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Optical delay lines control the flow of light in time, intro-
ducing phase and group delays for engineering interferences
and ultrashort pulses. Photonic integration of such optical
delay lines is essential for chip-scale lightwave signal process-
ing and pulse control. However, typical photonic delay lines
based on long spiral waveguides require extensively large
chip footprints, ranging from mm2 to cm2 scales. Here we
present a scalable, high-density integrated delay line using
a skin-depth engineered subwavelength grating waveguide,
i.e., an extreme skin-depth (eskid) waveguide. The eskid
waveguide suppresses the crosstalk between closely spaced
waveguides, significantly saving the chip footprint area. Our
eskid-based photonic delay line is easily scalable by increas-
ing the number of turns and should improve the photonic
chip integration density. © 2023 Optica Publishing Group

https://doi.org/10.1364/OL.479003

An optical delay line is essential in various photonic systems,
handling the flow of light in time. With its ability to control
phase and group delays, optical delay lines are widely used in
interferometers [1], optical fiber communications [2], optical
pulse control and buffering [3], quantum computing [4], optical
gyroscopes [5], and light detection and ranging (LiDAR) [6]. An
integrated photonic delay line is typically implemented using a
long waveguide, packed with spiral patterns to save chip foot-
print. However, to avoid crosstalks between the waveguides, the
spacing between the waveguides is set to large (e.g., >10 µm),
taking up a considerable area on the mm2 to cm2 scale. To reduce
the delay line size, approaches such as subwavelength grat-
ings (SWGs) [7,8], linearly chirped contradirectional couplers
with Bragg gratings (BG) [9], side coupled integrated spaced
sequence of resonators (SCISSORs) [10], multilayer wedge disk
silica coupled resonator optical waveguides (CROW) [11], and
photonic crystal waveguides (PCW) [12] have been proposed,
mostly with a lower group velocity, but the delay line scalability
is still limited.

Recently, a waveguide cladded by SWGs was proposed to
reduce crosstalk between adjacent waveguides [13,14]. The
SWGs form an effectively anisotropic media and reduce the
skin depth for lower crosstalk; this scheme is called an extreme

skin depth (eskid) waveguide [13]. The SWGs also allow for
dielectric perturbations that cancel out the overall coupling coef-
ficient, leading to an infinitely long coupling length [14]. This
approach has been shown to miniaturize various integrated pho-
tonic devices while enhancing their performance [15–17], but
has not yet been applied to the development of an optical delay
line.

In this paper, we present a densely integrated photonic delay
line using the eskid waveguide scheme and investigate its poten-
tial and limitations. A rectangular-spiral delay line is structured
with an optimized eskid waveguide, achieving the infinitely long
coupling length through anisotropic dielectric perturbations.
The delay line is implemented on a silicon-on-insulator (SOI)
platform, and its delay time is characterized through monitor-
ing interference patterns and time-domain pulse measurements.
The waveguide spacing of our delay line is only approxi-
mately 1.0 µm, resulting in a high delay time to footprint ratio.
Figure 1(a) shows the schematic layout with an asymmetric
Mach–Zehnder interferometer (MZI), including the eskid-based
photonic delay line. The input light at the telecommunication
wavelength (λ0 ≈ 1550 nm) is split 50 : 50 and sent to the delay
line (red) and the reference arm (blue). Then, they are combined
back to the output port, introducing the delay time ∆τ between
red and blue signals. Y-splitters are used to split and combine
the two signals. The delay line is structured via rectangular-
shaped spirals, introducing the length difference ∆L than the
reference arm. Thus, the delay time introduced to the red signal
than blue is ∆τ = ∆L/vg, where vg is the group velocity of the
eskid waveguide.

Figure 1(b) shows the microscopic image of the fabricated
delay line region (scalebar: 50µm). The delay line is formed with
rectangular spirals to minimize the bending loss and maximize
the straight section lengths. The minimum bending radius is set
to 30 µm, and we changed the number of turns N to vary the ∆L.
The SWGs at the input and output interfaces of the delay line
are also bent so that the strip waveguide mode is adiabatically
translated to the eskid mode, avoiding the significant insertion
loss caused by the modal mismatch.

Figure 1(c) shows the zoomed-in scanning electron micro-
scope image of the eskid array section in the delay line (scalebar:
2 µm). Our device is fabricated on a 220 nm-thick SOI wafer,
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Fig. 1. (a) Schematic of the photonic delay line layout using the
eskid waveguide. The input light is split 50 : 50 and sent to the delay
line (red) and the reference waveguide (blue) with a length difference
∆L. Then, they are combined, resulting in the delay time ∆τ =
∆L/vg, where vg is the group velocity of the eskid. (b) Microscopic
image of the fabricated delay line and (c) zoomed in scanning
electron microscope showing the eskid waveguide.

and the core width is set to 450 nm. Both alternating Si grat-
ings and air gaps of the SWG are set to 50 nm, having the
filling fraction ρ = 0.5 with a periodicity Λ of 100 nm. This
makes the effective indices of SWGs to be anisotropic: from the
effective medium theory, εx = ε⊥ = εSiεair/[ρεair + (1 − ρ)εSi] =

1.847 and εy = εz = ε∥ = ρεSi + (1 − ρ)εair = 6.52, where εSi =

12.04 and εair = 1 (note Fig. 2 for the axis definition). Such
anisotropic metamaterial cladding can suppress the skin depth
in the evanescent field and introduce anisotropic perturbation,
drastically reducing the crosstalk [13,14]. The number of grat-
ings is set to N = 5. Note that the gap between the adjacent
waveguides is only approximately 550 nm. With a typical strip
waveguide scheme, such a short separation distance causes a
strong coupling between the waveguides, resulting in significant
crosstalk noise. Therefore, a strip-based spiral delay line requires
a large separation distance between the waveguides, leading to a
substantial device footprint. However, with the eskid scheme, we
can minimize the waveguide separation distances while avoid-
ing the crosstalk, miniaturizing the overall footprint area of the
delay line.

To quantitatively show the degree of crosstalk, we simulated
coupling length Lc of the coupled eskid and strip waveguides.
Figures 2(a) and 2(b) show the schematic cross section and mode
profiles of the simulated coupled eskid and strip waveguides,
respectively. Figure 2(c) shows the simulated Lc spectra for the
eskid (solid blue line) and strip (dashed lines) waveguides. Note
that, with eskid waveguides, the coupling length is always longer
than ≈ 3 cm for the given spectral range, which corresponds
to >400 ps delay time (vg of eskid waveguide is ≈ 7.30 × 107

m/s). However, with the strip waveguide for the same separation
distance, the coupling length is only approximately <0.6 mm,
limiting the feasible delay time to <10 ps (vg of strip waveguide
is ≈ 6.51 × 107 m/s). For this reason, a typical strip spiral delay
line requires a larger waveguide spacing, having a high increase
rate in footprint per turn (i.e., a longer waveguide length and
delay time), while our eskid-based delay line can go up to 400
ps with a dense integration.

The device was fabricated using an electron beam lithogra-
phy (EBL) on an SOI wafer with 220 nm of Si and 2 µm buried
oxide (SiO2). The die was treated with a solvent rinse followed

Fig. 2. Schematic cross sections, geometric parameters, and
mode profiles of the coupled waveguides: (a) eskid and (b) strip
waveguides. (c) Simulated coupling length Lc of the coupled eskid
(solid) and strip (dashed) waveguides. The geometric parameters
are h = 220 nm, Λ = 100 nm, ρ = 0.5, N = 5, w = 450 nm, and
g = 550 nm.

by O2 plasma treatment. Hydrogen silsesquioxane (HSQ) was
spin-coated on the SOI die and pre-exposure baked on a hotplate.
The EBL tool was used to expose the resist at 100 keV energy,
with a 500 µm × 500 µm field exposure. Steps were taken to
ensure that the EBL selected exposure field for the area of the
delay line footprint were all written without any stage movement,
while the components were calibrated with drift correction to
avoid any stitching or misalignment issue by the movement of
the stage. This reduces the stitching error for eskid waveguides
and any other components. The resist was developed using 25%
tetramethylammonium hydroxide (TMAH). The unexposed top
Si device layer was etched using an ICP-RIE etcher with Cl2
and O2 gas. An active cooling system was used to ensure a sta-
ble stage temperature during the entire etching process. All the
devices were fabricated on a single SOI die to minimize pro-
cess variance. Figures 1(a) and 1(c) show the fabricated device
images.

To characterize the delay line performance, four different
lengths (∆L = 0.38, 0.48, 0.95, and 1.07 cm) of asymmetric
MZIs were fabricated, whose one arm is connected with the
eskid delay line. For the given MZI scheme in Fig. 1(a), the
output interference intensity can be represented as [18,19]

I = I1 + I2 + 2
√︁

I1I2 cos(∆φ), (1)

∆φ =
2π
λ

neff(λ)∆L, (2)

where I1 and I2 are the output powers after the reference and
delay line arms, respectively,∆φ is the phase difference between
them, and neff(λ) is the effective index of the eskid waveguide.
The wavelength dependency of the effective index can be Taylor
expanded around a central wavelength λ0 and follows [19]

neff(λ) ≈ a + b(λ − λ0) + c(λ − λ0)
2. (3)
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Fig. 3. (a) Measured (blue dots) and fitted (orange line) inter-
ference spectrum of the asymmetric MZI with the eskid delay
line. (b) Measured (Meas.) FSR (blue dots with error bars) and
extracted delay time ∆τ (orange dots with error bars) for different
lengths ∆L of the delay lines. Dashed lines are numerically cal-
culated FSR (blue) and ∆τ (orange). Black crosses represent the
characterized delay times by the time-domain measurement. (c)
Time-domain measurement of a delayed pulse for ∆L = 0.38 cm
MZI. The corresponding delay time is ∆τ ≈ 59 ps.

Then the group index ng can be represented as

ng(λ) ≈ a − bλ0 − cλ0(λ − λ0). (4)

The free spectral range (FSR) of the MZI can be represented as

FSR =
λ2

ng∆L
, (5)

which can be easily measured and characterized.
We measured the transmission spectrum of the asymmetric

MZI using a tunable laser source with a 1 pm resolution. A
polarization controller was used to set our polarization to be TE
mode, and inversely tapered edge couplers were used to inter-
face between fibers and chip. Figure 3(a) shows the measured
transmission spectrum (blue dots) of the device when ∆L = 0.38
cm. We fitted the data using Eqs. (1)–(5) to extract the effective
index, group index, and FSR of the MZI. Then the delay time was
characterized by ∆τ = ∆L/(c/ng), where c is the speed of light in
a vacuum. Figure 3(b) shows the extracted FSR (blue dots) and
delay time∆τ (orange dots) for the devices with different lengths
∆L = 0.38, 0.48, 0.95, and 1.07 cm (i.e., N = 8, 10, 18, and 20).

The measured FSRs for each delay line are ≈ 0.15, 0.12, 0.064,
and 0.055 nm, corresponding to delay times of ≈ 52, 66, 135,
and 154 ps, respectively. The error bars indicate the measure-
ment uncertainty and fitting error from multiple measurements.
The dashed lines are the numerically estimated FSR (blue) and
delay time (orange) using the simulated group index at 1550 nm,
matching well with our experiments.

We also conducted a time-domain characterization using a
femtosecond pulse laser with a peak wavelength of 1550 nm and
pulse duration of 200 fs. The output signals were detected by a
fast photodetector (Thorlabs RXM25AF) and a high sampling
oscilloscope (DSO-X91604A). Figure 3(c) shows the measured
signals for the asymmetric MZI with a length difference ∆L =
0.38 cm. A clear signal split was detected for a single pulse input
with a delay time ∆τ ≈ 59 ps, corresponding to the delay time
characterized by the interference signals. We also conducted the
same time-domain measurements on the other devices, and they
are marked in Fig. 3(b) with black crosses.

For a photonic delay line, a low propagation loss is highly
desired as more delay time requires more waveguide length,
causing a larger loss. In other words, there is a trade-off between
feasible delay time and loss. To characterize the loss of our
delay line, we analyzed the interference spectra as in Fig. 3(a).
Because the Y-splitter separates optical powers 50 : 50 to each
arm, the output power difference between I1 and I2 indicates
the loss introduced by the delay line, which can be quantified
by the modulation depth of the output interference [18]. From
Eq. (1), we can express the maximum intensity Imax and minimum
intensity Imin as the following:

Imax = I1 + I2 + 2
√︁

I1I2, (6)

Imin = I1 + I2 − 2
√︁

I1I2. (7)

Since the delay line introduces higher loss, we consider I2<I1.
By rewriting Eqs. (6) and (7), the loss introduced by the delay
line is

Loss (dB) = 10 log10

(︃
I1

I2

)︃
= 20 log10

[︃
(Imax − Imin)

(Imax + Imin) −
√

4ImaxImin

]︃
.

(8)

Using Eq. (8), we characterized the loss of each device, and the
blue dots in Fig. 4 show the measured losses from each delay
line. Fitting on these loss data (dashed line) indicate the propa-
gation loss is ≈ 3.18 dB/cm, comparable to the previous report
[13]. Error bars indicate the facet loss variation of≈ 0.5 dB. This
non-negligible loss limits feasible eskid delay time to <1 ns. The

Fig. 4. Loss characterization of the eskid delay line: exper-
imentally measured loss (dots) and fitting curve characterizing
the propagation loss (dashed line). Error bars indicate facet loss
variations, approximately 0.5 dB.
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Fig. 5. Delay time ∆τ (ps) versus footprint (mm2) comparison:
eskid delay line (solid line, simulation; dots with errorbar, exper-
iments); conventional strip spiral delay line with 10 µm spacing
(dashed line); SWG Bragg (orange square) [8]; linearly chirped
contradirectional coupler BG (violet triangle) [9]; SCISSOR (yel-
low diamond) [10]; silica wedge CROW (orange asterisk) [11]; and
PCW (green star) [12]. Note the drastic increase in delay time per
footprint with the eskid scheme.

sources of the loss might be due to the scattering loss originating
from the sidewall roughness, which can be decreased by opti-
mizing post-processing steps such as rapid thermal annealing
[20] or depositing a cladding oxide [21].

Since we are employing the eskid waveguide to save the foot-
print of photonic delay line, we plotted the delay time ∆τ (ps)
versus chip footprint area (mm2) in Fig. 5. The estimated (sim-
ulated) delay time per footprint of the eskid delay line is plotted
with a solid black line, and the black dots with error bars repre-
sent our experimental results. For comparison, we also plotted
the estimated (simulated) delay time per footprint for a typ-
ical spiral delay line (dashed line), assuming a conventional
strip waveguide (10 µm separation is assumed). Note the drastic
decrease in footprint by using the eskid delay line, whose effect
becomes more significant for a longer delay time. Our eskid
delay line starts from ≈ 0.013 mm2 due to the minimum bend-
ing radius R0 = 30 µm and the base straight waveguide section
length of 50 µm. For comparison, we also mark other delay line
schemes, such as chirped SWG Bragg gratings [8], chirped grat-
ing contradirectional couplers [9], SCISSORs [10], wedge disk
silica CROW [11], and PCW [12]. While some designs exhibit
good delay time per footprint, our eskid-based delay line can
easily be scaled up by increasing the number of turns. It is also
worth mentioning that our eskid-based delay line is arrayed in
a very compact area (excluding the empty space in the center);
thus, a highly efficient delay time tuning is also expected, for
example, using a thermal heater (because the same heat power
could affect more area of the thermo-optical index variation).

In summary, we designed and demonstrated a high-density
integrated photonic delay line using SWG-based eskid waveg-
uides. The coupled eskid waveguides are optimized to achieve an
infinitely long coupling length via anisotropic dielectric pertur-
bations, and such optimized eskid waveguides are packed with a
rectangular-spiral structure. Due to its short separation distance
between the waveguides, a high delay time to footprint ratio
is achieved (≈ 6930 ps/mm2). Our eskid-based photonic delay
line scheme is easily scalable by increasing the number of turns
and has a potential for efficient tunability with its dense inte-

gration. Our eskid delay line should improve the overall chip
integration density, lowering the chip cost and enhancing the
chip functionality.
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