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Integrated photonics is a powerful platform that can improve the performance and stability of optical systems while
providing low-cost, small-footprint, and scalable alternatives to implementations based on free-space optics. While
great progress has been made on the development of low-loss integrated photonics platforms at telecom wavelengths,
the visible wavelength range has received less attention. Yet, many applications utilize visible or near-visible light,
including those in optical imaging, optogenetics, and quantum science and technology. Here we demonstrate an ultra-
low-loss integrated visible photonics platform based on thin-film lithium niobate on an insulator. Our waveguides
feature ultra-low propagation loss of 6 dB/m, while our microring resonators have an intrinsic quality factor of 11
million, both measured at 637 nm wavelength. Additionally, we demonstrate an on-chip visible intensity modulator
with an electro-optic bandwidth of 10 GHz, limited by the detector used. The ultra-low-loss devices demonstrated in
this work, together with the strong second- and third-order nonlinearities in lithium niobate, open up new oppor-
tunities for creating novel passive and active devices for frequency metrology and quantum information processing in
the visible spectrum range. © 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Low-loss, active, and integrated photonic platforms operating at
visible wavelengths are of great interest for applications ranging
from quantum optics and metrology to bio-sensing and bio-
medicine. For example, alkali and alkaline earth metals such as
rubidium, cesium, calcium, and sodium, the key elements for
modern precision optical frequency metrology [1–3], magnetom-
etry [4–6], and quantum computation [7–10], have their atomic
transitions in the visible and near-visible spectrum range.
In addition, integrated photonic circuits at visible wavelengths
found their way into the fields such as optogenetics [11,12] and
bio-sensing [13–15]. Furthermore, visible wavelength light is
used for quantum state preparation [16], manipulation, and read-
out of color centers [17], quantum dots [18,19], and various
quantum emitters in 2D materials [20,21].

Driven by these applications, several materials have been in-
vestigated as candidates for visible photonics platforms, including
SiO2 [22,23], Si3N4 [24–27], diamond [28–32], TiO2 [33], and
AlN [34]. With exception of AlN, all of these platforms are
electro-optically passive and do not allow for fast control of optical
signals. Here we show that lithium niobate (LN) is a promising
integrated platform for visible photonics, owing to its wide trans-
parency window (400–5000 nm), large electro-optic coefficient
∼30 times larger than that of AlN, and strong optical nonlinearity
[35]. Our work builds on recently developed thin-film lithium
niobate (TFLN) substrates [36] and the novel fabrication method

[37] that enabled realization of high-performance electro-optical
(EO) modulators [38–40] and Kerr and EO frequency combs
[41,42] in telecom wavelength range (1500–1650 nm). TFLN
platform has also been used to demonstrate an effective generation
of visible light via nonlinear processes such as second-harmonic
generation (SHG) [43–47] and sum-frequency generation (SFG)
[48]. In this work, we demonstrate low-loss waveguides and Y
splitters, ultra-high-Q microring resonators, and electro-optical
(EO) modulators with 10 GHz bandwidth (limited by the band-
width of the detector used), operating at a technologically relevant
600–900 nm wavelength range.

2. LOW-LOSS LN WAVEGUIDES AND HIGH-Q
RESONATORS

In our earlier work [37] focused on telecom LN devices, the main
sources of waveguide loss were scattering due to rough sidewalls
and linear absorption in the SiO2 cladding. The former is ex-
pected to be much more significant at the visible wavelengths con-
sidered here, since Rayleigh scattering is proportional to λ−4,
where λ is the wavelength of light. Therefore, in order to mini-
mize the interaction between the waveguide mode with sidewalls
and oxide cladding, we choose to work in a rib configuration
where the waveguide consists of a slab and a strip superimposed
onto it [Fig. 1(a)]. The waveguide parameters were chosen to sat-
isfy three important conditions: (i) single-mode operation at the
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wavelength of interest λ � 635 nm for both transverse-electric
(TE) and transverse-magnetic (TM) polarization; (ii) minimal over-
lap between the optical mode, the waveguide sidewall, and the
oxide cladding; and (iii) bending loss <0.1 dB∕cm for a bending
radius of 50 μm. The latter was chosen in order to enable realization
of compact high-Q ring resonators. Using numerical modeling
(Lumerical), we found that these requirements are satisfied for
the following waveguide parameters: strip height eT � 180 nm,
slab thickness wT � 120 nm, and waveguide top width wW �
480 nm. The sidewall angle was assumed to be 28° with respect
to the vertical direction, and is the result of our fabrication process
[37]. Figures 1(a) and 1(b) show the mode profiles of this waveguide
at 635 nm and 850 nm, respectively. Since one envisioned applica-
tion of the LN photonic platform is in nonlinear multi-wavelength
processes, we also evaluate the performance of our waveguide at tele-
com wavelengths [Fig. 1(c)]. As expected, the optical mode is less
confined at longer wavelengths, which will result in larger optical
losses. It should be noted that at elevated optical power, additional
nonlinear loss mechanisms may become relevant, including SHG,
the photorefractive effect [49], and thermal instability.

In order to characterize the optical losses, we fabricated microring
resonators with various radii and coupling gaps (Fig. 2). The devices
were fabricated on a LN-on-insulator (LNOI) substrate (NANOLN)
with 300 nm of an X-cut LN layer on top of a 2-μm-thick thermally
grown silicon dioxide layer. The structures were defined with electron
beam lithography, and the patterns were transferred through induc-
tively coupled reactive ion etching with Ar+ plasma (ICP-RIE).
Finally, the chip was cleaned and covered with 1-μm silicon dioxide,
using plasma-enhanced chemical vapor deposition (PECVD).
Finally, the waveguide facets were diced and polished. The fabricated
chips were inspected by scanning electron microscope (SEM) and
atomic force microscope (AFM). Figures 1(d) and 1(e) present a

false-color SEM micrograph of a cladded device cross section and
an AFM scan of a 500-nm-wide waveguide before cladding, respec-
tively. On the sidewalls of the waveguides, the roughness, measured
over a 3-by-0.1-μm area, is found to be 0.7 nm RMS. The 28-deg
sidewall angle was extracted from the 1D AFM profile [Fig. 1(f)].

One of the main challenges in fabrication of microring reso-
nators at visible wavelengths is the narrow coupling gap needed
for a single point coupling scheme. To overcome this difficulty,
we implement a pulley coupling scheme where the coupling wave-
guides wrap around the ring. The exact coupling length was cal-
culated at different wavelengths by using 3D finite difference time
domain (FDTD) simulations (Lumerical). SEM micrographs of
the fabricated microring resonator and a close-up zoom at the
coupling region are shown in Figs. 2(a) and 2(b).

The devices were characterized in the 634–638 nm and 720–
850 nm ranges using New Focus Velocity and M2 SolsTis tunable
lasers, respectively. Both lasers were calibrated using an external
wavemeter and a home-built fiber-based Mach–Zehnder (MZ)
interferometer. We launched a TE-polarized laser beam into the
coupling waveguide using a single-mode visible lensed fiber (OZ
Optics) and collected and detected transmitted light using another
lensed fiber followed by a photodetector (New Focus, 1801). The
input polarization of the light was controlled by an external fiber-
based polarization controller. To avoid the influence of the photo-
refractive effect and thermal instability, the devices were measured
in low-power operation regime with tens of nanowatts of optical
power (resulting in tens microwatts of circulating power inside the
ring). The typical fiber-to-chip coupling loss is ∼6–10 dB per facet
due to mode mismatch from the fiber to the chip.

Figure 3 shows the transmission spectra of a representative mi-
croring resonator measured at different wavelengths. By fitting the
experimental results of under-coupled microring resonators with
Lorentzian function, we estimate loaded quality factors (Ql ) of
7.8 × 106, 3.2 × 105, and 1.5 × 105 at wavelengths of 637 nm,
730 nm, and 800 nm, respectively. These quality factors correspond
to intrinsic quality factors of 1.1 × 107, 5.3 × 105, 2.7 × 105

(a)

(d)

(b)

(e)

(c)

(f)

Fig. 1. (a)–(c) Finite element simulation of TE00 waveguide mode near
three different wavelengths: 635 nm, 850 nm, and 1550 nm; wW �
480 nm is waveguide width and wT � 120 nm is LN slab thickness.
(d) False-color SEM micrograph of the waveguide cross section. (e) 2D
AFM scan on LN waveguide. (f) AFM line profile of LN waveguide.

(a) (b)

Fig. 2. (a) SEM micrograph of a fabricated microring resonator
(radius � 100 μm). (b) SEM image of the coupling region.

(a)

(b) (c) (d)

Fig. 3. (a) Measured transmission spectrum of TFLN microring cavity
near 635 nm wavelengths. (b)–(d) Fit of the resonance dips to Lorentzian
function at wavelengths of 637 nm, 730 nm, and 800 nm, respectively.
Experimental data shown as blue dots and fit function shown as red line.
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respectively. We also characterized the same ring resonator at the
telecom wavelength range (1450–1650 nm) using a Santec 510 tun-
able laser (data not shown) and observed a moderately high loadedQ
factor of 1.1 × 105 (intrinsic Q � 2.3 × 105). As expected, quality
factors decrease as wavelength increases due to reduced confinement
of the optical mode, leading to increased overlap with waveguide
sidewalls and cladding. Based on these results, we estimate the upper
limit of the waveguide loss to be α ≈ 6 dB∕m at 635 nm wave-
length [50]. This value has same order of magnitude as the previously
reported loss value for TFLN waveguides at the infrared spectral
range [37]. It should be noted that for the TE-polarized waveguide
mode in the X-cut LN microring resonator, the refractive index will
alternate between an ordinary and an extraordinary value of no to ne.
However, for our microrings with large radii of more than 50 μm,
such refractive index alternation happens in an adiabatic fashion and
therefore does not impose any measurable additional optical loss to
the system. To confirm this, the effects of polarization-induced losses
were analyzed by collecting the light at the output with a microscope
objective and sending it through a polarizer. We do not observe any
effects of TE/TM coupling or crosstalk. Importantly, our results
show that LN ring resonators optimized for operation in the red
can support single-mode low-loss operation across a wide wavelength
range, which is essential for the envisioned applications in nonlinear
optics, including SHG, sum- and difference-frequency generation,
and entangled photon pair generation.

3. Y-SPLITTERS AND MACH–ZEHNDER
INTERFEROMETR

In addition to low-loss waveguides and high-Q cavities, beam
splitters and Mach–Zehnder interferometers (MZI) are key build-
ing blocks in integrated optics. There are many ways to realize an
on-chip beam splitter, such as MMI couplers [51] Y-Junctions
[52], and directional couplers [53]. Among these, Y-splitters
are particularly interesting owing to their simplicity, tolerance
to fabrication imperfections, and relatively wide bandwidth (hun-
dreds of nanometers). The main drawback of Y-splitters is their
relatively large footprint of a few hundred micrometers.

To characterize visible TFLN beam splitters, we fabricated a
“Y-splitter tree” [Fig. 4(a)]. In this way, different output arms of
the Y-splitter tree experience the same total waveguide length but
different number of splitters. By comparing the transmission lev-
els of different arms, the splitting ratios and the splitter losses can
be extracted from a linear fit. Figure 4(b) shows the normalized

transmission of the cascaded Y-splitter tree, measured at 637 nm,
as a function of number of Y-splitters in the cascade. Linear fit to
experimental data shows a slope of −3.21 dB∕splitter, indicating
an excessive splitter loss of 0.21 dB� 0.01 dB per Y-splitter.

Figure 4(c) shows a dark field optical image of a fabricated
unbalanced MZI formed using two Y-junctions and two low-loss
waveguides. Since the top arm is longer, the light propagating in it
will accumulate additional phase compared to the light propagating
in the bottom arm. After optical beams are recombined using a Y-
splitter [Fig. 4(d), inset], the difference in phase is converted into an
amplitude modulation, resulting in constructive and destructive in-
terference [Fig. 4(c)]. An important figure of merit for the MZI is
the extinction ratio (ER), which is the ratio between the amplitude
of constructively and destructively interfered light. In our devices
the highest measured ER is ∼30 dB, and it is larger than 15 dB
across the measured wavelength range. Effects such as polarization
mixing and higher-order mode coupling in the Y-splitter are likely
the cause of the reduced ER at longer wavelengths. This can be
improved by further optimization of the Y-splitter design.

4. INTENSITY MODULATOR

Important advantage of LN visible photonic platform over com-
peting platforms is the ability to realize efficient electro-optic
modulators and optical switches and routers. To demonstrate
this, we fabricated on-chip amplitude modulators which consist
of unbalanced MZI with embedded active phase shifters in both
interferometer’s paths. A coplanar ground-signal-ground (GSG)
transmission line was used to deliver RF fields. The active phase
shifters were fabricated in an additional lithography step followed
by evaporation and lift-off of gold electrodes. The gap between
the electrodes is 5 μm. The optical microscope image of the fab-
ricated structure is shown in Fig. 5(a). To characterize the DC
performance of the device, we measured a normalized transmis-
sion of the device as a function of applied voltage. The voltage
required for inducing a phase change of π is called half-wave volt-
age (Vπ). We found a Vπ of 8 V for a 2-mm-long device, which
translates into a voltage-length product (VπL) of 1.6 V·cm.
This value is slightly better than that of the previously reported
infrared (IR) TFLN modulator [38] since the same refractive

(b)

(a)

(d)

(c)

Fig. 4. (a) Mask layout of fabricated device. (b) Measured transmission
of cascaded Y-splitter tree as a function of number of Y-splitter branches.
The orange line shows a linear fit with a slope of −3.21 dB∕splitter.
(c) Dark field optical microscope image of the unbalanced MZI. Scale
bar: 50 μm. (d) Measured transmission spectrum of the MZI showing
extinction ratios of ∼30 dB. Inset: SEMmicrograph of Y-splitter section.
Scale bar: 2 μm.

(a)

(b) (c)

Fig. 5. (a) Optical image of the fabricated LN amplitude modulator.
(b) Measured normalized transmission versus applied DC voltage show-
ing a half-wave voltage of 8 V for a 2-mm-long device at a wavelength of
850 nm. Measured electro-optical response of the amplitude modulator.
(c) The 3-dB cutoff frequency is ∼10 GHz, limited by the detector.
Inset: Measured electrical insertion loss (S21 parameters) shows an elec-
trical (3-dB) bandwidth of 17 GHz.
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index shift would induce a larger phase accumulation at shorter
wavelengths.

The electro-optic bandwidth of our modulator was measured
using a vector network analyzer (Agilent E8364B). The optical
signal from the modulator was sent to a high-speed avalanche
photodiode (APD, EOT ET-4000A, bandwidth 10 GHz). RF
measurements were performed by using 50-Ω, 40-GHz RF
probes, and all the results were normalized relative to RF cable
losses. Figure 5(b) shows the measured electro-optic response of
our modulator at a wavelength of 850 nm. We measure our
modulator with 100 μW of optical power inside the device for
several hours without observing any power instability or perfor-
mance degradation in modulator operation. We measured the
electro-optical 3-dB bandwidth to be 10 GHz, and it is currently
limited by the bandwidth of the high-gain photodetector used. To
confirm this, we measured the electrical bandwidth (S21 param-
eter) of our coplanar transmission line [Fig. 5(c), inset] and found
the electrical 3-dB bandwidth to be 17 GHz. This value could be
further increased by improving the design of the microwave
coplanar transmission lines [54]. We note that our numerical
modeling indicates that modulation bandwidth is not limited by
group velocity mismatch between the optical and RF signals. In
the case of low RF propagation loss, the modulation bandwidth
limit is inversely proportional to the product of waveguide length
and the group index mismatch Δng [55]. In our case, in the
2-mm-long device with Δng � 0.12, the bandwidth limit due
to velocity mismatch is BW � 300 GHz, and it does not limit
the EO performance of our modulator. We also note that the
10-GHz bandwidth is sufficient for many practical applications
at the visible spectrum range, including frequency-modulation spec-
troscopy [56] or Pound–Drever–Hall laser-locking technique [57].

5. CONCLUSIONS

In conclusion, we have demonstrated an ultra-low-loss platform
for integrated photonics at visible wavelengths, which achieved
ultra-low linear propagation losses. Additionally, we demonstrate
an on-chip intensity modulator with an electro-optic bandwidth
of 10 GHz and a low voltage-length product of 1.6 V·cm. We
believe LN will become a powerful candidate for integrated
on-chip photonic applications such as active light manipulation
and wavelength conversion at the visible wavelength range as well
as other applications such as combination with quantum emitters
and alkali metals and that it will motivate future studies in the
field of active photonic devices at the visible wavelength range.
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