A ER-INC)

Chinese Optics B

Low-loss waveguide design for full visible spectrum on-chip photonic devices

Z0U Jing-chen, LUO Peng, MA Xu, ZHAO Yi-hui

Citation:

ZO0U lJing-chen, LUO Peng, MA Xu, ZHAO Yi-hui. Low-loss waveguide design for full visible spectrum on—chip photonic
devices[]J]. Chinese Optics, 2026, 19(3): 715-729. doi: 10.37188/CO.EN-2025-0036

AR5 AR, BMS, TiE, BESHE. BT WOt A BT AR AR EE B S ). R EDESE, 2026, 19(3): 715-729. doi:
10.37188/C0O.EN-2025-0036

View online: https://doi.org/10.37188/CO.EN-2025-0036

Articles you may be interested in

Recent advances in silicon nitride—based photonic devices and applications
RACEDOL T8-S0t
Chinese Optics. 2021, 14(4): 998 https://doi.org/10.37188/C0.2021-0093

Integrated Nitride optoelectronic chip for motion detection and visible light communication
18 SR KT WOGE F — A AL 7
Chinese Optics. 2023, 16(5): 1257 https://doi.org/10.37188/C0.2023-0028

Visible light emission of ultraviolet polarization sensitive CsPbBr; nano—films
M IR CsPhBr KRR RT ULE % 5
Chinese Optics. 2023, 16(1): 202  https://doi.org/10.37188/C0.2022-0152

Orthogonal frequency division multiplexing modulation techniques in visible light communication
] LG A7 R SR A A
Chinese Optics. 2021, 14(3): 516 https://doi.org/10.37188/C0.2020-0051

High—precision silicon—based integrated optical temperature sensor

TR JEE R AR O~ L AL AR AT

Chinese Optics. 2021, 14(6): 1355 https://doi.org/10.37188/C0.2021-0054

Fusion of infrared and visible light images based on visual saliency weighting and maximum gradient singular value
SETHLE VIS B8 3 S OR Y25 M5 m] WO PR RS

Chinese Optics. 2022, 15(4): 675 https://doi.org/10.37188/C0.2022-0124


https://www.chineseoptics.net.cn
https://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.EN-2025-0036
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0093
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2023-0028
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0152
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0152
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0152
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2020-0051
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0054
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0124

W19% 3 i EDE (Fhaes0) Vol. 19 No.3
2026 4F 5 H Chinese Optics May 2026

XEHS 2097-1842(2026)03-0715-15

Low-loss waveguide design for full visible spectrum on-chip

photonic devices

Z0U Jing-chen'?, LUO Peng'?, MA Xu'?, ZHAO Yi-hui'?"
(1. School of Optoelectronics, Beijing Institute of Technology, Beijing 100081, China;
2. Key Laboratory of Photoelectronic Imaging Technology and System, Ministry of Education,
Beijing 100081, China)
* Corresponding author, E-mail: yhzhao@bit.edu.cn

Abstract: Extending the operational wavelength range of integrated optical devices to cover the entire vis-
ible spectrum holds significant importance, as it can enhance the detection accuracy and applicability of mini-
aturized spectrometers, broaden the bandwidth of visible light communication, and enable biosensors to sim-
ultaneously detect multiple biomolecules in complex samples. As the fundamental building block of integ-
rated optical devices, waveguides have not yet been thoroughly investigated for full visible spectrum opera-
tion. This work presents a waveguide design supporting the full visible spectrum (435—760 nm). Numerical
simulations were employed to analyze the transmission characteristics of various waveguide structures, re-
vealing that single-mode propagation cannot be achieved across the entire visible spectrum. Under mul-
timode propagation conditions, key parameters such as propagation loss and mode distribution were system-
atically examined to determine the optimal waveguide dimensions, bending radii, and waveguide spacings for
low-loss transmission. For slab waveguides, a thickness =1 um ensures polarization insensitivity. For strip
waveguides with a thickness of 1 um, a width =2 um significantly reduces scattering loss induced by side-
wall roughness. For strip waveguides with a width of 1 um and thickness of 2 pm, radiation loss becomes
negligible when the bending radius =10 pm and waveguide spacing =0.4 pum, while maintaining effective
isolation from adjacent waveguides. Additionally, the impact of fabrication tolerances on waveguide per-
formance was evaluated. In contrast to previous studies primarily focusing on narrow spectral bands within
the visible range, the proposed design enables full visible spectrum transmission in a single waveguide,
thereby facilitating bandwidth expansion and performance enhancement for on-chip full visible spectrum

devices.
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1 Introduction

Research on integrated visible light photonic
devices has emerged as a cutting-edge direction in
optoelectronics, with significant applications de-
monstrated across various domains. In biosensing,
integrated optical waveguide sensors based on evan-
escent wave effects enable high-sensitivity real-time
analyte monitoring by detecting the optical paramet-
er variations (phase, polarization, amplitude) in-
duced by analyte characteristics!l. For consumer
electronics, miniature on-chip spectrometers provide
real-time spectral analysis capabilities for smart
devices, which support food safety detection and
health monitoring!?. In optical computing, metasur-
faces and diffractive neural network technologies
have facilitated the development of low-power intel-
ligent perception chips with ultra-fast parallel pro-
cessing capabilities for tasks such as image recogni-
tion and target tracking!,

Numerous researchers have investigated integ-
rated photonic devices for the visible spectrum. Lin

et al. developed a monolithically integrated Si;Ng4

doi: 10.37188/CO.EN-2025-0036

CSTR:32171.14.CO.EN-2025-0036

waveguide detector achieving > 60% quantum effi-
ciency, 9 GHz bandwidth, and 173 + 30 GHz gain-
bandwidth product across 400—640 nm, employing a
leaky-wave design to address waveguide-absorp-
tion layer coupling for micro-ring filter power mon-
itoring!®. Corato-Zanarella ef al. proposed a highly
confined SiN platform, demonstrating propagation
losses approaching the material limit in the visible
band (780 nm: 3.62 dB/m; 461 nm: 2.4 dB/cm)
through waveguide cross-section optimization to re-
duce mode-sidewall overlap losses®. Chauhan et al.
realized ultra-low-loss visible waveguides (461—
802 nm loss: 0.01-0.09 dB/cm, Q-factor: 9.5—
60 million), with absorption-limited loss reaching
0.17 dB/m (Q-factor: 340 million) at 674 nm'®.
Duan et al. systematically compared SiN/LN/AIl-
GaAs material properties and proposed the first
Type-1 cross-polarized phase-matching scheme, ex-
tending III-V material idler photon wavelengths to
<650 nm deep visible light. Studies indicate SiN
supports <500 nm entangled photon pair generation,
while LN/GaN cover visible wavelengths up to
600/700 nm respectively!”.

The expansion of the operational bandwidth to


https://doi.org/10.37188/CO.EN-2025-0036
https://doi.org/10.37188/CO.EN-2025-0036
https://doi.org/10.37188/CO.EN-2025-0036
https://doi.org/10.37188/CO.EN-2025-0036
https://doi.org/10.37188/CO.EN-2025-0036
https://cstr.cn/32171.14.CO.EN-2025-0036
https://cstr.cn/32171.14.CO.EN-2025-0036
https://cstr.cn/32171.14.CO.EN-2025-0036
https://cstr.cn/32171.14.CO.EN-2025-0036
https://cstr.cn/32171.14.CO.EN-2025-0036

3 1]

Z0U lJing-chen, et al. : Low-loss waveguide design for full visible spectrum on-chip ...... 717

cover the full visible spectrum is of considerable
significance for integrated visible light photonic
devices. For instance, visible light communication
(LiF1) utilizes indoor lighting sources for high-speed
wireless data transmission within 400—800 THz,
showing promise for future Al-driven mobile broad-
band connections. Integration with photonic techno-
logies could effectively expand its bandwidth and
enable device miniaturization. In biomedicine, dif-
ferent biomolecules exhibit distinct absorption and
scattering characteristics across the visible sub-
bands. By extending the biosensor’s operational
bands to cover the characteristic absorption spectra,
simultaneous detection of multiple biomolecules in
complex samples would be achieved, thus overcom-
ing the sensitivity limitations inherent to single-
wavelength selection™. Furthermore, the broadband
response in miniature spectrometers can signific-
antly enhance their detection accuracy and applicab-
ility!", while on-chip visible light color imaging
systems employing micro-nano spectral splitters in-
stead of traditional filters may reduce optical loss
and improve resolution. As the core fundamental
component of integrated optical devices, most integ-
rated optical devices rely on waveguides to achieve
directional photon transmission and device intercon-
nection. However, existing visible-light waveguide
designs primarily focus on specific waveguide di-
mensions tailored for narrow bandwidths, such as
the ultra-low-loss Si;N, platforms developed by
Corato-Zanarella et al. and Chauhan et al., as men-
tioned above. Research on achieving low-loss trans-
mission across the entire visible spectrum within a
single waveguide structure remains insufficient,
which may limit the application of waveguides in
full visible-light on-chip devices.

This work designs an on-chip waveguide cap-
able of supporting the full visible spectrum
(435760 nm). The transmission characteristics of
various waveguide structures are analyzed. It is
found that the broad operational spectrum creates

conflict on the dimensional requirements of wave-

guide: shorter wavelengths demand smaller dimen-
sions to suppress higher-order modes, whereas
longer wavelengths require larger dimensions to
prevent energy leakage. This brings big challenge
on the single-mode transmission across the full vis-
ible spectrum in a unified waveguide structure. Con-
sequently, multimode transmission emerges as a vi-
able approach for full visible spectrum low-loss
propagation, though its design must comprehens-
ively consider scattering loss, radiation loss, and
other factors. Key parameters such as the propaga-
tion loss and mode distribution are systematically
investigated to identify multimode waveguide di-
mensions, bending radii, and waveguide spacings
that enable the low-loss transmission across this
bandwidth. Additionally, the impact of fabrication
tolerances on performance is evaluated. This study
establishes a design framework for full visible spec-
trum waveguide, and offers valuable insights for de-
veloping highly compact, low-loss photonic integ-

rated devices.

2 Demonstration of the infeasibility
of single-mode transmission

The realization of full visible spectrum opera-
tion first requires the selection of appropriate mater-
ials. For the visible spectrum, viable candidates in-
clude silicon nitride (SizN4), aluminum oxide
(ALLO3), and titanium oxide (TiO,). Among these
materials, Si;N, has been widely adopted due to its
broad transparency window (spanning visible to
mid-infrared wavelengths), low intrinsic loss, and
compatibility with complementary metal-oxide-
semiconductor (CMOS) fabrication processes!''.
Therefore, this study employed the 2 platform for
waveguide design.

On-chip waveguides can be categorized into
strip waveguides and slab waveguides, where the
former can be further divided into the rib and rect-
angular configurations. In this work, Si;N, serves as

the waveguide core material, while silicon dioxide
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(Si0,) functions as the cladding layer and silicon
(Si) as the substrate. The structural schematics of
these waveguides are illustrated in Fig. 1 (color on-
line), where the upper SiO, cladding is omitted for
clarity.

(2) / (b) (©)

[CISi;N, core layer CISiO, cladding layerEZZSi substrate

Fig. 1 Schematic diagrams of (a) rib waveguide, (b) rect-
angular waveguide, and (c) slab waveguide

A single-mode waveguide supports only the
fundamental TE, and TM, modes. Single-mode
transmission should avoid the modal crosstalk
caused by the propagation path differences among
the higher-order modes!'?, and exhibit more con-
fined optical field distribution with lower loss. For
on-chip optoelectronic devices, single-mode opera-
tion is typically preferred. Thus, this study initially
employed the Finite-Difference Eigenmode (FDE)

solver to simulate the aforementioned waveguide
structures across the target spectral band, assessing
their feasibility for single-mode transmission
2.1 Rectangular waveguide

A rectangular waveguide structure was mo-
deled in the simulation with 10 nm mesh accuracy.
The refractive indices of Si;N, and SiO, materials
were respectively employed using the commonly
used Phillip model and Palik model. To determine
whether the waveguide could achieve the single-
mode transmission across the target spectral band
(435760 nm), we examined whether a single set of
dimensions could simultaneously support the single-
mode operation at both the shortest wavelength
(435nm) and the longest wavelength (760 nm).
First, the simulation wavelength was set to 435 nm.
The waveguide thickness was fixed at 100 nm,
200 nm, and 300 nm in separate simulations, while
the width was swept to analyze the variation of ef-
fective refractive index. The results are shown in

Fig. 2 (color online).

(a) _ (b) _ (c) _ —TE, ——TE
209 g, 207 o TE, 2.0 BV
194 = TM, 194 = TM, 1.9
——TE, ——TE, A
1.81 ™, 1.8 ™, 1.8 1 £
517 /w*"”‘ 5171 /// 517
/
1.61 = 1.61 1.64130 nm
/ o 220: nm p
151 L 1.5 i (CE
1.4 : — — 14 i S : : |4 +—— - - '
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500

Waveguide width/nm

Waveguide width/nm

Waveguide width/nm

Fig. 2 Effective refractive index as a function of waveguide width for the waveguide thicknesses of (a) 100 nm, (b) 200 nm,

and (c) 300 nm

Single-mode transmission occurs when only
the fundamental TE, and TM, modes propagate,
while higher-order modes (TE;, TM;, etc.) remain
cut off. The maximum dimensions satisfying this
condition define the single-mode regime. The ef-
fective refractive index reflects the degree of local-
ization of the optical field energy within the wave-
guide cross-section, determined by the energy distri-
bution ratio between the core and cladding layers.

As shown in Figure 2, as the waveguide width in-

creases, the optical field becomes more concen-
trated within the core layer, causing the effective re-
fractive indices of the two fundamental modes to
gradually rise and approach the intrinsic refractive
index of the core material. When the width exceeds
the single-mode critical value, higher-order modes
begin to emerge. The optical field distribution of
these higher-order modes exhibits more nodes, res-
ulting in an effective refractive index lower than that

of the fundamental modes, the maximum single-
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mode widths for waveguides with thicknesses of
100 nm, 200 nm, and 300 nm were determined to be
350 nm, 220 nm, and 130 nm, respectively. Next,
simulations were performed at a wavelength of
760 nm using these dimensions, revealing that
energy leaked out of the waveguide core layer at
this point, resulting in low transmittance. Con-
sequently, the rectangular waveguide could not sup-
port single-mode transmission in the target wave-
length band.
2.2 Rib waveguide

The rib waveguide modifies the electric field
distribution of optical modes by introducing a ridge
structure. Its key characteristic is a larger cutoff fre-
quency separation between the fundamental mode
and higher-order modes, enabling a single-mode op-
erational bandwidth several times wider than that of
rectangular waveguides!". Therefore, this study in-
vestigated the feasibility of replacing rectangular
waveguides with rib waveguides for single-mode

transmission.

(2)

=435 nm

A=435 nm
TE, ™,

A=760 nm
TE, ™,

The single-mode condition for rib waveguides
is calculated using the empirical formula Egs. (1)-

(3) proposed by Soref et al.l'¥:
h

ﬁ>0.5—0.50' s (1)
K<(1+0-) (h+o)/(H+0) (2)
H Vi=[(h+0o)/(H+0)P

o= /[kei-m)| " matfkei-nd)] "3

Here, H denotes the inner ridge height, 4 the outer
ridge height, and w the ridge width, n,, n,, and n;
represent the effective refractive indices of the
waveguide core, upper cladding, and lower clad-
ding respectively. Fig. 3(a) (color online) illustrates
a schematic diagram of these parameters in the
cross-section of the ridge waveguide. The wave-
length of the input light is denoted as k =2/A. For
the TE mode, y;, =1 is observed, whereas for the
TM mode, y; = (n,/n;)* and 7y, = (n3/n;)* are ob-

served.

=760 nm

Fig. 3 Mode distributions in the critically dimensioned rib waveguide. (a) TE; and (b) TM; at 435 nm, (c) TE, and (d) TM, at

760 nm

Since the single-mode condition formulas for
rib waveguides differ between TE and TM modes,
the single-mode condition for the TE mode was first
simulated. By substituting the known parameters in-
to the TE mode condition, the single-mode criterion

is derived as #/H > 0.285. Setting H =1 ym and & =

0.3 pm, the condition for w becomes w < 0.666 um;
accordingly, w was selected as 0.6 pum. Based on
these parameters, the simulation structure was con-
figured. However, the FDE solver yields multiple
mode, indicates that setting A to 1 pm leads to an

excessively large waveguide dimension.
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When H is reduced to 0.6 pm, the single-mode
condition requires #>0.258 um (here #=0.3 um was
selected) and w<0.863 um (here w=0.5 um was se-
lected). The number of supported modes under these
dimensions is fewer than that for /=1 pm, yet mul-
tiple higher-order modes persist, indicates that either
the value of H remains excessive or the selections of
h and w remain suboptimal.

Further reduction of H, accompanied by optim-
ized adjustments to 4 and w, enables identification
of the critical dimensions: H=0.4 pm, 4A=0.1 pm,
w=0.4 um. At these parameters, the TE; and TM,
modes at 435 nm wavelength, along with the TE,
and TM, modes at 760 nm wavelength, are respect-
ively shown in Fig. 3(b)—3(e) (color online).

Fine-tuning H, &, and w under these conditions
revealed that further reduction of waveguide dimen-
sions prevented effective confinement of the 760 nm
fundamental mode, resulting in significant propa-
gation loss, whereas the 435nm TE; and TM,
modes remained supported. This demonstrates that
rib waveguides cannot achieve single-mode opera-
tion.

2.3 Slab waveguide

The width of a slab waveguide is significantly
larger than its thickness, therefore, only the thick-
ness is typically analyzed for its confinement effect
on optical waves. The method for analyzing the
feasibility of single-mode transmission is similar to
that of a strip waveguide. A simulation model was
established with the wavelength set to 435 nm, and
the effective refractive index was scanned as a func-
tion of waveguide thickness to identify the maxim-
um single-mode transmission thickness, as illus-
trated in Fig. 4 (color online).

As shown in the Fig. 4, the maximum single-
mode transmission thickness is 160 nm. However,
when examining the mode distribution at 760 nm, it
was observed that although both fundamental modes
(TEy and TM,) exist, a significant portion of the
TM, mode's energy lied outside the waveguide core,

as depicted in Fig. 5 (color online). This results in

substantial transmission losses, rendering the slab
waveguide unsuitable for single-mode transmission

across the target wavelength band.

2.14

—=—TE,
2.0 - —’_TMO
TE,
1.9 4 ——TM,

= 1.8 1
3
1.7 1
1.6 1 160 nm

1.5 1

0 100 200 300 400 500 600
Waveguide thickness/nm

Fig. 4 Variation of the effective refractive index with the

thickness of the slab waveguide

«< >

L —
[ -—
T

A=760 nm A=760 nm
TE, ™,

Fig. 5 (a) TE, and (b) TM, mode distributions in the slab

waveguide at 760 nm wavelength

3 Low-loss dimension design under
multimode transmission conditions

The previous section has demonstrated that
neither strip waveguides nor slab waveguides can
achieve single-mode transmission across the target
band. Building upon this finding, this section will
investigate the low-loss transmission of this
wavelength band in multimode waveguides by ana-
lyzing key parameters such as transmission loss and
mode distribution. Specifically, the optimal thick-
ness of slab waveguides, as well as the dimensions,
bending radius, and spacing of strip waveguides will
be explored.

3.1 Slab waveguide

In integrated photonic platforms, the trans-

verse electric field distributions of TE and TM

modes are different. TE modes are primarily hori-
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zontally polarized, while TM modes are vertically
polarized. This results in distinct effective refract-
ive indices for the two modes, leading to different
transmission characteristics. Since slab waveguides
are typically employed for etching functional
devices, polarization insensitivity is generally de-
sired. Currently, three primary methods exist to
achieve this: shallow-etched region compensation,
dual-grating reflection, and thickened slab wave-
guide!™'”, Among these, the latter is advantageous
due to its simplicity in both design and fabrication.
Fig. 6 (color online) illustrates the variation in ef-
fective refractive indices of the two fundamental
modes with respect to slab waveguide thickness at

the central wavelength of 597.5 nm.

20 :%]3[] 1 00(:) nm
0 '

1.9 - §
- 1.8 1 §
3

1.7 A

1.6

1.5 ‘ . . . . .

0 200 400 600 800 1000 1200

Waveguide thickness/nm

Fig. 6 Effective refractive indices of TE, and TM, modes
in a slab waveguide as a function of thickness at

597.5 nm wavelength

The results demonstrate that when the wave-
guide thickness exceeds 1 pm, the electric field dis-
tributions of both TE, and TM, modes are almost

(@) (b
1.00 600
0.98

0.96 A

z/nm
(=}

0.94 +

Transmittance

0.92 +

—600
800 =5

0.90
400

500 600 700
Wavelength/nm

0
y/pum

entirely confined within the core layer. The differ-
ence in their transverse distributions contributes
minimally to the effective refractive index, thereby
achieving polarization insensitivity. To further eval-
uate its performance, Finite-Difference Time-Do-
main (FDTD) simulations were conducted to ana-
lyze transmittance and energy propagation. The sim-
ulation mesh resolution was set to one-tenth of the
minimum wavelength (43.5 nm). The boundary was
surrounded by a perfectly matched layer (PML)
condition with 8 layers, and the distance from the
PML to the waveguide edge was set to 1 um. The
justification for these settings will be provided in
Section 4.2. Given the multimode transmission
premise, the light source was configured to excite
the first eight supported modes (TE(-TE; and TM,-
TM;, determined via FDE solver, able to cover
99.56% of the total optical energy) to simulate mul-
timode input conditions. The slab waveguide had a
core width of 10 um, a thickness of 1 um, and a
propagation length of 20 um (The justification for
the propagation length setting is likewise discussed
in Section 4.2. the 10 um width simulated the slab
waveguide width > thickness). Two monitors were
employed: monitor a, positioned at the waveguide
output, measured transmittance and the electric field
intensity distribution; monitor b, with a top-view
perspective, tracked the electric field propagation
within the waveguide. The electric field outputs of

both monitors are presented in Fig. 7 (color online).

x/um

Fig. 7 (a) Transmittance, (b) output electric field, and (c) electric field propagation in the slab waveguide

The results demonstrate that despite the no-

nuniform electric field distribution caused by mul-

timode excitation, the transmittance remains close to

1, confirming that the proposed slab waveguide en-
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ables low-loss transmission across the target wave-
length band.
3.2 Strip waveguides

For strip waveguides, the thickness was set to
1 pm, identical to that of the slab waveguide. The
transmittance under varying widths were calculated
using the FDTD method to identify width values
with lower losses. A simulation structure was estab-
lished, with incident light propagating 20 um along
the waveguide. The transmittance for different

widths is presented in Fig. 8 (color online).

1.000 1 —
00 m

0.996 1 —=—1.0 ym

3 ——1.2 um

=]

£ 09924 —+—15um

‘g 2.0 um

&

£ 0.988 1

H
0.984 1 "/.’—.\'\
0.980 ‘ ‘ T :

400 500 600 700 800
Wavelength/nm

Fig. 8 Variation of transmittance with waveguide width

The increase in waveguide thickness can re-
duce energy leakage. The results indicate that when
the waveguide width exceeds 1.5 pum, the optical
field is sufficiently confined within the core layer,
and further thickness enhancement yields diminish-
ing returns. Consequently, the transmittance in-
crease stabilizes. For visible light, sidewall rough-

ness is a critical factor influencing propagation

()
100 1 ———
0.99 A
3
E 0.98 A
£ 0.97 1
g
& 0.96{ —*R=6um
——R=8 um
0954 ——R=10 um
*—~R=15 um
0.94 T T T 1
400 500 600 700 800
Wavelength/nm

losses, and increasing the width mitigates its
impact!'®. Therefore, determining the optimal width
requires further discussion on roughness effects,
which will be addressed in the subsequent manufac-
turing tolerance analysis.

When a strip waveguide is bent, the propaga-
tion path of the optical field shifts away from the
bending center, leading to insufficient confinement
by the core layer. Consequently, light radiates into
the cladding or substrate, resulting in radiation
losses. Smaller bending radii induce higher losses,
necessitating consideration of the minimum bend-
ing radius in waveguide design'’. Here, a wave-
guide width of 2 pm was selected, and FDTD simu-
lations were performed to evaluate radiation losses
under different bending radii.

The transmittance for bending radii of 6, 8, 10,
and 15 pm are shown in Fig. 9(a) (color online).
When the bending radius exceeds 10 um, the bend-
ing-induced shift of the optical field becomes suffi-
ciently weak, and the radiation loss has been re-
duced to a negligible level, the decrease in loss sta-
bilizes. With a bending radius of 10 um, the electric
field distributions within the waveguide and at the
output are illustrated in Fig. 9(b) (color online), re-
spectively. Although mode conversion occurs, no
leakage beyond the waveguide core is observed.
Thus, the minimum bending radius for a 2 pm-wide

strip waveguide is determined to be 10 pm.

(b) 1.0
L w0 LE
0.6
§ Output
=
0.4
0.2
-10 _-—ld
0
0 15
x/um

Fig. 9 (a) Variation of the transmittance with the bending radius. (b) Electric field propagation at R=10 pm

The waveguide spacing is defined as the dis-

tance between the cores of two adjacent wave-

guides. While compact spacing enhances device in-

tegration density, excessively small spacing leads to
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evanescent wave overlap of optical fields in neigh-
boring waveguides, causing energy leakage from
one waveguide to another via near-field coupling.
This coupling induces crosstalk, manifesting as sig-
nal distortion or inter-channel interference®. There-
fore, for the waveguide dimensions obtained above,
FDTD simulations were conducted to investigate
energy coupling under varying waveguide spacings
and to determine the minimum spacing that avoids
crosstalk. For two strip waveguides (width: 2 pm,

thickness: 1 um), a light source was placed at the in-

put of one waveguide, the transmittance at both
waveguide outputs and the energy propagation
within the waveguides were analyzed. Fig. 10(a)
(color online) presents the schematic diagram of
the waveguide spacing, 10(b) and 10(c) (color on-
line) present the electric field propagation (top view)
for waveguide spacings of 0.5 pm and 0.1 pm. At
0.5 um spacing, no energy coupling into the adja-

cent waveguide occurs, whereas severe coupling is

observed at 0.1 um spacing.

(b) 4
g
=
=
-1
(d) (e)
1
1.00 0.10 1 :gﬁﬁ
0.98 0.08 - :8'2 hm
v . Hm
g g 0.5 um
£ 0.96 £ 0.06 '
E E
g 094 4 —=—0.1 pm g 0.04 -
= —e—0.2 um =
092 4 —+—0.3 um 0.02 1
+—0.4 um -
0.90 0.5 um 04 &F—= —
400 500 600 700 800 400 500 600 700 800
Wavelength/nm Wavelength/nm

Fig. 10 (a) Schematic diagram of the waveguide spacing. Electric field coupling at waveguide spacings of (b) 0.5 um and (c)

0.1 pm. Transmittance of the (d) source waveguide and the (e) adjacent waveguide as a function of waveguide spacing

4  Analysis of fabrication errors and
convergence analysis

Fabrication-induced dimensional errors and
sidewall roughness significantly increase wave-
guide transmission loss. This chapter will investig-
ate the impact of these fabrication errors on optical

loss, providing data to determine processing toler-

ances and guide manufacturing process selection.
Furthermore, to enhance the reliability of the results,
a convergence analysis was conducted on the previ-
ously simulated strip waveguides.

4.1 Analysis of fabrication errors

Excessive thickness in silicon nitride wave-
guides can lead to cracking due to stress, which has
been a key technical challenge in silicon nitride plat-

forms. However, recent advancements have gradu-
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ally mitigated this issue. Numerous research groups
worldwide have successfully fabricated silicon ni-
tride waveguides with thicknesses of 800 nm and
1.35 pm using various technique™*!. The dimen-
sional errors associated with different fabrication
processes typically range from 0 to 20 nm.

As shown in Fig. 8, when the strip waveguide
width exceeds 1.5 pm, the optical loss shows only
slight variation. Therefore, the fabrication tolerance
of the width is not considered in further analysis.
With the width fixed at 2 um and other parameters
kept the same as previously described, the effect of
waveguide thickness variations (+50 nm) on trans-

mittance is examined, as presented in Fig. 11 (color

online).
1.000 - ,_,‘——o—\
0.998 1
3
g
£ 0.996
g
g 4 -
& 0.99
—=—1.00 um
09921 _e—095 pm
——1.05 um
0.990 T T T ,
400 500 600 700 800
Wavelength/nm
Fig. 11 Transmittance influenced by variations in wave-

guide thickness

The results indicate that due to the relatively
large waveguide dimensions, fabrication errors of
+50 nm do not significantly alter its structural para-
meters and exhibit negligible impact on waveguide

@
1.00 A

0.99 A

0.98

Transmittance

—=— Waveguide width=1.6 um
0.97 1 —s—Waveguide width=1.8 pm
—a— Waveguide width=2.0 um

Waveguide width=2.2 pm

0.96

Wavelength/nm

400 500 600 700 800

transmittance.

For slab waveguides, the width is substantially
larger than that of strip waveguides, reducing the
impact of dimensional errors. In addition, their
thickness is identical to that of strip waveguides, the
effect of fabrication errors on transmittance follows
a similar trend and is not reiterated here.

The sidewall roughness of waveguides varies
depending on the fabrication process. As reported in
the literature, the typical range of roughness values
spans from 0to 30 nm!'"® %% Given that wave-
guides with different widths exhibit varying sensit-
ivities to sidewall roughness, we first examined the
transmittance of waveguides with different widths
under an RMS roughness of 10 nm to identify an
optimal waveguide dimension. Nanoscale undula-
tions on rough waveguide sidewalls scatter the
propagating optical field, converting guided-mode
energy into radiation modes. This phenomenon be-
comes more pronounced in narrower waveguides.
As shown in Fig. 12(a) (color online), the scattering
loss induced by roughness decreases with increas-
ing waveguide width. When the width exceeds 2
um, the optical field energy becomes concentrated
in the central region of the core layer, rendering fur-
ther width increases negligible in terms of loss re-
duction. Furthermore, a waveguide width of 2 um is
selected to analyze the relationship between scatter-
ing loss and roughness, as presented in Fig. 12(b)

(color online).
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Fig. 12 (a) Variation of transmittance with the width of the waveguide at RMS=10 nm. (b) Variation of transmittance with the

sidewall roughness for a 2 pm wide waveguide
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It can be observed that reducing sidewall rou- face roughness, and the optimal approach should be
ghness significantly decreases waveguide propaga- selected based on the acceptable tolerance for
tion loss. When the RMS is reduced to approxim- propagation loss.
ately 10 nm, the transmission loss reaches a relat- The finalized key parameters of the waveguide
ively low level. During waveguide fabrication, vari- are systematically compiled and presented in tabu-
ous techniques can be employed to minimize sur- lar format in Table 1.

Tab.1 Key parameters summary of Si;N, full visible spectrum multimode waveguides

Strip waveguide width RMS roughness

Slab waveguide thickness (thickness = 1 um) Waveguide spacing Bending radius (for low-loss transmission)
=1 um =2 pum = 0.4 um = 10 um < 10 nm
4.2 Convergence analysis At the PML boundaries of the simulation do-
The simulation results obtained from FDTD main, light reflection may occur, re-entering the
solver may be influenced by certain parameter set- waveguide and interfering with the transmission
tings. To ensure the reliability of the results, conver- results. Increasing the number of PML layers or po-
gence analysis is necessary to verify that the config- sitioning the PML farther from the simulated struc-
urations are appropriate. It is noted that the primary ture can mitigate this interference. The transmission
factors affecting simulation accuracy are the PML loss was evaluated by varying two parameters: the
and the mesh accuracy level. Therefore, this work distance between the PML and the waveguide edge
conducted convergence analysis on the transmit- and the number of PML layers, as illustrated in
tance of the designed strip waveguide with respect Fig. 13 (color online).
to these two aspects.
@ (b)
1.000 __,_._——‘\ 1.000 ,_._4——‘*.\
0.998 1 0.998 -
Q o
g g
£ 0.996 - £ 0.996
g g
£ 0.994 1 g 0.994
= =
—=—1.0 pm —=—3§ layers
0.9929 ¢ |5 um 0.9921 18 layers
——2.0 pm ——28 layers
0.990 r T T . 0.990 T T T 1
400 500 600 700 800 400 500 600 700 800
Wavelength/nm Wavelength/nm
Fig. 13 Variation of transmittance with (a) PML-to-edge distance and (b) PML layer count
When testing the effect of the PML-to-wave- simulation accuracy but also increases computation-
guide-edge distance on transmission, the number of al time and resource consumption. Therefore, the
PML layers was fixed at the default value of 8. Con- mesh accuracy should be selected based on an ac-
versely, when examining the influence of PML lay- ceptable error tolerance. In this study, all FDE simu-
er count, the PML-to-waveguide-edge distance was lations employed a mesh accuracy of 10 nm, while
set to 1 um. The results indicate negligible variation FDTD simulations used the second slider setting,
in transmittance, confirming the convergence of the corresponding to one-tenth of the minimum wave-
simulation. length (43.5 nm). This value is below the 50 nm er-

Enhancing mesh accuracy not only improves ror threshold established in prior tests, ensuring suf-
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ficient accuracy. Nevertheless, to maintain methodo-
logical rigor, additional convergence analysis were
performed by further reducing the mesh size. With
the PML-to-waveguide-edge distance fixed at 1 um

(@

1.000 4 .—’.—-—__‘_‘-\-
0.998 -
8
£0.996 A
E
1%2]
5 0.994 1
&
—=—Mesh accuracy 2
0.992 1 —o—Mesh accuracy 3
——Mesh accuracy 4
0.990 T T T
400 500 600 700
Wavelength/nm

800

and the number of PML layers set to 8, the mesh ac-
curacy was adjusted to evaluate its impact on wave-

guide transmittance, as shown in Fig. 14 (color on-

(b)

Transmittance

line).
1.000 1 v-f"—’*\‘\‘
0.998 1
0.996 1
0.994 +
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0.990 T T : s
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Fig. 14 (a) Variation of transmittance with the mesh accuracy. (b) The transmittance for waveguide lengths of 20 pm and

100 pm

The results demonstrate nearly identical trans-
mission curves across different mesh accuracies,
confirming the convergence of the simulation.

In addition, in the simulation of waveguide
transmittance, the waveguide length was set to
20 um. To verify the rationality of this length set-
ting, for the finally obtained waveguide dimensions,
the length was increased to 100 um for simulation.
As shown in Fig. 14 (b), the transmittance curve re-
mains essentially unchanged, indicating that this
length is sufficient to achieve stable transmission

loss and that the setting is reasonable.

5 Discussion and conclusion

The entire visible spectrum leads to an inher-
ent contradiction in waveguide dimension require-
ments between short and long wavelengths. Spe-
cifically, shorter wavelengths necessitate smaller di-
mensions to suppress higher-order modes, while
longer wavelengths require larger dimensions to
prevent energy leakage. This fundamental trade-off
has been verified through FDE simulations, demon-
strating that neither rectangular nor rib waveguides
can maintain single-mode operation across the en-

tire target spectrum, thereby necessitating the adop-

tion of multimode waveguides as an alternative
solution.
This study

transmission characteristics of silicon nitride wave-

systematically investigated the

guides across the entire visible spectrum (435—
760 nm). Through FDTD and FDE simulation, we
demonstrated that single-mode transmission cannot
be achieved in this spectral band, thereby proposing
a design strategy for low-loss multimode transmis-
sion. The research revealed that:

» Slab waveguides with thickness =1 um
achieve polarization-insensitive low transmission
loss.

* For 1 pm-thick strip waveguides, width
=1.5 pm significantly reduces transmission loss,
while further increasing width to 2 pum effectively
mitigates sidewall roughness-induced scattering
loss.

* In spatial arrangement, adjacent strip wave-
guides require a >0.4 pm spacing to prevent energy
coupling and crosstalk.

* During bending transmission, strip wave-
guides maintain low-loss propagation with a minim-
um bend radius of 10 um, enabling compact device
integration.

* For the aforementioned waveguide dimen-
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sions, fabrication-induced dimensional variations
exhibit negligible impact on optical transmission,
and when the sidewall roughness maintains an RMS
value <10 nm, the waveguide demonstrates relat-
ively low transmission loss.

FDTD simulations revealed that multimode
waveguides offer distinct advantages: their larger di-
mensions not only effectively confine visible light
and enhance fabrication tolerance and also permit
reduced inter-waveguide spacing and bending radii.
These features significantly improve compactness,
providing a theoretical foundation for high-density
integration of on-chip visible light devices.

The definition of the wavelength range of vis-
ible light varies across different studies, primarily
depending on specific application scenarios and
technical requirements. For instance, visible light
communication research typically adopts the range
of 380—750 nm to cover the typical emission spec-
trum of LED light sources, while some devices may
simplify it to 400—700 nm to reduce computational
complexity. The simulation results in this study
demonstrate that the designed waveguide exhibits
lower loss in the short-wavelength band. Con-
sequently, the waveguide achieves superior per-
formance at shorter operating wavelengths, whereas
the loss increases when operating in the long-
wavelength band. In such cases, further optimiza-
tion of the waveguide dimensions may be required.

The waveguide thickness (=1 pm) adopted in
this study is designed based on the principle of po-
larization insensitivity, ensuring comparable pro-
pagation characteristics for both TE and TM modes,
making it suitable for dual-polarization applications.
If only single-polarization operation is required, the
thickness can be moderately reduced to further min-
imize device dimensions.

The primary limitation of multimode wave-
guides lies in modal crosstalk. Finite-difference
time-domain simulations demonstrate significant en-
ergy coupling between propagating modes, particu-

larly in bent waveguide regions. Consequently, the

design presented in this paper is only suitable for
devices where mode characteristics are not of con-
cern, such as the visible light communication sys-
tem mentioned in the introduction, which relies on
direct modulation of data signals through LED
emission intensity and captures optical power via
photodetectors at the receiving end. Another ex-
ample is on-chip color imaging systems, where the
output solely captures intensity signals of different
spectral bands to reconstruct the original color im-
age—for these devices where light intensity serves
as the core metric, modal crosstalk does not impair
system performance. However, in other devices,
multimode transmission may introduce certain is-
sues. For instance, in miniature spectrometers, un-
calibrated multimode waveguides under broad spec-
tra may exhibit crosstalk between adjacent wave-
length channels, necessitating compensation through
pre-measured transmission matrices, thereby in-
creasing technical complexity. In waveguide bio-
sensors, employing multimode waveguides can ex-
pand the operational wavelength range while en-
abling simultaneous monitoring of multiple bio-
molecules, yet phase and propagation velocity dif-
ferences among modes may introduce interference
noise, which reduces detection sensitivity. Thus,
trade-offs must be made based on specific applica-
tion scenarios. For devices that prioritize wave-
guide mode characteristics, future research could ex-
plore mode control techniques to overcome this lim-
itation and broaden the application scope of full-vis-
ible-light waveguides.

Compared with existing studies, this work es-
tablishes the critical parameters and process toler-
ances of silicon nitride waveguides for the entire
visible spectrum. These findings provide practical
guidance for determining waveguide dimensions
and selecting fabrication processes to achieve low-
loss visible light transmission. The results offer the-
oretical support for developing applications such as
miniature spectrometers, visible light communica-

tion systems, and on-chip color imaging devices.
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