19]. Additionally,
careful consideration of tapering, which is not investigated in
this work, can also mitigate the excitation of higher-order modes
[15,20].

The 2D e-skid directional coupler is fundamentally different
to a multimode interferometer (MMI). MMIs offer compact
power splitting via a self-imaging effect that manifests from the
excitation of higher-ordered modes, creating an interference
pattern that repeats at a length specific to the physical param-
eters [21,22]. The 2D e-skid directional coupler specifically

(8) Cross Over Length

---odd
\\\
1.5 1.6 1.5 1.6
Wavelengths (pum) Wavelengths (im)

Fig.5. (a)—(c) Photonic band structures of the conventional, 1D e-skid, and 2D e-skid directional couplers from Figs. 4(a)—4(c), respectively. (d)—
(f) Extracted effective indices of the band structures from panels (a)—(c), respectively. (g)—(i) Crossover length, calculated from Eq. (6). The insets of
panels (g)—(i) show the device diagrams for each type of coupler. These devices were all simulated with the same gap to illustrate the effects on the
same scale. In practice, the gap is limited by (i) the fabrication process, (ii) the circuit application, and (iii) the length of the waveguides. Therefore, the
gap is often larger than shown here. The e-skid design parameters were gap = 270 nm, A = 50 nm, p = 50%, A | =270 nm, p; =50%, and W=

400 nm.
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operates as a directional coupler, where the characteristics of the
device arise from the coupled supermodes supported by the
two waveguides [18]. The perpendicular, metamaterial features
act to control the decay constant of the two modes’ evanescent
tails by shaping the material between the waveguides, enabling
2D e-skid and dispersion engineering, as demonstrated by the

simulation results in Fig. 3.

B. Device Design

We investigate the effect of different parameter variations of
the 2D e-skid directional coupler. Figure 6 shows the results
of varying the fill factor, period, and gap between waveguides.
These parameter variations indicate the substantial tunabil-
ity offered by two-directional e-skid. First, we selected the
operating gap between the two waveguides to be 1.44 pm
in order to stay consistent with the parallel e-skid features
(o) =60%, Ay =225nm, six layers deep results in a 1.44
um gap). We designed these devices for manufacturing with
the American Institute of Manufacturing (AIM) Photonics
CMOS foundary Muld-Project Wafer (MPW) offering. For
a photolithographic process like this one, we must take in to
account the limitations of the processing, like feature size. For
example, many prior work designs with features smaller than
60 nm would not resolve with CMOS processing compared
to electron beam lithography. We chose to design our devices
with A} =275nm to remain beneath the Bragg limit but
maintain high manufacturing quality. The parallel features were
designed with Aj = 225 nm. It should be noted that the parallel
cladding structures are less challenging for a lithographic system
because they are lines, not holes [16]. We targeted p; = 60%
for the majority of our devices because we assumed that the
features would be over etched, a common practice in silicon-
on-insulator fabrication, so that the fill factor would decrease

[23].

(a) Varying Fill Factor ~ (b)

Varying Periods (©)
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4. 2D E-SKID DIRECTIONAL COUPLER DEVICE
MEASUREMENTS AND PARAMETER
EXTRACTION

A. Experiment

Our experimental setup is shown in Fig. 7(a). We placed the chip
onamountin between two 3-axis stages with bare fiber on either
side for coupling in and out. For the input, we connected the
fiber to a tunable laser source (TLS) and a polarization controller
(PC) to ensure TE polarization, and we measured the output
signal with an optical powermeter (OPM). The fibers were edge
coupled to the chip, which routed the light through strip/wire
waveguides to the devices. To transition from the strip wave-
guide mode to the e-skid’s, we slowly introduced the parallel
and perpendicular claddings as seen in Fig. 7(c) and depicted
in the schematic in Fig. 7(a). We were careful to design simple
tapers because when periodic, asymmetric features are intro-
duced, there is a chance for radiative losses [15]. We measured
total device loss at <2 dB per device, which can be imrpoved
with longer tapers or carefully designed width-varying tapers to
ensure smooth modal transition.

We collected the transmission spectra [an example is shown
in Fig. 7(b)]. The spectrum shows a characteristic “chirp”-like
behavior, which is due to the dispersive nature of the crossover
length. This is seen in Fig. 6, where, based on the perpendicu-
lar e-skid parameters of the device, the crossover length can
exhibit a significant change with wavelength. This will result
in a quickly oscillating output [given by Eqs. (4) and (5)]. With
that said, using the experimental measurements in conjunction
with the previously described models, we were able to extract the
parametric dependence of the coupler designs.

B. Parameter Extraction Method

After extracting the transmission spectra from our fabricated
devices, we used a dispersive model for extracting the crossover
length from the data. Because inverse sine functions are multi-
valued, we cannot obtain L, directly from Eq. (4) or Eq. (5). We
instead employed the behavioral model for characterizing direc-
tional couplers [24]. For the crossover length, we are interested
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Fig.6. Dispersive plots representing the crossover length for different varying parameters. (a) Fill factor sweep with period and gap fixed at 270 nm
and 1500 nm, respectively. The reference lines indicate the crossover length traditional directional coupler with gaps of 200 and 800 nm. (b) Period
sweep with fill factor and gap fixed at 60% and 1500 nm, respectively. (c) Coupling gap sweep with period and fill factor fixed at 270 nm and 60%,
respectively.
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Fig.7. (a) Experimental setup. A tunable laser source (TLS) is connected to the device via a polarization controller (PC). The outputs of the device
are then connected to an optical powermeter (OPM). (b) An example spectrum from the measured data. (c) and (d) Scanning electron microscope
(SEM) image of two different 2D e-skid directional couplers fabricated by AIM photonics, focused on the taper from the strip waveguides used to cou-
ple (c) to optical fibers and (d) in the center of the device. The objects are debris from the oxide-release etch for the SEM.

in the wavelength dependence, so we prepared the data by filter-
ing the noise and normalizing the bar and cross measurements.
We used a polynomial expansion of the coupling coefficient
coupled with a non-linear least squares (NLS) optimization
algorithm to find the best fit for L, [17,25,26]. Because many
of our devices exhibits a strong “chirp-like” behavior [Fig.
7(b)], we used a third-order polynomial expression for L, to
determine the best fit, such that

LoAW)=Leo+ Loah+Lood* + L, 302, (7)

where the curve is characterized by fitting parameters
Leo,Ly1, Lyo, Lys pertaining to the wavelength, A.
The NLS optimization aimed to minimize the difference
between the measured and theoretical spectra by adjusting the
fit parametersin Eq. 7.

C. Experimental Results

In Fig. 8(a), we show the device’s dependence on fill factor
variation. Fill factors up to 60% were successfully fabricated in
the CMOS process and will be reported below, while fabrication
specific optimization needs to go into higher fill factor devices.
The fill factor variations resemble those from the simulations
[Fig. 6(a)], where higher fill factors increased L... In Fig. 8(b),
we investigated coupler-length variation for a fixed fill factor
(60%) and gap (1.44 pm). We fit nine different directional
couplers with the exact same parameters changing only the
coupling length. According to Egs. (4) and (5), the length is
independent of the coupling coefficient, k¥ and therefore these
couplers should exhibit identical L, measurements. There
are manufacturing variations, measurement errors, and fitting
errors that reveal themselves in Fig. 8(b). The inset shows a 95%
confidence interval for these nine couplers’ L, extraction and
showcases expected similar behavior for all of these couplers.

(a) \ Fill Factor (b) Coupling Lengths (O] Coupling Gap
10 60
Fill Factor g Gap
60% % 1.88 um
—50% 50 80 1 1.67 pm
N \ — 0% 20 — ld4pm
10 — 30% 40 g0 — 12
—~ ~ 15 E ~ 1 — m
: /A E g s
2 2 301 <
~ 10° 1 ~ Coupling Length | " 40
20 1 10pm  — 250 um
50 pm == 300 pm
100 pm = 400 pm 20 -
| 104 — 150 pm = 600 pm
10" — 200 um
T T T 0 T T T 0 T T T
1.50 1.55 1.60 1.50 1.55 1.60 1.50 1.55 1.60
Wavelength (um) Wavelength (um) Wavelength (um)

Fig.8. (a) Experimental extraction of L, for the varying fill factors. (b) Experimental extraction of L, for the varying coupling lengths. Here we
expect that the values will be similar. (¢) Experimental extraction of L, for the varying coupling gaps, indicating an average change of L., but less
conclusive over the range.
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Fig.9.

(a) Experimental and fitting results foran L, coupler (100/0) splitting ratio. (b) Based on the experimental results in panel (a), we propose a

50/50 splitter operating from 1.58 to 1.62 um. (c) Based on simulation results from Fig. 6(a), we propose a 50/50 splitter operating from 1.54 to 1.58

pm.

This truly highlights the utility of these devices, as they are able
to couple fully in <50 pm, even with a large gap of 1.44 pm.
Finally, Fig. 8(c) shows the L, extraction for varying gaps. Even
though there is a qualitative match between the simulations and
experimental results, manufacturing variations account for the
quantitative differences.

5. FUTURE WORK

In this work, we performed a comprehensive study of the param-
eter space of our proposed directional coupler using 2D e-skid.
In the future, it will be desirable to realize devices with particular
performance characteristics. From our experimental data (Fig.
8), we extracted that we are able to realize a 2D e-skid directional
coupler that achieves 100% coupling (100/0 splitting ratio)
with a coupling length of L =50 pm as seen in Fig. 9(a), using
pL =060%, A} =275nm, and coupling gap of 1.44 um. We
can take this to design a 50/50 directional coupler. Figure 9(b)
shows the theoretical transmission spectrum of this device. We
set the coupling length L =avg(L,)/2=23.5 um, and we
see broadband behavior of nearly 40 nm. Additionally, we can
slightly vary parameters to tune the device to a more desirable
center wavelength. For example, by reducing the period of the
2D e-skid directional coupler to A =255nm, p; =50%,
and coupling gap of 1.44 um, the device’s operating band can
now be centered closer to 1.55 pm and achieves an even larger
operating bandwidth of >40 nm [Fig. 9(c)], which is sufficient
for many applications.

6. CONCLUSION

We introduced the deterministic, targeted control of the evanes-
cent wave in the TE mode of strip waveguides by employing
e-skid features in two directions. We designed and demonstrated
2D e-skid directional couplers on a CMOS photonic chip
fabricated by AIM Photonics. All of the results were compared
to simulations by extracting design parmaters, using a NLS
optimization technique coupled with a behavioral model of
the directional coupler [24]. With the parameter extraction,

we show experimentally that e-skid waveguides, and the 2D
e-skid directional coupler in particular, are possible to realize
in a CMOS platform. Moving forward, we can design full 2D
e-skid circuits that achieve high densities by both suppressing
and enhancing coupling at will, while operating with large

bandwidths.

APPENDIX A: VERIFYING MODE CONVERSION
EFFICIENCY OF 1D E-SKID FOR CMOS
PHOTONICS

We verify the conversion efficiency between strip waveguides
and e-skid waveguides by comparing the loss coefficients at the
resonances of a racetrack resonator [27,28]. We designed three
strip waveguide racetrack resonators, Fig. 10(a), with varying
gaps, and then the exact same racetrack resonators in which we
add two e-skid features into the ring, Fig. 10(c). The intent of
this experiment is to quantify the additional loss created by these
features, and thereby measure the mode conversion efficiency
between strip and e-skid waveguides [7]. A simple ring resonator
[shown in Fig. 10(a)] can be paramaterized by two coefficients,
7, the self-coupling coefficient that indicates how much light
goes through the coupler, and «, the loss coefficient that indi-
cates how much light is lost into the ring. We extract o and ©
according to the method described by [27], such that

_ Drer (A1)
ALpwHM
Tyiax
£ = , A2
TN (A2)
- M (A3)
1 +sin(/F)
B=1—<1— cos(/F) )l’ (A4)
1+cos(m/F)) &

1/2 1/2
(a, 7) = [%} + [g —A] . (A5)
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(a) Strip waveguide racetrack ring resonator. We measured an average loss into the ring of 97.2% at the resonant peaks. (b) Transmission

spectra for three equivalent strip waveguide racetrack ring resonators with varying coupling gaps of 250, 300, and 350 nm. (c) Strip waveguide race-
track ring resonator with two parallel cladding features for comparison with panel (a). The loss into the ring was measured at 95.7% on average. (d)
Transmission spectra for the three rings of the same varying gaps as panel (b) with the addition of the features.

The finesse, F, is defined as the ratio between the free spectral
range, A)gsg, and the full width at half-maximum, Alpwiim,
of each resonance. The exctinction ratio, £, is defined as the ratio
between the transmission maximum, 7yax, off resonance, and
the minimum, 7y, at each resonance. We can decouple @, T
in Eq. (A5) using the method further discussed in [27]. When
we determine o, we know that o? indicates the percentage lost
into the ring, which allows us to compare these two different
resonators. This resulted in average values of a? =97.2%
and o? = 95.7% for the two ring types [Figs. 10(a) and 10(c),
respectively]. This leads to a mode conversion efficiency of

99.6%.
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