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and optogenetics,[4,5] quantum infor-
mation processing,[6–9] and frequency 
metrology,[10,11] people have investigated 
visible integrated photonics in various 
materials including SiO2,[12,13] Si3N4,[14–20] 
InP,[21,22] diamond,[23–27] TiO2,[28] AlN,[29] 
and lithium niobate.[30] Among these 
materials, lithium niobate is regarded as 
the most promising candidate because of 
its ultrabroad optical transparency window 
(350–5200  nm), large electro-optic coeffi-
cients, and large second-order optical non-
linearity.[31] These advantages have enabled 
many nonlinear applications in frequency 
metrology and quantum information pro-
cessing in a wide wavelength range.

A thin-film lithium-niobate-on-insu-
lator (LNOI) technology has significantly 
extended the application areas because 
of the strong optical confinement and 
high photonic integration density.[32] Piv-
otal photonic devices with excellent per-
formance have been demonstrated on 

lithium niobate platforms, such as high-speed modulators,[33–36] 
single-photon sources,[37–39] and supercontinuum light emit-
ters.[40] However, photonic integrated circuits fabricated on the 
LNOI platform usually require high-quality etching of lithium 
niobate, which adds to device fabrication difficulty and reduces 
device yield. The device performance also depends critically on 
the quality of etching. Recently, a fundamentally new photonic 
architecture by patterning a fabrication-friendly optically trans-
parent material on an optically functional substrate was theoreti-
cally proposed[41] and experimentally demonstrated without the 
need for etching of the substrate.[42] This photonic architecture 
can guide and route photons with ultralow optical loss by engi-
neering its geometric parameters to eliminate the dissipation to 
the substrate continuum. Consequently, this photonic architec-
ture has enabled an etchless lithium niobate integrated platform, 
with experimental demonstrations of high-dimensional commu-
nication, acousto-optic modulation, and 2D-material integration 
at the telecom wavelengths.[43–45] Based on this principle, here we 
developed an ultralow-loss etchless lithium niobate integrated 
photonic platform at near-visible wavelengths (765–781 nm) and 
experimentally realized the core photonic components including 
waveguides, microcavities, Mach–Zehnder interferometers, and 
multimode directional couplers. With excellent performance 
and simple fabrication processes, the demonstrated photonic 
integrated circuits and the photonic components will enable on-
chip applications of optical imaging, optogenetics, and quantum 
information processing in the near-visible wavelength range.

Lithium niobate is considered as the “silicon of photonics” because of its 
many excellent optical properties as well as a wide transparency window 
covering the visible to mid-infrared wavelength range. Here, by using the 
principle of bound states in the continuum, lithium niobate integrated 
photonics at near-visible wavelengths with an etchless fabrication process 
is developed, which achieves a minimal propagation loss of 1.8 dB cm−1 in 
straight waveguides at the wavelength of ≈771 nm and a maximal intrinsic 
Q factor of 1.1 × 106 in disk microcavities at ≈765 nm. Typical integrated 
photonic components including Mach–Zehnder interferometers and multi-
mode directional couplers are also demonstrated. Based on the experimental 
results, a convenient scheme of second-harmonic generation is proposed for 
converting light in the fundamental TE-polarized mode at a telecom wave-
length into the second-order TM-polarized mode at a near-visible wavelength. 
The demonstrated etchless lithium niobate integrated photonic platform can 
support both passive and active optical devices and systems on a chip for 
various visible-light applications including optical imaging, nonlinear optics, 
and quantum information processing.
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1. Introduction

Photonic integration provides a path to reduce device size, 
weight, power consumption, and improve manufacturability 
at the chip scale. Photonic integrated circuits have developed 
drastically in the past decades and have enabled many appli-
cations in a wide optical wavelength range. Compared with 
the integrated platforms and devices at the telecom wave-
lengths, visible integrated photonics has been less developed.  
Targeting at its distinctive applications in biosensing[1–3] 
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2. Results and Discussion

Figure 1a illustrates the photonic integrated circuit fabricated on 
a LNOI substrate with an etchless process. Figure 1b shows the 
cross section of the waveguide structure, which is constructed 
by patterning a fabrication-friendly optically transparent 
polymer (ZEP520A) on a z-cut LNOI substrate. The thicknesses 
of the lithium niobate layer, the polymer atop, and the silicon 
oxide underneath are 150 nm, 400 nm, and 2 µm, respectively. 
Similar to the bound states in the continuum (BICs) demon-
strated for the telecom band at ≈1550  nm, we could engineer 
the geometry of the polymer waveguide to obtain BICs in the 
near-visible band at ≈775  nm. We adopted a finite-element 
method in COMSOL to analyze the modes supported by the 
waveguide structure in Figure  1b, where the refractive indices 
of lithium niobate were set as no = 2.2592, ne = 2.1789, and the 
refractive index of the polymer was set as 1.5492 at the wave-
length of 771 nm. Figure  1c plots the effective refractive index 
distributions for both the TE and TM polarizations. The pat-
terned polymer waveguide extending in the y direction renders 
a high-effective-index channel for both TE- and TM-polarized 
light. Figure 1d shows cross-sectional |E| profiles of a TE contin-
uous mode and the fundamental TM bound mode. Because the 
TM-polarized bound mode lies in the TE-polarized continuum, 
the former can interact with the latter, leading to energy dissi-
pation into the substrate continuum. Nonetheless, by carefully 
engineering the waveguide structural parameters, the inter-

action between the TM bound mode and the TE continuous 
modes can be eliminated, where the TM bound mode turns 
into the desired BIC.

To develop lithium niobate photonic integrated circuits 
based on BICs in the near-visible wavelength range, one needs 
to obtain the elementary photonic components such as wave-
guides and microcavities. Figure 2a,b illustrates straight and 
bent waveguides on the etchless lithium niobate integrated 
platform, respectively. The propagation loss of these wave-
guides is caused mainly by the energy dissipation at the two 
waveguide edges into the continuous modes, and the total loss 
is a coherent addition of energy dissipation through the two dis-
sipation channels. Therefore, the propagation loss is a result of 
interference between the two dissipation channels and depends 
on the waveguide geometric parameters. Figure 2c,d shows the 
propagation loss of the TM bound mode at the wavelength of 
771  nm in a straight and a bent waveguide, respectively. It is 
clear that the propagation loss can be eliminated for certain 
geometric parameters when perfect destructive interference is 
achieved, corresponding to the attainment of BIC. For wave-
guides with those geometric parameters, the TM bound mode 
is entirely decoupled from the TE continuous modes, becoming 
the desired BIC. However, it should be noted that although the 
loss to the substrate continuum can be eliminated by using 
the principle of BIC, the conventional bending loss to the free 
space cannot be avoided.[42] This is reflected in the fact that the 
quality factor of a microdisk cavity drops drastically when its 

Adv. Optical Mater. 2021, 9, 2100060

Figure 1. a) Schematic illustration of the photonic integrated circuit fabricated on a LNOI substrate with an etchless process. b) Cross section of the 
waveguide structure supporting the photonic BIC. The bottom is a thick layer of silicon oxide (gray), the middle is a thin layer of lithium niobate (light 
blue), and the top is a thin patterned polymer waveguide (dark blue). c) Effective refractive index distributions of the waveguide structure in (b) for the 
TE and TM polarizations. d) Electric field |E| profiles of the TE continuous mode (top) and the TM bound mode (bottom) supported by the waveguide 
structure in (b).
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radius is less than 30 µm but can be regarded as infinity when 
its radius is sufficiently large (see Figure S2c, Supporting Infor-
mation). In practice, the optical loss is ultimately limited by the 
material absorption and fabrication imperfection, rather than 
the radiation into the substrate.

We fabricated straight waveguides with different waveguide 
widths on a LNOI substrate and measured their propagation 
loss. We adopted grating couplers, which were fabricated along 
with the waveguides with the same etchless process, for cou-
pling light between optical fibers and the on-chip waveguides. 
These grating couplers are polarization sensitive and were 
designed for optimal coupling of the TM-polarized light. With a 
period of 0.62 µm and a duty cycle of 0.42, they achieved a cou-
pling efficiency of 12.7% per coupler at the center wavelength of 
771.8 nm and a 3-dB bandwidth of 10 nm, with the light incident 
angle of 22°. Light from a tunable semiconductor laser was sent 
through a fiber polarization controller before being coupled 
into a fabricated device via the input grating coupler. The light 
transmitted through the waveguide was coupled out of chip via 
the output grating coupler and then collected by a power meter. 
To measure the propagation loss of a straight waveguide with 
a certain width, we fabricated on the same chip two straight 
waveguides with the same width but different lengths. By com-
paring the transmissions of these two devices, we could extract 
the propagation loss of waveguide at this width. Figure  2c 
shows that the measured propagation loss of straight wave-

guides with different waveguide widths agrees well with the 
simulated result. A propagation loss of 1.8 dB cm−1 is obtained 
at the waveguide width of 2.5 µm. Figure 2d shows the simu-
lated propagation loss of bent waveguides as a function of the 
bend radius and waveguide width. Based on the simulated and 
measured results in Figure  2c,d, we chose the width of both 
straight and bent waveguides as 1.8 µm and the bend radius as 
40 µm to obtain low propagation loss and compact device size.

We also fabricated microdisk and microring cavities to dem-
onstrate 3D confinement of photons based on BICs. Figure 3a 
shows an optical microscope image of a fabricated microdisk 
cavity, along with an evanescently coupled bus waveguide and 
grating couplers. Figure  3b is a top-view image of the device 
when a light field is coupled into the device and resonating 
inside the microdisk cavity. The nonuniformly distributed light 
field is probably due to extra scattering by particles on the edge 
of the microdisk cavity. The Q factors could be measured from 
the transmission spectra of the waveguide evanescently coupled 
with the cavity. Figure 3c plots the simulated and experimental 
intrinsic Q factor of the microdisk cavity as a function of the 
disk radius Rd. The experimental intrinsic Q factors were cal-
culated from the measured loaded Q factors and extinction 
ratios based on the under-coupling condition (Section 1, Sup-
porting Information). The experimental result agrees well with 
the simulated result, both of which confirm the attainment 
of BIC when the disk radius Rd is 79.3  µm. Figure  3d plots 

Adv. Optical Mater. 2021, 9, 2100060

Figure 2. a) Illustration of a straight waveguide with the waveguide width being w. b) Illustration of a bent waveguide with the bend radius and wave-
guide width being Rb and wb, respectively. c) Propagation loss of the straight waveguide in (a) as a function of the waveguide width w at the wavelength 
of 771 nm. The blue line plots the simulated result, and the red dots represent the measured data. d) Simulated propagation loss of the bent waveguide 
in (b) as a function of the bend radius Rb and waveguide width wb at the wavelength of 771 nm.
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the measured transmission spectrum of a microdisk cavity 
with Rd  =  79.3  µm. Figure  3e plots the zoomed-in spectra of 
the two cavity resonances marked in Figure  3d, showing the 
loaded (intrinsic) Q factors of 8.8 × 105 (1.1 × 106) and 6.1 × 105 
(8.8  ×  105) at the wavelengths of 765.4 and 771.3  nm, respec-
tively. The achieved intrinsic Q factor is twice higher than that 
of a device fabricated by etching lithium niobate, where an 
intrinsic Q factor of 5.3 × 105 was obtained at 733 nm.[30] Com-
pared with our previous work in the telecom band, the Q fac-
tors for the BICs at the near-visible wavelengths are about four 
times higher, which can be attributed to lower optical absorp-
tion of the polymer ZEP520A in this wavelength range. The 
experimental results of microring cavities are presented in Sec-
tion 2 of the Supporting Information.

Based on the developed BIC waveguides, we also con-
structed and demonstrated some elementary photonic com-
ponents for photonic integrated circuits on this integrated 
platform. Figure 4a,b shows our fabricated Mach–Zehnder 
interferometer and directional coupler, respectively. Figure 4c 
shows the measured optical transmission spectrum for the 
Mach–Zehnder interferometer. Light coupled into the input 
port is divided by a power splitter into the two arms of the 
Mach–Zehnder interferometer. The lengths of the two arms 
are unequal, and thus the interference of light in the two arms 
produces wavelength-dependent transmission at the output 
as shown in Figure  4c. The relatively low extinction ratio is 
attributed to the unequal propagation loss experienced by 
light after traveling through the two arms of unequal lengths. 

Figure  4d shows the measured optical transmission spectra 
for the directional coupler with an optimal coupling length, 
which indicates that light can be directed efficiently from one 
waveguide channel to another in the wavelength range of 
765–781 nm.

Next, we investigated multimode directional couplers on 
this integrated platform. They can convert a BIC of the fun-
damental order into a BIC of a higher order and thus are 
the building block for high-dimensional optical communica-
tion systems. By carefully optimizing the widths of different 
waveguides and the coupling lengths between them, multiple 
light signals from multiple channels can propagate in a single 
waveguide without interfering with each other, which can sig-
nificantly enhance data link capacity to meet the increasing 
demand for high data rates in on-chip optical communica-
tion. The waveguide widths for BICs of different orders were 
chosen to satisfy two requirements: low propagation loss and 
phase matching between the BICs of different orders. The 
design details are presented in Section 3 of the Supporting 
Information. Figure 5a shows an optical microscope image of 
a fabricated TM0–TM1 directional coupler with a close-up view 
of its coupling region. The waveguides that support BICs of 
different orders are labeled as wg0 and wg1, with their widths 
being w0 and w1, respectively. The gap between waveguides 
wg0 and wg1 is g1. The coupling length for converting the TM0 
mode into the TM1 mode is L1. Setting the same effective 
refractive index of 1.682 for all the BICs of different orders, 
we obtained these optimized parameters: w0  =  1.86  µm, 

Adv. Optical Mater. 2021, 9, 2100060

Figure 3. a) Optical microscope image of a fabricated device including a microdisk cavity, a coupling waveguide, and two grating couplers. b) Top-
view image of the device in (a) when a light field is coupled into the device and resonating inside the microdisk cavity. The white dashed circle marks 
the periphery of the microdisk cavity. c) Simulated and experimental intrinsic Q factor of the microdisk cavity as a function of the disk radius Rd.  
d) Measured optical transmission spectrum of a microdisk cavity whose geometric parameters satisfy the BIC condition for light at the wavelength of 
≈771 nm. e) Zoomed-in spectra of two cavity resonances marked in (d), showing the loaded (intrinsic) Q factors of 8.8 × 105 (1.1 × 106) and 6.1 × 105 
(8.8 × 105) at the wavelengths of 765.4 and 771.3 nm, respectively.
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w1 =  4.04 µm, g1 =  180 nm, and L1 = 276 µm. The details for 
the TM0–TM2 directional coupler are presented in Section 4 
of the Supporting Information. Figure  5b shows the simu-
lated normalized transmission of the coupled and through 
ports at the wavelength of 771  nm for the TM0–TM1 direc-
tional coupler as a function of the coupling length. Figure 5c 
shows the simulated normalized transmission spectra of the 
coupled and through ports of the TM0–TM1 directional cou-
pler with the theoretical optimal coupling length of 276 µm. 
Figure  5d shows the simulated electric field profile (|E|) of 
light coupled from the TM0 mode in the upper waveguide to 
the TM1 mode in the lower waveguide in the mode conversion 
region of the TM0–TM1 directional coupler, which confirms 
successful mode conversion with the optimal coupling length 
of 276 µm. Figure 5e,f shows the experimental results of the 
fabricated TM0–TM1 directional couplers. In Figure  5e, the 
solid lines are fits of the experimental data by using a sinu-
soidal function, which reveal that the experimental optimal 
coupling length is L1  =  325  µm. Figure  5f plots the meas-
ured normalized transmission spectra of the coupled and 
through ports of the TM0–TM1 directional coupler with the 
experimental optimal coupling length of 325 µm. The differ-
ence between the experimental and simulated results can be 
attributed to the unavoidable structural deviations in device 
fabrication. These experimental results have demonstrated 
successful mode conversion in the multimode directional 
couplers, which can be used for constructing (de)multiplexers 
for high-dimensional communication on the lithium niobate 
integrated platform.

In addition to the above demonstrated devices, this etchless 
platform has great potential in developing various applications 
by exploiting the unique properties of lithium niobate. With 
its large electro-optic coefficients, we can integrate the hybrid 
waveguides with electrodes to build electro-optic modulators, 
optical switches, and routers, where the refractive indices are 
controlled by an electric field between the electrodes. With its 
large photoelastic coefficients, we can realize efficient acousto-

optic modulation by integrating the hybrid waveguides with 
interdigital transducers to build acousto-optic modulators, 
optical isolators, and circulators. Furthermore, lithium niobate 
is also well known for its large second-order nonlinear optical 
coefficients, which can be used for nonlinear frequency con-
version and entangled photon-pair generation. Here, we theo-
retically propose a scheme of second-harmonic generation of 
light on this platform and numerically analyze the conversion 
efficiency. In a quadratic nonlinear waveguide, the normalized 
conversion efficiency is expressed as[46,47]

η π
ε λ

ζ ( )= ∆
cn n

d
A

L k8 sinc /2
2

0 1
2

2
2

2
eff
2

eff

2
 (1)

where deff is the effective nonlinear coefficient, λ is the funda-
mental wavelength, n1 and n2 are the effective refractive indices 
of the fundamental and second-harmonic modes, respectively, 
Aeff is the effective modal area, ζ is the spatial modal overlap 
factor between the fundamental and second-harmonic modes, L 
is the waveguide length, and ∆k is the mismatch of wave num-
bers. First, let us examine the possibility of phase matching 
between the TE0,tele mode at the telecom wavelengths and the 
TM0,vis, TM1,vis, TM2,vis modes at the near-visible wavelengths 
in a straight waveguide. With a finite-element method, we 
simulated the effective refractive indices (Figure 6a) of the four 
modes, with their modal field profiles shown in Figure 6b, as 
a function of the waveguide width and wavelength (at telecom 
wavelengths for the TE0,tele mode and at near-visible wave-
lengths for the TM0,vis, TM1,vis, and TM2,vis modes). The inter-
secting line of the surfaces for the TE0,tele and TM2,vis modes 
corresponds to phase matching of these two modes. Figure 6c 
shows that phase matching between the TE0,tele mode at the 
fundamental wavelength of 1550  nm and the TM2,vis mode at 
the second-harmonic wavelength of 775  nm can be achieved 
in straight waveguides with a waveguide width of 2.30 µm, as 
indicated by the arrow. Figure 6d plots the phase-matched fun-
damental wavelength and the propagation loss of the TM2,vis 

Adv. Optical Mater. 2021, 9, 2100060

Figure 4. a,b) Optical microscope images of a fabricated Mach–Zehnder interferometer (a) and directional coupler (b). c,d) Measured optical transmis-
sion spectra for the Mach–Zehnder interferometer (c) and directional coupler (d).
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mode as a function of the waveguide width. It is found that the 
phase-matched fundamental wavelength follows a linear rela-
tionship with the waveguide width. When the waveguide width 
is 2.65 µm, a theoretical zero propagation loss is obtained for 
the TM2,vis mode (corresponding to the attainment of BIC) while 
the phase-matched fundamental (second-harmonic) wavelength 
is 1646.6 nm (823.3 nm). Because the TE0,tele mode is a regular 
bound state, its propagation loss is theoretically zero if the 
structure roughness and material absorption can be neglected. 
With the waveguide design parameters and the assumed non-
linear coefficient d31 = −4.3 pm V−1,[48] we numerically obtained 

Aeff = 20.3 µm2, ζ = 0.14, and η = 0.48% W−1 cm−2. For further 
improvement of the conversion efficiency, we can resort to peri-
odic poling of lithium niobate to achieve quasi-phase matching 
between other waveguide modes (e.g., TE0,tele and TM0,vis, 
TM0,tele and TM0,vis).

3. Conclusion

In summary, with an etchless fabrication process, we developed 
an ultralow-loss lithium niobate integrated photonic platform 

Adv. Optical Mater. 2021, 9, 2100060

Figure 5. a) Optical microscope image (left) of a fabricated TM0–TM1 directional coupler and a close-up view (right) of its coupling region.  
b) Simulated normalized optical transmission of the coupled (blue solid line) and through (red dashed line) ports at the wavelength of 771 nm for 
the TM0–TM1 directional coupler as a function of the coupling length. c) Simulated normalized optical transmission spectra of the coupled (blue  
solid line) and through (red dashed line) ports of the TM0–TM1 directional coupler with the theoretical optimal coupling length of 276  µm.  
d) Simulated electric field |E| profile of light coupled from the TM0 mode in the upper waveguide to the TM1 mode in the lower waveguide in the mode 
conversion region of the TM0–TM1 directional coupler with the coupling length of 276 µm. e) Measured normalized optical transmission of the 
coupled (blue dots) and through (red triangles) ports at the wavelength of 771 nm for the TM0–TM1 directional coupler as a function of the coupling 
length. The solid lines are fits of the experimental data by using a sinusoidal function. f ) Measured normalized optical transmission spectra of 
the coupled (blue line) and through (red line) ports of the TM0–TM1 directional coupler with the experimental optimal coupling length of 325 µm.
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and experimentally demonstrated multiple integrated photonic 
components at near-visible wavelengths (765–781 nm). We also 
proposed a convenient scheme to achieve second-harmonic 
generation on this platform for converting light at a telecom 
wavelength to a near-visible wavelength. Based on the principle 
of BICs, we experimentally achieved a minimal propagation 
loss of 1.8  dB  cm−1 in straight waveguides at the wavelength 
of ≈771  nm and a maximal intrinsic Q factor of 1.1  ×  106 in 
disk microcavities at ≈765 nm. The optical loss can be further 
reduced by optimizing the fabrication processes. For example, 
the optical absorption loss can be reduced by replacing the 
polymer with another optically transparent material such as 
silicon oxide. The scattering loss caused by sidewall roughness 
can be reduced by performing a baking step after lithographic 
patterning of the polymer. The demonstrated etchless inte-
grated photonic platform is versatile for different wavelength 
ranges, different substrates, and integration with different 
functional materials. For example, when integrated with opti-
cally active materials such as perovskites, 2D transition metal 
dichalcogenides, and polymers doped with dye molecules, this 
platform facilitates exploration of on-chip high-speed photo-
detectors, optical amplifiers, and low-threshold lasers at near-
visible wavelengths. With strong electro-optic, piezoelectric, 
and optical nonlinear effects of lithium niobate, this ultralow-
loss etchless integrated photonic platform paves the way for 
both passive and active devices and applications in the visible 

regime, such as optical imaging, optogenetics, and quantum 
information processing.
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Figure 6. a) Simulated effective refractive indices of the TE0,tele, TM0,vis, TM1,vis, and TM2,vis modes in a straight waveguide as a function of the wave-
guide width and wavelength (at telecom wavelengths for the TE0,tele mode and at near-visible wavelengths for the TM0,vis, TM1,vis, and TM2,vis modes). 
b) Simulated |E| modal field profiles of the four modes. c) Simulated effective refractive index as a function of the waveguide width w at the wavelength 
of 1550 nm for the TE0,tele mode and 775 nm for the TM0,vis, TM1,vis, and TM2,vis modes. The arrow indicates the point of phase matching between the 
TE0,tele mode at the fundamental wavelength and the TM2,vis mode at the second-harmonic wavelength. d) The phase-matched fundamental wavelength 
and propagation loss of the TM2,vis mode as a function of the waveguide width w.
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