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Spectrotemporal shaping of itinerant photons via
distributed nanomechanics

LinranFan, Chang-Ling Zou

Efficient phase manipulation of light is the cornerstone of
many advanced photonic applications'“. However, the pursuit
of compact, broadband and deep phase control of light has
been hindered by the finite nonlinearity of the optical materi-
als available for integrated photonics®°. Here, we propose a
dynamically driven photonic structure for deep phase manip-
ulation and coherent spectrotemporal control of light based
on distributed nanomechanics. We experimentally demon-
strate the quasi-phase-matched interaction between station-
ary mechanical vibration and itinerant optical fields, which is
used to generate an on-chip modulated frequency comb over
1.15THz (160 lines), corresponding to a phase modulation
depth of over 21.6x. In addition, an optical time-lens effect
induced by mechanical vibration is realized, leading to optical
pulse compression of over 70-fold to obtain a minimum pulse
duration of 1.02 ps. The high efficiency and versatility make
such mechanically driven dynamic photonic structures ideal
for realizing complex optical control schemes, such as loss-
less non-reciprocity’, frequency division optical communica-
tion’ and optical frequency comb division®.

The pursuit of more efficient active control of the optical phase
has never ceased. Besides its paramount influence in traditional
optical communications'?, it also lays down the foundation for
modern optical spectrotemporal manipulation for both classical
and quantum applications®. Advanced functions such as ultrafast
temporal imaging®'’, the effective magnetic field of light”'>'? and
optical non-reciprocity'*-* have been proposed and demonstrated.
To further improve performance, on-chip integration of advanced
spectrotemporal control methods with nanoscale structures is
highly desired. This will not only provide a compact footprint and
scalability, but will also enable critical benefits including precise dis-
persion control and significant field enhancement due to the orders
of magnitude reduction in mode volume, as demonstrated by the
rapid recent development of optical microcombs based on the Kerr
effect'®”. However, the required optical nonlinearity for spectro-
temporal control is difficult to implement at the nanoscale because
of issues with material availability, and the achievable nonlinearity
is limited to the material’s intrinsic nonlinearity>®'s. While promis-
ing results have been achieved with approaches based on three-wave
and four-wave mixing'’~?, spectrotemporal control with microwave
signals is highly advantageous due to its direct interface with micro-
wave circuits, elimination of the need for strong optical pumps and
the high flexibility in achieving complex control schemes.

A strong interaction between mechanical vibration and optical
fields has been proven in the context of optomechanics as an effi-
cient alternative method for optical phase control*. The tight mode
confinement and mechanical resonance enhancement, in particu-
lar, can lead to a phase control efficiency surpassing the intrinsic
material electrooptic property”. Effects such as photon frequency
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shift”, optical delay**** and Brillouin amplification’® have been real-

ized. However, optical cavities or limited interaction lengths are
used to mitigate the large velocity mismatch between the mechani-
cal vibration and optical fields**. Therefore, deep and broadband
control of optical spectrotemporal properties with mechanics has
not been demonstrated so far and remains a significant challenge in
the development of efficient on-chip photon control systems.

In this Letter we demonstrate efficient on-chip spectrotemporal
shaping of itinerant photons enabled by nanomechanics driven at
microwave frequencies. The co-localization of mechanical vibra-
tion and optical fields in piezoelectric waveguides provides a strong
phonon-photon interaction, which is used for efficient and low-
loss optical phase modulation. The quasi-phase matching between
mechanical vibration and optical propagation is realized by fabri-
cating alternating suspended and clamped waveguides on a single
chip. By actuating the mechanical vibration with the piezoelectric
effect, a phase modulation depth around 21.6x has been achieved
over an optical bandwidth of 20nm. Based on the efficient phase
control, a modulated optical comb over 1.15THz (160 lines) and a
time lens with 70-fold compression ratio have been demonstrated.

The interaction between mechanical vibration and the optical
fields in a waveguide can be interpreted as a second-order nonlinear
process, so the phase-matching condition among the driving opti-
cal field, mechanical vibration and modulated optical field should
be satisfied””. Here, the standing mechanical vibration with zero
momentum is utilized, so the momentum of the driving and modu-
lated optical fields should match each other. Therefore, additional
momentum should be introduced to compensate for the momen-
tum mismatch due to optical linear dispersion in the waveguide. In
this way, the interactions from each section can accumulate con-
structively to produce enhanced interaction in a travelling wave
configuration (Fig. 1a). The additional momentum can be real-
ized by fabricating alternating suspended and clamped waveguides
(Fig. 1b); only the suspended waveguides can be driven efficiently
and contribute to the total interaction. To compensate for the
momentum difference 8k=n.w,/c, the length of both suspended
and clamped waveguide sections should be

(1)

with n, is the optical group index, w,, is the mechanical angular
frequency and c is the speed of light in vacuum (Supplementary
Section 1). To achieve robust hybrid waveguides with small foot-
print and low insertion loss, we designed spiral arrays with a ridge
waveguide to confine both the optical and mechanical modes
(Fig. 1b). In the suspended waveguide, the thickness of the mechan-
ical mode deforms the waveguide boundary and changes the effec-
tive refractive index of the transverse magnetic (TM) optical mode,
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Fig. 1| Integrated deep phase modulation based on a distributed nanomechanical-photonic waveguide. a, Principle of quasi-phase matching. While

the mechanical resonator oscillates periodically, propagating optical fields experience a half positive (blue solid line) and half negative (red solid line)
phase change. The net effect over a long interaction length cancels. By turning off the negative part (red dashed line), optical fields experience only the
positive phase change, which accumulates constructively and leads to an enhanced net interaction. b, Schematic of the quasi-phase-matching device. The
waveguide spirals are suspended and clamped alternately, and each waveguide spiral has a length of 9.1mm. The deformed mechanical mode (top) and
TM optical mode (bottom) are shown in the inset. ¢, Scanning electron microscopy (SEM) image of the fabricated device. Scale bar, 200 pm. d, SEM image
of the suspended spiral waveguide (red square in €). Scale bar, 15 pm. e, SEM image of the suspended ridge waveguide (blue square in d). Scale bar, 1.5 pm.

f, Schematic of the device packaging.

leading to a strong interaction between the optical fields and the
mechanical vibration. The use of a ridge waveguide also eliminates
the optical scattering loss at the interface between the suspended
and clamped waveguides.

Based on the design, the waveguides were fabricated from an
aluminium nitride (AIN) layer on a silicon dioxide (SiO,) layer
on a sapphire wafer, with alternating suspended and clamped spi-
ral waveguide arrays to achieve the quasi-phase matching (Fig. 1¢;
for further explanation see Methods). A sapphire substrate was
chosen instead of silicon to eliminate microwave losses induced
by room-temperature free carriers. The suspended waveguides are
supported by a pair of tethers every 100 pm to provide robust sup-
port and also to minimize mechanical clamping losses (Fig. 1d.e).
Each waveguide spiral has a length of 9.1 mm (obtained from equa-
tion (1)), with a footprint of 0.6 X 0.6 mm?. When placed in a three-
dimensional (3D) copper cavity, the mechanical mode is actuated
by a microwave electric field via the piezoelectric effect of the AIN
(Fig. 1f). Light is coupled into and out of the device using facet
coupling with two lens fibres, and the microwave signal is delivered
through a magnetic probe loop connected to a coaxial subminiature
version A (SMA) cable.

The mechanical mode is characterized by piezoelectrically excit-
ing and optically detecting the mechanical motion by using a weak
Fabry-Pérot interferometer formed between the waveguide facets®.
The measured spectrum is shown in Fig. 2a, with the resonant fre-
quency of @, =21x7.15GHz and linewidth of kx,, =21 3.41 MHz.
The microwave cavity is characterized by measuring the microwave
reflection spectrum through a magnetic probe loop. Two copper
pedestals are used to maximize the overlap between microwave
field and mechanical vibration (Fig. 2c). A copper rod is inserted
into the cavity to tune the microwave resonant frequency to match
the mechanical frequency. The critically coupled anti-symmetric
mode at w,,,,=21X7.15 GHz is realized by adjusting the copper rod
position, and the total linewidth is k,,, =27 X 7.17 MHz, as shown in
Fig. 2b (Supplementary Section 2).
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Fig. 2 | Device characterization. a, Mechanical resonance. The measured
amplitude (blue circles) and phase (red circles) are fitted by a Lorentzian shape
(solid line), corresponding to a centre frequency of 715 GHz and linewidth

of 3.41MHz. Inset: simulated profile of the mechanical mode. b, Reflection
spectrum of the antisymmetric microwave resonance. The measured
amplitude (blue circles) and phase (red circles) are fitted by a Lorentzian shape
(solid line), leading to a centre frequency of 715 GHz and linewidth of 717 MHz.
Inset: simulated electric field distribution. €, Cross-section of the device. Two
pedestals in the 3D cavity (brown) confine the electric field, and the simulated
z-direction electric field of the antisymmetric mode is shown as the colour

plot. The &t phase change of the electric field between the two pedestals is
compensated by the on-chip optical delay. The sapphire chip (green) is placed
on the pedestals so that the mechanical vibration is driven most efficiently.

A copper rod is used to precisely tune the microwave frequency.

We first demonstrate the ultrawide modulated comb genera-
tion by utilizing the deep phase modulation resulting from the
quasi-phase-matched interaction between the optical fields and
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Fig. 3 | On-chip modulated comb generation. a, Measured output optical spectra for input microwave powers of 2W (red), TW (blue), 0.5W (green),
0.2W (orange), 0.1W (pink), 0.05W (cyan) and 0.02 W (purple). The spectra are offset for clarity. b, Modulated comb power profiles with 2 W microwave
power. The measured power of each individual comb line (black circle) is fitted with the square of the Bessel function of the first kind (red line), with
modulation depth and total power as independent parameters. The modulation depth is estimated as (21.6 + 0.3)x. ¢, Modulation depth and comb width
dependence on input microwave power. The solid line is the fitted result with A¢ = nﬁ. d, Modulation depth with different input optical wavelengths. The
input microwave power is fixed at 2 W. The 95% confidence interval error bars are dervived from the Bessel function (b) fitting of the spectrum.

the mechanical vibration. Continuous-wave (c.w.) light and micro-
waves are launched into the device through the lens fibre and SMA
connector, respectively. A strong electric field is formed across the
device, leading to large-amplitude mechanical vibration, which is
further boosted, simultaneously, by the mechanical resonance and
microwave resonance. The mechanical vibration modulates the
optical phase in each suspended waveguide spiral, which accumu-
lates constructively to generate deep phase modulation. By fixing
the input microwave frequency w, at 2nx7.15GHz and gradu-
ally increasing the input microwave power, the modulated comb
bandwidth increases accordingly (Fig. 3a). With a maximum input
microwave power of 2W, the modulated comb can be expanded
over a bandwidth of 1.15THz (160 lines). The spectrum profile of
the modulated comb follows the square of the Bessel function of
the first kind (Supplementary Section 1). Distinct from the Kerr
optical combs generated in microcavities®, no chaos process will
emerge in the generation of modulated optical combs, and comb
noise at radiofrequencies (RF) is determined by the technical noise
of the laser and the RF drive (Supplementary Section 3). By fit-
ting the power of individual comb lines to Bessel functions, a phase
modulation depth as large as A¢=(21.6+0.3)x can be estimated
with the uncertainty from the fitting error (Fig. 3b). Because the
phase modulation depth is proportional to the amplitude of the
mechanical amplitude, which in turn is proportional to the square
root of the RF drive power P, we obtain the modulation efficiency
n=-—+=~153xn/ J_P W (Fig. 3c). As no optical cavity is involved in
the process, this device can operate in a broad optical bandwidth,
as shown in Fig. 3d. The input wavelength is varied from 1,540 nm
to 1,560 nm, and no obvious modulation depth change is observed.
In principle, any wavelength within the AIN transparent window
from the visible to the mid-infrared can be utilized to produce a
modulated comb”'.

The deep optical phase modulation driven by nanomechanics
can also be used for temporal domain manipulation of optical fields.
Here, we realize the optical pulse compression based on the time-
lens principle (Supplementary Section 4)>”. With c.w. light input,
we first deliver periodically modulated optical pulses (duration of
7,=T/w,~ 70 ps) into the device with a Mach-Zehnder electrooptic
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modulator (Fig. 4a). The mechanical mode is driven by the micro-
wave signal from the same source, albeit with & phase difference
from the Mach-Zehnder modulator. In this way, the optical pulses
gain a chirped phase in the time domain, imprinted by the device.
Then, a 300 m single-mode fibre is used to compensate the disper-
sion, compressing the optical pulses in the time domain. As shown
in Fig. 4b, a flat-top comb is generated with a driving microwave
power of 2 W. In contrast to the varying comb profile with pure phase
modulation (Fig. 3b), the variation in comb line power is smaller
than 1dB over a bandwidth of 350 GHz (Fig. 4c). The temporal
profiles of the compressed optical pulses are characterized by sec-
ond-harmonic generation frequency-resolved optical gating (SHG-
FROG)*, which shows an anticorrelation intensity full-width at
half-maximum (FWHM) of 1.37+0.03 ps, corresponding to pulse
duration 7, =1.02+0.02 ps (Fig. 4d)*’. The uncertainty in the pulse
duration is obtained by multiple measurements. Compared with the
initial pulse duration z,~ 70 ps, the optical pulses are compressed in
the time domain by about 70-fold.

While further improvement of the phase modulation efficiency
can be achieved by cascading more waveguide spirals on the same
chip, the mechanical frequency spatial inhomogeneity (that is, the
mechanical frequencies varying in different areas due to variation
in the wafer thickness, film stress and fabrication process) should
also be addressed. By engineering the waveguide geometry accord-
ingly based on prior knowledge of the wafer inhomogeneity, we
expect that the standard deviation of the mechanical frequencies
can be controlled to be smaller than the linewidth (Supplementary
Section 5).

Compared with a conventional modulation method using bulk
nonlinear crystals such as LiNbO;, our approach based on mechani-
cal vibration in AIN waveguides allows high optical power handling
in both the visible and infrared regime (Supplementary Section 6),
without the limit imposed by the photorefractive effect*. The V -L
of our device is (17.3+0.3) V. cm, which is more than one order of
magnitude improvement compared with pure electrooptic modula-
tion in AIN®.. We expect that our method can also be applied to
LiNbO; nanophotonic structures, leading to V,-L values far below
1V cm. Moreover, this device can be easily integrated with other
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Fig. 4 | Pulse compression with a mechanical time lens. a, Measurement
set-up. Wide optical pulses are first generated by a Mach-Zehnder electro-
optic modulator (EOM), then sent into the device for phase chirping

and then into a single-mode fibre (SMF) for dispersion compensation.
Microwave signals for the EOM and device are provided by the same signal
generator (SG), and the phase difference is controlled by a phase shifter
(PS). b, Measured output optical spectrum of the flat-top comb. ¢, Enlarged
view of the output optical spectrum. The power variation among comb lines
is below 1dB, and the linewidth is limited by the resolution of the optical
spectrum analyser. d, Autocorrelation intensity of output optical pulses
measured with SHG-FROG. The FWHM is 1.37 ps, corresponding to a pulse
width of 1.02 ps, fitted with a sinc pulse shape.

on-chip optical components to produce novel optical control para-
digms. For example, a Kerr optical comb has been generated with
the same material platform with a free spectral range (FSR) on the
order of 100 GHz and even beyond 1 THz (ref. **). Deep mechani-
cal modulation can be utilized to aid FSR locking with low-speed
photodetectors. By locking the modulated comb driven by nano-
mechanics with the Kerr optical comb, a wide optical comb with
small FSR interpolation can be realized, which is critical in comb
spectroscopy and precision metrology.

In addition, our device consists of arrays of active and passive
sections to control both phase and modulation depth. Different con-
figurations of phase and modulation depth in different sections can
also be realized. This is critically important for further increasing
the capability of photonic integrated circuits with temporal modula-
tion techniques. Many methods to break the performance limits of
conventional photonics have been theoretically proposed, includ-
ing an effective magnetic field for photons, optical non-reciprocity
without bulky magnetics, lossless on-chip isolators, time reversal of
optical pulses and arbitrary control of optical flows”'"'>*. The deep
phase modulation and flexible device configuration described here
promise a platform to demonstrate these theoretical proposals.

In conclusion, we have demonstrated efficient on-chip optical
phase control using a quasi-phase-matched interaction between
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an itinerant optical field and mechanical vibration. The quasi-
phase matching is realized with alternating suspended and clamped
nanoscale waveguides on a single chip, allowing strong interaction
over a large optical bandwidth. The optical modulated comb and
time lens are utilized as examples to demonstrate the efficiency and
versatility of our device, and we anticipate more advanced photon
control paradigms to be realized with higher efficiency and smaller
footprint. This work should provide an efficient method for on-chip
optical spectrotemporal control, paving the way to realize a complex
photon processing platform.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
$41566-019-0375-9.
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Methods

Device fabrication. The device was fabricated from 800-nm-thick AIN on a
2-pm-thick SiO, layer on a sapphire wafer. First, 300 nm SiO, was deposited
using plasma-enhanced chemical vapour deposition. Nanophotonic structures,
including microrings and waveguides, were then patterned with electron-beam
lithography (EBL) using ma-N 2403 resist, subsequently transferred to the SiO,
layer by fluorine-based reactive ion etching (RIE), then transferred to the AIN
layer by chlorine-based RIE. In this step, only 600 nm of the 800 nm AIN was
initially etched. In a second EBL step using ZEP520A resist, the release window
was defined, followed by RIE of the remaining 200 nm AIN. Finally, the waveguides
were released in buffered oxide etchant.

Optical loss measurement. The optical losses of our device consist of two
parts: (1) coupling loss between the waveguides and fibres and (2) waveguide

NATURE PHOTONICS

propagation loss. The coupling loss was measured with multiple calibration
devices with short length and no released structure. The propagation loss of the
calibration devices was neglected, and the total coupling loss, including both
input and output, was estimated as 8 + 0.9 dB. The waveguide propagation loss
was estimated by measuring the quality factor of test devices (racetrack optical
resonators with half released and half unreleased waveguides). The intrinsic
quality factor Q, was estimated as (440 +40) X 10°, giving a propagation loss of

a=1010g100+% =0.9120.08 dB cm™'
Data availability

The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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