AFRL-AFOSR-UK-TR-2024-0011

Nonreciprocity in Integrated Optical and Microwave Optomechanical Based
Systems

Kippenberg, Tobias

Ecole Polytechnique Fédérale de Lausanne
Batiment CE 3316 Station 1

Lausanne, VD, , 1015

CH

12/12/2023
Final Technical Report

DISTRIBUTION A: Distribution approved for public release.

Air Force Research Laboratory
Air Force Office of Scientific Research
European Office of Aerospace Research and Development
Unit 4515 Box 14, APO AE 09421

DISTRIBUTION A: Distribution approved for public release.



REPORT DOCUMENTATION PAGE

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED

20231212 Final
START DATE END DATE
20191201 20231130

4. TITLE AND SUBTITLE
Nonreciprocity in Integrated Optical and Microwave Optomechanical Based Systems

5a. CONTRACT NUMBER 5b. GRANT NUMBER 5c. PROGRAM ELEMENT NUMBER
FA8655-20-1-7009

5d. PROJECT NUMBER 5e. TASK NUMBER 5f. WORK UNIT NUMBER

6. AUTHOR(S)
Tobias Kippenberg

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Ecole Polytechnique Fédérale de Lausanne REPORT NUMBER

Béatiment CE 3316 Station 1
Lausanne, VD 1015

CH

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S 11. SPONSOR/MONITOR'S
EOARD ACRONYM(S) REPORT NUMBER(S)

UNIT 4515 AFRL/AFOSR IOE AFRL-AFOSR-UK-TR-2024-0011
APO AE 09421-4515

12. DISTRIBUTION/AVAILABILITY STATEMENT
A Distribution Unlimited: PB Public Release

13. SUPPLEMENTARY NOTES

14. ABSTRACT

During this program, we reported acousto-optic modulation of a silicon nitride micro-resonator utilizing high-overtone bulk acoustic wave resonances (HBAR), where the
acoustic wave penetrates vertically towards the substrate. Although HBAR is frequently used in contemporary communication, sensors, and superconducting circuits, this
was the first time it was used on a photonic integrated chip. To enhance the electromechanical and optomechanical coupling efficiency, we focused our efforts on
fabricating hybrid integrated released MEMS-photonic devices. This was achieved by releasing Si substrate below the actuators, leaving a thin acoustic cavity mainly
consisting of the silicon oxide cladding embedding the silicon nitride waveguides, which led to the demonstration of magnet-free optical isolation via angular momentum
biasing. Secondly, we have recently proposed and comprehensively analyzed a new kind of transducer harnessing the strong piezoelectric coupling of microwave signals
to a mechanical excitation, a high overtone bulk acoustic resonance (HBAR), parametrically interacting with optical super-modes of optically coupled ring cavities to realize
a coherent microwave-optical conversion. This device takes advantage of the high-quality factors of silicon nitride waveguides fabricated using the photonic damascene
process. The integration of micro-electro-mechanical (MEMS) actuators on top of these waveguides allows for modulation using stress-optical phenomena, namely the
moving boundaries and photoelastic effects. An important step in the modular approach to quantum computing can be made possible by improvements to these
transducers, such as grounding for cryogenic compatibility and release process optimization, which would also make it much easier to build up quantum networks.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF ABSTRACT 18. NUMBER OF PAGES
SAR 8
a. REPORT b. ABSTRACT c. THIS PAGE
U U U
19a. NAME OF RESPONSIBLE PERSON 19b. PHONE NUMBER (Include area code)
ATTILA SZEP 314 235 6044

Standard Form 298 (Rev.5/2020)
Prescribed by ANSI Std. 239.18

DISTRIBUTION A: Distribution approved for public release.



“Nonreciprocity in integrated optical and microwave optomechanical based
systems”

AFOSR-MURI Final Performance Report

Prof. Tobias J. Kippenberg
Swiss Federal Institute of Technology Lausanne (EPFL)
Laboratory of Photonics and Quantum Measurements

Period of Performance: 01.12.2019 —30.11.2023

Award N° FA8655-20-1-7009
EUROPEAN OFFICE OF AEROSPACE RESEARCH AND DEVELOPMENT
Program Manager: Dr. Attila Szep, AFOSR/IOE

Figure 1: Artistic illustration of magnet-free optical isolator based on hybrid piezo-
optomechanical nanophotonic device.

DISTRIBUTION A: Distribution approved for public release.



1. Abstract

During this program, we reported acousto-optic modulation of a Si3N4 microresonator utilizing high-overtone
bulk acoustic wave resonances (HBAR) [1], where the acoustic wave penetrates vertically towards the
substrate. Although HBAR is frequently used in contemporary communication, sensors, and superconducting
circuits, this was the first time it was used on a photonic integrated chip. To enhance the electromechanical
and optomechanical coupling efficiency, we focused our efforts on fabricating hybrid integrated released
MEMS-photonic devices. This was achieved by releasing Si substrate below the actuators, leaving a thin
acoustic cavity mainly consisting of the SiO cladding embedding the SisN4 waveguides, which led to the
demonstration of magnet-free optical isolation via angular momentum biasing [2].

Secondly, we have recently proposed and comprehensively analyzed a new kind of transducer [3] harnessing
the strong piezoelectric coupling of microwave signals to a mechanical excitation, a high overtone bulk
acoustic resonance (HBAR), parametrically interacting with optical supermodes of optically coupled ring
cavities to realize a coherent microwave-optical conversion. This device takes advantage of the high-quality
factors of Si;Ns waveguides fabricated using the photonic damascene process [4]. The integration of MEMS
actuators on top of these waveguides [5] allows for modulation using stress-optical phenomena, namely the
moving boundaries and photoelastic effects. An important step in the modular approach to quantum computing
can be made possible by improvements to these transducers, such as grounding for cryogenic compatibility
and release process optimization, which would also make it much easier to build up quantum networks.

2. List of accomplishments during this period
2.1 Released Hybrid nanophotonic high-overtone bulk acoustic resonator (HBAR) platform

In our previous work [1], by integrating aluminum nitride (AIN) piezoelectric actuators on top of Si3N4
photonic devices, we demonstrated the first acousto-optic modulation (AOM) of Si3N4 microring resonators
using HBARs. Sub-micrometer wavelength acoustic waves are excited by macroscopic actuators, which
transmit vertically into the substrate and perpendicular to optical paths. Moving further, we concentrated our
efforts on enhancing the modulation efficiency. Optomechanical single-photon coupling strength go is
inversely proportional to the square root of the mode volume of the mechanical and optical modes. The
efficiency is proportional to the square of gy, thus making efficiency proportional to the inverse of the
mechanical mode volume. Also, the electromechanical coupling efficiency increases by shrinking the mode
volume due to better impedance match [6]. Hence, to enhance the modulation efficiency, we partially release
the optical microring from its silicon substrate, thereby reducing the volume of the HBAR modes to a small
region where it interacts with the optical field. This improves the energy transfer from the microwave control
to the optical signal to the point that modes residing in the silicon oxide cladding can now be detected optically.

Figure 1d shows the fabricated device's false-colored, top-view scanning electron microscope (SEM) image
with three AIN actuators integrated on a released SizNs microring resonator. The thickness of Al / AIN / Mo
is 100/ 1000/ 100 nm, respectively. The center hole is opened for Si-isotropic dry etching using the SFs Bosch
process, to partially remove the Si substrate and to suspend the 5.4-um-thick SiO; cladding. Figure 1b shows
the simulated stress distribution of one HBAR mode within the SiO; layer using Finite Element Method (FEM).
It can be seen that the HBAR mode is uniformly distributed under the AIN actuator and tightly confined in the
SiO, membrane, allowing direct modulation of the optical mode propagating along the waveguide through
photoelastic and moving boundary effects.

The measured microwave reflection S;; spectrum as shown in Figure 1c¢ shows a distinct feature with a free
spectral range of approximately 350 MHz that coincides with the peaks appearing on the optical transmission
spectrum S;;. This response shows a large signal-to-noise ratio (SNR) that is significantly higher in magnitude
as compared to the response of bulk devices. The small resonances from Si substrate HBAR as presented in
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Figure 2: Characterization of mechanical properties of the integrated MEMS-photonic device. (a) Schematic showing
suspended Si02 membrane containing the Si3N4 microring resonator, to enhance the optomechanical coupling. The key technique
used here is the Si isotropic dry etch using SF6 Bosch process (b) FEM numerical simulations of the vertical stress oz distribution of
a typical HBAR mode at 3 GHz. (c) Optomechanical S21 response of an actuator and its microwave reflection S11. (d) False-colored
top-view SEM image of the fabricated device.

S11 are significantly reduced in the optical transmission Sy, since the Si HBAR is mainly located at the outer
anchor region that is far away from the inner Si3;Nj ring.

2.2 Magnet-free nitride optical isolator

Spatiotemporal modulation [7], [8], stands out in terms of integration and application on almost all optical
materials because it breaks reciprocity by connecting two optical modes and imposing phase matching
conditions through active modulation. Here, we demonstrate the first AOM-based optical isolator for Si3Na
integrated photonics. By synchronously driving multiple piezoelectric MEMS actuators, bulk acoustic waves
are generated electromechanically, which can couple to and deflect light propagating in the SisN4 waveguide
beneath them. While magnetic-free optical isolators have been shown before, this is the first one that is driven
electrically and operated in the linear optical regime.

The SizN4 microresonator is designed to support two optical eigenmodes, a and b, with frequency differences
matching a mechanical/acoustic resonant frequency, as shown in 2b. The microwave drive applied on the three
AIN actuators creates acoustic waves inside the mechanical cavity, which scatters light between modes a and
b (i.e. indirect interband transition). 2¢ illustrates the w-k space. To induce interband transition, energy and
momentum conservations must be satisfied. With a nonzero phonon momentum &, phase matching requires
AWps = Wp - Wa = Qp and Akp, = ks - k.. In the forward direction, the two optical modes undergo interband
transition with a scattering rate g = goVn., where gy is the single phonon-photon coupling rate describing the
optomechanical interaction strength, and . is the steady-state intra-cavity phonon number.

2

DISTRIBUTION A: Distribution approved for public release.



C = 4g%/kqky is the optical-to-optical cooperativity, which measures the ratio of scattering rate to optical losses.
Strong coupling requires C >>1, and can lead to Rabi oscillation and mode splitting. The latter results in a
transparency window on the resonance in the light transmission in the forward direction. In the backward
direction where the three-wave phase matching is not fulfilled, the interband transition is prohibited, leading
to C<<1 and transmission is zero in the critical coupling regime. This non-reciprocal transmission between
the forward (7 = 1) and backward directions (7 = 0) is the basis of our optical isolator.

We use the high efficiency of the undercut HBAR to demonstrate magnet-less optical isolator by breaking
reciprocity via spatiotemporal modulation. We achieve an optical cooperativity C = 1 with 14 dBm RF drive
power applied on each actuator, and maximum isolation ratio of 10 dB and a minimum insertion loss of 0.1
dB with 20 dBm RF power. An isolation bandwidth of 700 MHz is obtained, primarily determined by the
optical resonance linewidth. Hence, to demonstrate a greater isolation ratio with larger bandwidth, we use an
over-coupled device, achieving 41 dB isolation and 1.9 dB insertion loss under 2-Watt total RF power.
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Figure 3: Optical isolator via spatiotemporal modulation (a) A false-colored top-view SEM image of the fabricated device.
(b) A frequency-domain representation illustrating the indirect interband transition. (c) A schematic of w-k space showing the
phase matching condition, that is, the energy and momentum conservations. (d) Optical transmission spectra with perfect phase
matching (red) and largest phase mismatch (grey).

23 Bidirectional microwave-optical transduction based on integration of high-overtone
bulk acoustic resonators and photonic circuits

Coherent interconversion between microwave and optical frequencies can serve as both classical and quantum
interfaces for computing [9], communication, and sensing. Here, we present a compact microwave-optical
transducer based on monolithic integration of piezoelectric actuators atop silicon nitride photonic circuits [2].
Such an actuator directly couples microwave signals to a high-overtone bulk acoustic resonator defined by the
suspended silica cladding of the optical waveguide core, which leads to enhanced electromechanical and
optomechanical couplings. At room temperature, this triply resonant piezo-optomechanical transducer
achieves an off-chip photon number conversion efficiency of 1.6 x 107° over a bandwidth of 25 MHz at an
input pump power of 21 dBm. The approach is scalable in manufacturing and, unlike existing electro-optic
transducers, does not rely on superconducting resonators. As the transduction process is bidirectional, we
further demonstrate synthesis of microwave pulses from a purely optical input. Combined with the capability
of leveraging multiple acoustic modes for transduction, the present platform offers prospects for building
frequency-multiplexed qubit interconnects and for microwave photonics at large [10].

We measure the off-chip efficiency n' of the microwave-to-optical (up-conversion) and optical-to-microwave
(down-conversion) processes as a function of off-chip CW input optical pump power Pi,. Compared to the on-
chip efficiency n°, this efficiency also accounts for the loss channels of the microwave and optical ports. First,
we study the transducer in the triply resonant configuration. For up-conversion, the optical sideband generated
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from the microwave input, detuned by ®in = ®m from the pump frequency, is measured via a self-calibrated
heterodyne detection method. The off-chip optical output containing both the pump (®r) and the sideband (ws)
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Figure 4: Device metrological and network characterization. (a) Optical micrograph of the transducer. The shaded region
originates from the released silicon substrate. (b) False-color cross section of the device imaged by focused ion beam scanning
electron microscopy showing the top and bottom electrodes (Mo; yellow), piezoelectric layer (AIN; green), suspended cladding
(Si0z; gray), and optical waveguides (Si3N4; purple). (c) Optical transmission spectra near 1550 nm as a function of applied DC
piezoelectric control voltage and detuning from the antisymmetric supermode. The transmission color map follows the
representative spectrum in the bottom panel. The dashed line denotes the best-fit transmission to coupled mode theory. (d)
Microwave reflection spectrum indicating locations of the HBARS. (¢) Acousto-optic response spectrum with an off-chip optical
pump power Pin = 16 dBm centered at the symmetric supermode.

is combined with a local oscillator (LO; wro) and detected. By placing the LO at a frequency wro = (oL + ®s)
/2 + & such that the photodetector response is constant over a frequency span of 6, we determine the sideband
power relative to the pump. Picking off a fraction of the optical output then enables the determination of its
absolute power and, by extension, that of the sideband with a power meter. The measured optical sideband
power is compared to that of the microwave input to yield n'. In the case of down-conversion, the optical
input is generated by modulating the phase of the pump with an electrooptic modulator (EOM) driven by a
microwave source of frequency weom = @m. Only one of the resulting sidebands is admitted into the photonic
molecule and transduced, as the other is far off-resonance. Summarized in Figs. 4a and c, bidirectional
transduction processes corresponding to both the effective beam-splitter (or = ©-; anti-Stokes) and two-mode-
squeezing (oL, = ®+; Stokes) interactions are investigated. We reach a maximal n* of —48 dB at 21 dBm pump
for each configuration. Knowing the port losses, we estimate an on-chip efficiency n°° = —41 dB. Accounting
for the extraction efficiency N, we further obtain an internal conversion efficiency n"t =2 x 1073,

Furthermore, we deviate from triple resonance to map out the transduction bandwidth. First, for a pump still
resonant with one of the optical supermodes, the input microwave frequency i, and input optical detuning
(controlled by EOM drive frequency weom) are varied for up- and down-conversion, respectively. Shown in
Fig. 4b and d, transduction leveraging the main transduction mode exhibits a full width at half maximum
(FWHM) of 25 MHz. The multimode nature of the transducer is further manifest in Fig. 4e, where the pump
is in the beam-splitter configuration but slightly detuned from a"-. An additional transduction peak in n'*** with
a FWHM of 10 MHz is observed around wi» = 27t x 3.165 GHz, which corresponds to another HBAR one FSR
away from the main transduction mode ®wm = 27 X 3.480 GHz. The engineering degrees of freedom such as
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cladding and actuator thickness (HBAR FSR), and optical dispersion (supermode splitting as a function of

optical wavelength) in the present system offer possibilities for frequency multiplexed transduction.
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Figure 5: Bidirectional, multimode transduction with a continuous-wave pump. (a), (b) Anti-Stokes transduction. (c), (d)
Stokes transduction. Off-chip efficiencies as a function of off-chip input pump power in the triply resonant configuration are
shown in the left panels. Off-chip efficiencies as a function of input microwave frequency and input optical detuning are plotted
in the right panels, which depict the transduction bandwidth. (e) Bidirectional transduction with a detuned pump leveraging
multiple HBAR modes, as a function of input microwave frequency and input optical detuning. Up- and down-conversion
efficiencies are denoted by triangles and inverted triangles, respectively, with the corresponding acoustic-optic response
spectrum superimposed. The markers are empty for Stokes processes and filled for anti-Stokes processes. The dotted lines
represent the best-fit efficiency in the low-cooperativity regime where 1 tot  C « Pin. The insets illustrate the respective
configurations for both the pump and input signal.

24

The “Pull-back process” for fabrication of electrodes is engineered to minimize the capacitance of bond-pads
and for the ease of wire-bonding to the bond-pads and thereby helping in impedance matching with the
microwave. As shown in Figure 5a, we start with a layer stack of top Mo, AIN, and bottom Mo on top of the
Si0,. We have used deep reactive-ion etching to pattern the Mo and AIN layers. Prior to the pullback process,
the top-electrode bond pad had a layer of AIN and bottom Mo underneath it, creating a capacitor. Given the

5

Pull-back fabrication process of piezoactuator electrodes
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width of the bond pad is more than double the width of the device itself, the capacitance added is significant
and should be avoided to reduce the RC time constant. We can eliminate the capacitance by etching through
the top Mo, AIN, and bottom Mo layers and depositing a layer of Al to connect the top electrode bond pad.

However, the deposited Al must be electrically isolated from the bottom Mo. Thus, we add the “Pull-back”
step for which the process is named to create an air gap between the top and bottom metals. XeF, etches Mo
but has a near infinite selectivity with AIN. Therefore, using an isotropic etching process, the Mo can be
slightly etched away without harming the AIN.

Al

a AIN and Mo Spu[‘[ering AIN and Mo DRIE dW etch Mo DRIE dw etch b

| - - - = —
Mo isotropic etching ) )
with XeF2 Al lift-off Final structure

| | | | = |
Resist AN Al Si0z [ Mo ]

Figure 6: Pull-back fabrication process. (a) Process flow of the fabrication. (b) False-colored SEM image of the electrodes fabricated
by this fabrication technique. The inset is a photograph taken by an optical microscope of the top electrode.

We “Pull-back” the Mo from underneath the AIN between 1 and 2 yum, and then deposit a layer of Al with a
lift-off process. A glancing angle deposition tool evaporates 200 nm of Al with a 15° angle on a rotating plate
to make sure the Al covers the 1 um AIN step height. The final result is a gap of air between the bottom Mo
and top Al leaving them electrically isolated, but Al is electrically connected to the top Mo layer. Figure 6(b)
shows a trial of this technique, and it can be seen that the Mo has been pulled back from underneath the AIN
and the Al has been deposited on top and fully covers the step height of the AIN. In this trial, Al served as the
entire top metal without top Mo, however the device described in this work has a layer of top Mo between the
Al and AIN layers.
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