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Abstract 
Integrated photonics is a cornerstone technology for compact optical systems in 

telecommunications, sensing, computing, and quantum applications. Integrated systems bring 

together high-quality passive waveguides layouts, modulators, detectors, and even light sources 

for enhanced performance and scalability. However, the implementation of certain functions in 

integrated photonics remains challenging. For example, analog processing of microwave 

signals requires long true time delays which cannot be accommodated on-chip at the speed of 

light. Surface acoustic waves (SAWs) offer a powerful solution: their velocity, which is orders 

of magnitude slower than that of light, leads to substantial delays over small footprint. In 

addition, photoelastic interaction with acoustic waves can induce GHz-rate modulation in key 

photonic integration platforms that are otherwise strictly passive, such as silicon nitride. While 

piezoelectric actuation provides the most efficient SAW generation, the effect is absent in 

silicon-on-insulator, silicon nitride, and many other significant photonics platforms.  

In this work, the integration of piezoelectric and photonic circuits is explored using thin-film 

lithium niobate (TFLN). The study focuses on SAW photonic devices that leverage the strong 

piezoelectric actuation of lithium niobate to modulate optical signals through the photoelastic 

effect. Two approaches for SAW–photonic integration are investigated. The first uses strip-

loaded waveguides on TFLN to enable extremely simple fabrication, without etching the 

lithium niobate layer. Inter-digitated transducers on the TFLN surface are used for the actuation 

of SAWs, and photonic readout is realized through photo-elastic modulation of guided light in 

racetrack resonator waveguides. The SAW-photonic response is characterized by resonance 

frequencies between 300-400 MHz, which correspond to acoustic modes of the device layers 

stack. The extent of induced index perturbation is estimated in the sixth decimal point.  

A second set of devices used heterogeneous integration of a lithium niobate slab on top of a 

silicon nitride photonic circuit. The devices were designed and characterized by our group, and 

fabricated by the commercial foundry Ligentec, Switzerland. The devices bring together 

piezoelectric actuation in the lithium niobate layer, and high-quality passive photonic circuits 

in silicon nitride: the quality factor of resonators reached 1.5 million. Acousto-optic modulation 

in buried silicon nitride waveguides was demonstrated at 300 MHz frequency. The photoelastic 

index perturbation in the devices was estimated in the seventh decimal point, restricted by a 

capping layer of silica on top of the actuation electrodes. Nevertheless, the hybrid devices 

introduce high-rate modulation to the essential photonics platform of silicon nitride. Further 

studies will examine the dependence of SAW-photonic response on the crystalline orientation 

of the transducer electrodes, the polarization of guided light, and the choice of two buried 

silicon nitride core layers. Overall, this research results establish lithium niobate-based SAW-
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photonics as a viable platform for acousto-optic modulation and analog microwave photonic 

signal processing
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1. Introduction 
1.1 Photonic Integrated Circuits 
Optical communication systems are essential for broad bandwidth data transmission. Over the 

years, optical communication has gradually shifted from exclusively long-haul networks to the 

rack, board, and chip levels [1]. Compared with electrical connectivity, optics supports much 

higher data rates, covers far longer distances, and provides immunity to electromagnetic 

interference [2]. The large volumes of short-reach, data-center communications are the main 

driving force behind photonic integrated circuits (PICs). Integration of multiple photonic 

components, such as waveguides, modulators, detectors, and lasers, critically reduces cost, size, 

and power consumption. The integration of photonic components on a single chip facilitates 

complex optical signal processing and high-speed data transmission with improved reliability 

and scalability [3].  

Silicon photonics has emerged as a leading platform for PICs due to its compatibility with 

complementary metal-oxide-semiconductor (CMOS) manufacturing processes. Silicon 

photonics leverages the well-established silicon fabrication infrastructure. Most importantly, 

silicon photonics enables the co-integration of electronic and optical functions in a system on a 

single chip. Silicon-based PICs are widely used in telecommunications, data centers, and 

emerging applications such as quantum computing and bio-photonics [3]. 

In addition to silicon, other materials such as lithium niobate (LiNbO₃) and silicon nitride (SiN) 

are also used in PICs for specific applications where their unique properties offer distinct 

advantages [4]. Lithium niobate is a non-centrosymmetric crystal, therefore it exhibits second-

order nonlinearities and piezoelectricity. Of all such crystals, lithium niobate offers the most 

advanced PIC technology. Lithium niobate is the material of choice for electro-optic modulators 

in optical fiber telecommunications [5]. Its piezoelectric properties are especially useful in 

surface acoustic wave (SAW) devices, which convert electrical signals into mechanical 

vibrations and vice versa, essential for analog signal processing in mobile communications and 

other analog electronics [6].  

Silicon nitride is a strictly passive waveguide platform. Compared with silicon, SiN provides 

transparency in visible and near-IR wavelengths and ultra-low propagation losses at 

telecommunication wavelengths [7]. It is also free of two-photon absorption which restricts the 

optical power handling of silicon at telecommunication wavelengths. SiN is the material of 

choice in many quantum technology and bio-sensing applications [8], [9]. 

The continuous development of PICs and the exploration of different materials are driving 

innovations in photonic devices, pushing the boundaries of performance and enabling new 

applications across various fields [10]. As the demand for high-bandwidth, low-latency, and 
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energy-efficient communication systems continues to grow, PICs are set to play a critical role 

in the future of optical technology [11]. 

1.2 Basic building blocks of passive photonic circuits 
Integrated photonic circuits rely on a set of fundamental building blocks for controlling and 

manipulating the propagation of light. This section describes the essential structural and 

functional elements that form the foundation of passive photonic systems across all material 

platforms: optical waveguides, directional couplers, and ring resonators. While the framework 

is presented here in the context of silicon photonics, it is universally applicable to other 

integrated photonic material systems such as SiN and LiNbO3. Although specific geometric 

implementations, material parameters, and fabrication protocols vary across material platforms, 

the underlying concepts remain consistent. 

Optical Waveguides 

Optical waveguides form the foundational structural elements of integrated photonic circuits, 

serving to confine and guide electromagnetic waves of optical frequencies along pre-defined 

paths. Standard waveguides leverage the principle of dielectric confinement: light is restricted 

to a higher-refractive-index core surrounded by lower-index cladding materials. Propagation is 

governed by the wave equation: 

                                                              ∇<𝐸B⃗ + 𝑛<𝑘&
<𝐸B⃗ = 0.	                                                         (1.1) 

Here, 𝐸B⃗  is the frequency-dependent electric field vector, and 𝑛 is the spatially varying refractive 

index. 𝑘& =
=
*
= <2

>
	is the vacuum wave number, where 𝜔 denotes the angular frequency, 𝜆 is 

the vacuum wavelength, and 𝑐 is the speed of light in vacuum. 

Analytic solutions to the wave equation may be found for one-dimensional slab waveguides, in 

which the refractive index varies with the vertical 𝑥 coordinate only. I assume without loss of 

generality that light is propagating along the 𝒛K axis. The electric field vector, in that case, may 

be expressed as: 

                                                   𝐸B⃗ (𝑥, 𝑧, 𝜔) = 𝐸B⃗ ?(𝑥, 𝜔)𝑒9@A(=)D                                                  (1.2) 

where 𝐸B⃗ ?(𝑥, 𝜔) is the transverse profile of the field at frequency 𝜔, and 𝛽 is the frequency-

dependent propagation constant. Substituting this solution into the general wave equation yields 

the one-dimensional eigenmode equation in 𝑥: 

                                                E
!

EF!
𝐸B⃗ ? + [𝑛<(𝑥)𝑘&< − 𝛽<]𝐸B⃗ ? = 0                                              (1.3) 
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The solutions correspond to the allowed guided modes, each characterized by its propagation 

constant 𝛽.  

Let us consider a core layer of thickness 𝑑 and refractive index 𝑛*/.+, surrounded by an infinite 

cladding of index 𝑛*G56 < 𝑛*/.+  above and below. Solutions may be classified as either 

transverse electric (TE) or transverse magnetic (TM). In the TE case the electric field contains 

𝒚R component only, and in TM modes the same holds for the magnetic field. The propagation 

constants of symmetric TE modes are found through solutions to the following equation, 

derived from the continuity requirements at the upper and lower boundary of the cladding: 

                                                                        H6
<
tan VH6

<
W = I6

<
                                                        (1.4) 

Here ℎ< = 𝑘&<𝑛*/.+< − 𝛽<  and 𝑞< = 𝛽< − 𝑘&<𝑛*G56< . The propagation constants of anti-

symmetric modes are given by the solution of a modified equation: 

                                                                       H6
<
cot VH6

<
W = − I6

<
                                                       (1.5) 

Once the propagation constant is found, the transverse profile of the electric field 𝐸J(𝑥, 𝜔) is 

readily obtained as well. TM modes are similarly solved subject to slightly different boundary 

conditions. The number of modes of each type is governed by the following parameter:  

                                                                            	𝑉 = 26
>
\𝑛*/.+< − 𝑛*G56<                                              (1.6) 

When 𝑉 < 𝜋 2⁄ , only a single TE mode and a single TM mode are guided by the device. This 

so-called single mode regime is highly preferable in most photonics applications, as it avoids 

the detrimental effects of multiple modes having different propagation constants 𝛽  (modal 

dispersion). Since the indices and wavelength are often fixed, the single mode regime and be 

reached by reducing the core thickness 𝑑. For silicon cores within silica and telecommunication 

wavelengths, the thickness is in the order of few hundreds of nm.  

One-dimensional slab geometries as discussed above do not confine light in the lateral in-plane 

direction, and they are seldom useful in real-world devices. Most waveguide geometries 

therefore rely on a core of finite height and width, surrounded by lower index cladding in two 

dimensions. The modes of two-dimensional waveguide cross-sections cannot be solved 

analytically, and they require numerical methods. Here too, sufficiently small cores would 

support only a single mode of each type. It is even possible to achieve propagation in a single 

TE mode, with no TM solution at all.  

We may now define the effective index of a guided mode: 

                                                                          𝑛+,, =
A
K"

                                                                  (1.7) 
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This parameter represents the apparent refractive index "seen" by the guided mode, and it 

depends on the material indices, waveguide cross-sectional geometry, and optical wavelength. 

The effective index exhibits wavelength dependence due to both material dispersion and 

geometric effects related to mode confinement. The wavelength dependence is quantified, to 

the first order, through the group index: 

                                                                𝑛-./01 = 𝑛+,, − 𝜆
68#$$
6>

,                                              (1.8) 

and group velocity: 

                                                                          𝑣- =
*

8%&'()
.                                                              (1.9) 

The group velocity governs the propagation delays of broadband pulse envelopes on top of 

optical carrier waves.  

Directional Couplers 

Directional couplers enable controlled power transfer between adjacent optical waveguides 

through overlap between evanescent fields. These devices form the fundamental basis for power 

splitters, switches, interferometers, and resonant cavities across all integrated photonic 

platforms. When two waveguides are positioned in close proximity, their individual guided 

modes can interact through spatial overlap of the evanescent field tails extending into the 

surrounding medium. This coupling mechanism can be analyzed using coupled-mode theory, 

which treats the overall field as a superposition of the modes from the two individual 

waveguides: 

              𝐸B⃗ (𝑥, 𝑦, 𝑧, 𝑡) = 𝐴(𝑧)𝐸B⃗5?(𝑥, 𝑦)𝑒9@A*D9@=: + 𝐵(𝑧)𝐸B⃗ L?(𝑥, 𝑦)𝑒9@A+D9@=:           (1.10) 

where 𝐸B⃗5,L? (𝑥, 𝑦) [m-1] are the normalized transverse field profiles of the two waveguides 𝑎 and 

𝑏, and 𝐴(𝑧) and 𝐵(𝑧) [Volts] are complex amplitudes that slowly varying along the propagation 

direction 𝑧. 

Substituting the superposition of the two modes into the wave equation yields the coupled-mode 

equations that describe the evolution of the two magnitudes [12]: 

                                             	6N
6D
= −𝑗𝜅(O𝐵𝑒@(A,9A-)D                                                            (1.11) 

                                                   6P
6D
= −𝑗𝜅O(𝐴𝑒9@(A,9A-)D                                                         (1.12) 

The coupling coefficients 𝜅(O  and 𝜅O(  quantify the strength of evanescent interaction and 

depend on the spatial overlap between the modal field distributions [12]. For symmetrical 

devices comprised of identical waveguides (𝛽( = 𝛽O = 𝛽 , the coupling coefficients are 
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identical (𝜅(O = 𝜅O( = 𝜅). With initial conditions placing all power in waveguide a (𝐴(0) =

𝐴&, 𝐵(0) = 0), the power evolution along the two waveguides is given by: 

                                                            |𝐴(𝑧)|< = |𝐴&|<cos<	(𝜅𝑧)                                              (1.13) 

                                                             |𝐵(𝑧)|< = |𝐴&|<sin<	(𝜅𝑧)                                              (1.14) 

The solution describes periodic, oscillatory power transfer between the two waveguides. 

Complete power transfer from waveguide 𝑎 to waveguide 𝑏 occurs following a distance of: 

                                                                       𝐿* =
2
<Q
,                                                                    (1.15) 

referred to as the coupling length. It is inversely proportional to the coupling coefficient and 

thus depends on the separation between waveguides. Smaller separations produces stronger 

coupling and shorter coupling lengths. 

Vertical Directional Couplers 

In addition to lateral (horizontal) directional couplers between adjacent waveguides at the same 

layer, vertical directional couplers enable power transfer between spatially separated layers of 

waveguides. In vertical couplers, two waveguides are positioned with horizontal alignment yet 

at different layers, separated by a thin lower-index medium such as silicon dioxide. Vertical 

couplers follow the same principle as lateral ones: evanescent fields overlap between the modes 

of two separate waveguides, and they are described by the same equations. The coupling 

strength is heavily affected by the vertical separation: the thickness of the dielectric layer 

between the two waveguides. Vertical couplers are particularly useful in hybrid devices with 

core layers made of different materials.  

Ring Resonators 

Ring resonators are closed-loop waveguide structures coupled to external bus waveguides 

through directional couplers. These devices exhibit sharp spectral resonances through 

constructive and destructive interference of light circulating repeatedly around the loop, making 

them powerful tools for wavelength-selective filtering and field enhancement within the cavity. 

Let us denote the circumference of the closed-loop waveguide by 𝐿. As light propagates around 

the loop, it accumulates phase according to: 

                                                          𝜙./0869:.;1 = 𝛽𝐿 = <28#$$R
>

                                           (1.16) 
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Figure 1: Schematic illustration of a ring resonator waveguide. 

Resonance occurs at wavelengths where the round-trip phase satisfies: 

                                                                           𝛽𝐿 = 2𝜋𝑚                                                             (1.17) 

where 𝑚 is an integer. The resonance condition is associated with periodic narrow transmission 

notches in the through port (see Fig. 1), accompanied by complementary transmission peaks in 

the drop port (if one exists). The free spectral range (FSR) of the device is defined by the 

wavelength spacing between two adjacent resonances: 

                                                                          FSR = >!

8%R
                                                                (1.18) 

The residual transmission at resonant notches depends on the splitting ratio of the directional 

coupler (or couplers) which form the loop. Let us consider a device with a through port only, 

so that the upper coupler in Fig. 1 does not exist, and let us denote the fraction of optical power 

that couples into the ring from the input port as 𝜅<. Residual resonant transmission reaches zero 

when:   

                                                                            𝜅< = 𝑒9SR                                                               (1.19) 

Here 𝛼 is the losses coefficient within the loop waveguide [m-1]. The above condition is referred 

to as critical coupling. It signifies that round-trip losses within the loop equal the losses due to 

out-coupling.  

The Quality Factor (𝑄) of a resonator device quantifies the spectral sharpness of the resonance. 

and is defined as: 

                                                                              𝑄 = λ
∆λ

                                                                      (1.20) 

Here ∆λ is the full width at half-maximum linewidth of the resonance transmission spectrum. 

Higher 𝑄 factors correspond to narrower linewidths and sharper resonant features. The quality 

factor is related to the round-trip losses. At critical coupling we may obtain: 
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                                                                              𝑄 = 2
SR

                                                                    (1.21) 

The quality factors are restricted by bending and roughness-related scattering losses. The 

former term is affected by the curvature radius.  

1.3 Lithium Niobate Devices 
Traditional lithium niobate waveguides have been fabricated using ion exchange, where 

titanium ions are diffused into the lithium niobate substrate to increase the refractive index 

locally, forming a waveguide core [13]. These ion-exchanged waveguides have been widely 

used in modulators, switches, and frequency converters. However, the index contrast induced 

by ion exchange is limited, and the cores of such waveguides must be rather large: several 

microns in size [4]. Consequently, the electrodes of electro-optic modulators in lithium niobate 

are spaced far apart, and comparatively high voltages are needed to exert the necessary fields 

to obtain modulation. Control over the diffusion process can be challenging as well [4]. 

Recent advancements in thin film lithium niobate (TFLN) technology have revolutionized the 

fabrication and performance of lithium niobate devices. TFLN is fabricated by bonding a thin 

layer of lithium niobate onto a silica-on-silicon substrate, followed by thinning the lithium 

niobate layer to the desired thickness, typically in the range of a few hundreds of nanometers 

[4]. The layer stack is often referred to as lithium niobate on insulator, or LNOI.  

LNOI offers several advantages over traditional bulk lithium niobate. It allows for much tighter 

mode confinement, enabling the fabrication of highly integrated and compact photonic devices. 

The enhanced confinement also leads to stronger interactions between the optical mode and the 

electro-optic or nonlinear properties of lithium niobate, resulting in improved device 

performance [4]. For example, the electrodes of electro-optic modulators can be brought closer, 

and their operation voltage is much reduced. The typical losses in TFLN waveguides at 1550 

nm are between 0.1 and 1 dB/cm [4]. Additionally, the compatibility of TFLN with silicon 

photonics platforms opens up new possibilities for hybrid integration, combining the best 

features of both technologies [14]. 
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Figure 2: (a): Cross-sections of typical waveguides for bulk (left) and thin film (right) lithium niobate [15]. (b): 
Calculated transverse profiles of the fundamental TE mode in a waveguide of SOI (left) and SiN (right), at a 
wavelength of 1550nm. The core dimensions are: SOI - unetched silicon 150 nm thick with ridge 70 nm high 
× 700 nm wide; SiN - 300 nm high × 1 µm wide.  

1.4 Silicon Nitride Photonics 
Silicon nitride can be optimized in various ways to achieve high performance in photonic 

applications. Thin-layer waveguides, utilizing high-purity silicon nitride deposited through 

low-pressure chemical vapor deposition (LPCVD), can attain ultra-low propagation losses of 

8–9 dB/m for a 0.5 mm bend radius and 3 dB/m for a 2 mm bend radius, with projections of 

0.1 dB/m at a 7 mm bend radius [16]. This approach benefits from the precise control over film 

thickness and surface roughness that LPCVD provides, resulting in minimal scattering losses 

and enhanced stability. 

Thick-layer waveguides (800 nm) fabricated using the photonic damascene reflow process 

exhibit unprecedentedly smooth sidewalls and tight confinement, which are essential for 

minimizing scattering losses. This process involves patterning a preform structure with recesses 

that define the waveguide, depositing silicon nitride, followed by a reflowing stage to smooth 

out any roughness. The result is resonator waveguides with quality factors of 5 million and 

propagation losses of approximately 5 dB/m. The thick core supports anomalous group velocity 

dispersion [7]. These attributes are crucial for applications such as high-resolution 

spectroscopy, narrow-linewidth lasers, and efficient frequency comb generation.  

Air 
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Figure 3: (a): Simulated losses of the fundamental TE mode in silicon nitride waveguides at 1550 nm 
wavelength as functions of the core width, for different core thicknesses (see legend) [17]. (b): Left - 
Schematic flow of the photonic damascene process for fabrication of silicon nitride waveguides, highlighting 
the preform reflow step. Right – scanning electron microscope cross-section images of waveguides with and 
without reflow [7], [18]. 

1.5 Piezoelectric Actuation of Surface Acoustic Waves, and Applications 
in Electronics  
The piezoelectric effect refers to the generation of an electric charge in certain materials when 

subjected to mechanical stress. This phenomenon occurs in non-centrosymmetric crystals, such 

as lithium niobate, where the application of pressure or strain results in a displacement of charge 

centers within the material, creating an electric dipole moment [19]. This effect is reciprocal: 

the application of an electric field can also induce mechanical strain. The ability to convert 

mechanical energy into electrical energy (and vice versa) makes piezoelectric materials ideal 

for a wide range of applications, including sensors, actuators, and modulators in photonic and 

electronic devices [20]. 

Surface acoustic waves (SAWs) are mechanical waves that travel along the surface of a 

material, with their amplitude decaying exponentially with depth. SAWs can be generated 

through the application of an alternating electric field to a piezoelectric material, or via thermal 

excitation. These waves are highly sensitive to surface conditions, making them useful for 

detecting mass variations, pressure changes, and other surface-related phenomena [21]. The 

typical working principle of a SAW device involves the use of interdigital electrodes (IDTs) on 

(a) 

(b) 
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the surface of a piezoelectric material. When an alternating voltage is applied to the electrodes, 

a periodic electric field is created, generating a strain on the material. This strain provides the 

necessary boundary condition for the generation of SAWs that propagate along the surface of 

the material. The SAWs wavelength is determined by the spatial periodicity of the electrodes 

[22]. 

Many analog electronic filter devices rely on the launch and detection of SAWs. The realization 

of narrow passbands in analog filters mandates the accumulation of long group delays within 

the filter structure. Fast-moving electromagnetic waves cannot be delayed within small chips. 

In contrast, the much slower velocity of acoustic waves enables long delays within small 

footprints. SAW devices have been widely employed in analog electronics for 70 years [21].  

 
Figure 4: SAW filter diagram. Taken from Bliley Technologies website 

1.6 Surface Acoustic Wave-Photonic Devices 
Piezoelectric actuation 

SAW-photonic devices carry over the benefits of acoustic waves to the realm of photonic 

integrated circuits. SAWs induce photoelastic perturbations to the refractive index of 

waveguides, leading to modulation. Similar to analog electronics, SAWs can implement long 

group delays within photonic circuits that cannot be implemented at the speed of light. The 

delays, in turn, may be used in narrowband filters. The use of SAWs helps overcome a stringent 

restriction: the cores of most photonic waveguides do not support acoustic modes in overlap 

with the optical ones [22]. SAWs, on the other hand, are anchored to the surface discontinuity 

of the solid substate, and they can be supported by all platforms.  

Lithium niobate is a natural candidate material for SAW-photonic devices, since it is widely 

used in PICs and also supports piezoelectric excitation. Several works have already combined 

SAWs with guided light in lithium niobate. In one research, SAW resonators on lithium niobate 

substrates were designed and modeled. Through finite element simulations, key design 

parameters such as the spacing between IDTs and the number of reflectors were optimized to 

achieve the highest mechanical displacement and performance. This work highlights lithium 

niobate's high piezoelectric coupling [23] 

https://blog.bliley.com/author/bliley-technologies
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Another study focused on phononic band structure engineering to achieve high-quality (Q) 

factor and small mode size SAW resonators operating at gigahertz frequencies. By using 

phononic crystals and adiabatically tapered structures, the researchers effectively confined 

phonons, resulting in Q factors exceeding 20,000 at room temperature and up to 61,000 at 

cryogenic temperatures. The device showcases lithium niobate's potential for high-frequency 

SAW applications in quantum phononics and integrated hybrid systems [24]. 

Most other major PIC platforms, such as silicon on insulator and silicon nitride, lack the 

piezoelectric excitation of acoustic waves. An alternative principle of SAW-photonic devices in 

these materials is presented next.  

Thermo-Elastic Excitation of Surface Acoustic Waves in Silicon Photonics 

Our group has developed silicon-on-insulator (SOI) devices where SAWs are launched by 

thermo-elastic excitation [25], [26]. An optical pump wave illuminates a metallic grating with 

spatial period Λ . The intensity of the pump wave is modulated at a radio frequency Ω . 

Absorption of light in the metals leads to periodic heating and cooling, and the associated 

thermo-elastic strain is transferred to the photonic circuit layers below. If the frequency Ω and 

wavelength Λ of the strain pattern match those of a surface acoustic mode of the layer stack, 

SAWs are generated and propagate away from the grating area. The strength of these SAWs is 

proportional to the modulation of the pump wave's intensity [25]. 

 
Figure 5: A SAW-photonic device on silicon-on-insulator [27]. An optical pump wave, modulated at radio 
frequency Ω, illuminates a metallic grating with period Λ. Thermo-elastic expansion and contraction of the 
grating elements lead to the launch of SAWs. The acoustic waves pass across a photonic resonator 
waveguide and induce photoelastic index perturbation. These perturbations, in turn, modulate the output 
intensity of a probe wave in the resonator. The modulation information is transferred from pump to probe via 
slow moving SAWs and may acquire long delays.  

A resonator waveguide is defined in the silicon device layer near the metallic grating. The 

resonator consists of 𝑁 straight sections parallel to the grating stripes. As the SAWs propagate, 

they induce periodic changes in the refractive index of the waveguide sections. These changes 

result from the photoelastic effect, where the traveling SAWs modulate the refractive index in 

a time-dependent manner. A continuous probe wave is coupled into the resonator waveguide 

pump  

probe  

output 
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through a second input port. The SAW-induced photoelastic index changes imprint phase 

modulation on the probe. The wavelength of the probe is aligned with a spectral slope of the 

transfer function of optical power through the resonator. With that choice, the phase modulation 

is converted to intensity modulation of the probe at the resonator output. Altogether, the radio-

frequency modulation information is converted from the input pump to the output probe through 

the SAWs. The slow velocity of sound waves enables the accumulation of long temporal delays 

in the process.  

To quantify this process, the overall transfer function between the input voltage modulating the 

pump wave and that of the detected output probe wave can be expressed as:  

														𝐻(Ω) = 𝐶𝐻%(Ω)n 𝑎G𝑒𝑥𝑝 p−
𝑙𝛼VNW𝛥𝑦

2 s 𝑒𝑥𝑝(−𝑗𝑙Ω𝜏)															(1.22)
X93

GY&

 

Here 𝛥𝑦 is the acoustic path length between adjacent straight sections of the resonator layout, 

𝜏 denotes the acoustic group delay over path 𝛥𝑦, 𝛼VNW is the coefficient of acoustic intensity 

losses per unit length, and 𝑎G represents the complex magnitude of photo-elastic modulation in 

waveguide section 𝑙 = 0… (𝑁 − 1). The coefficient 𝑎G can be adjusted through the width and 

offset of the waveguide section. Also in the Equation, 𝐻%(Ω) is the frequency response of 

thermo-elastic actuation at the grating element. It is maximal at frequency at Ω45F = 𝑣 Λ⁄ , 

where 𝑣  is the phase velocity of the surface acoustic mode. The width of 𝐻%(Ω)  is 

approximately Ω45F 𝑀⁄ , with 𝑀 the number of periods in the grating. Lastly, 𝐶 is a constant 

factor which is determined by the power levels of pump and probe, the quality factor of the 

resonator, thermo-elastic and photo-elastic parameters of the layer stack, and properties of the 

detector and modulator used. Other than 𝐻%(Ω), the response of the device is that of a delay-

and-sum filter of multiple weighted replicas of the input [28].    
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Figure 6: (a): Top-view optical microscope image of a SAW-photonic device in SOI. The resonator waveguide 
consists of 12 parallel waveguide sections, implementing a radio frequency response of a 12-tap, delay-and-
sum microwave-photonic filter. The scale bar corresponds to 200 μm. (b): Measured normalized transfer 
function of radio frequency electrical power between the modulation voltage of the input pump wave and that 
of the detected output probe wave. The transfer function is characterized by periodic passbands of 5 MHz 
bandwidth and a free spectral range of 65 MHz. (c): Measured time-domain impulse response of the same 
device. The response consists of 12 decaying impulses with a unit delay of 16 ns. 

Figure 6 shows a top-view optical microscope image of a SAW-photonic device, in which the 

resonator waveguide is designed to accumulate 12 replicas of the input waveform over 12 

parallel waveguide section stretches. The transfer function of radio-frequency electrical power 

through the filter device consists of periodic passbands with full widths at half maximum of 5 

MHz. The filter includes acoustic group delays of 175 ns over a path length of only 660 µm. 

1.7 Waveguides Based on Strip-Loading of Slabs 
The definition of waveguides in thin film lithium niobate requires etching of the layer. The 

process is comparatively complex and may result in losses due to surface roughness. As part of 

the proposed program, I also explore an alternative paradigm for the guiding of light in the 

lithium niobate thin layer. Instead of etching the layer, a strip of polymer may be defined on top 

of it. The index contrast between the strip and the air to its sides can guide an optical mode, 

similar to partially etched ridge waveguides. Compared with etching of the lithium niobate 

layer, the fabrication of strip loaded devices is simpler. 

a b 
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Figure 7 :(a): Schematic illustration of the strip-loaded device with ZEP polymer on top of LNOI. (b): Top-view 
scanning electron microscope image of a fabricated device. The scale bar corresponds to 5 µm [Image curtsy 
of Dr. Boris Desiatov]. 

In a recently reported work [29], a SAW-photonic device has been demonstrated in a strip-

loaded TFLN device. Acoustic waves were launched through the application of voltage to 

interdigital electrodes on top of the lithium niobate layer. The acoustic waves then induced 

photoelastic modulation to probe light guided in ring resonator devices, defined by strip 

loading. The devices were utilized as microwave photonic filters, similar to thermo-elastic 

based demonstrations by our group [25], [26], operating at center frequencies of 0.78 GHz and 

1.6 GHz. In my research, I follow similar strategy for realizing acoustic wave-photonic devices 

in TFLN. Results are reported in Chapter 3.  

 
Figure 8:(a) Illustration of a surface acoustic microwave photonic filter on an etch-less LNOI platform [29]. (b) 
Cross-sectional view of the acousto-optic modulation region near the IDT, with polymer waveguide (dark 
blue), gold IDT (yellow), lithium niobate layer (light blue), and buried silicon oxide (gray). w, d, p, and t denote 
the polymer waveguide width, distance between adjacent taps, IDT period, and IDT finger width, respectively. 
(c) Top view of the photonic microcavity and IDT, where	𝑥.,	d, and l denote the distance between the IDT and 
first tap, distance between adjacent taps, and IDT aperture, respectively. 

1.8 Integration of Silicon Nitride and Lithium Niobate 
The integration of silicon nitride and lithium niobate holds great promise for combining the 

best of both platforms: CMOS-compatibility, low losses, and broad transparency of silicon 

nitride with the active and nonlinear functions of LiNbO3. One significant work utilized wafer-

scale bonding to achieve a high-yield, low-loss photonic platform. In this approach, thin-film 

LiNbO₃ was directly bonded onto Si₃N₄ photonic integrated circuits. This platform maintained 
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the low propagation losses (<0.1 dB/cm) of Si₃N₄ waveguides and mode converters with losses 

below 0.1 dB. The study showed resonators with quality factors of up to 𝑄 = 3 ⋅ 10Z for single 

resonators and up to 𝑄 = 4.5 ⋅ 10Z  for resonator pairs, corresponding to linear propagation 

losses of approximately 8.5 dB/m [30]. In another demonstration of vertical hybrid integration, 

tapered structures at the transition regions between the two waveguide materials lowered the 

coupling losses to only 0.4-0.9 dB [31]. 

A high-performance electro-optic modulator was developed by heterogeneously integrating 

LiNbO₃ with a Si₃N₄ platform. The design employed an evanescent coupling structure with 

mode transition losses of only 0.4 dB. The Mach–Zehnder modulator fabricated on this platform 

achieved a half-wave voltage of 4.3 V and a modulation bandwidth of 37 GHz. The study also 

demonstrated successful data transmission at rates of up to 128 Gbps, underlining the practical 

feasibility of integrating LiNbO₃ on Si₃N₄ for high-speed optical systems [32].         

 
Figure 9: Illustrations of hybrid lithium niobate – silicon nitride photonics. (a) Wafer-scale bonding of thin-film 
lithium niobate onto patterned silicon nitride photonic integrated circuits for scalable, low-loss platforms 
[30]. (b) Tapered mode converter enabling low-loss transitions between lithium niobate and silicon nitride 
waveguides for enhanced nonlinear photonics [31]. (c) High-performance electro-optic modulator utilizing a 
hybrid platform [32]. 

Several works demonstrated piezoelectric actuation on top of SiN waveguides, using different 

material stacks. In a recent work [33], SAWs were launched through the application of voltage 

to interdigital electrodes on a piezoelectric slab of aluminum nitride. The SAWs induced 

photoelastic modulation of a probe wave in an underlying SiN waveguide. The waveguide was 

folded over to obtain an overall interaction length of 26 cm between the traveling SAW front 

c 

a b 



 

 
 

16 

and guided light. Phase modulation was converted to an intensity reading off-chip. The 

actuation of multiple acoustic modes has been demonstrated, with frequencies ranging between 

400-700 MHz. Modulation depth of 𝜋 radians was achieved with 10 Volts drive. Aluminum 

nitride was also used to launch bulk acoustic waves in a silicon nitride photonic circuit [33]. 

Acoustic reflections from the top and bottom surfaces of the substrate created standing waves 

that modulated waveguide ring resonators. In another work [34], a lead zirconate titanate (PZT) 

piezoelectric transducer was used to modulate an underlying silicon nitride ring resonator.   

  

Figure 10: An acousto-optic modulator in a hybrid layer stack [33]. Top left: schematic layout. Electrodes are 
deposited on top of an aluminum nitride slab. Surface acoustic waves are launched through piezoelectric 
exciation, and they induce photoelastic modulation of probe light guided in an underlying silicon nitride core. 
The core is embedded within a cladding of silicon dioxide. Bottom left :Scanning electron microscope cross-
section image of a fabricated device. Right : Schematic illustration of a spiral silcion nitride waveguide 
adjacent to a piezoelectric actuator. 
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Figure 11: (a) Optical microscope image of a fabricated hybrid SAW-photonic device, comprised of a lithium 
niobate slab bonded on top of a silicon nitride circuit [35]. The inset shows coupling region between input 
transducer and reflectors surrounding the directional coupler forming an optical racetrack resonator in the 
silicon nitride layer. (b) Measured radio frequency reflectivity spectrum of the interdigital electrode. (c) 
Measured transmission spectrum of optical power through the racetrack resonator. (d) Acousto-optic 
modulation response vs. frequency with the probe wavelength chosen off resonance (red) or on resonance 
(blue).  

To the best of our knowledge, only a single conference paper reported acoustic wave-photonic 

devices in a hybrid layer stack of LiNbO3 on top of silicon nitride. In [35], SAWs launched 

from a bonded overlaying slab of LiNbO3 were used to perturb the coupler region of an 

underlying silicon nitride resonator waveguide (Fig. 11). Comparatively weak modulation of 

the output probe wave has been observed. Only 100 nm of silicon dioxide separated between 

the silicon nitride core and the LiNbO3 slab, hence the optical mode was in large overlap with 

the LiNbO3 layer. Such proximity is not mandatory for photoelastic modulation, as 

demonstrated in [36] and elsewhere. 

As part of this research, SAW-photonic devices were fabricated according to our design in a 

TFLN-SiN multi-project wafer by the Swiss foundry Ligentec. The devices include two levels 

of silicon waveguide cores and two orientations of the electrodes with respect to the crystalline 

axis of lithium niobate. Initial characterization of the newly obtained devices is presented in 

Chapter 4. 
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2. Objectives 
The main objective of this research was to implement SAW- photonic devices that exploit the 

strong piezoelectric actuation of TFLN. Two implementation paths were explored: 

1. SAW-photonic devices in TFLN circuits, where the optical readout waveguides and 

resonators are defined by the strip-loading geometry. These devices were fabricated 

in-house at the Bar-Ilan Institute of Nanotechnology and Advanced Materials (BINA). 

2. SAW-photonic devices in Hybrid TFLN-on-silicon-nitride platform fabricated by 

Ligentec according to our design. In this platform, SAWs are generated in the lithium 

niobate layer, and the photoelastic readout is performed by ultra-low-loss, high-Q SiN 

resonator waveguides. 

The outcomes of the research extend the state of the art in SAW-photonics over LiNBO3, 

introduce high-frequency active modulation functionalities to silicon nitride photonics, and 

demonstrate a new application of the exciting platform of TFLN-on-SiN.  

3. Surface acoustic wave – photonic devices in strip loaded thin 
film lithium niobate. 
3.1 Design of strip-loaded waveguides. 
Strip-loaded waveguides in thin-film lithium niobate were designed and simulated based on 

two fabrication protocol options. The first possibility relies on a positive ZEP resist, in which 

lithographically exposed regions are washed off during development. The second alternative 

involves ma-N 2400 negative resist, which is washed away except for the irradiated domains. 

The thickness of the LiNbO3 slab was 300 nm, located on top of a lower silicon dioxide 

cladding. The thickness of the lower cladding was taken to be infinite. Positive resist strips were 

2.1 µm wide and 400 nm thick, with a refractive index of 1.543 RIU. Figure 12(a) shows the 

calculated normalized profile of the electric field in the TE mode of the waveguide, at 1550 nm 

wavelength. The effective index of the mode is 1.776 RIU. The refractive index of the negative 

resist is 1.606 RIU, its width was 2.1 μm and its thickness was 500 nm. The calculated effective 

index of the TE mode in that case was 1.787 RIU. The two options therefore lead to strip loaded 

waveguides of similar properties. 

The surface acoustic modes of the device layer stack were numerically calculated as well, using 

COMSOL Multi-Physics. Figure 12(b) shows the calculated displacement profile of a surface 

acoustic mode in the devices layer stack. The acoustic wavelength was chosen as 11 µm, to 

match one of the periods chosen for fabricated electrodes. The acoustic frequency of the 

calculated mode with that wavelength is 388 MHz.    
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Figure 12: Calculated transverse profiles: (a) fundamental TE mode in a LiNbO₃ slab with positive ZEP resist 
loading strip at vacuum wavelength 1550 nm. (b) fundamental acoustic mode at 388 MHz (wavelength of 11 
µm) in the layer stack (top to bottom: 300 nm LiNbO₃, 2 µm silica, 30 µm silicon). 

3.2 Fabrication of a strip loaded slab of lithium niobate. 
Strip-loaded devices were fabricated at the cleanroom facilities of the Bar-Ilan Institute of 

Nanotechnology and Advanced Materials (BINA). The process begins with a 4-inch LNOI 

wafer from NanoLN, which includes a lithium niobate device layer and a buried oxide layer 

with thicknesses of 300 nm and 2 µm, respectively. The wafer is diced to 1×1 cm² size dies. 

The dies are initially cleaned by immersion in dimethyl sulfoxide (DMSO) within an ultrasonic 

bath operating at 80 kHz frequency and 70% power for 3 minutes. The surface is then manually 

cleaned with swabs, and any solvent residues are rinsed off with acetone. Subsequently, the 

sample undergoes sonication in acetone and isopropanol (IPA) for 3 minutes each, following 

the same protocol. 

A positive resist-based process was initially employed. To enhance the adhesion of the electron-

beam resist, the sample surface was activated in a DINER oxygen plasma etcher for 5 minutes 

at 50% power. Following that, a positive electron beam resist (ZEP-520A) was spin-coated onto 

the sample. The spinning rate was 500 RPM for 5 seconds, followed by 4000 RPM for 60 

seconds. The resist was baked on a hot plate at 180 °C for 3 minutes. The electron-beam 

lithography files, generated from the target waveguide designs using Python code, were 

corrected for proximity effects with Beamfox© software to prevent lithographic pattern errors. 

Waveguides were patterned in the resist layer using electron-beam lithography (EBL) in an 

ELIONIX ELS-100kV instrument, with a dose of 290 μC/cm², 1 nA beam current, and a field 

size of 250 μm². The resist was developed using ZED-N50 developer for 35 seconds, followed 

by immersion in IPA to stop the development process. The waveguides were then ready for 

testing.  
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Figure 13: Illustration of the fabrication process of strip-loaded waveguide devices on a slab of lithium 
niobate. (a) Positive resist: unexposed regions act as an etch mask. (b) Negative resist: exposed regions 
remain as resist, leaving lithium niobate open for metal deposition. 

The use of positive resists brings a significant drawback: regions away from the waveguide, 

where electrodes are later deposited, remain covered with resist unless they are exposed 

themselves. The preparation of the electrodes areas therefore requires prolonged lithography of 

large regions. To work around that difficulty, a negative resist was used instead. The sample 

surface was activated in a DINER oxygen plasma etcher for 5 minutes at 50% power. A negative 

ma-N 2400 electron beam resist was spin-coated onto the sample, at 3000 RPM for 60 seconds, 

followed by baking on a hot plate at 90 °C for 5 minutes. The pattern was written using EBL 

with a dose of 290 μC/cm². After exposure, the resist was developed using AZ-726 for 

approximately 40 seconds, followed by rinsing in DI-water and hard-baking on a hot plate at 

120 °C for 1 minute. Figure 13 illustrates the fabrication steps of both methods. 

The coupling of light to/from standard single-mode fibers to waveguides under test takes place 

through vertical grating couplers. The grating period Λ is given by:  

																																									Λ =
𝜆&

𝑛+,, − 𝑛5 ⋅ sin	(𝜃)
																																																								(3.1) 

Here 𝑛5 = 1 is the refractive index of air above the waveguide, 𝜃 is the angle of incidence with 

respect to the normal direction to the device substrate, and 𝜆&  = 1550 nm is the vacuum 

wavelength. Several versions of grating couplers were fabricated and tested, sweeping over the 

period about the nominal value of Λ = 967 nm and the grating duty cycle. For positive resist 

waveguides, the best performance was obtained for a 50:50 duty cycle with period Λ = 977 nm. 

With those parameters, coupling losses were 11 dB per interface. The minimum coupling losses 

to negative resist waveguides were similar, obtained with a duty cycle of 40:60 and 960 nm 
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period. While the coupling losses are rather high, they were sufficient for the characterization 

of SAW-photonic devices. 

Next, ring resonators with a bending radius of 300 µm were fabricated. The transverse gap 

between the bus and ring waveguides in the directional coupler which forms the resonator was 

scanned over several values. The gap which yielded the largest extinction ratio in the transfer 

of optical power through the resonator was chosen for subsequent devices. A rather extensive 

sweep of positive resist waveguides resulted in an optimum gap of 1200 nm. The extinction 

ratio was 14.4 dB (Fig. 14(a) and (b)). The Q factor of the resonators was 170,000 and the FSR 

was 0.581 nm. Negative resist devices were only tested for two gap values of 1100 nm and 1200 

nm and were not optimized further. The extinction ratio of the 1100 nm gap devices was 5 dB, 

sufficient for SAW photonic characterization. The Q factor was 35,500 and the FSR was 

0.237nm (Fig. 13 (c) and (d)). The smaller FSR for the negative resist devices reflects their 

longer effective cavity length 𝐿: positive resist rings had 𝐿 = 1.885 mm (pure ring geometry), 

while negative resist racetracks extended 𝐿 = 4.63 mm.  

 

Figure 14 : Optical vector network analyzer measurements of optical power transfer as functions of 
wavelength in strip-loaded ring resonators. (a): Positive resist device. (b): Magnified view of panel (a), showing 
one resonance transmission notch. The extinction ratio is 14.4 dB, the Q factor is 170,000 and the FSR is 
0.5815 nm (c): Negative resist device. (d) Magnified view of panel (c), showing one resonance transmission 
notch. The extinction ratio is 5 dB, the Q factor is 35,000 and the FSR is 0.237 nm. 
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3.3 Design and fabrication of inter-digital electrodes. 
Interdigital electrodes (IDTs) were also fabricated at BINA. As an initial stage, IDTs were 

patterned on bulk LiNbO₃ substrates in order to optimize the geometry and operating frequency 

through wide parameter sweeps. Once a suitable set of parameters was identified, the same 

process was implemented on TFLN dies for integration with the strip‑loaded waveguides. The 

fabrication process starts with spin‑coating AZ-1505 positive photoresist at 4000 rpm for 60 s, 

followed by a soft bake on a hot plate at 100°C for 1 minute. The IDT pattern was then exposed 

using a maskless lithography system and developed in AZ-351 developer diluted 1:4 in 

deionized water for 60 s. Development was stopped by deionized water. Following 

development, a metal stack consisting of 5 nm Cr and 250 nm Au was sputtered to form the 

IDT electrodes. The thin Cr layer served as an adhesion layer between the gold electrodes and 

the LiNbO₃ surface. Lift‑off in DMSO resulted well‑defined Cr/Au IDT electrodes on the 

substrate. Figure 15 illustrates the fabrication steps 

 

Figure 15: Illustration of the fabrication process of inter-digital electrodes 

The IDTs comprised of 15 finger pairs (30 fingers in total). They were initially fabricated with 

periods Λ between 8 and 12 µm and duty cycles between 0.4 and 0.6. Following initial 

characterization, two parameter combinations were chosen for integration alongside strip-

loaded waveguides: Period Λ = 10 µm with 0.4 duty cycle, and Λ = 11 µm with 0.55 duty 

cycle. Two finger lengths were tested: 100 µm and 1 mm, and the longer option was eventually 

preferred. Electrodes were patterned along both the 𝒚R and the 𝒛K axes of the 𝒙R-cut LiNBO3, to 
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enable comparison between directions of propagation. A top-view microscope image of an IDT 

array is shown in Fig. 16.  

 

Figure 16: Top-view optical microscope image of a fabricated array of inter-digital electrodes on bulk lithium 
niobate. 

3.4 Design and fabrication of surface acoustic wave – photonic devices 
Complete devices were fabricated in two steps, using the above protocols. The IDTs were 

fabricated first, followed by the patterning of loading strips in negative resist with proper 

alignment. Some devices included two IDTs on both sides of the photonic waveguide, to 

enable piezoelectric detection of SAWs as well as their actuation. In those samples, a 

comparison between photonic and piezoelectric readout could be made. Other devices 

included only a single array of ITDs, for piezoelectric actuation and photonic detection only. 

The two above combinations of IDT periods and duty cycles were implemented. In addition, 

the gap between bus and ring waveguides in the strip-loading resonator layout was varied 

between 1100 nm and 1200 nm to maximize the extinction ratio of the optical power transfer 

function. Part of the layout file is presented in Fig. 17, and microscope images of devices are 

shown in Fig. 18. 

 

Figure 17: Part of the layout file for the fabrication of a surface acoustic wave – photonic device in a strip-
loaded thin film lithium niobate circuit. IDTs are designed in parallel with two crystalline orientations. Devices 
replicas differ in the IDTs periods and duty cycles. Vertical grating couplers serve for single-mode optical 
fibers array interface. Metallic pads at the upper right side enable the application of radio-frequency voltage 
to IDTs.  
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Figure 18: Top-view optical microscope images of surface acoustic wave-photonic devices in a strip-loaded 
thin-film lithium niobate circuit. (left) Overview of an entire device. In this example, two IDT arrays are 
patterned to the sides of each photonic resonator waveguide, to enable piezoelectric actuation and detection 
of acoustic waves. (right) Magnified view of part of a different device, in which only a single IDT array serves 
for actuation. Only photoelastic detection of surface waves is supported in this device.  

3.5 Experimental setup 
The experimental setup for the characterization of SAW devices is based on a radio-frequency 

vector network analyzer (VNA), connected to the on-chip IDTs via a voltage probe array. The 

VNA supplies the radio frequency drive signal to the transmitting IDT and simultaneously 

records the returned signal from the receiving port. The setup was first used in piezoelectric 

characterization of SAW devices between a pair of IDTs, with no photonics. In that stage, both 

IDTs were contacted through the voltage probe array. 

In later stages, the measurements were extended to photonic readout. To that end, continuous-

wave probe light from a laser diode at 1550 nm wavelength was amplified by an erbium doped 

fiber amplifier to 27 mW power and coupled into the bus waveguide of a resonator. One array 

of IDTs was driven by radio frequency signals of 0 dBm electrical power from the VNA output 

port. The exact probe wavelength was aligned with a spectral slope of a resonator transfer 

function, so the SAW-induced phase modulation was converted into intensity modulation at the 

resonator output. The output probe was re-amplified to 3 mW power by a second fiber amplifier 

and passed through an optical bandpass filter to reduce amplified spontaneous emission noise. 

Lastly, a broadband photoreceiver detected the output probe wave, and its electrical output was 

routed back to the VNA for transfer function measurements. 



 

 
 

25 

 
Figure 19: Schematic illustration of the measurement setup. PC: polarization controller. BPF: band pass filter. 
EDFA: erbium-doped fiber amplifier. PD: photo detector. VNA: vector network analyzer 

3.6 Radio-frequency response of surface acoustic wave-photonic 
devices. 
Figure 20 shows measured transfer functions of radio-frequency electrical power between two 

IDT arrays on bulk LiNbO3. Panel (a) compares between two devices with period Λ = 10 µm 

and fingers width of 2 µm (duty cycle 0.4), with electrodes lengths of 100 µm and 1 mm. The 

electrodes were aligned with the 𝒛K axis, where resonant transmission via SAW actuation and 

detection occurs at 335 MHz. These results demonstrate that longer IDTs (1 mm aperture) excite 

stronger SAWs than shorter ones (100 µm). 

Panel (b) compares between two crystallin alignments of the IDTs, with 11 µm period and 3 

µm-wide fingers. Here the SAWs frequency is 313 MHz, which is lower than that in panel (a) 

due to the shorter acoustic wavelength. Ultimately, alignment of the electrodes along the 𝒚R axis 

results in signals that are more than twice larger than 𝒛K  axis excitation, illustrating the 

anisotropy of LiNbO3.  

 

Figure 20: Measured transfer functions of voltage vs. radio frequency between a pair of IDT arrays on bulk 
lithium niobate. (a): Electrodes period 𝛬 = 10, fingers width 𝐹 = 2 (duty cycle = 0.4). Resonant transmission 
through SAWs is seen at 335 MHz frequency. 1 mm long electrode fingers yield 4 times larger voltage 
transmission than 100 µm long fingers. (b): Electrodes period 𝛬 = 11, fingers width 𝐹 = 3 (duty cycle = 0.55). 
Resonant transmission through SAWs is seen at 313 MHz frequency. Electrodes aligned with the y axis yield 
twice larger response than electrodes along the z axis. The results demonstrate the anisotropy of lithium 
niobate.  
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The first TFLN devices under test included two sets of IDTs alongside the photonic resonator 

waveguide, in order to compare between piezoelectric and photonic readout of a common 

SAWs source. Results are shown in Fig. 21. The transmission of radio-frequency voltage 

through the device is stronger using the piezoelectric detection, as anticipated: the peak relative 

transfer of voltage through piezoelectric readout was 0.02 as opposed to 0.005 with photoelastic 

demodulation. The peak frequencies in both transfer functions are similar, between 310-330 

MHz, however the spectral details vary.  

Figure 21 also shows the time domain impulse responses of both detection channels, calculated 

offline through the inverse Fourier transform of the measured frequency domain transfer 

functions. The impulse responses consist of packets of distinguishable impulses, separated by 

unit delay of 3.2 ns. This delay corresponds to the acoustic propagation time along one period 

Λ of the IDT actuator array. The impulse response of the photonic readout includes multiple 

such series of impulses. These represent back and forth reflections of the acoustic waves 

between the IDT arrays at both sides of the photonic resonator. The IDT arrays serve as partial 

acoustic reflectors (see Supplementary Information of [29] ) 

 
Figure 21: Characterization of first SAW-photonic devices in thin film lithium niobate, with sending and 
receiving IDTs. (a) Frequency-domain transfer function of modulation voltage through piezoelectric detection 
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(red) and photonic demodulation (blue). (b) Calculated time-domain impulse responses of piezoelectric 
detection (top) and photonic demodulation (bottom). Multiple delayed echoes appear in the photonic output 
channels. (c): Magnified view of the bottom trace in panel (b). The contributions of each fingers pair in the IDT 
actuation are identified. Adjacent peaks are separated by 3.2 ns, corresponding to acoustic propagation over 
a single array period. 

In the next fabrication iteration, the receiving IDT was removed and only a single IDT remained 

for the piezoelectric actuation of SAWs. The frequency-domain and time-domain responses of 

the device are shown in Fig. 22. Unlike the earlier measurements, the output signal following 

photonic readout was free of multiple echoes. The temporal impulse response is dominated by 

two packets of impulses, separated by the acoustic propagation delay of 160 ns between the 

straight sections of the photonic resonator. The frequency response is characterized by single 

peak at 350 MHz, modulated by an interference pattern with a free spectral range of around 6.1 

MHz. The results verify that the previously observed delayed echoes response was caused by 

acoustic reflections between the pair of IDT arrays. 

The modulation depth of the output probe optical power [\
\

 in the experiment was 0.014. The 

modulation depth is related to the photoelastic perturbation magnitude Δ𝑛 according to [ref.]: 

																																									
Δ𝑃
𝑃
= 4𝑄

𝑙
𝐿
Δ𝑛
𝑛-
																																																								(3.2) 

Using the device parameters: 𝑄 = 35000, resonator circumference 𝐿 = 4.64 mm, electrodes 

length 𝑙 = 1 mm, and group index 𝑛- = 2.1282, we estimate the magnitude of the photo-elastic 

perturbation Δ𝑛 as 1 ⋅ 109Z RIU.  

 
Figure 22: Characterization of a SAW-photonic device in thin film lithium niobate, with a single IDT array for 
piezoelectric actuation only, and with no piezoelectric readout. (a) Frequency-domain transfer function of 
modulation voltage through photonic demodulation. Peak response is observed at 350 MHz. The response is 
modulated with a free spectral range of approximately 6 MHz. (b) Calculated time-domain impulse response. 
The response consists of two primary packets of impulses, corresponding to photoelastic modulation along 
the two straight sections of the racetrack resonator waveguide.  

(a) (b) 
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In summary of this chapter, strip-loaded optical waveguides were successfully fabricated on 

thin-film lithium niobate, leveraging a simplified process that avoids the challenges associated 

with etching of LiNbO3. IDTs were integrated to launch surface acoustic waves via the strong 

piezoelectric effect of the material, with the acoustic waves successfully read out optically 

through photoelastic modulation of racetrack ring resonators. The dual-IDT configuration 

resulted in multiple echoes due to successive acoustic reflections. These were removed in 

devices with a single array. The results validate the SAW-photonic platform in strip-loaded 

TFLN. 

The response of the strip-loaded TFLN devices can be compared to other SAW-photonic 

devices. In previous works of the group, SAWs were launched through thermo-elastic actuation 

(see Chapter 1, [25], [26]). The photoelastic index perturbation Δ𝑛  in those devices was 

estimated as 1.2 ⋅ 109Z RIU, similar to the values we obtained for piezoelectric actuation [25]. 

The radio frequency of operation of the thermo-elastic devices was 2.5 GHz, 7 times higher 

than those of this work. The efficiency of thermo-elastic actuation scales inversely with 

frequency. When projected to 380 MHz frequency, the photoelastic index perturbation in the 

thermo-elastic SAW devices is expected to reach 1 ⋅ 109] RIU, an order of magnitude stronger 

than here. However, the thermo-elastic actuation required 500 mW of optical pump power, 

whereas only 1 mW of radio-frequency power was applied to the IDTs of piezoelectric 

excitation. Altogether, the efficiency of piezoelectric actuation (in terms of Δ𝑛 per Watt) is 50 

times higher than the thermo-elastic alternative. A separate study of thermo-elastic actuation of 

SAWs on LiNbO3 reported index perturbations of 0.5 ⋅ 109Z RIU per 1 W of optical pump 

power [36].  

SAW-photonic devices with strip-loaded waveguides in TFLN, similar to those of my work, 

were reported last year by the group of Prof. Xiankai Sun from the Chinese University of Hong 

Kong (see Chapter 1, [29]). Microwave-photonic filters centered at SAW frequencies of 0.78 

GHz and 1.6 GHz were reported. The photoelastic perturbation Δ𝑛  was estimated as 

4.7 × 109Z RIU, for radio-frequency input power of 3 mW. The actuation efficiency measured 

in our research is therefore consistent with their work.  

The present study did not include quantitative numerical modeling of the combined 

piezoelectric and photoelastic response of the SAW-photonic device. Such a model would 

include calculations of the radio-frequency electric field profiles induced in the LiNbO3 slab, 

the resulting forces per unit volume, and their spatial overlap with the displacement profiles of 

surface acoustic modes. The model would account for the tensor properties of the piezoelectric 

effect and the alignment of electrodes with respect to crystalline orientation. In addition, 

calculations would include the strain profiles associated with the acoustic modes, the 
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corresponding local perturbations to the dielectric tensor, and their overlap with guided light. 

Here too, results would depend on the polarization of the optical probe wave. The complete 

analysis remains for further work. Future experiments can also directly compare the 

piezoelectric and thermo-elastic excitations of SAWs through photoelastic detection of both in 

the same readout waveguide. 

4. Surface acoustic wave devices in hybrid lithium niobate- 
silicon nitride platform 
In this section, we report acoustic wave – photonic devices in a hybrid layer stack of lithium 

niobate on top of silicon nitride. Devices were fabricated by Ligentec foundry, Switzerland, 

according to our design. Acoustic waves are launched through the application of radio-

frequency voltage to electrodes arrays on an upper piezoelectric layer of lithium niobate. The 

acoustic waves are monitored through photoelastic modulation of light in underlying silicon 

nitride photonic circuits. Preliminary results are reported below, while the complete and 

thorough characterization of additional devices is ongoing and extends beyond the scope of my 

own M.Sc. research. The results can introduce efficient acousto-optic modulation and signal 

processing to silicon nitride photonics.  

4.1 Layers Stack  
Figure 23 shows a schematic cross-section of the hybrid layer stack. A 300 nm thin slab of 𝑥-

cut lithium niobate is bonded on top of the silicon dioxide cladding. A 1 µm thick aluminum 

layer is implemented on top of a silicon dioxide layer, 2 µm above the lithium niobate slab. 

Arrays of electrodes of period Λ = 18 µm are patterned in the aluminum layer, parallel to either 

the 𝒚R or 𝒛K axes. An additional 6 µm thick capping layer of silica was deposited on top of the 

lithium niobate slab. Two core layers of silicon nitride were embedded in the cladding: A main 

800 nm thick layer 0.65 µm below the upper surface of the silica cladding, and an auxiliary 

layer of 350 nm thickness 0.1 nm below the same surface. Vertical directional couplers connect 

between the two layers. Light could be coupled between lensed optical fibers and inverse 

tapered waveguides at the main silicon nitride layer. The coupling losses were 5 dB per facet. 

Resonator waveguides were implemented in the main silicon nitride layer, whereas only straight 

waveguide sections could be realized in the upper, auxiliary layer. Part of the circuit layout is 

illustrated in Fig. 23(b).  
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Figure 23: (a) Illustrated cross-section of an acoustic wave – photonic device in a hybrid lithium niobate – 
silicon nitride layer stack (not to scale). (b): Design of acoustic wave – photonic devices. Acoustic waves are 
launched through the application of voltage to electrodes on top of the lithium niobate layer and induce 
photoelastic phase modulation of probe light in waveguides in both silicon nitride layers. Phase modulation 
is converted to intensity reading in ring resonators. 

4.2 Device Layout and Geometry 
The chip layout comprises two distinct sections. The upper section features ring resonators with 

a radius of 22.5 μm, incorporating a parameter sweep of the gap between the bus and ring 

waveguides, from 0.5 to 0.95 μm. IDTs were patterned parallel to straight waveguide sections 

along both 𝒚R and 𝒛K crystallographic directions. Two optical input ports were combined into 

each of the resonators by a horizontal direction coupler in the main 800 nm silicon nitride layer. 

The first input path remained entirely within the main layer, whereas the second one was routed 

up into the higher 350 nm auxiliary silicon nitride layer and back down to the main layer via 

two vertical directional couplers. The IDTs were aligned parallel to the waveguide segment 

where light propagates in the 350 nm layer. SAW-induced photoelastic phase modulation in 

both layers could be converted to intensity reading at the resonator output. The extent of 

modulation could be compared between the two optical guiding layers.  

The lower section of the device contains racetrack ring resonators with bending radii of 150 

μm. A coupling gap sweep ranging from 0.3 to 0.57 μm was also implemented in this section. 

Here, the IDTs were aligned exclusively along the 𝒚R  crystallographic direction, and all 

waveguides were routed on the main 800 nm SiN layer. In this configuration, photoelastic phase 

modulation is accumulated along the two straight waveguide sections within the racetrack 

layout, similar to devices reported in Chapter 3 and in previous studies [25], [26]. Figure 24 

presents the chip layout and a microscope image of one of the racetrack resonators. 

SiN cores 

(a) (b) 
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Figure 24: (a): Part of the chip layout including SAW-photonic devices in a hybrid layers stack of lithium 
niobate on top of silicon nitride. The top half of the layout shows two small ring resonators. The bus 
waveguides leading into the resonators are routed along the 𝒚, and 𝒛. crystalline axes of the lithium niobate 
slab. Two sets of IDTs are patterned parallel to the bus waveguide. One launches SAWs along the 𝒚, 
directions, and the other along the 𝒛. axis. The bottom half of the layout consists of racetrack resonators, with 
adjacent IDTs in parallel with the straight waveguide sections of the resonators. In that part of the layout, the 
IDTs launch SAWs along the 𝒚, direction. (b): Magnified view of one IDT within the upper part of the layout. Two 
bus waveguides run parallel with the electrodes: one strictly within the main silicon nitride core layer of 800 
nm thickness, and the other is routed up towards the auxiliary 350 nm thick layer and back down towards the 
main layer. (c): Top-view optical microscope image of one of the racetrack resonators with the adjacent IDT. 

4.3 Experimental setup 
The experimental setup for SAWs characterization follows the configuration described in 

Section 3.5. It is based on a radio-frequency vector network analyzer to supply input voltage to 

IDTs and monitor the photoelastic modulation of detected output probe waves. Measurements 

were taken at Bar-Ilan University as well as in Soreq National Research Cetner. Electrical drive 

signals of 0 dBm power and variable radio frequencies were applied to an IDT array under test, 

launching traveling SAWs via the piezoelectric effect in lithium niobate. Continuous-wave 

probe light at 1560 nm wavelength and 100 mW power from a tunable TOPTICA DLC laser 

was coupled into a straight waveguide section in the main silicon nitride core layer. The probe 

wavelength was tuned to the steepest spectral slope of the ring resonator transfer function, 

converting SAW-induced photoelastic phase modulation into intensity modulation signals. The 

output probe wave was amplified by an erbium-doped fiber amplifier to -7 dBm power.  
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The output probe wave was split in a 99:1 coupler. The 1% tap was detected in a low bandwidth 

photodetector, and the voltage readout provided feedback for locking the input probe 

wavelength to a fixed point on the spectral slope of the resonator transfer function. Locking 

was implemented through PID controller in a programable, multi-purpose digital Moku Pro 

platform (Liquid Instruments). The controller maintained the transfer of the probe optical power 

through the resonator at 3 dB below the off-resonance value. Light at the 99% port of the output 

coupler was detected by a broadband photodetector with a built-in electronic amplifier. The 

response of the detector was 14,400 V×W-1. The detected signal was electrically amplified by 

further 15 dB and analyzed by the VNA. The setup is illustrated in Fig. 25. 

 
Figure 25: Schematic illustration of the measurement setup. PC: polarization controller. PD: photo detector. 
VNA: vector network analyzer 

4.4 Experimental Results 

Preliminary characterization of SAW-photonic devices through the larger racetrack resonators 

in the bottom half of the layout are presented below. The characterization of the entire chip, 

with piezoelectric actuation along both crystalline axes and photoelastic modulation in both 

silicon nitride layers, is still ongoing at the time of writing.  

The transfer functions of optical power through the racetrack devices were measured using an 

optical vector network analyzer or through fine wavelength tuning of an input laser diode. 

Devices with 0.36 µm wide gap between the bus and ring waveguides provided transfer 

functions with high extinction ratios for both probe polarizations. The quality factor for the TE 

mode was 1.47·106, with an extinction ratio of 10.5 dB. The corresponding parameters for the 

TM mode were 6·105 and -7.5 dB. Results are shown in Fig. 26. 
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Figure 26: (a) Measured normalized transfer functions of optical power through a racetrack resonator device, 
for both polarizations (see legend). (b) Magnified view of the transfer function through one resonance of the 
TE mode. The quality factor is 1.5 million, with an extinction ratio of 10.5 dB. (c) Magnified view of the transfer 
function through one resonance of the TM mode (quality factor of 600,000, extinction ratio of 7.5 dB). 

Figure 27(a) shows the normalized radio-frequency SAW-photonic transmission through the 

same racetrack resonator device. The normalized voltage transfer function is shown for both 

polarizations. The photoelastic modulation of TE polarized light is stronger by more than a 

factor of two. The factor matches the ratio between the quality factors of the resonator in both 

polarizations. The magnitude of photoelastic index modulations seen by the two optical modes 

are therefore similar in magnitude. Peaks are observed at acoustic frequencies of 180 MHz, 260 

MHz, and 400 MHz. The frequencies are close to those of calculated acoustic modes of the 

devices layer stack, with a wavelength that equals the IDTs period of 18 µm (193 MHz, 292 

MHz, and 429 MHz, see Fig. 27(b)).   
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Figure 27: (a): Measured normalized transfer functions of radio-frequency electrical power through an 
acoustic wave – photonic device, for both TE and TM polarizations. Peak responses are observed at 180 MHz, 
260 MHz, and 400 MHz. The modulation of TM polarized light is more than twice stronger, due to the higher 
quality factor of the readout racetrack resonator at that polarization. (b): Calculated displacement profiles of 
acoustic modes in the layers stack, with a period of 18 µm. The calculated acoustic frequencies are close to 
those of the measured peaks.   

The modulation depth of the output probe optical power for TM polarization, (not considering 

radio-frequency amplification of the detected voltage), was 0.04. The racetrack resonator length 

was 1.38 mm, the electrodes length was 200 µm, and the group velocity of TM mode was 2 

RIU. Considering the quality factor of the resonator, the magnitude of photoelastic index 

perturbations Δ𝑛  is estimated as 10-7 RIU (see Eq. (3.2)). The modulation is an order of 

magnitude weaker than the value estimated for the strip-loaded waveguide devices of Chapter 

3. The difference is most likely due to the silica capping layer above the electrodes and lithium 

niobate slab. The silica capping restricts the mechanical displacement response to the 

piezoelectric forces. In the strip-loaded waveguide devices, the IDTs were patterned on a free 

surface of LiNbO3. In future work, we will remove the silica capping layer from the hybrid 

devices and re-deposit IDTs on the exposed, free upper surface of the lithium niobate slab.   

In summary, this chapter detailed the design, fabrication, and preliminary experimental 

demonstration of SAW-photonic devices on a hybrid LiNbO3-over-SiN platform fabricated by 

Ligentec Foundry. The layer stack features a thin x-cut LiNbO3 slab bonded on top of SiN core 

193 MHz 292 MHz 429 MHz 
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layers embedded in silica cladding, with interdigital electrodes aligned parallel to the 𝒚R and 𝒛K 

crystallographic directions for SAW excitation. Devices include ring resonators for photonic 

readout, and they are designed to compare photoelastic modulation in two silicon nitride layers 

and the two polarizations of guided light. Preliminary measurements characterized the 

excitation of SAWs along the 𝒚R axis and their readout through TE and TM polarized light in the 

main, 800 nm thick silicon nitride core layer. Additional combinations are being tested in 

ongoing work of my group colleagues. The measurements show the excitation of three acoustic 

modes with 18 µm wavelength and frequencies that agree with calculations. The photoelastic 

modulation to the effective index of the two polarizations is similar: in the order of 10-7 RIU 

for 1 mW of radio-frequency power applied to the electrodes. 

The SAW–photonic multi-layer devices can be compared with previous reports. As reviewed 

in the background section, acousto-optic modulation in thin SiN was demonstrated using a 

traveling-wave spiral geometry that reuses the acoustic interaction over a long interaction 

length of 26 cm [33]. SAWs were launched in an AlN piezoelectric layer deposited on top of 

foundry SiN photonics, in a manner that is compatible with commercial processes. Bonding of 

layers was not required. Similar to our devices, a thick upper cladding of silica was applied 

between the silicon nitride core and the upper piezoelectric slab, (about 4 µm), to avoid excess 

optical losses. Phase shifts of π radians were achieved with the application of 9 Volts to the 

electrodes. Given the interaction length, the phase shift signifies Δ𝑛 of 3·10-6 RIU: 30 times 

higher than in this report. At the same time, the 9 Volts applied are 40 times higher than in our 

case: the 0 dBm RF power used in experiments corresponds to 0.22 Volts. Although the two 

devices used different piezoelectric materials and different layers stacks, the efficiencies of the 

SAW-photonic devices appear comparable.   

A separate conference paper [35] reported the feasibility of acousto-optic modulation in 

heterogeneous thin-film LiNbO3 on SiN waveguides using wafer bonding. In that work SAWs 

were launched on the LiNbO3 surface and detected through photoelastic perturbations to the 

directional coupler that forms a racetrack resonator. The results do not quantify the extent of 

photoelastic modulation induced and they do not address different silicon nitride layers or 

crystalline alignment. The work is similar to ours in the choice of layers stack and in the 

resonator-based readout. Here we used photoelastic perturbations to the straight waveguide 

sections of the resonator, rather than the coupler. That layout supports the implementation of 

multi-tap, delay-and-sum microwave photonic filters, as discussed in Chapter 1.  

Further measurements on this platform are ongoing and will focus on quantifying SAW–optical 

modulation dependence versus SAW propagation direction and guided-mode polarization. 

These measurements will also compare the 350 nm and 800 nm SiN waveguide layers to isolate 
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the roles of acoustic penetration depth and photoelastic overlap in the observed modulation. 

The results will serve for future optimization of the devices in terms of acoustic wavelength, 

dimensions of silicon nitride core, and the thickness of upper and lower silica cladding layers. 

The effect of removing the capping layer from above the piezoelectric slab will be tested as 

well.  

5. summary and Discussion 
Acoustic waves have long been used for on-chip analog signal processing, mainly because they 

propagate slowly compared with electromagnetic waves. This slow propagation makes it 

possible to accumulate substantial true-time delays on a compact chip, and these delays enable 

narrowband radio-frequency filtering. The central motivation of this thesis was to bring these 

acoustic capabilities into photonic integrated circuits by using thin-film lithium niobate as a 

common piezoelectric layer for efficient SAW generation and acousto-optic interaction. Two 

implementation paths were investigated. The first used strip-loaded waveguides in TFLN, 

enabling a simplified in-house fabrication flow without etching of LiNbO3. The second 

implementation path used a hybrid LiNbO3 over SiN platform fabricated by Ligentec foundry, 

combining piezoelectric SAW actuation in lithium niobate with high-Q silicon nitride photonic 

readout. 

Following earlier demonstrations of etch-less, strip-loaded TFLN SAW–photonic devices for 

microwave-photonic filtering [29], in my research I first implemented in-house fabrication that 

avoids dry etching of LiNbO₃. The devices included IDTs for piezoelectric SAW launch and 

strip-loaded racetrack resonators for optical probe readout through photoelastic modulation. 

Both piezoelectric and photonic readouts were demonstrated on the same chip, by monitoring 

the radio-frequency voltage transfer between a transmitting IDT and a dedicated receiving IDT 

in parallel with the optically detected probe modulation from the resonator. Piezoelectric 

detection produced stronger voltage transfer, while both channels showed similar peak 

frequencies in the 310–330 MHz range.  

The dual-IDT geometry introduced multiple delayed echoes in the photonic impulse response 

due to acoustic reflections between the IDTs. These echoes were eliminated once the receiving 

IDT was removed. For an applied RF power of 0 dBm to the IDT, the strip-loaded TFLN devices 

achieved a measured probe-power modulation depth of 0.014, corresponding to an estimated 

photoelastic index perturbation of Δ𝑛	 ≈ 1 ⋅ 109Z RIU. The RF signal obtained following the 

output probe detection reached 1.12 mV. As These magnitudes indicate higher actuation 

efficiency than previous reports of thermo-elastic excitation of SAWs in SOI and SiN. At the 

same time, the index-perturbation magnitude is comparable to the earlier etch-less TFLN report. 
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The measurements had several limitations. The readout resonators patterned in a negative 

electron-beam resist were sub-optimal, with Q factor of only 35,000 and an extinction ratio of 

only 5 dB. The process can be much improved. For example, similar devices based on a positive 

resist reached quality factors of 170,000, and 14.4 dB extinction ratios. However, the use of 

positive resist is incompatible with the definition of ITDs. With more time, the negative resist-

based process can be optimized in future work. Higher quality factors would provide deeper 

intensity modulation of the output probe. The devices may be extended to higher frequencies 

of operation, beyond 1 GHz, using shorter IDT periods.  

In addition, SAWs excitation along different crystalline axes of LiNbO3 in the strip-loaded 

devices is yet to be compared. It would also be instructive to compare thermo-elastic actuation 

through metallic gratings and piezoelectric actuation via IDTs side by side, with a common 

photonic readout resonator waveguide. Lastly, the results should be supplemented by 

comprehensive multi-physics modelling of the spatial distribution of thermo-elastic and piezo-

elastic stresses, and their overlap with acoustic modes. 

A second outcome of the work reported has been the design and preliminary experimental 

demonstration of SAW-photonic devices in a hybrid thin-film LiNbO3 on SiN platform 

fabricated by the Ligentec foundry. Following an earlier conference report using a similar layers 

stack [35], this thesis pursued a more systematic investigation in which SAWs are launched 

using IDTs on the LiNbO₃ layer and read out optically through photoelastic modulation in SiN 

resonators. A key new aspect of the present work is that the hybrid chip was designed to enable 

controlled comparisons of SAWs directions of propagation, optical polarization, and 

photoelastic modulation in two SiN waveguide layers: A main buried layer that is 800 nm thick 

and an auxiliary upper layer of 350 nm thickness. 

Only a preliminary, partial characterization has been completed thus far. The photonic readout 

resonators were of high quality, reaching 𝑄 of 1.5 million for the TM mode and 0.6 million for 

TE. SAW-photonic functionality has been demonstrated at acoustic frequencies of 180 MHz, 

260 MHz, and 400 MHz, in general agreement with calculations. The photoelastic index 

modulation was estimated as 1 ⋅ 109^ RIU. It was likely restricted by the silica capping layer 

above the IDTs which limited the mechanical motion of the LiNbO3 slab upper surface. SAWs 

were launched along only one crystalline axis of the LiNbO3 layer. The complete 

characterization of the entire set of fabricated devices still remains. Here too, future work should 

include a complete modelling of piezoelectric forces and strain fields, and their overlap with 

calculated acoustic modes. The analysis would allow for design optimization of future devices 

in the hybrid layers stack, in terms of core dimensions and cladding thickness. Additional sets 
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of electrodes can be patterned on existing devices, with shorter periods to excite higher-

frequency SAWs. The capping layer will be removed for higher stimulation efficiency.  

The hybrid layers stack of LiNbO3 on top of SiN has been proposed primarily towards electro-

optic modulation. The application of voltage to electrodes on the LiNbO3 layer induces 

refractive index changes through the Pockels effect. Such electro-optic modulation has been the 

workhorse of optical fiber telecommunication for decades. Light guided in the upper SiN layer 

is in partial evanescent overlap with the LiNbO3 slab, and it is therefore subject to electro-optic 

modulation [35]. The rates of electro-optic modulators routinely reach tens of GHz. However, 

the electro-optic modulation requires thinning down of the silica cladding layer between SiN 

and LiNbO3, and it does not reach the main SiN layer that lies deeper in the cladding. The upper 

SiN layer is more lossy, and presently it cannot accommodate any circuits beyond simple, 

straight waveguides. In contrast, the piezoelectric modulation reported in this work reached 

down to the main SiN layer. This property marks a significant advantage of acousto-optic 

modulation over electro-optic effects in the hybrid layers stack.   

In conclusion, this thesis explored SAW photonic devices based on TFLN. The work applies 

LiNbO3 for strong piezoelectric actuation of SAWs and relies on optical reading of these waves 

through photoelastic modulation in high quality resonators. The results provide a path toward 

acousto-optic modulation and microwave-photonic signal processing on an integrated chip. The 

hybrid integration of LiNbO3 on top of silicon-nitride, in particular, holds promise for the best 

of both worlds: a strong piezoelectric effect alongside high-quality and silicon-compatible 

passive photonic circuitry. The layer stack introduces GHz-rates modulation to the otherwise 

strictly passive platform of silicon nitride. I hope this investigation will assist and inspire future 

work, by our group and elsewhere.  

  



 

 
 

39 

6. References 
[1] G. Keiser, “Fiber Optic Communication Networks,” in Fiber Optic Communications, 

Singapore: Springer Singapore, 2021, pp. 507–575. doi: 10.1007/978-981-33-4665-
9_13. 

[2] G. P. Agrawal, Fiber‐Optic Communication Systems. Wiley, 2010. doi: 
10.1002/9780470918524. 

[3] R. Soref, “The Past, Present, and Future of Silicon Photonics,” IEEE Journal of 
Selected Topics in Quantum Electronics, vol. 12, no. 6, pp. 1678–1687, Nov. 2006, 
doi: 10.1109/JSTQE.2006.883151. 

[4] D. Zhu et al., “Integrated photonics on thin-film lithium niobate,” Adv. Opt. Photonics, 
vol. 13, no. 2, p. 242, Jun. 2021, doi: 10.1364/AOP.411024. 

[5] W. S. C. Chang, Ed., RF Photonic Technology in Optical Fiber Links. Cambridge 
University Press, 2002. doi: 10.1017/CBO9780511755729. 

[6] Surface Acoustic Wave Filters. Elsevier, 2007. doi: 10.1016/B978-0-12-372537-
0.X5000-6. 

[7] M. H. P. Pfeiffer, J. Liu, A. S. Raja, T. Morais, B. Ghadiani, and T. J. Kippenberg, 
“Ultra-smooth silicon nitride waveguides based on the Damascene reflow process: 
fabrication and loss origins,” Optica, vol. 5, no. 7, p. 884, Jul. 2018, doi: 
10.1364/OPTICA.5.000884. 

[8] T. J. Kippenberg, R. Holzwarth, and S. A. Diddams, “Microresonator-Based Optical 
Frequency Combs,” Science (1979)., vol. 332, no. 6029, pp. 555–559, Apr. 2011, doi: 
10.1126/science.1193968. 

[9] A. B. Matsko and V. S. Ilchenko, “Optical resonators with whispering-gallery modes-
part I: basics,” IEEE Journal of Selected Topics in Quantum Electronics, vol. 12, no. 1, 
pp. 3–14, Jan. 2006, doi: 10.1109/JSTQE.2005.862952. 

[10] M. A. Butt, B. Janaszek, and R. Piramidowicz, “Lighting the way forward: The bright 
future of photonic integrated circuits,” Sensors International, vol. 6, p. 100326, 2025, 
doi: 10.1016/j.sintl.2025.100326. 

[11] L. Chrostowski and M. Hochberg, Silicon Photonics Design. Cambridge University 
Press, 2015. doi: 10.1017/CBO9781316084168. 

[12] Amnon. Yariv and Pochi. Yeh, Photonics : optical electronics in modern 
communications. Oxford University Press, 2007. 

[13] M. Zhang, C. Wang, R. Cheng, A. Shams-Ansari, and M. Lončar, “Monolithic ultra-
high-Q lithium niobate microring resonator,” Optica, vol. 4, no. 12, p. 1536, Dec. 
2017, doi: 10.1364/OPTICA.4.001536. 

[14] I. Marinković, M. Drimmer, B. Hensen, and S. Gröblacher, “Hybrid Integration of 
Silicon Photonic Devices on Lithium Niobate for Optomechanical Wavelength 
Conversion,” Nano Lett., vol. 21, no. 1, pp. 529–535, Jan. 2021, doi: 
10.1021/acs.nanolett.0c03980. 

[15] A. Maeder, H. Weigand, and R. Grange, “Lithium niobate on insulator from classical 
to quantum photonic devices,” Photoniques, no. 116, pp. 48–53, Nov. 2022, doi: 
10.1051/photon/202211648. 



 

 
 

40 

[16] J. F. Bauters et al., “Ultra-low-loss high-aspect-ratio Si_3N_4 waveguides,” Opt. 
Express, vol. 19, no. 4, p. 3163, Feb. 2011, doi: 10.1364/OE.19.003163. 

[17] J. F. Bauters et al., “Ultra-low-loss high-aspect-ratio Si_3N_4 waveguides,” Opt. 
Express, vol. 19, no. 4, p. 3163, Feb. 2011, doi: 10.1364/OE.19.003163. 

[18] M. H. P. Pfeiffer, J. Liu, A. S. Raja, T. Morais, B. Ghadiani, and T. J. Kippenberg, 
“Ultra-smooth silicon nitride waveguides based on the Damascene reflow process: 
fabrication and loss origins,” Optica, vol. 5, no. 7, p. 884, Jul. 2018, doi: 
10.1364/OPTICA.5.000884. 

[19] R. V. Schmidt and I. P. Kaminow, “Metal-diffused optical waveguides in LiNbO3,” 
Appl. Phys. Lett., vol. 25, no. 8, pp. 458–460, Oct. 1974, doi: 10.1063/1.1655547. 

[20] G. Poberaj, H. Hu, W. Sohler, and P. Günter, “Lithium niobate on insulator (LNOI) for 
micro‐photonic devices,” Laser Photon. Rev., vol. 6, no. 4, pp. 488–503, Jul. 2012, 
doi: 10.1002/lpor.201100035. 

[21] D. P. Morgan, “A HISTORY OF SURFACE ACOUSTIC WAVE DEVICES,” 
International Journal of High Speed Electronics and Systems, vol. 10, no. 03, pp. 553–
602, Sep. 2000, doi: 10.1142/S0129156400000593. 

[22] K. Hashimoto, “Surface acoustic wave (SAW) devices,” in Ultrasonic Transducers, 
Elsevier, 2012, pp. 331–373. doi: 10.1533/9780857096302.3.331. 

[23] N. A. Ramli and A. N. Nordin, “Design and modeling of MEMS SAW resonator on 
Lithium Niobate,” in 2011 4th International Conference on Mechatronics (ICOM), 
IEEE, May 2011, pp. 1–4. doi: 10.1109/ICOM.2011.5937127. 

[24] L. Shao et al., “Phononic Band Structure Engineering for High- Q Gigahertz Surface 
Acoustic Wave Resonators on Lithium Niobate,” Phys. Rev. Appl., vol. 12, no. 1, p. 
014022, Jul. 2019, doi: 10.1103/PhysRevApplied.12.014022. 

[25] M. Katzman et al., “Surface acoustic microwave photonic filters in standard silicon-
on-insulator,” Optica, vol. 8, no. 5, p. 697, May 2021, doi: 10.1364/OPTICA.421050. 

[26] D. Munk et al., “Surface acoustic wave photonic devices in silicon on insulator,” Nat. 
Commun., vol. 10, no. 1, p. 4214, Sep. 2019, doi: 10.1038/s41467-019-12157-x. 

[27] D. Munk, “Integrated Silicon Photonic Filters  Using Optical and Acoustic Waves,” 
Bar-Ilan University, 2021. 

[28] J. Capmany, B. Ortega, and D. Pastor, “A tutorial on microwave photonic filters,” 
Journal of Lightwave Technology, vol. 24, no. 1, pp. 201–229, Jan. 2006, doi: 
10.1109/JLT.2005.860478. 

[29] Y. Yu and X. Sun, “Surface Acoustic Microwave Photonic Filters on Etchless Lithium 
Niobate Integrated Platform,” Laser Photon. Rev., vol. 18, no. 8, Aug. 2024, doi: 
10.1002/lpor.202300385. 

[30] M. Churaev et al., “A heterogeneously integrated lithium niobate-on-silicon nitride 
photonic platform,” Nat. Commun., vol. 14, no. 1, p. 3499, Jun. 2023, doi: 
10.1038/s41467-023-39047-7. 

[31] L. Chang et al., “Heterogeneous integration of lithium niobate and silicon nitride 
waveguides for wafer-scale photonic integrated circuits on silicon,” Opt. Lett., vol. 42, 
no. 4, p. 803, Feb. 2017, doi: 10.1364/OL.42.000803. 



 

 
 

41 

[32] Z. Ruan et al., “High‐Performance Electro‐Optic Modulator on Silicon Nitride 
Platform with Heterogeneous Integration of Lithium Niobate,” Laser Photon. Rev., 
vol. 17, no. 4, Apr. 2023, doi: 10.1002/lpor.202200327. 

[33] S. E. Kenning et al., “Broadband acousto-optic modulators on Silicon Nitride,” May 
2025, doi: 10.1038/s41467-025-67618-3. 

[34] W. Jin, R. G. Polcawich, P. A. Morton, and J. E. Bowers, “Phase tuning by length 
contraction,” Opt. Express, vol. 26, no. 3, p. 3174, Feb. 2018, doi: 
10.1364/OE.26.003174. 

[35] S. Ghosh, S. Yegnanarayanan, and M. Ricci, “Acousto-optic modulation in lithium 
niobate on silicon nitride heterogeneous waveguides,” in 2021 IEEE Photonics 
Conference, IPC 2021 - Proceedings, Institute of Electrical and Electronics Engineers 
Inc., 2021. doi: 10.1109/IPC48725.2021.9592917. 

[36] Z. Zheng, H. Feng, A. T. Işık, P. J. M. van der Slot, C. Wang, and D. Marpaung, 
“Gigahertz thermoelastic acousto-optic modulation in lithium niobate integrated 
photonic device,” Nanophotonics, vol. 14, no. 26, pp. 4683–4690, Dec. 2025, doi: 
10.1515/nanoph-2025-0252. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

42 

7. Appendix 
List of Publications 
The results presented in this thesis will be submitted for journal publication later this year. In 

addition, part of this work has been submitted for presentation at a conference: 

• M. Holsblat, I. Shafir, M. Slook, L. Dokhanian, R. Suna, S. Ben-Ami, O. Westreich, 

and A. Zadok, "Acousto-Optic Devices in a Hybrid Lithium-Niobate on Silicon-Nitride 

Layers Stack," submitted to Conference on Lasers and Electro-Optics (CLEO) 2026 

(under review).   

I also contributed to other projects that were carried out during my M.Sc. studies. These works 

are outside the scope of this thesis. They are presented in the following journal papers: 

• I. Shafir, L. Dokhanian, M. Slook, S. Ben-Ami, M. Holsblat, O. Westreich, A. Klar, and A. 

Zadok," Surface acoustic wave–photonic devices in silicon nitride integrated 

circuits," Applied Phys. Lett. Photonics 10, 096114 (2025). 

• E. Layosh, E. Zehavi, A. Bernstein, M. Hen, M. Holsblat, O. Pearl, and A. Zadok, " Forward 

Brillouin scattering in few-mode fibers," Light: Science & Applications 14, 242 (2025). 

• M. Slook, S.K. Bag, L. Dokhanian, S. Ben-Ami, I. Shafir, M. Holsblat, A. Venugopalan, J. 

Meier, K. Mallick, T. Schneider, and A. Zadok. "Reconfigurable silicon photonic filter stage 

for signal processing and monitoring," Optics Continuum 4, 1836–1846 (2025).  

 

 



 

 א

 ריצקת

 ימוחתב תויטקפמוק תויטפוא תוכרעמ רובע תיתועמשמ היגולונכט םניה םיבלושמ םיינוטופ םילגעמ
 םייביספ לג יכילומ דחי םידגאמ םיבלושמ םיינוטופ םילגעמ .םיטנווק םימושייו בושחמה ,השיחה ,תרושקתה
 םידמימ לע הרימש ךות םיעוציבה רופיש ךרוצל ,רוא תורוקמ ףאו םיאלג ,םירוטלודומ ,ההובג תוכיאב
 רתונ םיבלושמ םיינוטופ םילגעמב תומיוסמ תויצקנופ לש שומימ ,תאז םע .ינומה רוצי תלוכיו םינטק
 לע ןתוא שממל ןתינ אלש ,תוכורא ןמז תויהשה שרוד לגורקימ תותוא לש יגולנא דוביע ,המגודל .רגתאמ
 הכומנה ,םתוריהמ :יפילח ןורתפ םיעיצמ (SAWs) םייחטשמ םייטסוקא םילג .רואה תוריהמב בבש יבג
 היצקארטניא ,ףסונב .ןטק בבש חטשב תויתועמשמ תויהשה תריבצ תרשפאמ ,רואה תוריהממ לדוג ירדסב
 תוינוטופ היצרגטניא תומרופטלפב ץרה־הגיג יבצקב ןונפא רצייל הלוכי םייטסוקא םילג םע תיטסלא-וטופ
 רתויב הליעיה ךרדה אוה ירטקלא-וזייפ רוריעש ףא-לע .דיירטינ ןוקיליס ןוגכ ,ןעבטמ ןיטולחל תויביספ ןהש
 םיינוטופ םילגעמ לש תובר תויזכרמ תומרופטלפב ירשפא וניא אוה ,םייחטשמ םייטסוקא םילג תריציל
 .דועו דירטינ ןוקיליס ,דדובמ-יבג־לע־ןוקיליס ןוגכ ,םיבלושמ

 לש הקד הבכש תועצמאב םיינוטופ םילגעמו ירטקלא-וזייפ רוריע ןיב בלשל תורשפאה המגדוה וז הדובעב
-וזייפ רוריע םילצנמה SAW יססובמ םיינוטופ םינקתהב דקמתמ רקחמה (TFLN). טייבוינ םויתיל
 תושיג יתש .יטסלא-וטופה טקפאה ךרד םייטפוא תותוא לש היצלודומ ךרוצל טייבוינ םויתילב קזח ירטקלא
 השוע הנושארה השיגה .םיבלושמ םיינוטופ םילגעמ ןיבל םייחטשמ םייטסוקא םילג ןיב רוביחה רובע ונחבנ

 ךרוצ אלל דחוימב טושפ רוציי ךילהת תרשפאמו TFLN יבג לע strip-loaded גוסמ לג יכילומב שומיש
  TFLN-ה חטש ינפ לע םימקוממה (IDTs) םיילטיגיד־ןיב םירמתמ .טייבוינ םויתילה תבכש לוכיאב
 ךלומ רוא לש תיטסלא-וטופ היצלודומ תועצמאב תעצבתמ תינוטופה האירקהו ,לוק ילג רוריעל םישמשמ
 םוחתב הדוהת ירדתב תנייפואמ ביכרה תרוסמת (racetrack resonators). םייתעבט לג דוהמ ינקתהב

 יונישה לדוג .ןקתהה תובכש הנבמב םייטסוקאה תוטשפתהה ינפואל םימיאתמה ,ץרה הגמ 400–300
 .תינורשעה הדוקנה ירחא תישישה הרפסב דמאנ יביטקפאה הריבשה םדקמב

 ינוטופ לגעמ יבג לע טייבוינ םויתיל תיחול לש תינגורטה היצרגטניאב שומיש השוע היינש םינקתה תצובק
 תירחסמה הרבחה ידי לע ורצויו ,ונלש רקחמה תצובק ידי לע ונייפואו וננכות םינקתהה .דירטינ ןוקיליסמ

Ligentec  םיינוטופ םילגעמ םע טייבוינ םויתילה תבכשב ירטקלא-וזייפ רוריע םיבלשמ םינקתהה .ץייוושב 
 היצלודומ .ןוילימ 1.5-ל עיגה דדוב דוהמ לש תוכיאה םרוג .דירטינ ןוקיליסמ ההובג תוכיאב םייביספ
 יונישה .ץרה הגמ 300 לש רדתב המגדוה ןקתהה קמועב דיירטינ ןוקיליסמ לג יכילומב תיטפוא־וטסוקא
 בקע ,תינורשעה הדוקנה ירחא תיעיבשה הרפסב דמאנ הלא םינקתהב הריבשה םדקמב יטסלא-וטופה
 םיידירביהה םינקתהה ,ןכ יפ לע ףא .תוררועמה תודורטקלאה תא תפטועה הקיליס תבכשב ןרוקמש תולבגמ
 תבוגת לש תולתה תא וקדבי םיידיתע םירקחמ .דיירטינ ןוקיליסה תמרופטלפב הריהמ היצלודומ םירשפאמ
 יתש ןיב הריחבבו ,ךלומה רואה בוטיקב ,טייבוינ םויתיל לש שיבגה ריצל סחיב תודורטקלאה ןוויכב ביכרה
-וטסוקאה םיביכרה תא תוביצמ הז רקחמ תואצות .םינוש םיקמועב דירטינ ןוקיליס לש הביל תובכש
 לש יגולנא דוביעלו תיטפוא־וטסוקא היצלודומל החיטבמ המרופטלפכ טייבוינ םויתיל יססובמ םיינוטופ
 .םיינוטופ םיעצמאב לגורקימ תותוא
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