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ABSTRACT: Optical sources emitting in the ultraviolet (UV) to near-
infrared wavelength range are an enabling tools for a wide variety of
applications. To achieve broadband coherent generation within visible
and UV spectrum, one fundamental obstacle is the strong material
dispersion which limits efficient frequency conversion. Previous works
have addressed this challenge by either using high input energies or
delicate resonant structures. In this work, a simple device system is
proposed to tackle the problem. Single crystalline aluminum nitride
material with a threading dislocation density less than 109 cm−2 was used
to provide broadband transparency, and a high order waveguide mode (transverse electric, TE10) was used to create anomalous
dispersion near 800 nm, in which soliton fission processes are supported. As a result, supercontinuum generation from 490 nm to
over 1100 nm with a second harmonic generated band covering from 407 to 425 nm is achieved with the total on-chip pulse energy
of 0.6 nJ.

KEYWORDS: aluminum nitride, nonlinear optics, supercontinuum generation, soliton dynamics, second harmonic generation,
nonlinear Schrödinger equation

On-chip supercontinuum generation spanning from ultra-
violet (UV) through infrared (IR) with low (sub-nJ)

powers has been a quest of researchers since the original
demonstration of the laser in the 1960s.1,2 An integrated
system would enable research efforts and technology in
coherent white light emitters,3,4 frequency metrology,5,6 and
imaging.7,8 While attempts have been made using a wide range
of material systems and nonlinear phenomena,9−19 this goal
has so far eluded the research community due to fundamental
principles. Namely, the majority of attempts relied on a
combination of self-phase modulation (SPM) and soliton
dynamics where the solitons were launched deeply inside the
anomalous dispersive region10,12 in fundamental transverse
electric (TE) or transverse magnetic (TM) modes. Moreover,
most of the boradband supercontinuum generation relies on
the soliton dynamics in fundamental waveguide mode, with the
pumping wave length located in in f rared wave-
lengths,9−13,16,19,20 including a recent publication,21 where
visible to mid-infrared supercontinuum generation was
demonstrated using AlN waveguide with second/third
harmonic generated spectra in UV and visible range. Due to
the increasing research interests in UV−visible spectrum for
quantum optical science and biological sensing,22,23 a near-
visible wavelength pumped (or eventually visible wavelength
pumped) supercontinuum generator is on demand for better
spectral efficiency. To realize this target, one of the barriers is

the strong material dispersion that hindered the formation of
anomalous dispersion.
To tackle this challenge, several nonlinear optical processes

can be employed with both advantages and limitations. For
example, SPM is the most commonly observed process in the
initial stage of spectrum broadening, however, it requires
extremely high excitation power to further expand the
spectrum.24 Four-wave mixing has also demonstrated broad-
band frequency generation.25 However, it relies on high
performance resonating structures to achieve the high optical
intensities. Additionally, this approach has limited bandwidth
due to the requirement of phase-matching.17 Self-steepening
has the potential for broadband supercontinuum generation in
UV−visible range; however, it requires small and flat
dispersion near pumping wavelengths to efficiently build the
steep temporal structures.14 This process is hindered by the
strong material dispersion in the near-visible spectrum. Other
nonlinear processes such as Raman scattering26 and modu-
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lation instability26 are usually accompanied by strong phase
noise and thus are not favorable. A recent demonstration
overcomed this challenging by utilizing the high χ(2) of AlN
with tapered waveguide structures.17 This approach enabled
broadband generation with a pulse energy of only 0.237 nJ.
The spectrum ranged from approximately 650−900 nm with a
second spectrum from approximately 350−450 nm. This
wavelength range, and discontinuity, is due to the operation in
the normal group velocity dispersion (GVD) regime. There-
fore, it is a fundamental limit of the device design and
operation.
To overcome these barriers, the present work demonstrates

an approach, where a high order waveguide mode (TE10) was
selected to provide anormalous dispersion, which allows
dispersive wave generation with near visible pumping. A
broadband transparent AlN platform (Figure 1a−c) with
dispersion engineered waveguides was used, and the super-
continuum generation from blue to near IR wavelengths with
sub-nJ pulse energy was realized. To overcome the strong
material dispersion, a high order waveguide mode (TE10) was
chosen. A convenient and high efficiency excitation strategy
was used to achieve decent free-space to waveguide coupling
efficiency. Additionally, the solitons were launched near the
zero-dispersion wavelengths (ZDW), reducing the required

pulse energy. Moreover, the metalorganic chemical vapor
deposition (MOCVD) grown single crystalline AlN exhibited
low threading dislocation density (less than 109 cm−2), and as a
result, relative low propagation losses were achieved at the
pumping wavelengths.

■ EXPERIMENTAL DESIGN

To optimize the dispersion of the AlN waveguide, the modal
dispersion for a series of waveguide geometries was computed
from an in-house made numerical solver based on finite-
difference method (FDM) provided in.27 The computed
dispersions were compared with commercial software
(Lumerical) to confirm accuracy. These calculations were
used to guide the device design and mode selection. For
example, the calculated GVD in a 1.1 μm × 1.2 μm (W × H)
waveguide is shown in Figure 1d. Due to the highly dispersive
material property, TE00 and TM00 modes exhibit normal
dispersion below 1000 nm, while TE10 mode shows anomalous
dispersion above 740 nm. Anomalous dispersion supports the
formation of solitons near the operating wavelengths of
Ti:sapphire laser. The ZDW of this TE10 mode is widely
tunable by varying waveguide widths, as illustrated in Figure
1(e). To simulate the complete spectrum, the generalized
multimode nonlinear Schrödinger equation (GMMNLS) was

Figure 1. Device schematic, working principle, and design of experiment. (a) Three-dimensional schematic of the waveguide fabricated in this
research. The coating and cladding layer is semitransparent for illustration purpose. (b) Tilted scanning electron microscope image of the AlN
waveguides fabricated in this research, the orientation is similar to (a). Images were token before the deposition of coating layer. (c) Zoomed view
of (b). The SiO2 hardmask remains on top. Smooth sidewalls can be identified from the zoomed image. (d) Calculated GVDs of TE00, TE10, TM00,
and TM10 modes in a 1.1 μm × 1.2 μm (W × H) AlN waveguide. The inset shows the mode profiles (|Ex|) of TE00 and TE10 modes, which are the
modes that are used in this work. (e) The zero-dispersion wavelength increases as the width increases. The height was kept at 1.2 μm. (f) Cross
section schematic view of the AlN waveguide, where the waveguide geometries such as width (W), height (H), and sidewall angle (θ) are defined.
(g) Transmission electron microscope image of a typical AlN waveguide fabricated in this work. (h) Experimental setup implemented in this work.
BS, λ/2, PL, PM, and OB indicate beam splitter, half-wavelength plate, polarizer, power meter, and optical objective lens, respectively.
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implemented. Details of the GMMNLS simulation is described
in Methods.
While the theoretical metrics detailed in Figure 1d,e provide

a general framework, previous experimental device efforts have
shown that even nanometer scale roughness can significantly
diminish an optical device performance.28 As a result, the
material deposition and fabrication procedures play a critical
role in the device performance. To overcome this barrier,
single crystalline AlN thin films were epitaxially grown by
MOCVD on sapphire substrates. The growth was optimized to
create films with a threading dislocation density less than 109

cm−2 identified by X-ray powder diffraction (XRD), resulting
in broadband optical transparency. The surface roughness, as
determined by atomic force microscopy (AFM) in a 5 μm × 5
μm scan, had a root mean squared (RMS) roughness of ∼3
nm. Refractive indexes of the thin films, as measured by
ellipsometry at 800 nm, were 2.05. Original data on the
material characterizations (XRD, AFM, ellipsometry) are
provided in Figure S1.
Figure 1f shows the schematic cross-section of the device

structure of the AlN waveguide, where the waveguide
geometrical parameters, such as width (W), height (H), and
sidewall angle (θ), are defined. SiO2-clad waveguides were
fabricated from 1.2 μm thick films (H) of AlN with widths
ranging from 0.8 to 1.6 μm and lengths around 0.6 cm. After a
propagation length of 0.6 cm, the waveguide was rotated by
90° and the light was collected by a lensed fiber. With this
design, a large portion of stray light was avoided. Figure 1g
shows a transmission electron micrograph (TEM) image of a
representative cross-section of the AlN waveguide. The
crystalline nature of the AlN thin film is clearly evident.
Additional material data and waveguide fabrication details are
in Methods.
The experimental setup is depicted in Figure 1h. A linearly

polarized standard Ti:sapphire laser (Spectra Physics) with

100 fs pulse width (full-width half-maximum) and 82 MHz
repetition rate was used. A beam sampler (1:99) and a thermal
optical power sensor were utilized to monitor the optical
power before chip. The average power in free space was tuned
below 150 mW to avoid any damage to the sample. To couple
light into the on-chip waveguides from the free-space laser,
end-fire coupling was utilized. The out scattered light from the
waveguides was collected by a linear CMOS camera (Thorlabs
DCC1240) and used to perform propagation loss estimation.
A tapered fiber was placed near the output port of waveguides,
and the output signal was fed into optical spectrum analyzer
(Yokogawa AQ6373B). Coupling strategies to efficiently excite
the high order modes are discussed in Methods.

■ RESULTS AND DISCUSSIONS
A broadband supercontinuum spectrum is shown in Figure 2a.
It is difficult to define the spectrum broadening from TE10
mode using conventional −20 or −30 dB criteria as the
spectrum is consists of TE00 and TE10 mode, and the TE00
spectral component spans near the pumping wavelength due to
its normal dispersion, while the TE10 mode is responsible for
the spectrum broadening. The output signal spans from 490 to
1100 nm, which is over one octave. Due to the second order
susceptibility of AlN, a secondary spectrum was observed from
407 to 425 nm. The pumping wavelength was slightly tuned
near 800 nm, and the best spectrum (Figure 2a) was recorded
at λ = 810 nm. Minor changes were observed when varying the
pumping wavelength from 800 to 820 nm. According to the
numerical simulation using coupled mode theory, the free-
space to on-chip coupling efficiencies of TE00 and TE10 modes
are 15% and 20%, respectively (Figure S4). Therefore, the on-
chip average power used in Figure 2a can be estimated to be
∼50 mW (TE00 + TE10); thus, the average power within TE10
mode was estimated to be ∼30 mW, corresponding to a pulse
energy of 0.36 nJ. This pulse energy is among the lowest values

Figure 2. Experimental and modeling results of supercontinuum generation. (a) Experimental results of the supercontinuum spectrum (black solid)
and the GMMNLS simulated spectrum involving TE00 and TE10 modes (orange dash) for the AlN waveguide. The spectrum is generated with a
pump wavelength of 810 nm at average total on-chip power of 50 mW. (b) The normalized field intensity within TE00 and TE10 modes obtained
from GMMNLS. The spectrum broadening is mainly due to the dispersive wave generation from TE10 mode. (c) Spectral evolutions of the AlN
waveguide at different pulse energy from 0.01 to 0.64 nJ. From points 1−2, 2−3, and 3−4, the broadening mechanism was governed by SPM, DW
generation, and optical power dependent phase-matching between soliton and DW. At each pulse energy, the spectrum is normalized to the
maximum spectral intensity. (d) The integrated dispersion of TE10 mode vs photon energy at the optical power. The red and blue curves indicate
the integrated dispersions with (red) and without (blue) the power-dependent term.
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when compared with other supercontinuum generation
methods at short wavelengths.12,14,16

The experimentally measured spectrum can be compared to
the spectrum calculated using the GMMNLS (Figure 2a). The
normalized field intensities of TE00 and TE10 modes are given
separately by Figure 2b. As predicted in Figure 1c, the TE00

mode was propagating within the normal dispersion region.
Therefore, SPM is the major contributor to its broadening
mechanism. In contrast, for the TE10 mode, the pulse was split
into its constituent fundamental solitons, and the solitons were
phase matched to DWs in the short wavelengths. As a result,
DWs emitted near 500 nm were achieved, enabling the
formation of the broadband supercontinuum in the TE10 mode
case. To validate the DW emission from high order mode,
similar experiments were performed in coupled waveguide
geometries, where only TEeven and TEodd modes were
supported, and the DW emission can still be identified as
shown in Figure S7.
The discrepancy between experiment and GMMNLS can be

mainly attributed to wavelength dependent propagation loss in
TE10 mode. Under high power excitation, other physical
processes might also take place such as thermal effects,29

multiphoton absorption, free carrier absorption,30 wavelength-
dependent linear and nonlinear parameters,31,32 and mode
avoid-crossing,33 making it hard to accurately predict the
spectrum shape at all wavelengths. It should be noted that
when the on-chip average power exceeds ∼100 mW, behaviors
indicative of thermal melting or dielectric breakdown began to
be observed (Figure S3). Notably, irreversible material damage
was occurred, inducing material defects that can be readily
identified under the microscope via white light luminescence
from defect states.34 To avoid this irreversible damage, the on-
chip power was kept at least two times lower than this value.
The spectrum versus pumping energy is investigated in

Figure 2c. At low pulse energy, the spectral broadening is
mainly governed by SPM (points 1 to 2). The spectrum can be
asymmetrically expanded by DW emission when further
increasing the pulse energy above 0.1 nJ (points 2 to 3).
From points 3 to 4, blue shifts of DW can be observed, which

can be attributed to the power-dependent phase matching
condition for DWs:26

β ω β ω β ω ω γ= + − + P( ) ( ) ( )
1
2s 1 s s (1)

where β indicates the wavevector. ωs and ω indicate angular
frequency of soliton and DW, respectively. β1 is equal to ∂β/
∂ω. Ps is the power within soliton modes. γ is the nonlinear
parameter that described by (ωn2)/(cAeff), where the c and Aeff
indicate vacuum speed of light and effective modal area,
respectively. The blue shifts of DW with increasing power can
be attributed to the power-dependent term in the eq 1.
The phase-matching between DW and soliton can be furthre

revealed in Figure 2d, in which the integrated dispersion (eq 2)
is employed to identify the spectral component:

β ω β ω β ω β ω ω γ= − − − − P( ) ( ) ( ) ( )
1
2sint s 1 (2)

To investigate the geometry dependence of the process and
create a generalizable waveguide design strategy, the GVD (β2)
for AlN waveguides with different widths is calculated (Figure
3a). Based on this graph, it is evident that a waveguide width
below 1200 nm is required to support the solitons near the
pumping wavelengths. It is also noteworthy that below a
waveguide width of 800 nm, the waveguide loss increase
expotentially, as shown in Figure 3b. When the waveguide
width < 800 nm, the propagation loss of TE10 mode exceeds 60
dB/cm, the presence of strong loss prohibits the fission
process. To further reveal the geometry dependence, the
integrated dispersions at different geometries are given in
Figure 3c.
Combining the observations in Figure 3a,b, the width of the

AlN waveguide devices for this work is limited between ∼1000
to ∼1200 nm. To verify these calculations, devices outside of
this optimum range were fabricated and characterized. Figure
3d illustrates the measured spectrum when pumping the
waveguides with widths of 800 and 1400 nm. The broadening
processes in these two waveguide designs can be clearly
identified as SPM as a result from strong loss and normal
dispersion, respectively.

Figure 3. Experimental and modeling results of devices with different geometries. (a) The calculated GVD (β2) for AlN waveguides. (b)
Experimentally measured propagation loss (square points) in dB/cm at the wavelength of 800 nm, and the calculated propagation loss for TE00
(orange curve) and TE10 (blue curve) modes for AlN waveguides with different widths. (c) The calculated integrated dispersion vs wavelength for
waveguide width at 0.8, 1.1, and 1.4 μm. (d) Measured spectrum in AlN waveguides with widths of 800 and 1400 nm. The spectrum was mainly
broadened by SPM of the fundamental TE00 mode.
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While the generation of the primary spectrum from 490 to
1100 nm in the visible spectrum with only 0.36 nJ within TE10
mode is remarkable, the simultaneous generation of an even
higher energy (lower wavelength) secondary spectrum
spanning from 407 to 425 nm further increases the potential
impact of this system. To understand the physical mechanism
that gives rise to this secondary spectrum, we solve for the
mode dispersion near the fundamental and the SHG
wavelengths, and the mode profiles of high order modes
near SHG wavelengths are depicted in Figure 4a. Since the
pumping polarization is in TE, the SHG is relying on d31 of
AlN. Figure 4b shows the modal dispersion of the TE00 and
TE10 modes near 800 nm, and the dispersion of several high
order modes near 400 nm. It can be observed that the TE00
mode is phase matched to three high order TM modes (10th−
12th) within the range betwen 400 and 425 nm. Furthermore,
Figure 4b also shows the dispersion curve of the TE10 mode in
the near-visible region. Since the phase-matching point is far
away from 400 nm, we neglect the SHG effect from the TE10
mode.

The normalized SHG efficiency can be described as35

η π
ε λ

ζ
=

cn n
d

A
8 2

0 1
2

2
2

2
eff
2

eff (3)

where the ε0 is the vacuum permittivity, c is the speed of light
in vacuum, n1 and n2 are the refractive indexes at fundamental
and second-harmonic wavelengths, respectively, Aeff represents
the effective mode area, and deff represents the effective
nonlinear susceptibility. The ζ indicates the spatial mode
overlap factor, which can be given as35

∫

∫ ∫
ζ =

*

| ⃗ | ⃗ | ⃗ | ⃗

χ

χ χ

E E x y

E E x y E E x y

( ) d d

d d d d

y y1
2

2

1
2

1

2/3

2
2

2

1/3

(2)

(2) (2) (4)

the calculated mode overlap factors for the 10th−12th TM
modes are 5.02%, 1.62%, and 4.28%, respectively. By
combining the phase-matching condition with the modal

Figure 4. Experimental and modeling results showing the role of SHG. (a) Mode profile (Ey) of each high order mode computed at 400 nm
wavelength. (b) The modal dispersion of the TE00 and TE10 modes near 800 nm (red curves) and the dispersion of several high order modes near
400 nm (blue dash curves) for the secondary spectrum from 407 to 425 nm in Figure 2a. Phase matching wavelengths can be determined at the
crossing points of the curves. The two experimentally measured peaks can be identified near the two indicated points. (c) SHG signal near 400 nm
at different pumping wavelengths. The locations of the SHG peaks were invariant to pumping wavelengths.

Figure 5. Simulated first-order coherence function for TE10 mode vs wavelengths for AlN waveguide with a width of 1.2 μm at different noise
conditions. (a) The coherence function with quantum limited shot noise involved. (b) In addition to the shot noise, 1% (top) and 2% (bottom)
RIN are involved.
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onverlap, higher SHG efficiency can be expected in 10th and
12th TM modes.
The experimentally identified second harmonic signals were

recorded at 407 and 421 nm and are shown in Figure 4c. The
MOCVD growth and the dry etching processes for the AlN
waveguides may cause minor geometry discrepancy between
the simulation and the experiment, which resulted in the small
differences between the simulated and the experimentally
recorded phase-matching points. Since the phase-matching
wavelengths are dependent on the device geometry, the
location of the SHG signal is invariant to pumping wave-
lengths, which is evident in Figure 4c. The d33 of AlN is ∼45×
higher than d31,

36 suggesting a higher efficiency when the
fundamental mode is TM-polarized. The high SHG efficiency
utilizing d33 was also observed from this work given in the
Supporting Information.
Since the spectrum broadening is mainly contributed from

the TE10 mode, the optical coherence of the broadband
spectrum can be determined by evaluating the first-order
coherence function of the TE10 mode:9,13,16
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which is the ensemble average of multiple supercontinuum
pulses. The simulation took 100 supercontinuum pulses with a
standard shot noise at the input spectra, and the noise
spectrum is constituted by one photon per spectral bin.37 The
simulated first-order coherence function of TE10 super-
continuum is shown in Figure 5a. In addition to shot noise,
to emulate the intensity fluctuation of the pump source,38,39

relative intensity noise (RIN) is also involved by applying
amplitude variations to individual pulses, corresponding to the
RIN in the frequency range of MHz. The obtained coherence
function is depicted in Figure 5b at the amplitude fluctuation
at 1% and 2%. A degradation of coherence is observed near the
edge of the spectrum. Since the RIN level in MHz range is
typically <1%,40,41 the RIN is not critical to the coherence of
the generated supercontinuum.
It should also be noted that the noise performance can be

further investigated by involving phase jitter of the laser
source42 and the polarization modulation instability39 as the
crystalline structure of AlN is highly anisotropic, in which
considerable birefringence is expected.43

■ CONCLUSION
In conclusion, we have demonstrated supercontinuum
generation using a dispersion engineered AlN waveguide
with ultralow input power. Notably, the main spectrum covers
from 490 nm to over 1100 nm with a secondary SHG
spectrum from 407 to 425 nm. Near-visible pumping was
implemented to improve energy efficiency. To overcome the
strong material dispersion, the AlN waveguides were designed
to support high order modes. The experimental results were
compared with the theoretical results from FDM and
GMMNLS simulations. Further investigations on high order
dispersion terms and propagation losses reveal that the SF
process can only be initiated within a narrow window of
waveguide width, which was supported by the experimental
findings. The SHG spectrum was investigated by solving modal
dispersions near 800 and 400 nm, and the corresponding
phase-matching wavelengths were determined. Simulations of

the first-order coherence function suggest that the spectrum
broadening procedure is robust to noise. The outcome of our
work demonstrates that the high order modes are exper-
imentally applicable to efficient spectrum broadening and can
greatly overcome the large material dispersion within the
visible spectrum.
Noting that III−N material system exhibits excellent

monolithic integration capability with lasers/detectors
(InGaN) and high-speed RF transistors (AlGaN), the
demonstration from this work is an important first step toward
an on-chip fully integrated broadband supercontinuum source
in the visible, which is of high interest in a range of fields
including on-chip mode locking,44 parametric oscillator,45 and
entangled photon generation.46

■ METHODS

Fabrication AlN Waveguides. The AlN thin films were
coated with a ∼600 nm SiO2 layer using plasma-enhanced
chemical vapor deposition (PECVD), followed by an 80 nm
Cr layer using electron-beam evaporation. The two layers
served as hardmasks for the dry etching processes. Photoresist
ma-N 2403 was used to perform electron-beam lithography
(EBL). The Cr layer was etched away using a user developed
(chlorine + argon) reactive ion etching (RIE) process, while
the SiO2 layer was removed by standard anisotropic RIE
etching process developed by ASU NanoFab. The AlN
waveguide patterns were defined using a user developed
inductively coupled plasma (ICP) etching with Cl2, BrCl3, and
Ar chemistries at a bias voltage near 300 V. The waveguides
were coated by 2 μm SiO2 coating layers to reduce scattering
loss. After fabrication, samples were cut and polished down to
0.1 μm grade. The fabricated waveguide has ∼50 to 100 nm
width variance due to the isotropic nature of the Cr etching
process. This variance was included in numerical simulations.
Detailed process flow and scanning electron microscope
(SEM) images of the fabricated AlN waveguides can be
found in Figure S2.

Simulation on Pulse Propagation. The pulse propaga-
tion along the waveguide was simulated using GMMNLS
solved by split-step Fourier method,26,47 where the fourth
order Runge−Kutta method was also implemented to reduce
computational load. The format of the GMMNLS used in this
work was:
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where Ap(z, t) denotes the pulse slow varying amplitude of
mode p, α is the propagation loss, βk is the kth order
dispersion, n2 is the Kerr refractive index, f R is the fraction of
nonlinearity contributed from Raman response, and hR is the
Raman response function. The f R was set to zero, as no
significant red-shifted spectrum was observed through this
whole study. The overlap factors Splmn

R and Splmn
K are
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the Fp indicates transverse mode profile. Dispersion terms were
truncated at sixth order, but it is noteworthy that only third
order dispersion plays significant role in modifying the
spectrum. To estimate the Kerr refractive index of AlN, the
experimental recorded data on n2 at 1550 nm

48 was utilized by
applying the wavelength-dependent fitting model,49 n2 at 800
nm can be estimated to be 2.5 × 10−19 m2/W. The initial pulse
shape was assumed to be Gaussian with a full-width-at-half-
maximum (fwhm) of 100 fs. The propagation loss of TE10
mode is estimated to be ∼20 dB/cm when waveguifde width is
1100−1200 nm.
High Order Mode Excitations. We adopted different

waveguide excitation strategies in this work. The detailed
description and an analysis of each excitation method is
discussed in Figure S4. The most efficient excitation method
was applying a normal taper with a ∼5 μm taper width. Under
low power operation, the beam was first focused at the center
of taper, then the position was optimized by slowly varying the
nanostage to move the focal point from the center to the edge
of the taper facet. The out-scattered light was monitored by a
CMOS camera at the same time. Since the TE10 mode has
higher scattering loss comparing to the TE00 mode, when the
out-scattered light reaches its maximum (as recorded by
CMOS camera), the excitation efficiency of TE10 mode will be
near its maximum. At this stage, the location of focusing point
is near the edge of taper facet, which can be confirmed by the
CMOS camera. An alternative way to excite the TE10 mode
was to operate the system under higher power (near 30 mW
on-chip average pumping power). By slowly varying the focal
point from the center to the edge of the taper, DWs near 600
nm were generated due to the increasing excitation efficiency
of the TE10 mode. The red radiation can be directly observed
under a microscope, and the excitation efficiency of the TE10
mode can be optimized by maximizing the red radiation.
Estimation of Propagation Loss. The propagation losses

of the TE00 modes were experimentally characterized by
collecting out-scattered light along the propagation direction
using a CMOS camera. The typical scattered optical power
versus propagation length is provided in Figure S5. By
adopting semilog plotting, the decay slope is proportional to
the propagation loss of the TE00 mode in dB/cm. The low loss
of the TE00 mode was further confirmed by measuring the
intrinsic quality factor of ring resonators (Table S1).
The losses of TE00 modes with different waveguide widths

were fitted by an in-house made dyadic Green’s function
(DGF) solver to obtain the sidewall roughness. The detailed
description on DGF can be found in Supporting Information.
DGF fitting gives sidewall roughness around 4 nm, which
agrees well with standard optimized ICP etching process. By
plugging in TE10 mode profile and sidewall roughness, the
scattering loss can be estimated.
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