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Ultralow-Power Piezo-Optomechanically Tuning on
CMOS-Compatible Integrated Silicon-Hafnium-Oxide

Platform

Jian Shen, Yuyan Fan, Zihan Xu, Liying Wu, Ying Wang, Xiuyan Li,* Xuetao Gan,

Yong Zhang,* and Yikai Su*

Power consumption of photonic integrated circuits becomes a critical
consideration. A new platform is proposed for ultralow-power tuning in silicon
photonics via piezo-optomechanical coupling using hafnium-oxide actuators.
As an example of the potential of the platform, a tunable
silicon-hafnium-oxide hybrid microring, where hafnium-oxide film acts as an
active optical and piezoelectric layer, is demonstrated. The hybrid microring is
capable of linear bidirectional tuning with a wavelength tuning efficiency of
8.4 pm V~' and a power efficiency of 0.12 nW pm~". The estimated power
consumption for tuning a free spectral range (FSR) in hybrid microring is
3.07 uW per FSR. The hybrid silicon-hafnium-oxide technology with
complementary metal-oxide-semiconductor (CMOS) compatibility advances

1. Introduction

Programmable optical devices in pho-
tonic integrated circuits"? serve im-
portant functions in optical phased
array,l’! photonic quantum information
processing,l*!  machine learning,!>°!
photonic matrix multiplication,”! op-
tical communication,’®! and other ap-
plications. The key requirements of
programmable optical systems are low
power consumption, large scale, and fast
response.l’! Integrated silicon photonics

the field of ultralow-power integrated photonic devices and can find
applications in optical communications, computing, and spaces under

cryogenic temperatures.
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has drawn increasing attention to meet
the scalability requirement, attributed to
the compatibility with complementary
metal-oxide-semiconductor (CMOS)
processes.l'*13] Low power consumption
and fast response tuning of silicon devices are critical issues
for programmable applications in integrated photonics. Thermo-
optic tuning by using a metallic microheater on a silicon waveg-
uide is a general method to change the index of silicon."! How-
ever, the thermo-optic tuning exhibits high power consump-
tion (=10 mW), low tuning speed (~1 kHz), and large ther-
mal crosstalk. The low power efficiency makes it incompatible
with cryogenic applications for integration with superconducting
detectors!>1%] and artificial atoms.['”] Electro-optic tuning based
on free-carrier dispersion is another approach to fulfill the tun-
ing requirement.['®] However, high tuning power is still required,
and free-carrier absorption increases the propagation loss and de-
grades the device performance. Various nonlinear materials have
been integrated on silicon to achieve low-power tuning, such as
graphene,['2] lead zirconate titanate (PZT),[*!] barium titanate
(BaTiO;),[#! lithium niobate (LiNbO;),[?’! and organic electro-
optic materials.[?*] These approaches may face the challenges of
CMOS incompatibility, large optical loss, and high fabrication
complexity.

More recently, by integrating aluminum nitride (AIN) piezo-
electric actuators on the silicon nitride waveguides, piezoelec-
trically tuning with high power efficiency of 5 nW pm™' is
achieved.[?] The AIN stress-optical platform on Si;N, photonic
circuits has enabled tunable photonic devices for programmable
interferometer photonic circuit,!! acousto-optic modulation, !’
piezoelectric control of soliton microcomb,?l and cryogenic tem-
perature operation.[””] However, the wavelength tuning efficiency
is limited to <0.8 pm V~! due to the low piezoelectric coefficient
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of AIN.[?7] Tt is highly desirable to achieve piezoelectrically tun-
ing with high wavelength tuning efficiency and low power con-
sumption.

Hafnium oxide (HfO,) thin film has been well established as a
widely used high-k oxide for gate dielectrics in the semiconduc-
tor industry for more than one decade. Its fabrication is compat-
ible with the CMOS process. Recent macroscopic studies have
demonstrated that doped HfO, can possess room-temperature
ferroelectric and piezoelectric properties, attributed to the forma-
tion of the orthorhombic Pca2, phase.[?#2%1 HfO, exhibits a large
bandgap >5 eV, which is expected to be further widened with
doping.[**l Thus, it may eliminate two-photon absorption and
provides a transparent window from ultraviolet to mid-infrared
wavelengths. Additionally, HfO, has a high dielectric constant, a
high breakdown field of ~3.9-6.7 MV cm™, and a low thermal
conductivity, which can be used as a spacer layer.[*!]

In this work, we develop a hybrid integrated silicon-HfO, pho-
tonic platform using HfO, thin films as both a piezoelectric layer
and a light guiding medium. The fabrication process is com-
patible with current CMOS technology. 20 nm thick Zr doped
HfO, thin film is introduced as a piezoelectric material using
the atomic layer deposition (ALD) method benefiting from its
significant second-order nonlinearity, mature deposition technol-
ogy, and compatibility with silicon substrate. To increase the op-
tical field in the ultrathin and low-index doped HfO, layer, we
design a horizontal slot waveguide structure to sandwich the
low-index doped HfO, layer between two high-index silicon lay-
ers. To demonstrate the piezoelectric effect of the doped HfO,
film, we fabricate and measure electrically tunable microring res-
onators based on the slot waveguide geometry. The hybrid mi-
croring resonator is capable of linear bidirectional tuning with
a wavelength tuning efficiency of 8.4 pm V! and a power ef-
ficiency of 0.12 nW pm~'. The estimated power consumption
of hybrid microring is 3.07 uW per FSR. The proposed CMOS-
compatible Si-HfO, piezo-optomechanical approach offers com-
parable power efficiency and one order of magnitude improve-
ment in tuning efficiency relative to that of Si;N, devices actu-
ated by AIN»7] and three orders of magnitude reduction in
power consumption compared to that of conventional thermo-
optic tuning approach.®?l Our demonstration of doped HfO, as
an active optical and piezoelectric layer monolithically integrated
on silicon opens new avenues toward the application of CMOS-
compatible piezo-actuators in fully integrated silicon photonic
circuits.

2. Device Design and Operation Principle

The proposed Si-HfO, platform consists of silicon layers and 20
nm thick Zr doped HfO, (Hf, sZr, ;O,, HZO) thin film. HZO has
alow refractive index (nyyo = 1.8, ng; = 3.467 at 1.55 um).** The
optical field is mostly confined in the high-index silicon layer for
a conventional rib waveguide structure. To increase the optical
field in the thin HZO film and the piezo-electrically tuning effi-
ciency, we design a horizontal slot waveguide consisting of the
low-index HZO film sandwiched between the two high-index sil-
icon layers, as shown in Figure 1. The 100 nm thick top silicon
layer of a silicon-on-insulator (SOI) wafer is the lower Si layer of
the slot waveguide, while a 100 nm thick amorphous silicon (a-Si)
layer is used as the upper layer of the horizontal slot. The patterns
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of waveguides, gratings, and microrings are defined on the a-Si
layer. We use the finite element method to simulate the mode
properties of the hybrid waveguide. The effective mode index of
the 2 um wide slot waveguide is calculated to be n 4 = 1.453. The
light confinement in the 20 nm thick HZO film is 'y, = 17.4%
for the transverse magnetic (ITM) slot waveguide mode. The con-
finement factor can reach >55 % by optimizing the waveguide
width and increasing the HZO thickness to 80 nm, as shown in
Figure 1b. As illustrated in Figure 1b,c, the effective refractive
index increases when the thicknesses of the HZO layer and the
upper a-Si layer increase. Furthermore, the width variation of the
horizontal slot waveguide shows a small impact on the light con-
finement factor and the effective index, as depicted in Figure 1d.

To exploit the piezo-optomechanical effect of the hybrid waveg-
uide, we apply the electric field through planar microelectrodes
beside the waveguide, as shown in Figure 2a. The simulated static
electric field distribution is plotted in Figure 2b when a bias volt-
age of 10 V is applied to the electrodes. The simulation suggests
that the average electric field E,, inside the hybrid waveguide in-
creases as the gap between the electrode and the waveguide be-
comes smaller (Figure 2c). The metal absorption of the gold elec-
trodes is negligible due to the strong optical confinement of the
hybrid slot waveguide. The overlap between the optical and elec-
trical fields is important to increase the modulation efficiency,
which can be quantified by the electro-optic integral. The electro-
optic integral I is(®*]

_g//Ez E dxdz

x,0p~ €

r=281/7 x»e" "~
vV IS E?  dxdz

(1)

where g is the electrode separation, V is the voltage on the elec-
trodes, E, ,, is the optical field, and E, is the electrical field. Fig-
ure 2d plots simulated I as a function of the HZO thicknesses for
different a-Si thicknesses. It indicates that electro-optic integral I
increases as the HZO thickness increases and the a-Si thickness
decreases. In the experiment, the HZO thickness is 20 nm to en-
sure the high yield of the deposited HZO film.

When applying the electric field, the refractive index modu-
lation is achieved by piezo-optomechanical coupling due to the
strain-optic effect and moving boundary effect.[*! The strain gen-
erated by the piezoelectric response in the HZO film introduces
a photoelastic refractive index shift in the HZO and Si layers. On
the other hand, the displacement of the film boundaries induces
the change of the effective mode index.

For a microring resonator, the resonance condition is

Lng =mi (2)
where L is the round-trip ring length, n. is the effective mode
index, A is the resonance wavelength, m is the longitudinal mode

number. The piezo-electric induced strain imparts resonance
change A4 to the optical mode

A= AnggL+ngAL (3)
where An g is the strain-induced index change, AL is the strain-

induced length change of the microring. The strain-induced in-
dex change consists of the contributions from the strain-optic
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Figure 1. a) Simulated mode profile of the proposed Si-HfO, hybrid waveguide. b) Numerically calculated light confinement factor and effective index
as a function of the HZO thickness. Inset: cross-section of the Si-HfO, hybrid waveguide. c) Calculated light confinement factor and effective index as a
function of the upper a-Si layer thickness. d) Calculated light confinement factor and effective index as a function of the waveguide width.

(Angg,) effect and moving boundary (An.g,) effect, and can be
expressed as

Aneff = Aneff,s + Aneff,b (4)

The strain-optic induced index change An g is related to the
optomechanical resulting stress. Since the waveguide is usually
very long in the propagation direction z, the strain and the index
change in this axis are negligible. Thus the expression between
the strain-optic induced index change An and stress o is given
by!%!

An,=—-Cio, — CZ(O'Y +0,) (5)
An, = -Ci0, — G0, +0y) (6)

where o, 6, and o, are the stress tensor components along the x,
¥ and z directions, An, and An, denote the strain-optic induced
index change in the x and y directions, respectively. The stress-
optic coefficients C; and C, depend on the material refractive in-
dex without stress (n,), Young’s modulus (E), Poisson’s ratio (v),
and the photoelastic tensor elements (p,; and p,,) asl>®]

3

Mo

G = ﬁ-(pll — 20py,) (7)
"

C, = S2(=opy, + (1= )py) ®)
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We estimate the strain values and deformation in the HZO and
Silayers from a finite element model using approximate values of
HZO piezoelectric coupling coefficients, waveguide geometries,
and material constants, as shown in Figure 2e. The photo-elastic
coefficients of Siused in our model are p,; = —0.101, p;, = 0.0094.
The photoelastic coefficients of HZO are p;; = 0.3865, p;, =
0.2538.037] The piezoelectric coefficients ey, ¢ and e;; ¢ used in the
model are —3.3 and 5.739 C m~2, which are examined by exploit-
ing thermal expansion of the substrate upon rapid temperature
cycling!®! and measured via double beam laser interferometry
(DBLI),*) respectively. The detailed material constants of HZO
film used in the model are provided in the Supporting Informa-
tion 1. The calculated Von Mises stress value in the horizontal
(%) direction is 12 MPa when the applied potential difference is
10 V. Using the simulated stress values and Equations (2)—(8),
the calculated wavelength tuning efficiency is 2.97 pm V~'. The
wavelength tuning efficiency is much larger than that of reported
Si;N, devices actuated by AIN.I¥] We attribute that to the larger
piezoelectric coefficient of HZO films and the coupled nature of
the piezoelectric actuator and optical waveguide of the platform.

3. Device Fabrication and Characterization

The fabrication process for preparing Si-HfO, monolithically in-
tegrated devices is illustrated as follows. 20 nm thick Hf, ; Zr, <O,
film is deposited at 300 °C on an SOI substrate with a top sil-
icon layer of 100 nm and a buried oxide layer of 1.1 um using
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Figure 2. a) Integrated piezo-optomechanical tunable microring based on Si-HfO, platform. b) Simulated static electric field distribution of the Si-HfO,

hybrid waveguide induced by the planar electrodes. c) Simulated average electric field E,

vg inside the hybrid waveguide as a function of the gap between

the electrode and the waveguide. d) Numerically calculated electro-optic overlap integral I' as a function of HZO and a-Si thicknesses. The gap between
the electrode and the waveguide is 2 um and the applied voltage is 1 V. e) Finite element analysis of the Von Mises stress and deformation from an
applied potential difference of 10 V to the hybrid waveguide. Deformation is scaled by 10 000x for visibility.

the ALD method (Beneq thermal-/plasma-enhanced ALD).
Tetrakis-ethylmethylamino-hafnium (TEMAH{f) and tetrakis-
ethylmethylamino-zirconium (TEMAZr) are used as precursors
and ozone is used as oxidant. The concentration ratio of Hf to
Zr is controlled by the number ratio of the growth cycle. Post-
deposition annealing (PDA) is carried out at 650 °C for 30 s in
flowing N,. The atomic force micrograph (AFM) on the surface
and grazing-angle incidence X-ray diffraction (GIXRD) scanning
spectrum of the HZO film are shown in Figure 3a,c. The HZO
surface has a root-mean-square (RMS) roughness of 1.56 nm.
Three diffraction peaks belong to orthorhombic or tetragonal or
cubic (O/T/C) and phases monoclinic (M) are presented at 30.5°,
28.5°, and 31.6°, respectively, as shown in Figure 3c. As reported
in ref. [29] optimized ferroelectricity is observed with the pre-
sented ratio of O/T/C phase. We characterize the C-V curve and
polarization hysteresis loop of the HZO thin film to show its
ferroelectric property. The HZO film is deposited on the doped
silicon substrate using the same deposition condition by ALD.
The doped silicon substrate is used as the bottom electrodes, and
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the upper gold electrodes are formed on the HZO thin film by
thermal evaporation process. The C-V curve is measured by the
impedance analyzer (Keysight E4990A), as shown in Figure 3d.
The inset of Figure 3d shows the schematic of the device struc-
ture and experimental setup. The measured C-V characteristic
is observed with coercive voltages at 3.6 and —2 V. The difference
between the positive and negative coercive voltages in the C-V
curve may be attributed to the asymmetry of the electrodes.*"]
Furthermore, the polarization hysteresis loop is obtained
by electrical polarization measurement (Keithley 4200). The
polarization intensity is calculated by the electrode area of
37206.3 um?. The measurements are performed at room temper-
ature. The 1 and 10 kHz triangular wave signals are employed, re-
spectively. For the ferroelectric material, domain flipping accom-
panied by the movement of the domain walls occurs when the
polarization of the domain aligns with the applied electrical field
along the polarization axis.***!l In the measurement, as the ap-
plied voltage increases, the number of the domain flipping along
the polarization axis increases. The maximum number of the
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Figure 3. AFM on the surface of a) the HZO film and b) the a-Si film. c¢) GIXRD scanning spectrum of the HZO film. d) Measured C-V curve of the HZO
thin film. Inset: Schematic of the device structure and experimental setup. e) Measured polarization hysteresis loop of the HZO thin film.

domain flipping can be reached near the coercivity voltage of ~5
and -5V, as illustrated in Figure 3e.

Then, 100 nm thick a-Si film is deposited at a temperature of
300 °C by plasma-enhanced chemical vapor deposition (PECVD).
The AFM on the surface of the a-Si film is shown in Figure 3b.
The RMS roughness is 2.65 nm. The patterns consisting of grat-
ing couplers, microrings, and waveguides are defined on the re-
sist (AR-P 6200.09) and transferred to the a-Si layer by electron-
beam lithography (EBL, Vistec EBPG 5200%) and inductively cou-
pled plasma (ICP) dry etching (SPTS DRIE-I). Finally, 250 nm
thick Au electrodes and contact pads are fabricated using elec-
tron beam evaporation and patterned by the lift-off process. The
flow chart of the fabrication process is provided in the Supporting
Information 1.

4, Measurement and Results

To characterize the loss of the Si-HfO, slot waveguide, we fab-
ricate microring resonators with a radius of 100 um, a width of
1.6 um, and different coupling gaps from 40 to 140 nm. By vary-
ing the gap between the access waveguide and the ring, the cou-
pling condition can be tuned to obtain critical coupling with a
high extinction ratio. The devices are characterized by using a
tunable laser scanning system (EXFO T100S-HP-CLU-M-CTP10-
00). On-chip grating couplers are used to couple light into/out of
the Si-HfO, slot waveguides (the Supporting Information 1, Sec-
tion 3). Figure 4 shows the micrographs and transmission spec-
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tra of the fabricated Si-HfO, slot microring resonator. The loaded
quality factor Q, free-spectral range (FSR), and extinction ratio are
7700, 0.96 nm, and 24 dB, respectively. The propagation loss of
the slot waveguide is expressed as

Zimg Ao

- Qintj’o B thRFSR

where a is the loss per unit length, R is the radius of the ring,
Q,: 18 the intrinsic quality factor. The propagation loss of the fab-
ricated Si-HfO, slot waveguide is estimated to be 11.1 cm~!. The
pure a-Si racetrack resonators without the HZO film are fabri-
cated on the SOI substrate by the same process (see the Sup-
porting Information 1, Section 4). The propagation loss of the
fabricated a-Si on Si waveguide is estimated as 4.5 cm™. The es-
timated loss purely on the HZO film is 6.6 cm™'. The relatively
large loss may be attributed to the roughness of the HZO film
and the high deposition temperature of the a-Si film. The ther-
mal desorption of hydrogen occurs above 250 °C, increasing the
defect density of a-Si film.[*?] In addition, the top surface of the
a-Si layer is approximately six times as rough as that of the com-
mercial SOI wafer, leading to large propagation loss. Itis expected
to reduce the propagation loss by depositing a-Si film at a process
temperature of 250 °C and smoothing the top surface by chemi-
cal mechanical polishing (CMP) process.

To demonstrate the ultralow-power piezo-optomechanically
tuning of our platform, microrings with gold microelectrodes

a

©)
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Figure 4. Results of fabricated Si-HfO, slot microring. a) Optical microscope graph of fabricated microring. b) Scanning electron microscope (SEM)
cross-sectional photo of the coupling region between access waveguide and ring. c) Measured transmission spectrum of the slot microring. d) Zoomed

spectrum and Lorentz fitting of a resonance dip.

are fabricated and characterized. Figure 5a—c plots optical mi-
croscope and SEM photos of a tunable microring, showing the
electrical and optical routing to the ring. The separation between
the ring and the electrode is 2 pm. Due to the large propagation
loss and strong optical field confinement capability of TM slot
waveguide mode, a smaller coupling gap is required to satisfy
the critical coupling condition. The ring has a radius of 70 um,
a width of 1.2 ym, and a coupling gap of 50 nm. Figure 5d illus-
trates the stress-optic tuning of the resonances. Upon applying
an electric field across the ring, the resonance wavelengths shift,
indicating a change in the effective index of the ring. To verify that
the device works fine at high voltages, the finite element method
is used to simulate the electric field distribution of the device with
planar microelectrodes beside the waveguide (see the Supporting
Information 1, Section 5). From the simulated results, the applied
voltage in our experiment does not cause a dielectric breakdown.
The average linear tuning efficiency is AA/AV = 8.4 pm V7', as
shown in Figure 5e. We consider that the difference in the tuning
efficiency between calculation and experiment is mainly related
to the material constants of HZO film, especially the piezoelec-
tric coefficient. The growth conditions, doping, and thickness of
the HZO film differ from those of refs. [38, 39], which results
in the different piezoelectric coefficients e;; ¢ of the HZO film.
The half-wave voltage-length product is estimated to be V,L =
L-FSR-AV/(2-AJ) ~ 3.24 V.21l The tuning efficiency is one or-
der of magnitude improvement compared to that of AIN-actuated
Si;N, devices, [’ which is attributed to the larger piezoelectric co-
efficient of HZO and the coupled nature of the piezoelectric actu-
ation and optical waveguide of the platform. The hysteresis effect
of the resonance wavelength shifts is measured by cycling the ap-
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plied voltage in another Si-HZO microring device on the same
chip. The differences in the hysteresis curves between different
devices on the same chip may be related to the growth quality and
uniformity of the HZO thin film (see the Supporting Informa-
tion 1, Section 6). In contrast to the unidirectional tuning using
thermo-optic heaters, the piezo-optomechanically tuning is bidi-
rectional. This is attributed to the signed strain-induced index
change depending on the direction of the strain. When the direc-
tion of the applied electrical field is reversed, an opposite-change
of the index is introduced, leading to the opposite-directional tun-
ing. A linear phase shifter with a single-drive push-pull or differ-
ential configuration is expected to be implemented, benefiting
from the bidirectional tuning. To exclude a possible contribution
of plasma dispersion induced by the strong electric field in the
silicon, the racetrack resonators without the HZO layer are fab-
ricated and characterized. No resonance shifting is observed in
the a-Si devices without HZO thin films. It indicates that the res-
onance shift of the Si-HZO devices can be fully attributed to the
piezo-optomechanical effect in the HZO layer (see the Support-
ing Information 1, Section 4).

Leakage current across the Si-HfO, microring is measured
by a semiconductor parameter analyzer (Agilent BA1500). In
the measurement, power line cycle (PLC) mode in the high-
resolution analog-to-digital converter (ADC) is utilized. Under
the PLC mode, the integration time can be calculated as 20 ms.
This integration time allows for accurate measurement of the
hysteretic characteristics of the device.[***#! To rule out the arti-
fact on the hysteretic behavior caused by the source monitor unit
(SMU), the leakage current of the bare a-Si on Si racetrack res-
onator is measured using the same test conditions. As depicted
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Figure 5. a) Optical microscope image of fabricated hybrid microring with gold electrodes. b) Magnified photo for coupling region of the microring. c)
SEM photo of the ring waveguide and electrodes. d) Measured transmission spectra of fabricated microring upon applying different voltages. ) Stress-
optic tuning of the resonances versus applied voltages. f) Measured I-V hysteresis curve of the microring. g) Temporal response of the microring.

in Figure S5d (Supporting Information), no hysteresis behavior
is observed in the [~V curve for the a-Si on Si racetrack. It in-
dicates that the hysteretic behavior of the I-V curve for Si-HZO
devices is attributed to the ferroelectric property of the HZO thin
film.

Figure 5f shows the measured [-V hysteresis curve of the Si-
HfO, microring. During the measurements, a bias voltage is ap-
plied between the electrodes and swept, which causes the resis-
tive change due to the sweep direction of the voltage in bipolar-
type resistive switching: minimum voltage — maximum volt-
age — minimum voltage. The bump of the -V curve at around
3.8/—3.8 V indicates the ferroelectric behavior. From the mea-
sured C-V characteristic, the coercive voltages at 3.6 and -2 V
are observed, as shown in Figure 3d. Both of them illustrate
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the presence of ferroelectric property in the HZO thin film. The
slight difference in the coercive voltages between the -V and
C-V curves is attributed to the different electrode structures in
the two tests. The hysteretic curve is attributed to the wake-up
effect of the doped HfO, ferroelectric films, which is caused by
the redistribution of defects, especially oxygen vacancies in the
films.[*] Since the HZO actuator is capacitive, the current is mea-
sured to be less than 1 nA when the voltage is swept from —12 to
12 V. The resonance shift induced by the voltages of —12 to 12 V
is 200 pm, thus, the power efficiency is estimated to be 0.12 nW
pm~!. The measured power efficiency is comparable with that of
AlN-actuated Si;N, microrings,!?*] three to four orders of magni-
tude improvement as that of thermo-optic approach**! and PZT-
actuated Si; N, microring.** The power consumption of Si-HfO,
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Table 1. Performance of various state-of-the-art integrated tunable devices.

Structures and materials Tuning mechanism Tuning efficiency Power efficiency Power consumption CMOS
[pm V] ["W pm~T] [uW per FSR] compatibility
Suspended silicon racetrack!®?] Thermo-optic / 208 2400 Yes
Silicon ringl#6] Plasma dispersion in Si / 92 >500 Yes
Silicon nitride ring on BaTiO,(22] Pockels effect 25 0.0424 0.106 No
PZT on silicon nitride ring!(3*] Piezo-optomechanically ~25 1200 500 No
PZT on silicon ringl#’] Piezo-optomechanically ~19 / / No
Silicon nitride ring on AINI?7] Piezo-optomechanically 0.8 0.0125 / Yes
AIN on silicon nitride ring!?°] Piezo-optomechanically ~0.125-0.2 5 / Yes
Si-HfO, ring This work Piezo-optomechanically 8.4 0.12 3.07 Yes

microring is estimated to be 3.07 uW per FSR (see the Supporting
Information 1, Section 7), which are two to three orders of magni-
tude less than that in plasma dispersion- and thermo-optic-based
silicon tunable devices.

We also measure the tuning speed for the Si-HfO, tunable mi-
croring by driving the electrodes with a 2 kHz square-wave volt-
age signal. Figure 5g shows the measured response for the de-
vice. The ~10-90% switching times are 15 and 8 ps for the rising
edge and the falling edge, respectively. However, the high and
low levels of the output signal can no longer be distinguished on
the sampling oscilloscope when a 1 MHz square wave signal is
applied to the device. To demonstrate the high-speed response
of the Si-HZO devices, we apply the sinusoidal signals of differ-
ent frequencies to the on-chip device (see the Supporting Infor-
mation 1, Section 8). From the measured results, the poor high-
speed performance may be related to the mechanical design of
the Si-HZO actuator.[25%]

Table 1 compares the performance of our Si-HfO, microrings
with some state-of-the-art silicon integrated tunable devices. For
traditional tunable devices based on thermo-optic and plasma dis-
persion effects, the power efficiency is low and at the order of
100 nW pm~. For BaTiO;-Si or PZT-Si hybrid devices, large tun-
ing efficiency and high power efficiency can be achieved. How-
ever, the devices are not compatible with the CMOS process.
CMOS-compatible AlN-actuated Si;N, devices have made signifi-
cant progress in recent years. Unfortunately, the tuning efficiency
is low and at the order of 0.1 pm V~! due to the low piezoelec-
tric coefficient of AIN and weak coupling between the piezoelec-
tric actuator and the optical waveguide. The proposed Si-HfO,
hybrid platform based on piezo-optomechanical tuning exhibits
large tuning efficiency, high power efficiency, and CMOS com-
patibility, where doped HfO, thin film acts as both a piezoelectric
layer and a light guiding medium.

5. Conclusion and Discussion

We have presented a CMOS-compatible piezo-optomechanically
tuning approach on an integrated silicon-hafnium-oxide plat-
form. In a proof-of-concept demonstration, we have fabri-
cated a tunable hybrid microring actuated by doped HfO,
film. Unlike the weak coupling of the piezoelectric actuation
layer and optical guiding layer in previous AlN-actuated Si;N,
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microrings,!?’] the doped HfO, film acts as both piezoelectric
actuator and optical waveguide in the new platform. The new
piezo-optomechanical approach offers one order of magnitude
improvement in tuning efficiency.

The presented device shows great promise for the applica-
tions of piezoactuators in fully integrated silicon photonic cir-
cuits, while there are some improvements needed for future
work. First, the propagation loss of the fabricated hybrid Si-HfO,
waveguide is relatively high. The optimization of the deposition
condition for HZO and a-Si film and the CMP process can be
used to reduce the defect density and the roughness, leading to
an expected propagation loss of sub-1 dB cm™".[?] Second, the
doped HfO, thin film can be monolithically integrated on sili-
con nitride to achieve waveguides with ultralow-loss of sub-1 dB
cm™! in the future, benefiting from ultralow loss property of sili-
con nitride material.l?®l Third, the thickness of piezoelectric HZO
film is only 20 nm. Higher optical confinement factor and larger
electro-optic overlap factor can be achieved in thicker HZO film,
which is expected to realize larger tuning efficiency. Finally, a full
FSR of tuning is not achieved in fabricated hybrid devices. How-
ever, the tuning range could be significantly increased for a larger
electric field. The use of transparent conducting electrodes (in-
dium tin oxide, ITO)!*8l and a smaller electrodes gap can enable
a larger electric field.

In addition to the compact tunable microring devices, lin-
ear phase shifters with much longer piezoactuation waveguide
length can be constructed on the Si-HfO, platform, enabling low-
bias operation. A push-pull or differential configuration can be
also used in the phase shifter, then, applied electric fields induce
phase shifts with an equal magnitude but opposite sign in the two
arms, leading to a half operation bias. The calculations indicate
V., =54V for a 3 mm long push-pull linear phase shifter based
on the Si-HfO, platform. Broadband optical switches!'®) and pro-
grammable Mach-Zehnder meshes!!?! with ultralow power con-
sumption are expected to be achieved using the Si-HfO, linear
phase shifters.

The approach of hybrid Si-HfO, waveguides extends the tool-
box of CMOS-compatible silicon photonics technology. It can be
used to realize ultralow-power switching and tuning and find ap-
plications in optical communication, photonic quantum infor-
mation processing, control of soliton microcombs, optical phased
array, and spaces under cryogenic temperatures.
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