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Large-scale integration of phase modulators is at the core of 
photonic systems for on-chip optical routing and free-space 
wavefront shaping, two fundamental operations that are piv-

otal to the realization of a diverse range of applications, includ-
ing optical switching fabrics1, artificial neural networks2–4, light 
ranging and detection5,6, free-space optical communication7 and 
phased-array imaging8. Visible-spectrum integrated photonics is 
another exciting frontier with many emerging applications, such 
as augmented- and virtual-reality displays9,10, quantum informa-
tion processing11–13, nonlinear optics14,15, optical sensing16,17 and 
optogenetics18,19. Massively integrated chip-scale systems in the vis-
ible and near-infrared spectral regions demand micrometre-scale 
phase modulators with low power consumption or drive volt-
ages. These requirements are particularly challenging to meet for 
visible-spectrum integrated photonics, where the available materials 
platforms that are compatible with complementary metal–oxide–
semiconductor (CMOS) processes (that is, silicon nitride (SiN)20–27, 
aluminium nitride (AlN)14,28,29 and silicon dioxide (SiO2)30,31) have 
weak thermo-optic (TO) and electro-optic (EO) effects. For exam-
ple, the TO coefficient of SiN is much smaller than that of silicon32,33: 
waveguide-based SiN TO phase modulators at visible wavelengths 
are typically hundreds of micrometres in length and require tens of 
milliwatts of power for π phase modulation10. Lithium niobate (LN) 
is a new materials platform for integrated photonics with ultralow 
propagation losses34,35, although it is not CMOS compatible. Given 
the large EO coefficient of LN, state-of-the-art visible-spectrum LN 
waveguide phase modulators require a half-wave voltage–length 
product, VπL, of 1.6 V cm (ref. 35), implying that a device driven 
by a CMOS-level voltage would be approximately one centimetre 
in length. Liquid-crystal cladding provides another modulation 
mechanism with a smaller VπL, but it does not support high-speed 
modulation36,37.

Conventional phase modulators at visible wavelengths are based 
on phase accumulation as a result of light propagation in wave-
guides, which limits large-scale on-chip integration. Modulators 

based on optical resonance, such as micro-rings14–17,22–24,28,29,31,32,34,35, 
micro-discs1,21 and photonic crystal slabs13,30 as well as those based 
on plasmonic confinement38,39 support enhanced light–matter inter-
actions and can substantially reduce device footprints, power con-
sumption and drive voltages. However, resonators are not widely 
used for phase modulation because an optical resonance is usually 
associated with large amplitude modulation40, and the phase cover-
age across an optical resonance may be substantially smaller than 
2π (ref. 41). Furthermore, resonant structures are sensitive to fab-
rication and temperature variations41, demanding extra power for 
thermo-optically stabilizing the resonant frequencies of all devices 
on the chip and aligning them to the laser frequency.

Here, we demonstrate that phase modulation with minimal losses 
at visible wavelengths can be achieved in optical micro-resonators 
operating in the strongly over-coupled regime1,40–44. The latter is 
realized by designing an adiabatic micro-ring resonator that sup-
ports resonant modes delocalized from the device sidewalls to 
reduce optical scattering losses, and by choosing a coupler geom-
etry to enhance the resonator–waveguide coupling strength. 
Our visible-spectrum modulators exhibit a marked reduction 
in both footprint and power consumption for TO modulation. 
Delocalization of modes further improves the devices’ tolerance 
to fabrication variations compared with conventional micro-ring 
resonators and waveguide phase shifters. Our approach can poten-
tially enable large-scale, monolithic integrated photonics at visible 
wavelengths.

Strongly over-coupled micro-resonators for phase 
modulation
Phase modulation with minimal losses can be achieved in a device 
consisting of a micro-resonator coupled to a waveguide and operat-
ing in the strongly over-coupled regime (Fig. 1). The latter refers 
to a condition where the waveguide–resonator coupling rate, γe, is 
at least one order of magnitude larger than the intrinsic decay rate,  
γo, of the resonator, which results from a collective of optical scattering, 
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absorption and bending losses in the resonator. Operation in the 
strongly over-coupled regime is ideally suited for phase modula-
tion, as the output signal undergoes a 2π phase shift across an opti-
cal resonance, while the optical amplitude, A, is minimally affected  
(Fig. 1b): the amplitude drops to a minimum, Amin, of (γe − γo)/(γe + γo) 
at the centre of the resonance (Supplementary Section 1); thus, the 
modulation loss can be reduced to below 1 dB when γe > 17γo. In 
addition to providing phase modulation within a compact device 
footprint, micro-resonators allow for a substantial reduction in 
the power consumption of TO modulators and in the VπL of EO 
modulators by a factor of F/2, where F is the finesse factor of the 
resonator, when compared with waveguide-based phase modulators 
(Supplementary Sections 4 and 5). It is worth noting that two identi-
cal micro-resonators operating in the strongly over-coupled regime 
along the same bus waveguide can provide a total phase modulation 
of 4π; as such, there is an approximately linear relationship between 
the central 2π phase shift and the heating power for TO modulation, 
and a smaller range of heating power is needed for 2π phase mod-
ulation compared with single micro-resonators (Supplementary 
Section 2). Phase modulation using over-coupled resonators has 
been demonstrated at the telecommunications wavelengths1,40,45; 
however, it has been extremely challenging to realize the concept 
in the visible spectral range, due to the requirements of ultra-small 
waveguide–resonator coupling gaps and low optical losses.

We demonstrate visible-spectrum phase modulators operating 
in the strongly over-coupled regime based on adiabatic micro-rings 
(Fig. 1c,d). The overall design strategy is to choose the geometry 
of the micro-resonators, the gap size between the resonator and 
the waveguide, and the configuration of the coupler, so that γe can 

be increased and γo can be decreased to facilitate device operation 
under the strong over-coupling condition (Supplementary Section 
3). The adiabatic micro-ring in Fig. 1c supports the fundamental 
quasi-transverse-electric (quasi-TE) resonant modes where the 
electric-field components are polarized primarily in the plane of the 
chip. To increase γe, a small gap (around 100 nm) is used between 
the micro-ring and the bus waveguide, and the narrow section of 
the adiabatic ring is chosen to be phase-matched with the bus wave-
guide. At the wide section of the adiabatic ring, the optical mode 
is delocalized from the inner sidewall of the ring (Fig. 1e), so that 
the contribution to γo due to scattering at the sidewall roughness, 
the primary cause of optical losses in our devices (Supplementary 
Section 3), can be reduced. The rate of change in width between the 
narrow and wide sections of the resonator is sufficiently low to pre-
vent the resonator from entering into the chaotic operation regime46. 
Adiabatic micro-rings have been previously used to reduce optical 
scattering by electrodes in silicon near-infrared EO modulators47.

A micro-ring phase modulator at the blue wavelengths is com-
paratively harder to realize due to increased Rayleigh scattering by 
the sidewall roughness at shorter wavelengths. The sidewall scatter-
ing can be mitigated by using an adiabatic micro-ring design that 
supports quasi-transverse-magnetic (quasi-TM) modes (Fig. 1f), 
which have smaller evanescent components at the device sidewalls 
compared with quasi-TE modes41. The reduced resonator–wave-
guide coupling as a result of the weakened evanescent fields is com-
pensated for by using a conveyor belt coupler (Fig. 1d). The latter is 
optimized to reduce optical scattering due to the coupling between 
the bus waveguide and the adiabatic micro-ring (Supplementary 
Section 3).
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Fig. 1 | Micro-resonator operating in the strongly over-coupled regime for phase modulation. a, Schematic of an optical modulator consisting of a  
SiN (Si3N4) micro-ring resonator coupled to a SiN bus waveguide. Tuning is realized by varying the refractive indices of SiN through the TO effect by using 
an integrated micro-heater. A device is considered to operate in the strongly over-coupled regime when the coupling rate between the waveguide and the 
resonator, γe, is one order of magnitude larger than the intrinsic decay rate of the resonator, γo. b, Analytical calculations showing a 2π phase shift with 
minimal amplitude variations across an optical resonance in the strongly over-coupled regime (assuming γe = 50γo). Note that the central π phase shift 
occurs over the linewidth of the resonance 2(γe + γo) (Supplementary Section 1). ω, source frequency; ω0, resonant frequency. c,d, Designs of adiabatic 
micro-rings operating at the green (c) and blue (d) wavelengths, respectively. e,f, Simulated quasi-TE (e) and quasi-TM (f) resonant modes of the 
devices in c and d, respectively, with the dashed curves indicating the device outlines. E, electric field strength. In the examples shown in c–f, the adiabatic 
micro-rings are defined by two circles displaced from each other: the outer and inner radii are 10 μm and 9 μm, respectively, and the displacement is 
0.7 μm, making the narrowest section of the adiabatic ring (at the coupler region) 300 nm in width and the widest section 1.7 μm in width.
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The device designs are demonstrated using the integrated SiN 
platform, where TO tuning is provided by micro-heaters placed in the 
close vicinity of the micro-resonators (Fig. 2a). A micro-resonator is 
loaded on one of the arms of a Mach–Zehnder interferometer (MZI) 
furnished with three output ports (Fig. 2b) to allow for monitoring 
the phase and amplitude responses of the resonator across an optical 
resonance. The frequency of the laser source is initially red-detuned 
with respect to the resonance; heating up the resonator with the 
micro-heater leads to increased refractive indices of SiN, and thus a 
continuous red-shift of the resonance across the laser frequency. If 
the device operates in the strongly over-coupled regime, the phase 
of the resonator-loaded arm undergoes a 2π change with minimal 
amplitude variations across the resonance. This should result in a 
dip dropping to zero in the output signal from the ‘phase port’ and 
a relatively flat output signal from the ‘intensity port’; for devices 
operating in the under-coupled or critical-coupled regime, however, 
the ‘phase port’ signal will not drop to zero and the ‘intensity port’ 
signal will exhibit large variations (Supplementary Section 6).

Compact, efficient phase modulators in the visible spectral 
region
Devices working at the green (λ = 530 nm) and blue (λ = 488 nm) 
wavelengths are fabricated using standard cleanroom techniques, 
including thin-film growth, electron-beam lithography (EBL) 
and inductively coupled plasma etching (Methods section). The 
190-nm-thick SiN device layer is grown by low-pressure chemi-
cal vapour deposition. The plasma etching recipe is optimized to 
reduce roughness on the vertical sidewalls, and chemical mechani-
cal polishing is used to reduce roughness on the top surfaces of the 
SiN micro-rings. An optical microscope image and scanning elec-
tron micrographs of the fabricated devices are shown in Fig. 2.

Figure 3a,b shows, respectively, measured ‘intensity’ and ‘phase’ 
port signals and extracted amplitude and phase responses of an 
adiabatic micro-ring resonator with an outer radius of R = 10 μm 
as a function of the micro-heater power at λ = 530 nm. Across the 
resonance, the phase changes by approximately 1.6π when the heat-
ing power changes by ~4 mW; near the centre of the resonance, 
the phase changes by π when the heating power changes by only 
~0.85 mW; meanwhile, the output from the intensity port changes 
minimally by 0.87 dB (corresponding to an amplitude variation of 
~10%). The intrinsic and loaded quality factors (Q factors) of the 
adiabatic micro-ring are estimated to be 2.1 × 105 and 1.0 × 104, 
respectively (Supplementary Section 9). For control devices based 
on straight SiN waveguides with a length ranging from 200 to 
500 μm, a heating power of ~20 mW is required to achieve a π 
phase shift (Fig. 3e and Supplementary Section 10). In comparison, 
our adiabatic micro-ring device with a diameter of 20 μm requires 
less than 1 mW for π phase modulation, representing a reduc-
tion of heating power by a factor greater than 20. This agrees with 
our theoretical analysis that micro-resonators offer a reduction of 
power consumption in TO modulation by a factor of F/2, where 
F is approximately 46 in our experimentally demonstrated device 
(Supplementary Section 9).

We also experimentally demonstrate phase modulators at the 
green wavelength based on micro-disc resonators with conveyer belt 
couplers (Supplementary Section 8). Operating at the fundamental 
whispering gallery mode (WGM), these devices can exhibit slightly 
reduced power consumption compared with adiabatic micro-rings 
at λ = 530 nm: the best of them requires a heating power change of 
0.68 mW for π phase modulation, with a modulation loss of 1.13 dB 
and a finesse factor of F = 71 (Supplementary Fig. 9). However, the 
micro-disc devices typically operate under a multimodal condition 
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and their higher-order WGMs may not necessarily operate in the 
strongly over-coupled regime (Supplementary Fig. 9).

Phase modulation with minimal variation of the amplitude at 
the blue wavelength is also demonstrated experimentally. A heat-
ing power change of 1.8 mW is needed for a π phase shift (Fig. 3d) 
and the modulation loss is as low as 0.61 dB (Fig. 3c). The estimated 
intrinsic and loaded Q factors are 1.1 × 105 and 3.5 × 103, respec-
tively, and the finesse factor, F, is approximately 14. The slightly 
increased power consumption compared with the devices at the 
green wavelength is due to the decreased F and a reduced modal 
overlap between the quasi-TM modes and the SiN micro-resonators.

We also experimentally demonstrate strongly over-coupled 
SiN micro-rings at telecommunications wavelengths, showing 
that phase tuning with a small modulation loss of 0.61 dB can be 
achieved in devices with a radius of 15 µm and a finesse factor of 
F = 26 (Supplementary Section 16). A comparison between our 
visible-spectrum and telecommunications micro-rings and opti-
mized serpentine waveguide phase shifters48,49 shows that our 
devices have a clear advantage in terms of power efficiency, compact-
ness and small loss (Supplementary Section 17). In Supplementary 
Section 15, we further demonstrate, using realistic propagation 
losses of foundry-fabricated SiN waveguides27 in full-wave simula-
tions, that a suitably designed adiabatic micro-ring can support a 
plethora of resonances across the entire visible spectrum, all satisfy-
ing the strong over-coupling condition, and thus can function as a 
versatile phase shifter with minimal modulation losses in the vis-
ible spectrum (that is, below 0.3 dB in the green and red region and 
below 1 dB in the blue region).

The modulation speed of the visible-spectrum devices is mea-
sured by applying a square wave to the micro-heater and monitor-
ing the output from the ‘phase port’ of the MZI. Figure 3f shows the 
measured drive voltage and output signal of an adiabatic micro-ring 

device at the blue wavelength. The device response time, calculated 
by fitting the rising and falling edges of the output signal with an 
exponential function and extracting the time constant, is 3.4 ± 1.2 μs 
(n = 8 devices) (Supplementary Section 11), which corresponds to a 
modulation frequency of ~290 kHz. The response time of control 
waveguide phase modulators fabricated on the same chip is found 
to be similar (3.9 ± 0.6 μs, for n = 6 devices). The measured response 
time is in good agreement with that of thermodynamic simulations 
(Supplementary Section 11). The simulations further show that the 
local peak temperature of the waveguide devices is at least 30 °C 
higher than that of the micro-resonators (Supplementary Fig. 11).

Robust performance against fabrication variations
Compared with conventional micro-ring resonators, adiabatic 
micro-rings are robust against fabrication variations, such as the 
sidewall roughness and systematic variations of the ring geom-
etry44,50 (Supplementary Section 13). The optical mode at the wide 
section of the adiabatic micro-ring has a reduced overlap with the 
sidewalls; therefore, optical scattering losses become insensitive to 
variations in the degree of sidewall roughness, resulting in a sub-
stantially reduced and more consistent γo value. In addition, delo-
calization of modes at the wide section of the adiabatic micro-ring 
makes the modal refractive index insensitive to the variation of the 
waveguide width (Supplementary Fig. 12), which helps to stabilize 
the resonant frequency.

We carried out a comparative study of 52 adiabatic micro-ring 
devices and 49 regular micro-ring devices fabricated on the same 
chip at λ = 488 nm. The two types of device have the same outer 
radius and coupler geometry except that the regular micro-rings 
have a constant waveguide width, which is equal to that of the nar-
rowest section of the adiabatic micro-rings (inset of Fig. 4a). For 
the regular micro-rings the histogram of γo/γe (that is, decay rate/
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Fig. 3 | Experimental demonstration of phase modulation with minimal amplitude variations at visible wavelengths. a–d, Measured signals from the 
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straight 200 μm waveguides at λ = 530 nm and the extracted phase response. f, Measured signal at the ‘phase port’ of an adiabatic micro-ring resonator at 
λ = 488 nm, as well as the drive voltage applied to the micro-heater.
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coupling rate) peaks at 0.24 (corresponding to a relatively large 
modulation loss of 4.2 dB) with a standard deviation of 0.078, 
whereas for the adiabatic micro-rings the histogram of γo/γe peaks at 
a much smaller value of 0.09 (corresponding to a modulation loss of 
1.5 dB) and also has a smaller standard deviation of 0.046 (Fig. 4a). 

With γe being similar in the two types of device, the experimental 
results indicate that the decay rate, γo, of the adiabatic micro-ring 
is approximately one-third of that of the regular micro-ring. The 
magnitude and variation of γo can be further reduced by leveraging 
advanced facilities in semiconductor fabrication foundries.

Figure 4b shows the spatial distribution of the heating power 
required to align the centre of the resonance to the laser frequency for 
both types of devices on the chip. Across an area of ∆x ≈ 6 mm and 
∆y ≈ 17 mm on the chip, the heating power of the regular micro-rings 
exhibits a gradient of 5.44 mW mm−1, whereas that of the adiabatic 
micro-rings is only 1.60 mW mm−1. This variation of heating power is 
caused by a systematic variation of the SiN growth and etching condi-
tions across the chip, resulting in a variation of the SiN layer thick-
ness and waveguide width (Supplementary Section 12). Our results 
demonstrate the enhanced robustness of the adiabatic micro-rings 
against such systematic variations, with the consequence that the 
heating power required for aligning the resonances of the adiabatic 
micro-rings across the chip to the laser frequency can be reduced 
by more than a factor of three compared with that of the regular 
micro-rings. In Supplementary Section 13 we further show that the 
variation of the effective modal index induced by a systematic varia-
tion of the device geometry and the resulting phase error are small in 
adiabatic micro-rings compared with waveguide phase shifters.

Discussion and conclusion
The work takes a concrete step beyond the concept of over-coupling 
by developing a set of design strategies to reach the strong 
over-coupling extreme in the most difficult portion of the visible 
spectrum (that is, short wavelengths in the visible region). It pro-
poses and experimentally implements adiabatic micro-rings oper-
ating under the strong over-coupling condition to provide phase 
modulation with optical losses that are substantially less than 1 dB 
(for example, 0.6 dB in the blue spectral range); it also theoretically 
demonstrates that a suitably designed adiabatic micro-ring can 
operate in the strongly over-coupled regime over the entire visible 
spectrum, and thus can be used as a phase shifter for light of any 
colour in the visible region. The adiabatic micro-rings demonstrate a 
clear advantage in terms of power efficiency and compactness com-
pared with straight and serpentine waveguide devices. The proposed 
devices can also help to address the issue of phase error induced by 
systematic material growth and fabrication variations, a prevalent 
and consistent challenge in large-scale integrated photonic circuits. 
These compact, efficient and robust visible-spectrum phase modula-
tors will be most suitable for highly integrated systems with small 
size, weight and power consumption (SWaP), such as in augmented- 
and virtual-reality goggles, quantum information processing circuits, 
optical artificial neural networks and neural probes for optogenetics.

The design strategies employed for our visible-spectrum TO 
devices can be applied to EO modulators to reduce the VπL, and can 
be adapted in other spectral ranges (for example, ultraviolet, telecom-
munications, mid-infrared and terahertz ranges) and in other reso-
nator designs (for example, photonic crystal cavities and inversely 
designed optical resonators). Thus, our work can inspire future efforts 
where people will implement strong over-coupling in a wide range 
of resonator-based devices to enhance light–matter interactions (for 
example, for controlling group delay and for enhancing optical non-
linearity), while suppressing optical losses at the same time.

The possible disadvantages of using resonator-based phase mod-
ulators include (1) an upper bound of the modulation frequency 
that is inversely proportional to the loaded Q factor, (2) the intro-
duction of true time delay and distortion to short optical pulses 
due to group delay and group velocity dispersion of the resonance, 
(3) modulation losses, that is, not a perfectly constant amplitude 
response, and (4) thermal bias needed to tune a resonance to the 
laser frequency and caution needed to maintain the stability of the 
laser frequency. The first two disadvantages are, however, not likely 
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the device resonant wavelength to the laser wavelength (λ = 488 nm) as a 
function of the device location (x,y), with adiabatic and regular micro-rings 
occupying alternate columns on the same chip. Measured data are plotted 
in circles (the absence of circles corresponds to devices with damaged 
facets that prevent efficient light coupling and characterization), and the 
background is a linear regression fit to the data.
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to limit applications in the visible region, which, unlike telecommu-
nications, typically do not require an ultrahigh modulation speed 
(for example, optogenetic probes just need to be much faster than 
the firing of a neuron; the refresh rate of an augmented-reality dis-
play just needs to be faster than the perception of the human eye). 
The modulation loss can be minimized by pushing devices deeper 
into the strongly over-coupled regime. The thermal bias required 
for tuning a micro-ring resonance can be reduced by using rings of 
larger radius (a smaller free spectral range).

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41566-021-00891-y.
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Methods
Device fabrication. SiN thin films of 190 nm thickness are grown via low-
pressure chemical vapour deposition on top of a 2-μm-thick SiO2 layer on 
a silicon wafer. The top surface of the SiN layer is polished using chemical–
mechanical planarization to reduce the root-mean-squared roughness to 
~0.1 nm. The wafer is rinsed using an adhesion promoter (SurPass 3000), then 
a ~300 nm-thick layer of electron-beam resist (ma-N 2403) is spin coated and 
baked at 90 °C. EBL (Elionix ELS-G100) is then carried out at 100 keV and 
500 pA using a four-pass exposure, with a dose of 500 μC cm−2 and appropriate 
proximity effect corrections (BEAMER) to define the waveguides and resonators. 
A solution of tetramethylammonium hydroxide in water (AZ 300 MIF) is used 
to develop the exposed resist. The device pattern written via EBL is transferred 
into the SiN layer by inductively coupled plasma etching (Oxford PlasmaPro 
System 100). The excess resist is stripped using a bath of N-methyl-2-pyrrolidone 
(Remover PG) at 80 °C for 2 h. The patterned SiN layer is then cladded with a 
~700 nm layer of SiO2 grown via plasma-enhanced chemical vapour deposition. 
During a second EBL process to create the micro-heaters, a double layer of 
poly(methyl methacrylate) is spin coated and baked at 180 °C to serve as an 
electron-beam resist. EBL is carried out at 100 keV and 20 nA, with a base dose 
of 800 μC cm−2 and appropriate proximity effect corrections. A 3:1 mixture 
of isopropyl alcohol:deionized water is used to develop the exposed resist. A 
thin layer of titanium/platinum (of thickness ~10 nm/~100 nm, respectively) is 
deposited using sputter deposition, and the excess resist is stripped using a bath 
of Remover PG at room temperature for 24 h.

Device testing. Green light at λ ≈ 530 nm is produced by frequency doubling of 
a near-infrared tunable diode laser, and is then coupled into the device being 
tested using free-space optics. Blue light at λ = 488 nm is produced using a fixed-
wavelength diode laser, and is coupled into the device being tested using an optical 
fibre. An aperture is used to select the signal from one of the three output ports 
of each device (that is, the intensity, phase and reference ports), and the signal is 
measured using an avalanche photodiode while tuning the heating power applied 
to the TO device. The experimental set-up for device characterization is detailed in 
Supplementary Section 7.
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