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ABSTRACT We present monolithically integrated waveguide with thin isolated layers of dielectric
material, which ensure efficient emission of guided light in multiple optical windows. The proposed
waveguide is fabricated by using silicon oxynitride (SiON) which functions as the core guiding layer,
and silicon nitride (SiN) which facilitates effective vertical emission of guided light via optical windows.
The theoretical operating principle is analyzed by Finite-Difference-Time-Domain (FDTD) simulation, and
the experimentally fabricated device is demonstrated to find the expected operational trend by measuring
vertical emission of light through the optical windows. We further find that the physical origin of such
efficient emission stems from the Fabry-Perot resonance induced laterally at the interface between the optical
windows and cladding layers, which leads to the strong emission of light at the edge of optical windows. The
output efficiencies of light emission from SiN optical windows, which are fabricated in cascaded fashion on
top of the SION waveguide, are 30, 45 and 55 percent at the wavelength of 457, 532, and 637 nm, respectively.
The proposed design concept can be applied to various potential applications including optical integrated
circuits with vertical interconnection, optical emission in wearable devices for virtual and augmented reality,
and other emerging optical sensors.

INDEX TERMS Optical window, vertical emission, optical integrated circuit, wearable devices.

I. INTRODUCTION reality (AR and VR), on-chip biosensor and next-generation

For the past decades, photonic devices have been considered
and utilized as essential building blocks for optical on-chip
technology by transmitting and modulating optical signals
[11, 2], [3], [4], [5], [6]. More recently, the application
of photonic elements, including waveguides, has expanded
in more diverse fields such as communications [7], [8],
biosensing [9], photodetectors [10], [11], and modulators
[12]. In particular, emerging fields of the internet of things
(IoT) applications which include augmented and virtual
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optical circuits, need a new concept of optical elements which
are different from the conventional ones in terms of operating
principle, wavelengths, and designed structure. For instance,
there is growing interest in the design of a conceptually new
waveguide which is capable of emitting guided light into
free space in the lateral and vertical direction for a designer
application, and this requires the entirely different concept
of waveguide design from the conventional one that uses
diffraction gratings for free space coupling [13], [14], [15],
[16], [17]. Unlike the conventional silicon waveguide, various
IoT devices or emerging optical circuits integrate waveguide
to precisely locate the emission of light while simultaneously
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FIGURE 1. Silicon oxynitride (SiON) based waveguide for lossless control of visible light and vertical, free space emission for mutli-channel
applications (a) The schematic diagram of the SiON waveguide with multiple emission via silicon nitride (SiN) based optical windows. (b) SEM
image of fabricated, three representative SiON waveguides (tilted view). (c) Optical image of the waveguides and vertical emission via SiN
windows at the operating wavelengths of 457 nm, 532 nm and 637 nm. (d) Spatial distribution of resonant modes along the waveguide
direction for fundamental TM mode, (e-f) Amplitudes of electric fields in SiON waveguide with/without SiN windows.

guiding the partial energy of light in the waveguide for
multiple point displaying or sensing functions. To achieve
such functionality, considerable research has been conducted
to realize the new concept of waveguide by patterning
the surface of the emitter or extraordinarily fabricating the
device. Examples of these include the design of metasurfaces
by patterning the structures in subwavelength size [18], [19],
[20], [21], [22], [23] or fabricating the waveguide itself as
a three-dimensional cantilever shape [24], [25], [26], [27],
which effectively controls the light emission, however, with
the limited applications due to the complexity of fabrication
and efficiency.

Meanwhile, as an additional requirement to the waveguide
for the applications to the various sensing and internet of
things (IoT) systems, the waveguide needs to be effectively
operated at the designer spectral signal including visible
and near-infrared bands. For instance, in a wearable display
application, waveguide requires guiding visible light without
inducing any intrinsic absorption loss in constituent materials
[28], [29]. Unlike the silicon-based one, the guiding material
needs to be lossless with high bandgap energy to satisfy such
condition.

Thus, there are needs to realize a new waveguiding system
capable of emitting light at the designer locations of multiple
channels vertically or laterally with simultaneous guiding
of light. Also, the designed waveguide should be loss-free
at the operating spectral range, including visible light for
on-demand applications. In this work, we present a new
type of waveguide fabricated using silion oxynitride (SiON)
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for the lossless control of visible light. Such device is
monolithically integrated with silicon nitride (SiN) optical
windows for effective vertical emission of light at the
designer location in the waveguide.

Il. DESIGN AND SIMULATED ANALYSIS

The proposed device is schematically illustrated in Fig. 1(a).
The designed optical waveguide consists of a core guiding
layer and multiple optical windows monolithically fabricated
on top of the guiding layer. The pad-shaped optical windows
afford effective vertical light emission while simultaneously
guiding light for multiple emissions in various designer
positions. The core guiding layer and the cladding layer
surrounding the core layer are SiON and SiO; with the
refractive index of 1.48 (n=1.48) and 1.45 (n=1.45),
respectively. We designed the waveguide using SiON which
has the advantage of the lossless nature of guiding in visible
wavelength and tunable refractive index by changing the
rate of oxygen and nitrogen [30]. Based on the fabrication
optimization of our previous works [31], we realize the
SiON waveguide which is capable of vertically emitting light
in multiple waveguide windows, as described in Fig. 1(a).
To effectively realize this and monolithically fabricate the
device in a micro-scale, we designed the pad-shaped optical
windows for the light emission using SiN with the refractive
index of 2. The optical field is effectively confined at the
SiON waveguide and split into the isolated SiN optical
windows with the higher refractive index than SiON. Fig. 1(b)
shows the scanning electron microscopy (SEM) image of the
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FIGURE 2. Simulated analysis of SION waveguide and physical origin of light emission in the SiN windows (a) The cross
sectional diagram of an waveguide with optical window. Simulation is conducted at the wavelengths of 457, 532 and

637 nm. (b) Profile of electric field diplaying vertical emission at the edge region of isolated optical window. (c-e) Electric
field amplitude along the vertical direction at three representative locations indicated at the inset images of waveguide.

fabricated waveguides integrated with the optical window
layer. This figure is viewed from the top of the waveguide
chip, and the isolated SiN layer is fabricated with the size of
50 by 50 um. Fig. 1(c) shows the optical images of fabricated
samples coupled with the light source at the wavelengths of
457,532 and 637 nm, respectively. It is clearly observed from
the images that the guided light is effectively coupled to the
isolated SiN layers and emitted vertically into free space.

To theoretically analyze the designed waveguide, we per-
formed full field simulation using the Finite Difference
Time Domain (FDTD) method. Figure 1(d) shows the
waveguide’s cross-section and the electric field distribution at
the wavelength of 632nm. The guided electric field with the
fundamental transverse magnetic (TM) mode is effectively
confined in the core guiding layer of SiON with the partial
energy coupled and concentrated at the thin layer of the
SiN optical window. Fig 1(e) depicts the amplitudes of the
normalized electric field along the vertical direction from
the SiN layer to the bottom SiO; cladding layer. The thickness
of the bottom cladding layer (tyottom ), the core guiding layer,
and the optical window (top) are 2.5um, 2.5 um, and 100 nm,
respectively. Compared to the example without the SiN layer
(Fig. 1(f)), the designed waveguide shows the pronounced

VOLUME 10, 2022

electric field enhancement at the very thin layer of SiN at the
top, which affords the change of the momentum of the guided
light and enables the efficient vertical emission. From the
analysis, it is clear that the presence of the SiN layer with the
higher refractive index could facilitate the efficient vertical
emission of light.

As the next stage, we study the detailed operating
principle of vertical emission by investigating the field pattern
at the SiN windows. Fig. 2(a) shows the schematics of
the waveguide along the guiding direction, and Fig. 2(b)
shows the electric field profiles of waveguides viewed
from the schematic perspective. The designed parameters of
the structure, including thickness, width, and materials, are
the same as in Fig. 2(a), and wavelengths of the guided light
are 457, 532, and 637nm. From the analysis, it is clearly
observed that the electric field is maximally and effectively
emitted from the edge of the SiN layers, which indicates that
the large portion of the emission occurred near the boundary
than the central window region. In addition, a standing wave
pattern is observed in the thin SiN layer illustrating the
combination of the nodes and anti-nodes of the electric field.
The excitation of Fabry-Perot resonance causes this in the
lateral direction along the SiN layer. From the analysis, it is
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FIGURE 3. Microfabrication procedures of the SiON waveguide with SiN windows and measurement setup for the optical
analysis. (a) CMOS micro fabrication process of the waveguide. (b) A schematic diagram of the optical measurement system.
(c) SEM image and the images of optical beam distributions at the SiN optical window by using beam profiler.

concluded that the guided light is effectively coupled to
the isolated SiN layer which excites the lateral Fabry-Perot
resonance and enables the effective vertical emission as the
light is scattered at the interfaces near the edge of the optical
windows. The results of the calculated electric fields at each
wavelength are shown in Fig. 2(c), (d), and (e). The electric
fields of input waves are confined as a sinusoidal shape at the
core region initially before the light encounter the SiN optical
window. As the wave propagates to the SiN layer, the electric
field is pronouncedly enhanced in the thin window layers
at each launched three wavelengths. Additional analysis of
higher order guided mode is evaluated in supplementary
materials.

Ill. EXPERIMENTAL DEMONSTRATIONS

To experimentally demonstrate the vertical emission and
aforementioned analysis of the edge effect, we fabricated
the waveguide and measured the power and optical images
of emission profiles. We start by fabricating the SiON
waveguide with a thin SiN pad using the micro-fabrication
techniques. A detailed fabrication process for the device is
shown in Fig. 3(a). The bottom cladding layer is formed
with the thermal oxidation of a silicon wafer to produce
a SiO, with a refractive index of 1.458 and a thickness
of 2.5 um. The core guiding layer of SiON is fabricated
by PECVD processes with the given gas flow ratios of
50 sccm NO and 150 scem SiHg [31]. A core layer of
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SiON with a refractive index of 1.475 is then deposited at
a thickness of 2.5 um by using the PECVD process. The
photolithography is performed after the spin-coat of AZ
4620 photoresist (PR) and the core layer is etched using
reactive ion etching (RIE) with a mixture of CF4 and O;
gas for forming the fine core of waveguide. To make the
optical window patterns while preventing damage of the
core layer in the waveguide, a 2500-A thick chromium
(Cr) layer is used, which is deposited by using an e-beam
evaporator. AZ 4620 PR is used as a photolithographic mask,
and the Cr hard mask is patterned by wet chemical etching
with a CR-7 solution (Cyantek Co., Fermont, Calif.). After
removing the PR, a SiN layer is deposited at a thickness
of 100 nm by using PECVD. To make the optical window
of SiN, the square shapes are patterned by photolithography
after the PR deposition. The optical window is etched
using RIE with a mixture of CF4 and O, gas. The PR is
removed, and the waveguide is cleaned by 1:1 (H2SO4:
H»03) solution for 10 minutes. Finally, the 2.5 pum thick-
SiON waveguide core (refractive index of 1.461) is realized,
which is surrounded by SiO; as the cladding layers and SiN
as the optical window layers. The optical characteristics of
the waveguides were measured by an optical measurement
system, as shown in Fig. 3(b). The lasers (diode-pumped
solid-state and laser diode), which respectively have 457 nm
(457 LB series, LaserLab Co.), 532 nm (532 LB series,
LaserLab Co.) and 637 nm (LP635-SF8, Thorlabs Co.)
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FIGURE 4. Optical characteristics of SiON waveguides at 457nm, 532nm,
637nm wavelengths. (a) Optical images of light propagation in the
fabricated waveguides. (b) Insertion loss in the SiON waveguide for
various lengths of waveguides.

wavelengths, were utilized as light source. The light was
aligned with a piezoelectric translational stage (MAX312D,
Thorlabs Co.) to the waveguide and coupled in the waveguide
with a lensed fiber. The coupled light propagates through
the path of the waveguide and is emitted from the end
facet of the waveguide device. Transmitted light passed
through the aspheric lens (C392TME-A, Thorlabs Co.) and
arrived at an optical power meter. To confirm the vertical
emission in optical windows, the qualitative analysis was
carried out by taking the image with a CCD (charge-coupled
device) camera, which is visualized in Fig. 3(c). In Fig. 3(c),
we visualize the optical images of vertical emission at the
three representative wavelengths at a specific optical window
indicated in the SEM image. From the measurements, it is
verified that there are effective vertical emissions in the SiN
windows with the enhanced efficiency near the edge region,
which matches well with the trend of the simulated analysis.

Next, we experimentally evaluate the waveguiding perfor-
mance and emission in the optical windows by measuring the
transmitted power from the fabricated waveguides. First, the
insertion loss of the SiON waveguide is measured by using
the cutback method. For the measurement, the waveguide
without the vertically opened optical window is utilized. And
the waveguides are prepared with the length of 20 mm. The
results of propagated lights at the wavelength of 457, 532,
and 637 nm and the insertion loss measurements are shown in
Fig. 4. As shown in Fig. 4(a) which shows the representative
optical images, the guided light is properly propagated at the
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FIGURE 5. Optical characteristics of SiN/SiON waveguide at 457nm,
532nm, 637nm wavelengths. (a) Optical image of the three representative
waveguides with the SiN optical windows. The length of waveguide is

30 cm. (b) Measured total loss in the waveguides with multiple number of
SiN optical windows. (c) Output efficiency of SiN optical window
emission.

Output efficiencygy

waveguide and emitted at the opposite end of waveguide.
The measured coupling losses are 1.95, 2.07, and 1.83 dB
at the wavelength of 457, 532, and 637 nm, respectively.
The slight difference in the coupling loss is mainly caused
by the imperfect formation of the focal beam shapes. The
measured propagation losses are 3.56, 1.49, and 0.46 dB/cm
at each wavelength, as shown in Fig. 4(b). The propagation
loss can be explained mainly by the effect of the rough
surfaces of fabricated waveguide [32]. As a result, the loss
is monotonically increased as the wavelength of the inserted
light decreases.

Finally, the efficiency of the optical emission in the SiN
windows is measured and evaluated, as shown in Fig. 5.
Fig. 5(a) shows the optical images of the waveguide with
twelve SiN optical windows which enable the effective light
emission into free space. The optical power from the optical
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window is measured using the optical systems directly.
Fig. 5(b) shows the total loss measured from the fabricated
waveguide systems based on the values of the insertion and
radiation loss. Specifically, the total loss is expressed as
follows,

Total loss (dB) = [radiation loss (via windows (watt))
+ insertion loss
(w/o windows (watt)) ] (dB) (1)

where the radiation loss is measured directly above the SiN
windows using the optical power meter and the insertion
loss is estimated from the bare waveguide using the cutback
method based measurements. It is observed from Fig 5(b)
that a substantial portion of loss stems from the insertion
loss due to the imperfect and non-ideal fabrication of the
waveguides, and the additional increment of loss originates
from the vertical emission of light in the SiN windows.
To essentially evaluate the effectiveness of the vertical
emission, the optical power emitted from the optical windows
are directly measured and estimated as exhibited in Fig 5(c).
Note that the output efficiency of the optical window (output
efficiency gin) is defined as the ratio of the optical power
emitted from the SiN windows (output g;in) to the reference
power transmitted to the end at the waveguide without the
optical windows (output sijoN)-

outputg;(watt)

@)

Output efficiency gy = outputy o (Wt
It is observed from the figure that the output efficiency is
gradually increased as the emitted power is monotonically
weighted by the addition of optical windows. In addition,
such a gradual increase implies that light is partially
emitted at each SiN window and partially propagated in the
waveguide to the end. Although the emission power from
the first SiN window is slightly higher than the consequent
cascaded windows, the overall emission of power at each
SiN window is not significantly changed and follows the
approximated straight guideline depicted in Fig 5(c), which
indicates that the uniform emission of light from 12 isolated
window regions. The net output efficiencies of 12 SiN
windows are 30, 45, and 55 % at the wavelength of 457, 532,
and 637 nm, respectively.

IV. CONCLUSION

We present the optical waveguide integrated with
SiN-based isolated optical windows, which ensure efficient
and near uniform multiple emission of light. To understand
the operating principle and optimal design, we perform an in-
depth analysis of the phenomena of the vertical emission in
the SiN windows to find the pronounced effect near the edge
of the designed pad, which is caused by the lateral directional
resonances occurring in a very thin SiN layer. We verify the
underlying physics and performance by measuring the optical
power from the SiN-integrated waveguide samples which
are successfully fabricated using micro-CMOS fabrication
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methods. The proposed and fabricated design concept can
be applied in diverse applications including wearable optical
sensors, displays, and potential optical on-chip integration.
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