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Abstract—Optical delay lines are vital for the development of
all optical telecommunications, optical computers and for many
nonlinear and quantum optics processes. Periodic structures such
as coupled resonator optical waveguides (CROW) achieve high
delays in a compact manner and with a large bandwidth. Wedge
disk resonators have demonstrated high quality factors compared
to rectangular disks and rings while remaining integrable on
chip. Vertical coupling is needed since the optical mode is pushed
toward the disk center by the wedge. We propose an optical delay
line made of wedge disks arranged in two overlapping layers.
Disks are made of silicon dioxide on silicon pillars. Numerical
calculations of the device performance and an experimental proof
of concept are presented. A maximum delay of 85 ps for eleven
disks is achieved with a loss per cavity of 3.91dB. This is a
first proof of concept of a CROW structure made of wedge disk
coupled vertically.

Index Terms—Coupled-resonator optical waveguide, Multi-
layer photonic, Optical Memory, Slow light, Vertical coupling,
Wedge disk, Whispering Gallery Modes Resonator

I. INTRODUCTION

Slow light has many applications from telecommunications
to quantum optics. In an optical computer or router, infor-
mation transmitted by light must be temporally stored in an
optical memory [1]. Since light-matter interactions are weak,
fields like quantum photonics and non-linear optics benefit
from slow light [2]. Optical delay lines are also useful for
phased array antennas [3]-[5] and gyroscopes [6].

There are different ways to generate an optical delay with
passive structures such as long waveguides folded into a spiral
to reduce the device footprint. Low loss per delay is achieved
with a high bandwidth, but the footprint remains large [7].
A dispersion structure has a lower group velocity of light. It
is smaller than the spiral and achieves similar optical delays.
However, bandwidth is smaller. Bragg gratings can be used as
dispersion engineered structures [8]. Resonant structures have
also a low group velocity, but with a larger bandwidth than the
dispersion structures. They are a good compromise between
footprint and bandwidth and they usually take the form of cou-
pled resonators optical waveguides (CROWs) or side-coupled
integrated spaced sequences of optical resonators (SCISSORs).
Light propagates in each resonator which can be Fabry-Perot,
rings, photonic crystals or disks.

The proposed design aims to have a small footprint, a
reasonable bandwidth, and a large delay with low losses. As
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Fig. 1. Device schematic. It is composed of overlapping silica microdisks
arranged in two layers (top and bottom) and supported with silicon pillars.
Tapered optical fibers are used to inject and collect the transmitted light.

the device is passive, there is no amplification and ways to
change the delay. A CROW made of disk resonators is chosen
for their high quality factor (@) [9] and their integrability.
Wedged disks are wet etched in order to lower losses. The
optical resonant mode is pulled towards the disk center due
to the wedge. Since the amplitude of the whispering gallery
mode is smaller at the edge, the optical losses due to sur-
face scattering decrease. The resonator quality factor is thus
increased [10]. The wedge comes from the peel-off of the
resist during wet etching [11]. The final angle between the
linear profile and the disk base is called the Mach angle. It
is controlled by the peel-off velocity, which depends on the
resist adhesion to the substrate. With this design, horizontal
coupling is not optimal. Therefore, we use a 3D photonics
approach with multiple layers optical structures which can
enable an efficient vertical coupling. This technique increases
the component density [12], and waveguide crossing is also
possible [13]. Vertical coupling has been achieved between a
straight waveguide and a wedge disk resonator [14]-[16]. One
of the advantages of vertical coupling compared to horizontal
coupling are larger misalignment tolerances [17]. In addition,
the wedge geometry limits the feasibility of lateral coupling.
Figure 1 shows a typical configuration of our proposed ap-
proach. It is composed of silica wedge disks arranged in two
layers and coupled vertically by overlapping the adjacent disk
edges to form a CROW. Disks stand on silicon pillars and
light is coupled in and out of the CROW using tapered optical
fibers.

II. THEORETICAL MODEL

An optical microdisk resonator of radius 2 has resonant
wavelengths \,,, which are a multiple of the optical path



oNOYTULT D WN =

Journal of Lightwave Technology

JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015

€
=
>
-2 :
42 44 46 48 50 52
X [pm]
(b)
€ €
! =
> >

-2 -2 .
42 44 46 48 50 52 42 44 46 48 50 52
X [um] X [um]

(©) (d)

Fig. 2. Numerical mode calculation. (a) simulated geometry, (b), (c) and (d),
transverse magnetic (TM) intensity fields calculated for Mach angles 90°, 30°
and 15° respectively and a resonance frequency at 1.55 pm. White arrows are
the electric field in the xy plane.

length m\,, = 27 Rnex where neg is the resonance mode
effective refractive index. The free spectral range separating
each resonance peak is Agsr = A2 /27 Rnegr. Its full width at
half-maximum (FWHM) is A = A/Q where @ is the quality
factor, which is inversely proportional to the losses. Wedge
disk resonators cannot be resolved with the scalar approxi-
mation. Mode calculation with vectorial theory is required.
Modes were calculated numerically with the weak form of
the Maxwell equations considering the axial symmetry [18].
Therefore, only the cross-section (zy plane) is calculated.
Examples of calculated modes are given in Fig. 2 for multiple
Mach angles 0. The calculations provide the resonance
wavelength with its mode field distribution. It is observed
that optical modes are pushed towards the center as the angle
decreases. An effective radius R is defined as the radius of
an equivalent rectangular disk resonator where the mode field
maximum is at the same position as the wedge disk. Then,
with the resonance condition, the effective refractive index is
obtained.

The difference between horizontal and vertical coupling is
shown in Fig. 3 (a). A top view and side view of the two
configurations are represented. For horizontal coupling, disks
are in the same plane and separated by Ax. For vertical
coupling, disks are overlapped by Az and vertically separated
by s. The refractive index of both disks are n; and no and
the background refractive index is ng. The distance d between
the modes is not constant along the light pathway position
inside a disk. It is minimum at the overlap, but modes go
away from each other away from the overlap. For large disks
compared to the minimum separation distance, the vertical
coupling is similar to two straight waveguides of propagation
constant 3. Since the propagation direction is parallel (flat
zone) over an effective coupling length L., the coupled-mode
theory is used. In the coupling region, the modes of each disk
overlap with each other. In the side view, we can see the modes
overlap at the coupling point (horizontal coupling) or region
(vertical coupling). L. is calculated similarly for a disk and
a straight waveguide [19]. d is calculated from the geometry
and along the light pathway. As it is shown in the graphic of
Fig. 3 (b), a quasi-constant separation is obtained for vertical
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coupling that is not obtained with horizontal coupling. Over
this section, coupling coefficients C;; are given with the field
overlap integrals (Side view):
k‘lg 2 =2\ J*
Cij= ——— (n? —n?) U U;dA (1)
2v/1BiBj| J Aw
where k is the wave number, n and n are the refractive indices
with and without the other waveguide respectively, ¥ is the
normalized field amplitude and A is the transversal plane.
From the weak coupling approximation, and over Leg

(Fig. 3), the coupling factor x is given by:
ABL
K= @ ex <2M> sin(y Legr) 2)
1y 2

2
where AB = 35 — 31 and % = (%) + C12C51.
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Fig. 3. (a) Schematics of side and top views of horizontal and vertical
coupling (b) Mode separation d along the light pathway position for a
horizontal (red) and a vertical (black) coupling. Disks have a radius of 50 pm
and the minimum separation in both cases is 1 um

The vertical coupling factor x is computed versus the
vertical s and horizontal Az separations (Fig. 4 (a) and (b)
respectively) for both transverse magnetic (TM) (dashed) and
transverse electric (TE) modes (solid). For the horizontal
alignment, maximal coupling is achieved when mode field
maximums are aligned. For vertical separation, an oscillatory
regime with small vertical separation s is explained by a
smaller coupling length Lo = 27/C;; than the effective
coupling length L.k Lo is the length after which the total
power transferred from one resonator to the other. When these
two lengths are equal, marked by vertical lines in (b), the
coupling factor decreases exponentially. Since the separation
distance comes from layer thickness, there is no need for
high-resolution lithography. TM polarization coupling factor
is larger than TE polarization outside the oscillation regime.
It is explained by the mode field distribution, which is more
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vertically elongated for TM polarization since the electric field
is continuous at interfaces.
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Fig. 4. Vertical coupling factor || versus (a) overlap Az and (b) vertical
separation s for both transverse magnetic (TM) (dashed) and transverse
electric (TE) modes (solid). The vertical line in (b) are where the coupling
length L is equal to the effective coupling length Legr

The CROW transfer function is calculated with the matrix
method [20]. The transfer matrix P depends on the coupling
factor x with [t|> + |k|?> = 1. The propagation matrix Q
depends on the complex propagation constant 3 and disk
radius R. Complex amplitudes a; and b; of the power of
each disk (z = 1,2,.., N) before and after the coupling are
calculated as well as the waveguides (z = 0, NV + 1) as shown

in Fig. 5 (a).
i) -rel] @
SER
Q=|in T | )
The total transmission 7' = [t|> = |byy1/ao|? is given by
|:aN+1] — (PQ)VP [ao} ©)
0 bo

Figure 5 (b) presents the delay per cavity and loss per cavity
versus the coupling factor « for different quality factors Q).
There is a compromise between delay and loss. A plateau of
the delay per cavity is observed for small coupling factor and
its amplitude depends on the quality factor. For the loss per
cavity, a turning point is located around the critical coupling,
shown in green, for each quality factor. It is a good trade-off
for design purposes. In summary, the quality factor has to be
increased first. Then, the optimal coupling factor is the critical
parameter to maximize the delay.
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Fig. 5. (a) CROW illustration for matrix analysis (b) Delay and loss per
cavity as function of coupling factor. Green lines show critical coupling

III. MICROFABRICATION

The fabrication process is shown in Fig. 6 (a). It starts with
the growth of 800 nm silicon dioxide (SiO,) by wet thermal
oxidation of a silicon wafer (Si) (step 1). A photolithography
defines the bottom layer of disk resonators with a 50-pm
radius. For subsequent steps, adhesion must be well controlled
as it defines the wedge angle. A wet etch with hydrofluoric
acid (7:1) of the resonators is performed until the silicon
interface appears (step 2). The resist peel-off forms a disk
Mach angle [11] which depends on the resist adhesion with
the disk. More than 2um of amorphous silicon (a-Si) is
deposited by sputtering (step 3) and a chemical mechanical
planarization is used to remove any remaining structure and
roughness (step 4). A 1.3-um layer of amorphous silicon is
left for the separation layer and the next step of oxidation
of 800 nm of silicon oxide (step 5). A second lithography is
used to define the top layer of disk resonators aligned with
the previous lithography. An alignment tolerance of 1um is
needed according to calculations shown in Fig. 4 (a). A wet
etch is realized on the top layer (step 6). The disks are under
etched and pillars are formed by a reactive ion etching with
a sulfur hexafluoride (SFg) plasma (step 7). An undercut of
15 um is obtained.

Fig. 6. Microfabrication (a) process flow, (b) overall scanning electron
micrograph, (c) close-up view of disks overlap.

A scanning electron micrograph overview of the fabricated
delay line is shown in Fig. 6 (b). Two disk layers are shown
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with overlaps of each adjacent disk. The eleven silicon dioxide
disks have a radius R of 50 um and lay on a silicon pillar. A
second micrograph (Fig. 6 (c)) shows a close-up view of two
adjacent disks overlap. The thickness h and Mach angle, 8; and
0y, of each disk, the overlap distance Ax and the separation
thickness s are measured (Tab. I). Asymmetry between the
two disk layers is explained by micromachining parameters
deviations of amorphous silicon and thermal silicon oxide
deposition, photolithography and wet etching steps. It has an
impact on the optical response of the device, since the periodic
unit extends from one to two cavities.

TABLE I
SCANNING ELECTRON MICROSCOPY MEASURED GEOMETRICAL
PARAMETERS
Parameters ~ Values ‘ Parameters Values
Ry [um] 49.7 Ry  [um] 48.8
ht  [um] 1.10 | hp [um] 0.8
0 [°] 65 0 [ 40
Az [um] 9 s [um] 0.7

IV. OPTICAL PERFORMANCE CHARACTERIZATION

Device characterization is performed with a Mach-Zehnder
interferometer (Fig. 7 (a)). A tunable laser source (TLS)
(AGILENT 81600B, AGILENT 8164B) is used with an optical
isolator (I). A polarization controller (PC) is used to maxi-
mize the output power. Light is divided in the two arms of
the interferometer with an optical coupler (C1). In the first
arm, tapered optical fibers of 5cm in length and 1pm in
diameter are used to inject and extract light at each end of
the device (CROW). 5-axis micrometer stages are used to
align and optimize the coupling between the tapered optical
fibers and the structure. In the second arm, a mechanical
delay line (MDL) is placed and is composed of two facing
collimators with a variable separation §L achieved by two
linear motorized stages. The length and the optical power are
balanced between the two arms by varying the reference arm
length and losses. A second coupler (C2) combines light from
the two arms and a photodetector (D) (AGILENT 81634B) is
synchronized with the tunable laser to record the spectrum.

The power spectrum of a device made of nine 50-um radius
cavities is shown in Fig. 7 (b) exhibiting no interference since
the reference arm light is intentionally blocked. A periodic
pattern of peaks with a period of 5.38 nm is observed. The
—3dB bandwidth of the pattern is 3.2nm. Asymmetry of
the two disk layers impacts the spectrum by dividing the
pattern into two set of peaks with different powers. Since the
top and bottom disks have different geometries, the resonant
wavelengths are different, which has the effect of decreasing
the bandwidth.

Losses are evaluated by placing the second tapered optical
fiber to couple light out of the 3rd, 5th, 7th, 9th and 11th
cavity with no interference. A single peak is evaluated around
1548.5nm (Fig. 8 (a)). Losses versus the number of cavities
of the CROW are reported in Fig. 8 (c). Losses of —3.91dB
per cavity is computed using a linear regression.
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Fig. 7. Optical characterizations. (a) experimental setup, (b) experimental
power spectrum with the chosen peak for loss and delay measurements in red
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Fig. 8. Optical characterization. (a) close-up of the chosen peak with (orange)
and without (blue) interference, (b) fringe interval A\ while varying length
Al for different CROW lengths, (c) delay and losses as function of number
of cavities N
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This procedure is repeated with interference. For each
CROW length, a spectrum is taken, from which, wavelength
fringes are measured as it is shown in Fig. 8 (a). They are due
to the phase difference between the two signals. The fringe
intervals AX depend on the wavelength )y and the optical
path length difference AL:

A
AN = AL (7

By adding a varying length Al to the mechanical delay line,
we can fit the equation to obtain the relative optical path length
difference. )

_ /\0
AL+ Al

The procedure is shown with Fig. 8 (b). Multiple measure-
ments of fringe intervals are taken for different lengths and a
regression is applied.

This procedure is reproduced for different numbers of
resonators. The associated delay 7 is taken with the refractive
index of air (n = 1) as:

AN ®)

_c
T nAL

From the linear regression, a delay per cavity of 7.76 ps
in vacuum is obtained which is related to a slowdown factor
of 5.8. From Fig. 5 (b), the corresponding coupling factor
is around 0.17 which is lower than expected for a 0.7 pm
separation. From Fig. 4 (b), the coupling factor should be
around 0.88 for TE modes and 0.97 for TM modes. For
11 cavities, a maximal delay of 85.36 ps is achieved with
losses of 43dB.

Based on the calculations from Fig. 5 (b), the quality factor
is in the order of 1 x 10%. To maximize the slowdown factor,
a lower coupling coefficient is required. The main limitation
remains losses, which come from fabrication deviations and
material quality.

AT
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V. DISCUSSION AND CONCLUSION

The device performance is compared to the literature with a
horizontal coupled disk CROW (Bergeron [21]) and a horizon-
tally coupled ring CROW (Melloni [22]) (table II). Both are
passive CROW structures. The first device is made of seven
disks coupled horizontally. Disks are in silica on silicon pillars
with the same thickness but with smaller radius (35 um). Disks
have a rectangular profile. The second device is made of eight
ring resonators coupled horizontally. It has the particularity
to be tunable with microheaters. It is also used in reflection.
Resonator number is in the same order of magnitude for
the three devices. Losses are smaller for the ring resonators,
although disk resonators have potentially lower losses than
ring resonators. The largest slowdown factor is obtained by
rectangular disks. The coupling coefficient is likely to be lower
than this work. An important figure of merit for an optical
delay line is the delay per loss. It is higher for the ring
resonator structure, but with a larger footprint. Rectangular
disks are still better than this work, but the two disk-based
designs have the advantage of a more compact optical delay
line.

Journal of Lightwave Technology

TABLE II
COMPARISON OF DEVICE PERFORMANCES

Microdisks Rings Microdisks
Bergeron [21]  Melloni [22]  This work
Coupling Horizontal Horizontal Vertical
Maximal delay [ps] 200.9 800 85.4
Loss per cavity [dB] 6.13 1.00 391
Slowdown factor S [-] 59.3 10.0 5.8
Number of cavities [-] 7 8 11
Delay per loss [ps/dB]  4.76 100 2
Area [mm?] 0.035 7 0.101

The limiting factor with passive CROW structure for delay
line applications is losses. This design has the advantage to
integrate a high quality factor cavity within a CROW structure.
Wedge disks alone have reached a high quality factor of 9x 108
[10]. However, the repeatability of the wedge structure remains
a fabrication challenge. The angle depends on the resist
adhesion which depends on the etched material, the etching
solution, the resist and its application. Other fabrication steps
must be taken care of to obtain identical disks on both layers.
The thickness and radius also have to be the same. If not, the
resonance condition will be different and the bandwidth will
decrease.

While this is a proof-of concept, this work opens the
path to many improvements. For now, the coupling in and
out of the structure is done with tapered optical fibers of a
few microns thick. Using a silicon nitride on silicon dioxide
platform [23], additional layers of photonic structure could be
added while maintaining low propagation losses. Waveguides
on a third layer could couple light underneath the first and last
resonators. The same wedge angle could be obtained with this
platform [14]-[16]. By using a passive design, we have shown
the feasibility of this structure. To improve it, we could add
microheaters and use the CROW in reflection. By detuning
the last resonators, we can achieve a discrete variable delay as
with ring resonators [22]. With a bulk nitride platform, heaters
can be patterned on top microdisks. A solution to compensate
losses could be to use an active material. By pumping the gain
medium, a higher delay can be obtained for the same amount
of losses [24]-[26].

In conclusion, the proof of concept of a novel optical delay
line is presented. Design, simulation, fabrication, and charac-
terization of the prototype of a delay line based on vertically
coupled wedge disk resonators were achieved. With this work,
we explored a novel structure using the high quality factor
and integrability of wedge disks in a coupled-resonator optical
waveguide. To overcome the coupling challenge, we have
proposed and shown that vertical coupling can be achieved
between these resonators. Calculations showed that the cavity
losses are the main limiting factor for a passive CROW delay
line. When it is optimized, the coupling factor must be tuned
to be critical in order to achieve the largest delay per loss.
To our knowledge, it is the first CROW made of wedge
disks arranged between two layers and coupled vertically.
Transmission through an 11-resonators device was realized
with losses of 43.01 dB and an optical delay of 85.36 ps.
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