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Electro-optic modulators (EOMs) are essential components for communications 

systems, enabling light to be encoded with information and distributed to the world. Data 

traffic has grown tremendously in recent years which puts strain on current communication 

links to operate at high bandwidths and require little power. This dissertation discusses the 

design and optimization of hybrid bonded silicon (nitride) / lithium-niobate [Si(N)/LN] EOMs 
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for high-speed, low-voltage, and high optical power handling operations.  The heterogeneous 

combination of Silicon-on-insulator (SOI) wafers with thin-film lithium niobate (TFLN) 

offers a platform that takes advantage of the large EO Pockels effect of TFLN, as well as the 

low-cost, scalable, and well-established SOI foundry technology. By carefully designing the 

Si(N) waveguide dimensions and introducing periodic slow-wave features in the traveling 

wave electrodes, broad frequency modulation is demonstrated across operational wavelengths 

from the telecom to the visible regimes. The results presented here pave way for record-

breaking modulator efficiencies and a map for integration with a host of Si photonic 

components.  
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Chapter 1  
 

Introduction 

 

1.1 Motivation 
 

1.1.1 CMOS Compatible Electro-optic Mach-Zehnder Modulators 
 

Mach-Zehnder Interferometers (MZIs) are widely used optical structures that involve 

splitting an input optical waveform into two equally weighted waveguide arms, and recombining 

the paths after propagating a certain distance, L. They are used to implement quasi-unitary gate 

operations, path switching, amplitude modulation, filtering, analog computing and simulation, 

and other photonic signal processing functionalities that are important in both the classical and 

quantum regimes. MZIs are typically passive photonic circuits that have a fixed phase relation, 

Δ𝜙 =
2𝜋𝑛𝑒𝑓𝑓Δ𝐿

𝜆
, where Δ𝐿 is a path-length difference between the MZI arms. Upon 

recombination with a second coupler, the output signal experiences constructive and destructive 

interference, following a sinusoidal transfer function: 

 𝐼𝑜𝑢𝑡 =
|𝐸𝑜|

2

2
cos2(𝛥𝜙) (1.1) 

In this example, the MZI optical response varies with the operational wavelength, , as the 

number of 2 revolutions changes at the recombiner. However, the interferometer can become 

actively modulated by imparting a user-controlled phase-shift (typically between 0 and 𝜋 
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radians) by thermo-optic, electro-optic, or mechanical means. In such cases the MZI is known as 

a Mach-Zehnder modulator (MZM).  

Electro-optic (EO) modulation is a key functionality for both classical and quantum 

photonics, and has widespread applications in communications, switching, radio frequency (RF) 

waveform generation and pulse shaping [1–6]. Integrated high-bandwidth EO modulators 

(EOMs) can be useful to quantum photonic applications such as time-to-frequency conversion in 

large-alphabet quantum key distribution where a phase modulator follows a dispersive element 

[7], and applying a time-dependent phase-shift to photons based on the measurement result of a 

prior stage [8]. In these cases, the 3-dB EO modulation bandwidth should exceed the bandwidth 

of the filtered photons, which is typically around 50 GHz if standard telecommunications 

(telecom)-grade optical filters at 1550 nm are used in the experiment [9]. In the classical domain, 

RF-photonic analog communication links utilize EOMs to encode an optical carrier wave (i.e, a 

laser source) with electrical information from an RF source to modulate the phase and amplitude 

of the input optical signal (if using in an MZI configuration). For such links, the faster the EO 

MZM can switch the light from off to on states without impacting the integrity of the signal itself 

(i.e, higher bandwidth), the more information can be imparted to the signal. This increasing 

demand for high-bandwidth operation by a diverse set of end users requires high performance 

EOMs to be designed and fabricated on a scalable integrated platform.  

Silicon-on-insulator (SOI) based MZMs have been fabricated at the wafer scale (200 mm 

wafers) in commercial complementary-metal-oxide-semiconductor (CMOS) foundries for 

decades. These CMOS fabrication techniques allow for a scalable, low-cost, and high-yield 

platform for photonic chips that can be co-integrated with electronic circuits. However, silicon 

(Si) EO MZMs that are carrier based [10] are typically RC-limited, with reported 3-dB 
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bandwidths less than 60 GHz [11–15]. Furthermore, the introduction of these carriers to the 

optical waveguide result in significant amounts of optical loss, which requires shorter devices to 

limit the insertion loss and reduced extinction ratios (ERs) [16,17]. Additionally, Si waveguides 

have issues with handling high optical powers due to two-photon absorption (TPA) in the 

telecom regime. TPA is an intensity dependent nonlinear effect that generates carriers in Si 

waveguides which then lead to additional loss and dispersion. This puts intrinsic limits on the 

optical power handling of Si based RF-photonic links.  

Silicon nitride (SiN) is another CMOS compatible material which has shown low loss 

integrated photonics [18,19] and has a much larger transparency window, from the visible to 

mid-infrared wavelengths, compared to Si. However, SiN is a centrosymmetric material with no 

linear EO effect and furthermore is an insulator which cannot take advantage of carrier-based 

plasma dispersion effects like Si. Nevertheless, SiN EO modulation has been demonstrated via 

heterogeneous integration with other EO materials such as lithium niobate (LN) [20,21] and lead 

zirconate titanate (PZT) [22]. These works resulted in rather low 3-dB bandwidths of 30 GHz 

and only show operation in the telecom wavelength regime.  

In fact, visible light communicatinos systems typically employ direct modulation 

techniques (in which the laser source output is modulated via the applied current driving the laser 

itself) which limits the high-speed functionality at these wavelengths to a few GHz. Here a 

roadmap is shown using thin-film LN (TFLN) EOM devices designed and made without etching 

or patterning the LN film, co-integrated on a Si(N) photonics platform with optimized 3-dB 

bandwidths exceeding the available measurable limit of 110 GHz and low half-wave voltages 

(ranging sub-volt to 6 V) across the visible to telecom wavelengths.  
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1.1.2 The Hybrid Bonded Silicon (Nitride)/Lithium Niobate Platform 
 

Lithium niobate (LN) is a versatile nonlinear anisotropic material with a host of 

extraordinary physical phenomena such as the EO (Pockels effect, i.e a change in refractive 

index with applied voltage), piezoelectric (a change in elasticity with applied voltage), 

pyroelectric (a build-up of charge with change in temperature), and ferroelectric effects. Because 

of such adept functionalities, it has been used as a workhorse material in many applications, but 

most suitably as an EOM as it possesses a quite large EO coefficient of 30.8 pm/V [23]. Since 

the 1980s, bulk LN substrates (100s of µm thick) have been used to develop waveguide and 

EOM technologies [24–26]. However, due to fabrication limitations, waveguides developed on 

LN substrates (for example via Titanium diffusion [27–30], Figure 1.1(a)) yield a small index 

variation for optical mode confinement, leading to effective areas on the order of 10 µm or 

larger. This inherently places a limitation on the modulation efficiency of the devices as the 

required voltage to incur a 𝜋 phase-shift (𝑉𝜋) is directly proportional to the spacing, G, between 

the ground and signal electrodes. If G is too narrow for a given waveguide mode, then the mode 

will be absorbed by the metal electrodes and the EOM will incur heavy optical losses, and in the 

worst case render it useless.  

A crystal-ion-slicing technique combined with direct wafer bonding [31–33] and 

chemical-mechanical-polishing (CMP) has led to the development of LN-on-insulator (LNOI), 

with LN thicknesses less than 1 µm, which preserves many of the properties of bulk LN crystals 

[34,35]. TFLN allows a much smaller, more confined optical mode (effective areas on the order 

of 1 µm 2 or less) which in turn allows more compact device footprints and higher efficiency 

devices compared to traditional LN devices [36,37]. Figure 1.1 shows 2-D cross sections of 

LNOI based waveguides that have been published in recent years. Etching of LNOI [Figure 
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1.1(b)] has quickly become a popular method to fabricate waveguides via patterning and dry-

etching the LNOI surface [38]. While many researchers have shown state-of-the-art EOMs with 

low-voltage and high 3-dB bandwidths [36,39–42], etching LNOI is not a simple process. One 

challenge is the redeposition of etched composites that buildup on the etched surface and are 

difficult to remove at low temperatures. Additionally, integration of other photonic components, 

such as lasers and detectors, requires a full design kit to be developed on the LNOI platform, 

which is not CMOS compatible and cannot take advantage of scalable and well-defined CMOS 

processing, unlike Si photonic circuits.  

 

Figure 1.1: Cross sections of LN waveguides fabricated via (a) proton exchange on bulk LN substrates 

(b) etched TFLN (c) deposited materials on LNOI and (d) hybrid bonded TFLN to SOI rib-waveguides. 

 

The conflict of etching LN and front-end-of-line processing can be mitigated by 

designing hybrid optical modes using rib-loaded LN films. Figure 1.1(c) and Figure 1.1(d) are 

cross sections of heterogeneous methods of developing LN waveguides via material deposition 

[Figure 1.1(c)] or heterogeneous bonding [Figure 1.1(d)]. Rib-loaded LN waveguides have been 

demonstrated via depositing other materials such as SiN, tantala, amorphous Si, or chalcogenide 
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glass [21,43–46]. However, to avoid damaging the LN film, the materials must be deposited at 

low temperatures which often result in amorphous materials. This increases the chances of 

trapped charges, nonlinear carrier effects, and nonideal material properties [47].  

Heterogeneous bonding is a hydrophilic process that transfers the TFLN layer to a 

planarized photonic circuit with Si or SiN patterned features fabricated in a CMOS foundry [48–

52]. The guided optical mode is distributed between the etched Si(N) waveguide and the LN film 

to form a hybrid optical mode based on the waveguide dimensions without needing to etch or 

pattern the TFLN. The waveguide routing, splitting, combining, tapering, and bending can all be 

performed via the underlying Si or SiN layer within or outside of the bonded region. Once the 

guided light is within the bonded LN region, the underlying rib waveguides are adiabatically 

tapered to push the fraction of light into the LN layer for an optimal phase shifter. Such hybrid 

bonded Si/LN and SiN/LN MZMs have been demonstrated to show EO 3-dB bandwidths of > 

106 GHz [50] and 30 GHz [20], respectively; however, with a high V > 13 V with a phase 

shifter length of only 0.5 cm. To meet the ever-increasing demands of data centers and long-haul 

communications, the Si(N)/LN platform must be enhanced to achieve both broadband and low-

voltage operations. 

 

1.2 Overview of this Dissertation 
 

This dissertation discusses how to optimize the hybrid bonded Si(N)/LN platform not 

only in terms of low-voltage and high bandwidth but will do so for multiple wavelength regimes 

from the telecom wavelengths (O-band to C+L band) to the visible and near-infrared (NIR) 

regime (400 nm – 800 nm) by using carefully designed slow-wave electrode (SWE) structures. 

Chapter 2 introduces the concepts of Mach Zehnder EO modulators, their figures of merit, and 
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how best to develop such a hybrid Si(N)/LN device in terms of optical design. Chapter 3 

discusses the high frequency RF electrode design of traveling wave electrodes for driving 

modulation. SWEs are introduced by including periodic features along the inner edges of the 

electrodes to slow the RF wave velocity; providing additional design parameters to achieve 

velocity matching to the hybrid optical wave and thus, high-speed modulation. Chapter 4 

discusses the fabrication of hybrid bonded Si/LN and SiN/LN chips, as well as passive 

measurement tests. Chapter 5 reports on the electrical and electro-optic characterization of high-

speed Si/LN MZMs designed for O-band and C-band operation. SWEs are used to achieve 

velocity matching between the RF and optical waves to less than 1% mismatch, resulting in 100 

GHz class modulators in both the C-band and O-band with low driving voltage. In Chapter 6 I 

will demonstrate that Si/LN modulators can withstand high input optical powers (> 110 mW) 

while modulating at high speeds (> 110 GHz), which far surpasses the expectations and 

capabilities of standard Si MZMs, ultimately benefitting RF-photonic links. Chapter 7 reports on 

the characterization of hybrid bonded SiN/LN chips with MZMs developed for telecom regimes. 

In Chapter 8 a CMOS compatible modulator is fabricated using a buried metal layer as the 

traveling wave electrodes instead of post-CMOS processed gold, which achieves > 100 GHz 

modulation speed for a comparable V of 5.6 V. Chapter 9 demonstrates the world’s first 

modulator (of any type) to simultaneously achieve 100 GHz 3-dB bandwidth with a driving 

voltage of 1 V is demonstrated on the SiN/LN platform in the near-infrared (NIR) wavelengths 

(784 nm). Lastly, Chapter 10 discusses preliminary findings concerning the long-term DC bias 

drift effects of the hybrid Si(N)/LN platform and shows a means to control such drift. An outlook 

of future possibilities, such as integration with other photonic components for a full system on-

chip are proposed.  
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Chapter 2  
 

Hybrid Bonded LN EOM: Principles and Optical 

Design 

 

2.1 Figures of Merit for Electro-Optic Mach-Zehnder Modulators 
 

To fully understand how to optimize the design of hybrid bonded Si(N)/LN modulators, 

the key figures of merit must first be defined. The primary aspects that describe the performance 

of an EO MZM are its modulation efficiency, high-frequency response 3-dB bandwidth, optical 

insertion loss, and optical power handling capability. All of which are not only important for 

standalone modulator performance, but can also determine the overall system performance of an 

RF-photonic data link.  
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2.1.1 High-speed Traveling Wave Modulator Response Theory 

 

Figure 2.1: A top-view diagram of an EOM modulating a continuous wave (CW) laser input with push-

pull traveling wave electrodes driven by an RF source and terminated with a load impedance, ZL. 

 

Figure 2.1 shows a top-view generalized diagram of an EOM with traveling wave 

electrodes of length Lps that are driven with a generated voltage with source impedance and 

resistance (ZG and RG), and a load impedance and resistance (ZL and ZR). The small-signal 

modulator response describes how the device reacts when driven with RF sinusoidal tones at 

high frequencies (typically f > 100 MHz) when it is biased in the linear regime of the MZM 

transfer function. The small-signal frequency response is described by the following equations 

(where the full derivation is provided in [53]):  

 𝑚(𝜔) =
𝑅𝐿 + 𝑅𝐺

𝑅𝐿
 |

𝑍𝑖𝑛

𝑍𝑖𝑛 + 𝑍𝐺
| |

(𝑍𝐿 + 𝑍𝑐)𝐹(𝑢+) + (𝑍𝐿 − 𝑍𝑐)𝐹(𝑢−)

(𝑍𝐿 + 𝑍𝑐) exp[𝛾𝑚𝐿𝑝𝑠] + (𝑍𝐿 − 𝑍𝑐) exp[−𝛾𝑚𝐿𝑝𝑠]
| (2.1) 

 𝑍𝑖𝑛 = 𝑍𝑐

𝑍𝐿 + 𝑍𝑐 tanh(𝛾𝑚𝐿𝑝𝑠)

𝑍𝑐 + 𝑍𝐿tanh (𝛾𝑚𝐿𝑝𝑠)
  (2.2) 
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 𝛾𝑚 = 𝛼𝑚 +
𝑗𝜔

𝑐
𝑛𝑚 (2.3) 

 𝐹(𝑢±) =
1 + exp[𝑢±]

𝑢±
 (2.4) 

 𝑢± = ±𝛼𝑚𝐿𝑝𝑠 +
𝑗𝜔

𝑐
(±𝑛𝑚 − 𝑛𝑔)𝐿𝑝𝑠 (2.5) 

 

Where  is the radial frequency (2fRF), Zin,c are the input and characteristic impedances 

and m is the complex propagation constant of the RF wave along the transmission line. This EO 

response (EOR) is one of the standard measures of modulators as it describes how fast the device 

can switch between on and off states before losing excessive amounts of power. The point at 

which the EOR decays to half of the low-frequency magnitude is termed the 3-dB bandwidth and 

is a common reported metric by research groups and industry alike. The higher a modulators 3-

dB bandwidth is, the more information can be encoded and transmitted before losing power and 

degrading the signal; thus, devices with high-speed are coveted.  

For a given material dielectric stack (i.e, MZM cross section), high speed EO modulation 

depends on three main design criteria: 1) matching the velocities of the traveling RF and optical 

waves; 2) matching the transmission line, source, and load impedances (Zc = ZG = ZL, typically 

50 ); and 3) minimizing the RF propagation loss (m) [53]. To ensure that the first criterion is 

met, the RF effective index (nm) and the optical group index (ng) must be designed to be equal. 

Furthermore, each of the three design rules must be held as functions of frequency. The 

microwave velocity, characteristic impedance, and loss are frequency dependent parameters of 

the RF transmission line characteristics which are determined by the dimensions and material 

composition of the dielectric stack and the electrode geometry [54,55]. These three criteria put a 

restriction on the fabricated phase-shifter length (Lps), because if there is a mismatch between the 
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RF and optical velocities (described by n = ng - nm), then the waves will become out of phase as 

they propagate and the EO effect will be reduced. If there is a mismatch in the various 

impedances, then there will be unwanted RF reflections in the system which result in oscillations 

in the frequency response. The RF loss of coplanar waveguide electrodes generally follows a 

square-root dependence of the driving frequency (from conductive skin loss) and a linear 

dependence from dielectric loss at high frequencies:  

 𝛼𝑚 = 𝛼𝑠𝑑𝑓0.5 + 𝛼𝑑𝑖𝑒𝑓 (2.6) 

 

For a well-designed EOM, the index and impedance matching conditions are met and the EO 

response becomes RF loss limited. Figure 2.2 is a plot of the calculated 3-dB bandwidth of an 

EO modulator response (from Eq. (2.1)) that is index matched (n = 0) and impedance matched 

to a 50  load, with different assumed RF loss coefficients as a function of the MZM V (inverse 

to the phase-shifter length). This means that if the MZM has a V of 6 V (Lps ~ 0.5 cm), then the 

expected 3-dB bandwidth ranges from 110 GHz to nearly 5 THz as the RF loss at 110 GHz 

(m(f=110 GHz)) decreases from 10 dB/cm to 2 dB/cm. For longer devices the higher RF loss 

weakens the overall EO response which reduces the 3-dB bandwidth; thus, for Lps = 1 cm (V ~ 

3V), the 3-dB bandwidth ranges from 60 GHz to 1 THz.  
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Figure 2.2: The calculated 3-dB bandwidth vs MZM V (inverse to Lps) using Eq. (2.1) assuming the 

MZM is RF-loss limited (i.e, n = 0% and Zc = ZL = 50 ) for different values of m(f = 110 GHz). 

The assumed VL of this MZM is 2.86 V.cm.  

 

2.1.2 Half-wave Driving Voltage of Lithium Niobate Mach-Zehnder 

Modulators 
 

The modulation efficiency of an EO MZM is defined in terms of the amount of driving 

voltage required to yield a  phase-shift between its two optical pathways, which is deemed the 

half-wave voltage (V). This is important as it determines the amount of DC and RF power 

required from driving circuits or power supplies to enable modulation. This metric is most often 

reported as the half-wave voltage-length product, VL, which gives the additional information of 

the phase-shifter length (i.e, the traveling wave electrode length). VL for an EO MZM with x-

cut LN driven by CPWs is defined as  

 Vπ𝐿 =
𝑛𝑒𝑓𝑓𝜆0𝐺

2𝑛𝑒
4𝑟33Γ𝑚𝑜

 (2.7) 

 

where a factor of 1/2 is included to account for single-drive push-pull configuration (equal 

amplitude and opposite phase voltage applied to each arm) of the MZM arms as shown in Figure 
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2.1. A more detailed derivation is included in Appendix A.1. Here neff is the effective index of 

the optical guided mode, 0 is the operational wavelength in vacuum, G is the spacing between 

the ground and signal electrodes, ne is the extraordinary index of LN, and 𝑟33 is the EO 

coefficient of LN (30.8 pm/V). mo is the RF-to-optical mode overlap integral, defined as  

 Γ𝑚𝑜 =
𝐺

𝑉𝐴

∬ 𝐸𝑅𝐹(𝑥, 𝑧)|𝐸𝑜(𝑥, 𝑧)|2𝑑𝑥𝑑𝑧
𝐿𝑁

∬ |𝐸𝑜(𝑥, 𝑧)|2𝑑𝑥𝑑𝑧
, (2.8) 

 

where 𝐸𝑅𝐹 is the applied RF E-field to the phase-shifter, 𝐸𝑜 is the optical mode E-field and 𝑉𝐴 is 

the applied voltage. This is a cross-sectional integral over the EO region (which is LN in this 

case). Figure 2.3(a) is an example of a simulated RF mode at 100 GHz for a CPW structure on a 

hybrid Si/LN MZM cross section. The mode is confined and concentrated between the ground 

and signal electrodes and strongly interacts with the x-cut TFLN directly underneath. With the 

hybrid waveguides centered between the electrodes, as shown by the simulated mode in Figure 

2.3(b), mo (which depends on the Si(N) waveguide design and TFLN thickness) can reach 

values upwards of 0.85 (discussed further in Section 2.2.1) to enable efficient modulation.  

 
 

Figure 2.3: The simulated (a) RF CPW mode |ERF|2 at 100 GHz and (b) hybrid optical mode |Eo|2 at 

1550 nm for a SiN/LN cross section using Lumerical Mode Solutions. 
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From Eq. (2.7), the VL of a push-pull EO MZM is proportional to many material 

constants but in practice is primarily limited by the spacing G. Ideally G should be made as 

narrow as possible to within fabrication limits; however, there is a caveat that the optical mode 

intensity should not interact with the driving electrodes. Metal features cause large amounts of 

optical propagation loss, opt, if the evanescent tail of the mode interferes with the metal 

boundaries. Thus there is an inherent trade-off between designing low-voltage and low-loss 

modulator, which is demonstrated by Figure 2.4 as a function of G at 1550 nm for the Si/LN 

(dashed lines) and SiN/LN (solid lines) MZMs with LN film thicknesses of 600 nm and 400 nm, 

respectively. The Si waveguide is 225 nm wide which does not confine the large optical mode (at 

1550 nm) well enough and leads to higher optical losses. The SiN waveguide is 900 nm wide 

which results in opt < 1 dB/cm at G = 8 µm and a VL of 3.2 V.cm.  

 

Figure 2.4: The simulated VL (blue, left y-axis) and opt (orange, right y-axis) of a SiN/LN MZM 

with hLN = 400 nm (solid traces) and a Si/LN with hLN = 600 nm (dashed traces) as a function of 

electrode gap, G. In this example, the SiN waveguide is 900 nm wide by 200 nm thick, the Si waveguide 

is 225 nm wide by 150 nm thick, hcmp is 50 nm, and  = 1550 nm. 
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2.1.3 RF-Photonic Link Gain and Noise Factor 
 

 

Figure 2.5: (a) A block diagram of a generalized RF-photonic link with an external MZM. (b) A 

diagram of an MZM transfer function (black curve) biased at quadrature with via an external DC 

voltage bias (Vb). An RF signal (blue curve) drives the device in the small-signal regime which 

modulates the optical signal (red curve). 

 

RF-photonic links have been employed to transmit RF analog signals over optical fibers 

for decades [1,56], with commercial applications in cable television, antenna remoting and, more 

recently, optical phased arrays. A general block diagram of an RF-photonic link is shown in 

Figure 2.5(a), where an optical light source (laser) is imparted with amplitude and/or phase 

information via external modulation from an RF source. This modulated signal is transmitted 

over optical fiber and then converted to voltage using a photodetector. An example of such a 

small-signal modulation of an optical signal is demonstrated by Figure 2.5(b), where an MZM is 

used to modulate, hence the cosine-squared transfer function. Two main figures of merit for such 

links are the RF gain, GRF, and the noise factor, NF. The link gain is important as it describes the 

overall performance of the system. When using an MZM to modulate, GRF is defined as [57] 

 𝐺𝑅𝐹 =
𝑃𝑅𝐹,𝑂

𝑃𝑅𝐹,𝐼
= (𝑃𝑜𝑝𝑡𝑇

′𝜂)
2
𝑟𝑑𝑅𝑚 = (

𝜋𝑃𝑜𝑝𝑡𝜂

2𝑉𝜋
)
2

𝑟𝑑𝑅𝑚 (2.9) 
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where 𝑃𝑜𝑝𝑡 is the optical power, 𝑇′ is the modulator linear region slope efficiency (a factor of V 

for an MZM biased at quadrature), 𝜂 is the efficiency of the modulator and the fiber-to-fiber 

losses, 𝑟𝑑 is the photodetector responsivity, and 𝑅𝑚 is the modulator resistance. From this 

expression it can be clearly seen that the link gain increases as the optical power increases, the 

modulation efficiency (V) decreases, the insertion loss of the modulator decreases, and the 

photodetector responsivity increases. As this dissertation is mainly concerned with modulator 

design, it is of the utmost importance to optimize the hybrid bonded devices to have low half-

wave voltages and be able to handle as much optical power as possible. Furthermore, to enable 

greater bandwidth of the RF-photonic link, the modulator must also be designed for high-speed 

operation.  

 The RF-photonic link NF is a merit of how much the signal-to-noise ratio decreases in 

the face of all potential sources of noise in the system. For an MZM the NF is defined as [1] 

 𝑁𝐹 = 10log (1 + 𝐶 +
4𝑉𝜋

2

𝜋2𝑟𝑑
2𝜂2𝑃𝑜𝑝𝑡

2 𝑅𝑠
2
+

𝑉𝜋
2𝑅𝐼𝑁

𝜋2𝑘𝑇0𝑅𝑠
+

4𝑞𝑉𝜋
2

𝜋2𝑘𝑇0𝑟𝑑𝜂𝑃𝑜𝑝𝑡𝑅𝑠
) (2.10) 

 

where 𝐶 is a constant from unavoidable thermal noise, the second term corresponds to added 

thermal noise from the link gain, the third term corresponds to laser noise or relative intensity 

noise (RIN), and the last term corresponds to shot noise. Again, it is clearly seen from Eq. (2.10) 

that optimizing the hybrid bonded modulator for low-voltage operation (which also maximizes 

the RF gain) helps minimize the NF of the system.  

 Increasing the optical power transmitted through the RF-photonic link also benefits both 

the GRF and NF. The simplest method of optimizing these figures of merit would be to just blast 

the link with as much optical power as possible. Unfortunately, Si photonic circuits suffer from 

intensity dependent losses and dispersion from a multiphoton interaction, two-photon absorption 
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(TPA). TPA increases the number of photogenerated carriers in Si waveguides which lead to 

additional optical losses from free carrier effects. Thus, for a Si-based MZM, the optical power 

handling is limited and cannot simply be increased to maximize RF gain. The hybrid bonded 

Si/LN platform offers a solution to the power handling issue of standard Si based modulators as 

the optical intensity is split between the Si and LN regions (LN having negligible TPA in the 

telecom wavelengths). This will be further discussed in Section 2.3.  

 

2.2 Hybrid Bonded Si(N)/LN MZM Design and Principle 
 

 

Figure 2.6: (a) Singulation of the SOI and LNOI dies. The SOI is patterned with photonic waveguide 

features while the LNOI is unpatterned and unetched. (b) An example of the hybrid bonded Si/LN EO 

chip with multiple MZM structures and passive integrated Si photonic components. (c) A diagram (not 

to scale) of the hybrid bonded Si(N)/LN MZM showing the relevant features such as edge couplers, 

MMI couplers, tapers, and transitions. PLD is an optional path-length-difference which can incur a 

constant phase difference between the MZM arms. 

  

The proposed heterogeneous platform consists of two hybrid bonded dielectric stacks, 

one being silicon-on-insulator (SOI) which consists of planarized Si(N) circuits on a high-
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resistivity Si substrate developed in a CMOS foundry, and the other being commercially 

procured x-cut LNOI with a less than 1 µm film of LN. Bonding of TFLN to patterned Si(N) 

waveguides offers a site-specific, modular, and scalable approach for realizing hybrid photonic 

circuits. This integration process requires minimal processing of the LN film (i.e, no patterning 

or etching) and yields additional EO functionality to the mature SOI photonic system. As the LN 

film is not etched or patterned at all, the waveguiding functionality of this platform is provided 

by the Si(N) layer, while the diced LN region is bonded as needed in specific areas as shown in 

Figure 2.6(a)-(b). The waveguide coupling, routing, tapering, and bending can all be performed 

in the Si(N) circuit (outside of the bonded region), while the high-speed and low-voltage EO 

effect can be imparted in the hybrid bonded phase-shifting section as shown by Figure 2.6(c). 

Lumerical Mode simulations were performed to design single-mode waveguides, low-loss bends, 

MMI 3-dB couplers, adiabatic tapers, and the hybrid phase-shifter section, all of which are 

components of the Si(N)/LN MZM.  

2.2.1 The Optimized Si(N)/LN Cross Section  
 

 

Figure 2.7: (a) The cross section diagram of the Si(N)/LN MZM with electrodes above the bonded 

TFLN layer. G: electrode gap. hcmp: CMP oxide thickness. hbox: Buried oxide thickness. hLN: LN film 

thickness. he: electrode thickness. ws: signal electrode width. wSi(N): the Si(N) waveguide width. hSi(N): 

the Si(N) waveguide thickness. (b) A Ven diagram describing whether the labelled parameters affect 

the optical mode, RF mode, or both.  
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Figure 2.7(a) is a schematic generalized cross section of the hybrid bonded Si(N)/LN 

MZM with the various design parameters labelled. As this is an EO device, some of these 

parameters affect both the optical and RF mode properties. The optical characteristics of the 

hybrid mode (i.e, the neff, ng, Aeff) are heavily dependent on the underlying waveguide 

dimensions (width and thickness), the LN film thickness, and the narrow amount of oxide 

between the TFLN and Si(N) layers. This thin oxide (SiO2) layer is a planarized surface from a 

chemical-mechanical polish (CMP) process performed at the wafer scale in a CMOS foundry. 

On the other hand, the characteristics of the RF mode is primarily determined by the permittivity 

and loss of the dielectric stack as well as the electrode geometry. Figure 2.7(b) is a Ven diagram 

detailing which of the various design parameters affect either the optical or RF fields (or both in 

some cases).  

Because the Si(N) waveguides are developed in a CMOS foundry, the waveguide width 

(wSi(N)) can be tapered and tailored with high precision across all devices in the wafer. This 

allows for simple low optical loss transitions from the unbonded region to the bonded region of 

the modulator [48]. Furthermore, once in the hybrid region, the fraction of light (i.e, the Poynting 

vector magnitude percentage) can be transferred from the Si(N) rib waveguide to a hybrid 

Si(N)/LN region by simply narrowing the underlying waveguide width. Contour maps of the 

simulated neff, Aeff, and optical confinement factor, , in the and LN region for Si/LN and 

SiN/LN hybrid modes are shown in Figure 2.8 as a function of Si(N) waveguide width and 

thickness at an operational  of 1550 nm. The optical confinement factor is defined as  

 ΓLN =
∬ |𝐸𝑜|

2𝑑𝐴
𝐿𝑁

∬ |𝐸𝑜|2𝑑𝐴
 (2.11) 
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 ΓSi(N) =
∬ |𝐸𝑜|

2𝑑𝐴
𝑆𝑖(𝑁)

∬ |𝐸𝑜|2𝑑𝐴
 (2.12) 

 

where |Eo|
2 is the optical field intensity which is integrated over the cross-sectional area of 

interest. Because the refractive index of Si is higher than that of LN, the optical mode resides 

primarily in the Si rib waveguide. Thus, as the Si waveguide width increases, neff, ng, and Si 

increase; whereas Aeff and LN decrease. The refractive index of SiN is similar to that of LN, 

resulting in less modal control as a function of waveguide dimension. The SOI wafers used in 

this dissertation were processed and developed by Sandia National Laboratories, which has a 

standard Si thickness of 250 nm and SiN thickness of 200 nm. Sandia allowed a thinner Si layer 

of 150 nm which yields a higher LN for a wider range of wSi [Figure 2.8(c)] for our wafers. 

These are the target thicknesses of the Si and SiN wafers for the works presented in this 

dissertation and from this point will be assumed to be fixed.  
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Figure 2.8: The simulated (a) neff, (b) Aeff, and (c) LN of a Si/LN hybrid mode as a function of Si 

waveguide dimensions with a TFLN thickness of 600 nm at  = 1550 nm. The simulated (d) neff, (e) 

Aeff, and (f) LN of a SiN/LN hybrid mode as a function of SiN waveguide dimensions with a TFLN 

thickness of 200 nm at  = 1550 nm.  

 

 The amount of light confined to the LN region of the hybrid region directly impacts the 

modulation efficiency (VL) of the MZM via the RF-to-optical mode overlap integral. In the 

limit that the applied RF field is constant and perfectly polarized in the direction of the optical 

field, then the ERF term in Eq. (2.7) can be simplified as 
𝑉𝐴

𝐺
 and pulled out of the integral. Thus, 

the RF-to-optical mode field overlap integral (mo) can be approximated as simply the 

confinement factor of light in the LN film (LN), and VL simplifies to the following Figure-of-

Merit (FoM):  

 𝐹𝑜𝑀 =
𝑛𝑒𝑓𝑓𝜆𝐺

2𝑛𝑒
4𝑟33Γ𝐿𝑁

 (2.13) 
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Note that this approximation reduces VL to a function of material constants, operational 

wavelength, and optical mode properties defined by the geometry of the hybrid waveguide. Thus, 

FoM can be rapidly simulated all in an optical mode environment (Lumerical MODE FDE) 

without needing to simulate the RF field which can be lengthy due to the increased wavelength 

and simulation area. Typically, each 2D hybrid mode optical simulation takes 10 seconds or less 

per geometry and wavelength, while the 2D RF mode simulation can take minutes per geometry 

and frequency. A blind search in the RF parameter space to optimize VL would quickly get out 

of hand in terms of simulation time. Figure 2.9 shows the results of an all-optical simulation 

resulting in FoM as a function of wSi and hcmp for a Si/LN mode (assuming hSi = 150 nm, hLN = 

600 nm, G = 8 µm) and SiN/LN mode (assuming hSiN = 200 nm, hLN = 200 nm, G ~ 6 µm) at  = 

1550 nm and 1310 nm, respectively.  As expected, FoM increases (the device becomes less 

modulation efficient) as the Si waveguide width increases, because there is more light confined 

in the non-Pockels Effect material and LN decreases. In the extreme cases with wSi > 500 nm, 

the FoM is as large as 10 V.cm and greater which is comparable to bulk LN modulators. But if 

wSi is kept narrower than 325 nm in the phase-shifter section, then FoM is less than 2.5 V.cm. As 

the CMP oxide layer thickness increases the hybrid mode diffuses/spreads into the other 

dielectric layers and the Aeff increases which improves FoM. The SiN waveguide provides less 

modal confinement and thus less tuning of the FoM with SiN waveguide width but is still 

expected to achieve efficient modulation with FoM < 3 V.cm for wSiN < 1000 nm.  
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Figure 2.9: (a,b) The simulated FoM [Eq. (2.13)] of a hybrid Si/LN mode operating at (a) 1550 nm and 

(b) 1310 nm as a function of Si waveguide width and CMP oxide thickness when hSi = 150 nm, hLN = 

600 nm, G = 8 m. (c,d) The simulated FoM of a hybrid SiN/LN mode operating at (a) 1550 nm and 

(b) 1310 nm as a function of Si waveguide width and CMP oxide thickness when hSiN = 200 nm, hLN = 

200 nm and G = 6.5 m and 5.5 mm, respectively.  

 

 This simplified FoM will, in the worst case, underestimate VL by a factor of 

 𝑅 =
Γ𝑚𝑜

Γ𝐿𝑁
= 𝐴 + 𝐵exp (−C ∗ G) + 𝐷 ∗ 𝐺 (2.14) 

 

from the assumption that the RF field is constant in the vicinity of the hybrid optical mode, 

where A, B, and C are fitting parameters. To attain a more accurate simulated value of VL, the 

RF mode must also be simulated. However, now that a local minimum of FoM can be 

determined swiftly, specific RF modes can be evaluated in the region of this optimized FoM as 
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opposed to blindly searching over the vast parameter space. Figure 2.10 shows the 

underestimation factor, 𝑅, as a function of G for different LN film thickness (as these are the two 

variable parameters in the cross section, Figure 2.7, that impact the RF mode). With these 

specific R values determined, the VL can be approximated very quickly based on the optical 

simulation sweeps that generated Figure 2.8 and Figure 2.9 as  

 𝑉𝜋𝐿𝑎𝑝𝑝 =
𝐹𝑜𝑀

𝑅
=

𝑛𝑒𝑓𝑓𝜆𝐺

2𝑛𝑒
4𝑟33𝑅Γ𝐿𝑁

 (2.15) 

 

 

Figure 2.10: The simulated (circles) and fitted (lines) data of the fraction 𝑅 =
Γ𝑚𝑜

Γ𝐿𝑁
 as the electrode gap 

distance, G, and hLN are varied for a (a) hybrid Si/LN and (b) SiN/LN cross section with hcmp = 0 nm, 

 = 1550 nm, and fRF = 100 GHz. 

 

From Figure 2.10(a) and Figure 2.10(b), using FoM underestimates VL by a factor of 0.75 (0.7) 

when G = 8 µm (6 m) and hLN = 600 nm (200 nm) for the Si(N)/LN hybrid MZMs. This factor 

can then be applied to the simulated FoM as a function of waveguide width and hcmp to generate 

Figure 2.11 to determine the optimal design for low-voltage hybrid bonded MZMs in the C-band 

and O-band.  
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Figure 2.11: (a) The simulated VLapp as a function of Si waveguide width and CMP oxide thickness 

at  = 1550 nm. (b) The simulated VLapp as a function of Si waveguide width and CMP oxide thickness 

at  = 1310 nm. The constant parameters of the Si/LN waveguide are hSi = 150 nm, hLN = 600 nm, G = 

8 µm, and. (c) The simulated VLapp as a function of SiN waveguide width and CMP oxide thickness 

at  = 1550 nm. (d) The simulated VLapp as a function of SiN waveguide width and CMP oxide 

thickness at  = 1310 nm. The constant parameters of the SiN/LN waveguide are hSiN = 200 nm, hLN = 

200 nm, G = 6.5 µm and 5.5 µm, respectively. 

 

Judging from the results shown in Figure 2.11, the naïve designer would state that the 

optimal design would be to minimize the Si waveguide width to the narrowest possible 

fabrication limit and have a thick CMP oxide separating the TFLN and Si layers in order to 

optimize VL. While at the surface this is true, this choice completely neglects optical 

propagation loss due to the mode interacting with the metal electrodes. Electrodes act as perfect 

electrical conductors, and as such, absorb electromagnetic fields causing large amounts of loss. 

Figure 2.12 shows the simulated optical propagation loss, opt, as wSi(N) and hcmp are varied for 
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the Si/LN and SiN/LN modes at 1550 nm and 1310 nm operational wavelengths, respectively. 

As can be seen, opt increases as Aeff increases for this constant electrode gap width (G = 8 µm 

and ~6 µm). For this example, to maintain opt < 1 dB/cm, then wSi > 250 nm and hcmp < 80 nm 

and wSiN > 800 nm and hcmp < 60 nm (as noted by the dark red regions in Figure 2.12). Again, 

this is for the specified 8 µm gap and 600 (400) nm thick LN film on a single layer of Si(N) 

waveguides. These ranges are subject to change as these parameters change.  

 

Figure 2.12: (a) The simulated opt as a function of Si waveguide width and CMP oxide thickness at  

= 1550 nm. (b) The simulated opt, as a function of Si waveguide width and CMP oxide thickness at  

= 1310 nm. The constant parameters of the Si/LN waveguide are hSi = 150 nm, hLN = 600 nm, G = 8 

µm, and. (c) The simulated opt as a function of SiN waveguide width and CMP oxide thickness at  = 

1550 nm. (d) The simulated opt, as a function of SiN waveguide width and CMP oxide thickness at  

= 1310 nm. The constant parameters of the SiN/LN waveguide are hSiN = 200 nm, hLN = 200 nm, G = 

6.5 µm and 5.5 µm, respectively. 
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 With the waveguide widths determined in mind of minimizing VL and opt, this sets a 

constraint on the optical group index, ng, of the hybrid modes. Figure 2.13 show the ng as a 

function of waveguide width and CMP oxide thickness for the Si/LN and SiN/LN with 600 nm 

LN and 200 nm LN film thicknesses, respectively at the C- and O-bands. The ng of a waveguide 

follows the trend of the neff because 𝑛𝑔 = 𝑛𝑒𝑓𝑓 − 𝜆
𝑑𝑛𝑒𝑓𝑓

𝑑𝜆
. Thus, as the underlying Si(N) 

waveguide width increases and more of the hybrid mode resides in the waveguide core, then ng 

increases.  This effect is seen much more dramatically in the Si/LN case as nSi > nLN which offers 

a much stronger dispersion control via Si waveguide tuning compared to the SiN/LN counterpart. 

To achieve high-speed modulation the RF traveling wave electrodes need to be designed in such 

a way to yield an RF effective index, nm, that equates to ng ideally for all frequencies and across 

all CMP oxide thicknesses. For example, if the RF effective index (nm) was expected to be 2.23, 

then looking at Figure 2.13, the optimal wSi would be less than 300 nm and the hcmp must be 

around 50 nm; whereas the optimal wSiN would be between 800 nm and 1400 nm, but the hcmp 

must be less than 20 nm thick. However, to maintain low opt, then wSi cannot be narrower than 

250 nm. It is important to keep all aspects of the modulator design in mind to achieve low-

voltage, high bandwidth, and low-loss operation. Table 2.1 details the parameters chosen for the 

Si and SiN phase-shifter sections to be fabricated. Multiple Si waveguide widths were chosen to 

account for potential variations in hcmp from the target value of 40-50 nm.  
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Figure 2.13: (a) The simulated ng as a function of Si waveguide width and CMP oxide thickness at  

= 1550 nm. (b) The simulated ng as a function of Si waveguide width and CMP oxide thickness at  = 

1310 nm. The constant parameters of the Si/LN waveguide are hSi = 150 nm, hLN = 600 nm, G = 8 µm, 

and. (c) The simulated ng as a function of SiN waveguide width and CMP oxide thickness at  = 1550 

nm. (d) The simulated ng, as a function of SiN waveguide width and CMP oxide thickness at  = 1310 

nm. The constant parameters of the SiN/LN waveguide are hSiN = 200 nm, hLN = 200 nm, G = 6.5 µm 

and 5.5 µm, respectively. 

 
Table 2.1: The Si(N) waveguide dimensions chosen for fabrication in the hybrid phase-shifter section of 

the MZMs at the O- and C-bands. 

MZM -band wSi hSi wSiN hSiN 

O-band 
225 nm 

150 nm 900 nm 200 nm 
250 nm 

C-band 
275 nm 

300 nm 

 

 

2.2.2 Transitioning Between the Feeder and Hybrid Modes  
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Figure 2.14: Top-view schematic (not to scale) of the Si/LN transition region and phase shifter (one 

arm of MZM). The transition region consists of the transition waveguide and adiabatic tapers (shown 

in green), and the phase shifter section consists of the hybrid waveguide (shown in red). Cross-sectional 

simulated Poynting vector of the (b) feeder Si waveguide (no LN film), (c) transition Si waveguide, 

and (d) hybrid Si/LN waveguide. 

 

As shown in Figure 2.14(a), the light transitions from a feeder section (outside of the 

bonded region) to the hybrid mode (within the bonded region). For the Si/LN platform, this 

transition can be quite simple because the refractive index of Si is higher than that of LN (nSi > 

nLN). This means that for the wide Si waveguide width in the feeder section (further described in 

Section 2.2.4), the majority of the mode resides in the Si core (58%). There will be an amount of 

loss at the initial air-to-LN interface from Fresnel reflections and slight modal overlap 

differences. Figure 2.14(b) and Figure 2.14(c) show the simulated modes before and after the 

bonded LN interface at 1550 nm as an example and below the cross-sections are the simulated 
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modal characteristics. The difference in neff between these modes is 0.08 which results in an 

expected loss of only about 0.074 dB. Because the mode fraction in Si (Si) is similar, it is not 

expected that this loss will change significantly at higher optical powers when the refractive 

index of Si changes slightly.  

 

Figure 2.15: (a) A side-view (not to scale) of the Si/LN transition across the bonded region with an 

adiabatic taper section to the hybrid mode. The simulated S-parameters (transmission and reflection) 

as a function of (b) taper length and (c) number of modes per cell in the taper section for operation 

wavelengths at 1550 nm (C) and 1310 nm (O) using Lumerical’s EME solver. 

 

 Once beyond the TFLN bonded edge, the Si waveguide can be adiabatically tapered to 

the optimized hybrid waveguide width determined from the modelling of Section 2.2.1. A side-

view of one of the MZM arms at the bonded LN interface is shown in Figure 2.15(a), which 

includes an adiabatic taper section to narrow the underlying Si waveguide to the designed hybrid 

mode. Lumerical’s Eigenmode Expansion (EME) solver was used to model this transition which 
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includes the Air-LN interface loss (mode and neff mismatch) as well as the adiabatic taper loss. 

EME splits the structure into user-defined cells along the propagation direction and solves for the 

optical mode characteristics per cell. The modes are then compared cell-to-cell to determine the 

amount of power that transmits from port 1 to port 2 in Figure 2.15(a). The S-parameters of such 

a transition and taper as a function of taper length (Figure 2.15(b)) and the number of optical 

modes (Figure 2.15(c)) for C-band (red traces) and O-band (blue traces) incident light. The 

results of which are transition losses less than 0.5 dB for taper lengths greater than 100 µm.  

 

Figure 2.16: (a) A perspective view of a single layer SiN waveguide transitioning across the bonded 

MgO:LN film. (b) The simulated interface loss due to mode and neff mismatch at the Air-LN interface 

as a function of SiN waveguide width and LN film thickness for an operation  of 1550 nm. The SiN 

thickness is 200 nm. (c) The simulated SiN mode in the feeder section. (d) The simulated SiN/LN mode 

with hLN = 100 nm. (e) The simulated SiN/LN mode with hLN = 400 nm. 

 

While such transitions are simple for the Si/LN platform, the single layer SiN/LN 

structures (Figure 2.16(a)) require more design and intuition as the refractive index of SiN is 

approximate to that of LN (nSiN ~ nLN). Figure 2.16(b) is the calculated loss from the Air-LN 

interface of a SiN/LN structure for different LN film thicknesses as a function of SiN waveguide 
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width when the SiN waveguide is 200 nm thick and the CMP oxide layer is 50 nm thick. The 

weaker refractive index of SiN compared to Si yields less modal confinement and control by 

simply tapering the SiN waveguide, resulting in large modal mismatch as shown by Figure 

2.16(c)-(d). Thicker LN films, such as 400 nm, can result in 4 dB of loss per transition even if 

the SiN waveguide is 2 µm wide. For LN film thicknesses less than 200 nm, the interface loss 

reduces to less than 2 dB.  

Low loss transitions in a SiN/LN platform have been demonstrated by introducing a 

secondary Si-rich SiN layer to act as the feeder section [20]. This additional layer is vertically 

separated from the LN film by about 600 nm, which makes the interface loss from the bonded 

edge minimal. A vertical directional coupler was then implemented to bring the propagating 

mode into the hybrid phase shifting section. Others have shown that using much thicker SiN 

layers can reduce the interface losses as well [58]. Unfortunately, due to time and fabrication 

cost restrictions, I was limited to using only a single layer of SiN for the wafers allocated by 

Sandia National Laboratories; as such, the optical insertion losses of the fabricated SiN/LN 

devices reported in this dissertation may be impacted by this.  
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Figure 2.17: (a) A side-view diagram of the proposed single layer SiN/LN transition with a deposited 

cladding oxide before the bonded region. (b) A top-view diagram of the proposed single layer SiN/LN 

transition. The simulated |S21|2 of the transition shown in panel (a) for 1310 nm (blue) and 1550 nm 

(red) operational wavelengths as a function of (c) SiN waveguide width and (d) adiabatic taper length. 

(e) The simulated E-field intensity of the optical mode as a function propagation distance (x-axis) as it 

propagates from left-to-right. 

 

This limit of only having a single layer of SiN waveguides to route into and out of the 

hybrid bonded region puts a limit on the bonded LN film thickness to maintain low optical losses 

to less than 200 nm. Furthermore, a deposited oxide layer may help reduce these interface losses 

as shown in Figure 2.17. The cladding oxide before the bonded LN film helps reduce the mode 

and neff mismatch between the feeder and transition modes. With this an inverse taper can also be 

used to widen the SiN waveguide (see Figure 2.17(b) for a top-view diagram). Figure 2.17(c) and 

(d) are EME simulation results of the transmission, |S21|
2, of the diagrams shown in Figure 

2.17(a) and Figure 2.17(b)  for incident light at 1550 nm (red traces) and 1310 nm (blue traces). 

These simulations predict a minimum loss per transition of 0.6 dB and 0.95 dB for 1550 nm and 
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1310 nm operation wavelengths, respectively. Figure 2.17(e) is an EME mode power monitor 

simulation showing light propagation from left-to-right. There is an abrupt transition from the 

SiN feeder waveguide to the transition waveguide from the vertical separation between the SiN 

waveguide mode and the hybrid SiN/LN mode [which causes the loss in Figure 2.17(a) and 

Figure 2.17(b)], but still power transfers to the hybrid SiN/LN mode efficiently.  

 

2.2.3 Edge Couplers 
 

Efficient edge coupling of optical power from single-mode fibers to photonic chips 

requires modal and refractive index matching between the gaussian fiber mode and the 

waveguide mode. Typical single-mode fibers have mode field diameters (MFDs) on the order of 

9 µm at 1550 nm, while Si(N) waveguides have MFDs on the order of 100 – 1000 nm. Lensed 

tapered fibers or high numerical aperture fibers can be used to lessen the MFD mismatch, but to 

further improve efficiency inverse tapers at the edges of the Si photonic chips (labelled in Figure 

2.6(c)) can be applied which pushes the mode into the surrounding SiO2 and increases the modal 

Aeff. Figure 2.18(a) and Figure 2.18(b) are the simulated edge coupling loss (which takes into 

account mode matching and refractive index differences) as the Si and SiN waveguide tip 

narrows, respectively, where the different colors correspond to different operational 

wavelengths.  
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Figure 2.18: The simulated edge coupling loss (per facet) as a function of taper tip width for (a) a single 

layer Si waveguide that is 150 nm thick and (b) a single layer SiN waveguide that is 200 nm thick at 

different operational wavelengths.  

 

From Figure 2.18(a) and Figure 2.18(b), the Si taper tip width (at the edge of the chips) 

should be 180 - 200 nm wide to obtain the best modal overlap and power coupling from a fiber 

with a MFD of 2.5 m when the input  is 1310 nm or 1550 nm. The minimum waveguide taper 

tip width of 180 nm was limited by the resolution requirements of the foundry process provided 

for the SOI wafers. Lower edge coupling losses can be achieved with smaller resolution or by 

using different types of edge couplers which require further fabrication steps [59–62]. The SiN 

taper tips do not need to be at the resolution limit like the Si counterparts because of the lower 

refractive index of SiN. The simulations at 1310 nm and 1550 nm show that the tip width should 

be 400 nm and 600 nm wide, respectively. However, at shorter visible wavelengths, the optical 

mode becomes more confined at narrower waveguide widths, which yields a much larger edge 

coupling loss unless the taper tip width is reduced to the minimum. Others have shown that an 

array of SiN inverted tapers can also reduce edge coupling losses to larger MFD fibers [63–65], 

however multiple layers of SiN were not feasible at the time of SOI production for these wafers.  
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2.2.4 Single Mode Feeder Waveguides 
 

Once light is coupled to the Si(N) photonic chips, it must be routed to the phase-shifting 

section. These sections are denoted the ‘feeder’ waveguides in this dissertation (see Figure 

2.19(a) and Figure 2.19(b) for cross sections of the Si and SiN feeder sections, respectively). 

Single-mode operation waveguides are defined as structures that only propagate the fundamental 

TE and TM modes. Figure 2.19(c)-(d) and Figure 2.19(e)-(f) show the simulated neff, of the first 

few modes as a function of waveguide width for both Si and SiN waveguides for operational 

wavelengths in the C-band and O-band. The Si waveguide thickness is set to 150 nm, while the 

SiN waveguide thickness is set to 200 nm. From these simulations, the feeder waveguide 

sections are chosen to be 650 nm wide for the O- and C-band Si devices to guide the 

fundamental TE0 mode; whereas, the SiN feeder waveguides are set to 1200 nm and 1600 nm for 

the O-band and C-band devices, respectively.   
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Figure 2.19: (a) A cross section of the Si feeder waveguide section with 150 nm thick Si clad with 

SiO2. The simulated neff as of the cross section in panel (a) as a function of Si waveguide (WG) width 

at (b)  = 1550 nm and (c)  = 1310 nm, showing the guided modes. (d) A cross section of the SiN 

feeder waveguide section with 200 nm thick SiN clad with SiO2. The simulated neff as of the cross 

section in panel (d) as a function of Si waveguide (WG) width at (e)  = 1550 nm and (f)  = 1310 nm, 

showing the guided modes. 

 

2.2.5 2x2 MMI Couplers 
 

MZMs operate by splitting the optical power in one waveguide into two equal paths, then 

recombined after the phase-shifting section to produce interference. This equal splitting can be 

achieved via directional couplers [48], y-splitters [66], or multi-mode interference couplers 

(MMIs) [67], the latter of which are used in the hybrid MZM structures reported in this 

dissertation. Figure 2.20(a) shows a top view schematic of a 2x2 MMI which consists of two 

tapered inputs and outputs with a central wide multimode core section. MMIs work under the 

principle of self-imaging interference where the input mode is decomposed into multiple higher 

order modes in the core, the length of which dictates the power in each output [68]. For a 2x2 
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MMI with the input and output waveguides symmetrically placed at 
𝑊𝑚𝑚𝑖

3
 as shown, then the 

length to acquire a 3-dB split at the outputs is given by  

 𝐿3𝑑𝐵 =
𝐿𝜋

2
=

𝜋

𝛽0 − 𝛽1
≈

4𝑛𝑊𝑚𝑚𝑖
2

3𝜆
 (2.16) 

 

where 𝐿𝜋 is the beat length of the two lowest order modes in the core, 𝛽0,1 is the propagation 

constants of the two lowest order modes, and 𝑊𝑚𝑚𝑖 is the MMI core width [68].  

EME simulations were performed to determine the optimal 𝐿3𝑑𝐵 for the Si(N) MZMs 

assuming thicknesses of 150 nm and 180 nm, respectively, and at various operational 

wavelengths. Figure 2.20(b) and Figure 2.20(c) shows 𝐿3𝑑𝐵 and the total loss at the output ports 

as a function of 𝑊𝑚𝑚𝑖 for Si 2x2 MMIs at 1550 nm and 1310 nm, respectively. As an example, 

if the MMI width is 6 µm, then the length to achieve a 3-dB split at the outputs is 39 µm at 1550 

nm and 48.9 µm at 1310 nm. Figure 2.20(d) shows the simulated power flow for a 6 µm wide by 

39 µm long MMI where the light with wavelength of 1550 nm is input at port 1 and the output 

ports (3 and 4) have half the power.  

Due to the dispersion of the 3-dB MMI splitters (inverse relation of L3dB in Eq. (2.16)), 

there is a limit to the ideal 3-dB coupling ratio as the input source strays from the designed 

operational wavelength. Typically, researchers and industry alike quote a 3-dB MMI’s 1 dB 

bandwidth to signify the wavelength range of which the output ports result in a 1 dB drop from 

the ideal output (4 dB in this case). As can be seen in Figure 2.20(e), the designed MMIs with 6 

µm width each have 1 dB bandwidths greater than 100 nm around the designed operation 

wavelengths of 1250 nm (magenta), 1310 nm (blue), 1450 nm (cyan), 1550 nm (green), 1650 nm 
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(red), and 2000 nm (black) where for each the only difference in design is the MMI core length 

(labelled in the inset).  

 

Figure 2.20: (a) A top-view schematic of a 2x2 MMI coupler of width Wmmi. (b) The simulated L3dB 

(left, blue) and total loss at the output ports (right, orange) as a function of Wmmi at  = 1550 nm. (c) 

The simulated L3dB (left, blue) and total loss at the output ports (right, orange) as a function of Wmmi at 

 = 1310 nm. (d) A top-view power flow simulation using EME for a 6 µm wide by 39 µm long MMI 

3-dB splitter. (e) The simulated output transmissions of different MMIs designed for 3-dB splitting 

ratios with central s of 1250, 1310, 1450, 1550, 1650, and 2000 nm. (f) FDTD simulations of the 

reflections (|S11|2 and |S21|2) for a 2x2 MMI designed for O-band operation. 

 

 2x2 MMI couplers are chosen here as opposed to 1x2 MMIs because they result in 

negligible reflections at the input port [69] . This is particularly important for potential integrated 

lasers with MZMs as reflections back to the light source will need to be minimized to avoid 

damage. Figure 2.20(f) shows the simulated reflections back to the input ports (1 and 2) when the 

input is at port 1 for a 2x2 SiN MMI designed for O-band operation using FDTD, resulting in 

|S11|
2 and |S21|

2 less than -40 dB. To further reduce these reflections, the edges of the MMI can be 

angled as shown in Figure 2.21(a) [70]. Such angled 2x2 MMIs result in |S11|
2 and |S21|

2 less than 

-60 dB [see Figure 2.21(b)].  
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Figure 2.21: (a) A top-view schematic of the angled 2x2 MMI coupler. (b) FDTD simulations of the 

power reflected to the input ports (1 and 2) of the angled 2x2 MMI designed in the O-band. 

 

 

2.3 SiN/LN Modulators with CMOS-compatible Buried Electrode 

Layers 
 

A more general CMOS processed photonic circuit can contain multiple layers of 

materials including metal, Si(N) waveguides, dopants, and planarized oxides. In fact, standard Si 

photonic carrier-based MZMs use these buried metal layers (contacted using vias or pad 

openings) to apply external E-fields to the devices as opposed to Au (because Au is not offered 

in CMOS facilities) [11,13,71]. These buried metal layers can similarly be leveraged in our 

hybrid bonded platform to enable a fully CMOS compatible high-speed and low-voltage MZM 

(besides the final bonding stage). A cross-section of such a hybrid SiN/LN MZM with buried 

metal is demonstrated in Figure 2.22(a). The only difference between this design and the 

previous design with metal above the LN film is the placement of the driving electrodes. Thus 

the optical design would remain the same as Section 2.2.1 because the hybrid mode will be 

unchanged, as shown by the simulated hybrid modes at 1550 nm and 1310 nm in Figure 2.22(b) 

and Figure 2.22(c) for a 900 nm wide by 200 nm thick SiN waveguide and 200 nm thick TFLN. 

The metal CPWs would be defined and patterned below the patterned SiN layer, resulting in a 
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“buffer” SiO2 layer between them (more details of fabrication in Section 4.2). This separation, 

and the further separation from the CMP layer between SiN and TFLN means the CPW mode 

will also be further from the EO material.  

 

Figure 2.22: (a) A cartoon cross-section of a SiN/LN MZM which uses buried electrodes (M1 CMOS 

layer) as opposed to Au electrodes patterned above the LN film. There is an additional layer of oxide 

(labelled hbuff) between the buried metal and the SiN waveguides. (b) The simulated hybrid optical 

mode at  = 1550 nm. (c) The simulated hybrid optical mode at  = 1310 nm. The constant SiN/LN 

parameters are wSiN = 900 nm, hSiN = 200 nm, hcmp = 40 nm, hbuff = 220 nm, hLN = 200 nm, and G = 4 

m.  

 

Figure 2.23(a) and Figure 2.23(b) shows the simulated VL of such a buried electrode 

(BE) modulator with 200 nm thick LN a SiN waveguide that is 900 nm wide by 200 nm thick as 

a function of G and the buffer SiO2 thickness, hbuff at 1550 nm and 1310 nm, respectively. If hbuff 

can be maintained to less than 250 nm, then there is only a small impact (< 10% variation) in the 

expected modulation efficiency per G. However, the electrodes being vertically separated from 

the hybrid mode (and particularly away from the larger lobe near the top of the LN film) does 
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help reduce phase-shifter opt [Figure 2.23(c) and Figure 2.23(d)]. This reduction in opt from the 

metal interaction allows G to be reduced compared to a SiN/LN MZM made with electrodes 

above the LN film (Section 2.2.1) before reaching opt > 1 dB/cm. The performance of such 

buried metal SiN/LN MZMs will be further demonstrated in Chapter 8.  

 

Figure 2.23: The simulated VL as a function of electrode gap spacing, G, and hbuff of the cross-

section in Fig for (a) l = 1550 nm and (b) l = 1310 nm. The simulated opt as a function of G and hbuff 

of the cross-section in Fig for (a)  = 1550 nm and (b)  = 1310 nm. The assumed constants are wSiN = 

900 nm, hSiN = 200 nm, hcmp = 50 nm, hLN = 200 nm, he = 0.87 m, and hBOx = 3 m.  

 

2.4 A SiN/LN Platform for Low-Voltage Modulators from the 

Visible to Telecom Wavelengths 
 

 One major benefit of utilizing SiN as opposed to Si features is the fact that SiN has a 

transparency window that matches that of LN (350 nm - 4500 nm), whereas Si becomes highly 
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absorbing for  < 1100 nm. The majority of high-speed EO modulators have been demonstrated 

in the telecom regime (particularly the C-band) as optical gain from Erbium-doped fiber 

amplifiers (EDFAs) is readily available and single-mode optical fibers have low attenuation in 

this regime. Visible to near infrared (NIR) photonics could drastically benefit communications, 

spectroscopy, biomedical sciences, quantum information processing and laser technology [72–

76]. Visible light communications primarily utilize direct modulation techniques (of the laser 

diodes) which limit the 3-dB bandwidths to less than a few GHz and data rates less than 10 Gbps 

[77–79]. To date there has been little progress in developing visible-to-NIR EO modulators with 

low-voltage and high-speed performance. Here I will demonstrate a SiN/LN hybrid bonded 

modulator designs for V in the sub-volt range operating in the red (633 nm) and NIR (~780 nm) 

wavelength ranges.  
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Figure 2.24: The simulated optical modes of the SiN/LN phase-shifter section at the following 

operation wavelengths: (a) 1550 nm, (b) 1310 nm, (c) 775 nm, and (d) 633 nm. The MgO:LN film 

thickness is 200 nm and the SiN waveguide is 900 nm wide by 180 nm thick for all four simulations. 

The simulated neff, Aeff, and LN are inset.  

 

As can be seen in Eq. (2.7), the V of an EO modulator is directly dependent on the 

operation wavelength that is being modulated. Thus, compared to a SiN/LN MZM designed for 

1550 nm operation, a 775 nm modulator is already a factor of 2 more efficient. This efficiency 

increases further however because as  decreases, so does the hybrid mode Aeff (as shown by the 

simulated hybrid SiN/LN modes in Figure 2.24)and thus the optical loss due to interaction with 

the driving electrodes. This means that the electrode gap, G, can also be reduced for further 

improvements to the modulation efficiency in a short wavelength device. Figure 2.25 are the 

simulated VL of SiN/LN MZMs with 200 nm MgO:LN films, SiN waveguides that are 900 nm 
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wide by 180 nm thick as a function of CMP oxide thickness and G for operation  in the telecom 

and visible ranges.  

 

Figure 2.25: The simulated VL of SiN/LN MZMs designed for the following operation wavelengths 

with different G: (a) 1550 nm, (b) 1310 nm, (c) 775 nm, and (d) 633 nm. The MgO:LN film thickness 

is 200 nm and the SiN waveguide is 900 nm wide by 180 nm thick for all four panels.   

 

The lower-limit G used in each simulation was chosen in accordance with Figure 2.26 

which show the opt due to the hybrid mode interfering with the G-S-G metal layers. As 

expected, the visible wavelength designs can have a further reduced G on the order of 3 to 4 µm 

as opposed to the telecom regime designs which must have G > 5 µm to maintain opt < 1.0 

dB/cm (dashed lines in Figure 2.26). The combination of wavelength reduction and electrode gap 

reduction can bring the VL of the SiN/LN MZM to the sub-1 V.cm regime (~0.75 V.cm for  = 



47 

 

775 nm and G = 4 µm; ~0.45 V.cm for  = 633 nm and G = 4 µm). Such efficiency would allow 

the shortening of the phase-shifter section to less than 1 cm and still maintain CMOS level 

voltages required to achieve  phase shifts. This is an overall net positive as it decreases device 

footprint, maintains low voltages, and reduces the inevitable RF propagation losses associated 

with long traveling wave electrode structures, which would then result in high-speed operation.  

 

Figure 2.26: The simulated opt of SiN/LN MZMs designed for the following operation wavelengths 

and different G: (a) 1550 nm, (b) 1310 nm, (c) 775 nm, and (d) 633 nm. The MgO:LN film thickness 

is 200 nm and the SiN waveguide is 900 nm wide by 180 nm thick for all four panels. The dashed 

horizontal lines correspond to an opt of 1.0 dB/cm. 

 

Figure 2.27 shows the simulated ng as a function of CMP oxide thickness and G for the 

same four wavelengths. The increase in ng as the operational wavelength gets shorter is a 

classical indication of chromatic dispersion from the cross-sectional materials (SiN, MgO:LN, 
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and SiO2). The simulated ng ranges from 2.05 to 2.37 across the CMP oxide thicknesses and 

wavelengths considered here when the MgO:LN film is 200 nm wide and the SiN waveguide is 

900 nm by 180 nm. This means that a single chip can host an optimized modulator in each of 

these wavelength regimes as long as the traveling wave electrodes are designed in such a way to 

achieve velocity matching to each of these MZMs (separately), a method of which will be further 

discussed in Section 3.2.

 

Figure 2.27: The simulated ng of SiN/LN MZMs designed for the following operation wavelengths: 

(a) 1550 nm, (b) 1310 nm, (c) 775 nm, (d) 633 nm. The MgO:LN film thickness is 200 nm and the SiN 

waveguide is 900 nm wide by 180 nm thick for all four simulations. 

 

While the SiN waveguide dimensions in the hybrid region can be identical for each of the 

wavelengths considered and still achieve high bandwidth and low voltage, this is not the case for 

the rest of the MZM structure. In particular, the 3-dB MMI couplers are wavelength dependent 
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and are not “one size fits all” for all wavelengths. Eq. (2.16) details that the length required for a 

3-dB splitting ratio is inversely proportional to the operational wavelength; thus, shorter 

wavelengths require a longer MMI core. Using EME, the 𝐿3𝑑𝐵  for 780 nm and 633 nm 

wavelengths are found to be 95.9 m and 120.6 m, respectively, when 𝑊𝑚𝑚𝑖 = 8 m. 

Furthermore, the single-mode condition of the feeder waveguides will be different for the visible 

wavelength structures because of the reduced mode field size. Figure 2.28(a) and Figure 2.28(b) 

show the modal dispersion of 200 nm thick SiN waveguides for  = 775 nm and 633 nm, 

respectively. From these simulations it is seen that the single mode condition is when the SiN 

waveguide width is less than 600 nm as opposed to greater than 1100 nm for telecom 

wavelengths.  

 

Figure 2.28: The simulated neff of the first three guided modes of a 200 nm thick SiN feeder waveguide 

clad in 2 mm of SiO2 at (a)  = 775 nm and (b)  = 633 nm. A cross section of the waveguide is in 

Figure 2.19(d). 
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Chapter 3  
 

Hybrid Bonded LN EOM: RF Modelling 

 

Section 2.1.1 briefly touched on the three main design criteria one must adhere to in order 

to achieve high-speed EO modulation when using traveling wave electrodes:  

1) The RF and optical waves must be traveling at the same velocities. 

2) The source, transmission line, and load impedances must be equal. 

3) Th RF propagation loss must be minimized. 

These three rules not only must be met but should be maintained over as wide a frequency range 

as possible, e.g, 1 to 220 GHz. The characteristics of the RF transmission line mode, namely the 

RF index, impedance, and loss, must be designed well while also preserving the design for low 

voltage operation, i.e, minimizing the electrode gap G.  

 

3.1 Coplanar Waveguides 
 

As x-cut TFLN is used in all the devices reported in this dissertation, the driving RF field 

should be oriented primarily in the crystal z-direction (extraordinary axis) to ensure that the 

higher EO coefficient is being utilized. For such an orientation, coplanar waveguide (CPW) 

traveling wave electrodes are most suitable. CPW structures consist of three electrode 

transmission lines separated by the gap distance G, the outer lines are the grounds (GNDs), while 

the center line is the signal (S) electrode (G-S-G configuration).  



52 

 

 

Figure 3.1: The simulated (a) nm, (b) Zc, and (c) m as a function of electrode gap distance, G, and 

signal width, ws, when fRF = 100 GHz, hLN = 600 nm, hBOx = 2 µm, he = 1 µm for a Si/LN cross section 

with an HR-Si substrate. The dashed line is panel (a) corresponds to an example ng of 2.252. The dashed 

line in panel (b) corresponds to target of 50  load impedance.  

 

The CPW RF characteristics are primarily dependent on the material properties of the 

underlying dielectric layers and the electrode geometry [53,80]. Figure 3.1 shows the simulated 

nm, Zc, and m at 100 GHz of 1 µm thick gold CPW structures on a Si/LN platform as a function 

of G and the signal width, ws, when the LN thickness is 600 nm and the BOx thickness is 2 µm. 

These simulations clearly show the interdependence that ws and G have on the RF 

characteristics. If one wanted to only minimize the driving voltage, then the designer would 

choose a G of 4 µm; however, this leads to high RF losses of 15 to 20 dB/cm due to current 

crowding effects at such narrow spacings. Additionally, this gap spacing results in an impedance 

mismatch of 10 to 20  (depending on ws), generally 50  is the target impedance as most RF 

cables, sources, and equipment are designed to have a 50  impedance. If the impedances are 

mismatched, then RF power can be reflected to the source, and it can potentially be damaged. To 

ensure high-speed operation, all three RF characteristics must be considered at once. As an 
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example, if ng is 2.25, then index matching at 100 GHz is achieved for G > 8 µm and ws > 15 

µm. However, to achieve impedance matching G < 10 µm and ws > 17 µm. Finally, to minimize 

the RF loss, the wider signal electrode should be chosen of 20 µm. Thus, the final design in this 

example would be G = 8 µm and ws = 20 µm which yields index matching, impedance matching, 

minimized RF loss, and minimized VL for this specific case.  

 

Figure 3.2: An example of a simulated CPW mode at 100 GHz for a Si/LN MZM cross section from 

EMPro. The color of the vector points correspond to the ERF magnitude and the arrow dictates the 

direction. The green arrow in between the electrodes is an ‘impedance line’ defined in EMPro to guide 

the solver in finding the CPW mode. 

 

One aspect of the design that was overlooked in the previous example was the frequency 

dependence of the CPW transmission line. In practical real devices, the RF index, loss, and 

impedance will not be constant for all frequencies and thus it is important to model the 

dispersion of the RF traveling wave electrodes. To capture the frequency dependent effects, a 3D 

FEM simulation tool [Keysight Technologies’ PathWave EM Design (EMPro)] is used. Like 

Lumerical FDE, EMPro allows the user to model the entire MZM structure, but in the RF 

wavelength domain. Figure 3.2 shows an example of the CPW mode simulated in EMPro for a 

Si/LN cross section at 100 GHz of one arm of the MZM (i.e, between the signal and ground 
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electrodes). A magnetic symmetry boundary condition is employed to achieve the S-parameters 

of the full CPW mode. The hybrid phase shifter designs can be evaluated as a function of 

modulation frequency by simply performing a frequency sweep simulation in EMPro. It then 

calculates the RF index, characteristic impedance, and loss from the simulated S-parameters of 

the CPW structure. Figure 3.3(a)-(c) are the simulation results (nm, Zc, and m) as a function of 

frequency for that same cross section, but assuming Si substrates with varying resistivities (Low 

= 1 .cm, Mod(erate) = 20 .cm, High = 10 k.cm).  

 

Figure 3.3: The simulated (a) nm(f), (b) Zc(f), and (c) m(f) assuming three different Si substrate 

resistivities. 

 

Figure 3.3(a)-(c) show two important points in high-speed traveling wave design. Firstly, 

the RF dispersion has an impact on the RF characteristics. Typically, there is an increase of nm 

and Zc at low frequencies due to the skin effect [81]. RF loss generally follows a square-root 

dependence with frequency (from conductor loss) and a linear relationship from dielectric loss 

[53], which is verified in Figure 3.3(c) by the High-Resistivity (HR) Si and Moderate-Resistivity 

(MR) Si substrate simulations (blue and red traces, respectively). Secondly, is the importance of 

the dielectric stack materials, and most notably the substrate properties. The LR-Si substrate 

results in the highest RF loss of the three examples because at high frequencies the LR-Si 

substrate begins acting as a conducting plane. Higher resistivity materials, such as quartz or 
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sapphire have been commonly used as substrates for high-speed RF applications for their low 

dielectric loss tangents and low optical losses [82,83]. Here I focus on Si substrates as the SOI 

wafer is procured from a CMOS facility and thus this substrate material is fixed. However, the 

resistivity of the Si substrate can be chosen, and as such, the HR-Si substrate will perform best 

due to the lower RF propagation losses.  

The RF characteristics of the EO system also depend on where the traveling wave 

electrodes are relative to the substrate and the LN thin film. In the previous example, the gold 

electrodes were above the LN film and in direct contact. Figure 2.22(a) is a cross section of an 

MZM which has the driving electrodes buried in the SOI circuit above the BOx layer (in this 

case 3 m above the HR-Si substrate with 200 nm thick TFLN). Such metal layers are regularly 

offered as part of the CMOS process line and can be patterned in the SOI wafer. Such a device 

would be more CMOS-compatible as no Au metal would be used. Only the hybrid bonding of 

the LN film and the opening of the electrode pads would need to be performed. Having the 

buried metal closer to the HR-Si substrate results in a simulated nm (~2.0 at 110 GHz) as shown 

in Figure 3.4(a). The electrode thickness, he, also impacts the RF characteristics of the CPW 

mode. Thicker electrodes typically result in lesser RF Ohmic losses due to a decreased surface 

resistance [81,84]. This is also predicted with EMPro as shown in Figure 3.4(c) where an he of 

0.9 um results in m(110 GHz) = 9 dB/cm, whereas when he = 0.4 um m(110 GHz) is 16 dB/cm.  
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Figure 3.4: The simulated (a) nm, (b) Zc, and (c) m of a SiN/LN MZM phase shifter using buried 

electrodes (see Figure 2.22(a) for cross section) of varying thickness from 1 GHz to 150 GHz. The 

assumed cross-sectional parameters are hLN = 200 nm, G = 4 um, ws = 12 um, hBOx = 3 um, and hbuff = 

250 nm. 

 

Figure 3.5(a) and Figure 3.5(b) are the calculated 3-dB bandwidths as a function of the 

SiN/LN MZM V (inverse to phase-shifter length) when using buried M1 standard CPW 

electrodes with 200 nm thick LN at  = 1550 nm and 1310 nm, respectively. Also shown is the 

impact of electrode thickness on the high-speed performance by varying from 0.4 um to 0.9 um. 

The thicker electrodes result in similar index and impedance matching conditions, but with lesser 

RF losses, which yields a more efficient modulator per length saving nearly 2 V to achieve 100 

GHz in both the C-band and O-band devices.  
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Figure 3.5: The calculated 3-dB bandwidth vs V of SiN/LN MZMs using buried electrodes at (a) 1550 

nm operational wavelength and (b) 1310 nm operational wavelength. The different traces correspond 

to different thicknesses of electrode, he. The assumed cross-sectional parameters are hLN = 200 nm, G 

= 4 um, ws = 12 um, hBOx = 3 um, and hbuff = 250 nm. The dashed lines correspond to the 50 GHz and 

100 GHz levels. The V that result in 50 GHz and 100 GHz for the thinnest and thickest electrodes are 

labelled.  

 

3.2 Slow-wave Electrodes for High-speed Modulation 
 

In the previous section a CPW design was considered to achieve index and impedance 

matching while minimizing the RF propagation losses. However, this example was only for a 

SiN/LN MZM with buried metal electrodes. This metal layer is closer to the high-index Si 

substrate which made velocity matching to the hybrid mode simple. If the electrodes were above 

the LN film instead then the CPW mode would be further from the substrate (which is the 

majority of the dielectric stack: 600 µm of Si vs 3 µm of SiO2 and 100s nm of LN) and nm would 

reduce. Additionally, in the Si/LN MZM scenario the hybrid mode ng can range from 2.3 to 2.6 

(depending on the CMP oxide thickness and Si waveguide width), which is 13-23% larger than 

the simulated nm in Figure 3.3(a). While the index matching can be achieved by tuning the Si(N) 

waveguide width to decrease ng, as shown in Figure 2.13, this has altercations on the optical loss 

per electrode interaction. Furthermore, to increase nm via electrode design, G would need to be 
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increased (see Figure 3.1(a)), which is non-ideal as that would directly increase the driving 

voltage of the modulator.  

This issue of an undermatched RF wave velocity to the optical wave velocity is not a new 

problem in high-speed RF design. For III-V modulators, such as GaAs based devices, the optical 

group index is almost always higher than the RF index (ng > nm) [85–88]. To alleviate the optical 

waveguide constraints, researchers had developed slow-wave electrodes (SWEs) to achieve 

velocity matching. SWEs are traveling wave electrodes which have periodic inductively loading 

elements (such as slots, see Figure 3.6(a)), capacitively loading elements (such as T-rails, see 

Figure 3.6(b)), or a combination of both [89]. These periodic elements act as an RF Bragg 

grating which slow the traveling RF wave and thus increase nm. Traditional LN-based 

modulators have generally not needed SWEs because the optical wave tended to have the faster 

velocity (ng < nm). On the other hand, LNOI is primarily SiO2 and the substrate material (in the 

cases presented here, HR-Si), and thus can utilize SWE design to optimize the index and 

impedance matching conditions. More recently, SWEs have been shown to be useful on LNOI-

based modulators when using low-permittivity substrates such as quartz [90], and also for locally 

removed substrates [42,91]. Here, SWE introduce several more design parameters to adjust the 

RF dispersion in conjunction with the dispersion control offered by tapering the underlying Si(N) 

waveguides of the hybrid optical mode. This is particularly useful when the Si waveguides are 

wider (and confine more of the hybrid mode) and for shorter wavelength operation ( < 1 µm) as 

chromatic dispersion usually incurs a higher refractive index as the wavelength decreases.  
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Figure 3.6: A top-view layout of the (a) Slot SWE and (b) T-rail SWE with G-S-G probing pads with 

100 µm pitch and 100 µm tapers to the main phase shifting section. The zoomed in diagrams detail the 

(a) Slot and (b) T-rail parameters of the periodic unit cells. 

 

Figure 3.6(a) and Figure 3.6(b) are top-view diagrams of G-S-G pads that taper to the 

SWE sections with either inductively loading elements (referred to as Slots in this dissertation) 

and capacitively loading elements (referred to as T-rails in this dissertation), respectively. Tapers 

from the G-S-G pads are included to allow for appropriate probe pitches on the order of 100 – 

150 m in these works. The relevant parameters that allow tuning of the RF dispersion are 

labelled accordingly in Figure 3.6. As the distance between the inner electrode edge and the 

inner T-rail edge increases (h in Figure 3.6), the RF wave becomes slower which results in a 
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larger RF effective index. Furthermore, the T-rail stem width (t, in Figure 3.6) also affects the RF 

wave velocity, with narrower t corresponding to a slower RF field [87]. The parameters L and w 

dictate the period of the SWE unit cells. There can eventually be a cut-off frequency due to the 

periodic nature of these SWE designs; however, with periods on the order of 20 – 50 m, the 

cut-off frequency is approximated to be much greater than 300 GHz which is well beyond our 

measuring capabilities.  

To accurately model the slow-wave effect of the periodically loaded structures in EMPro, 

the following simulation procedure is performed. 3D FEM simulations in EMPRo result in the 

complex S-parameters of the SWE as a function of frequency and electrode length. Two 

simulations are performed of different lengths which correspond to a different number of T-rail 

or Slot unit cells. From these results, the RF SWE index is calculated as 

 𝑛𝑚(𝑓) =
𝑐𝛽𝑆𝑊𝐸

2𝜋𝑓
 (3.1) 

 𝛽𝑆𝑊𝐸 =
𝑑𝜙

𝑑𝐿
=

𝜙2 − 𝜙1

𝐿𝑐𝑒𝑙𝑙(𝑁2 − 𝑁1)
 (3.2) 

  

where 𝐿𝑐𝑒𝑙𝑙 is the period of the unit cell, 𝑁1,2 is the total number of unit cells in the two simulated 

SWEs, and 𝜙1,2 is the simulated S-parameter phase of the two SWEs. The SWE Zc can be 

evaluated from the simulated S-parameters by first converting them into the ABCD parameters 

[92]:  

 𝐴 =
(1 + 𝑆11)(1 − 𝑆22) + 𝑆12𝑆21

2𝑆21
= cosh (𝛾𝑚𝐿) (3.3) 

 𝐵 = 𝑍𝐿

(1 + 𝑆11)(1 + 𝑆22) − 𝑆12𝑆21

2𝑆21
= 𝑍𝑐 sinh(𝛾𝑚𝐿) (3.4) 
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 𝐶 =
1

𝑍𝐿

(1 − 𝑆11)(1 − 𝑆22) − 𝑆12𝑆21

2𝑆21
=

1

𝑍𝑐
sinh(𝛾𝑚𝐿) (3.5) 

 𝐷 =
(1 − 𝑆11)(1 + 𝑆22) + 𝑆12𝑆21

2𝑆21
= cosh(𝛾𝑚𝐿) (3.6) 

 

From these set of equations,  

 𝑍𝑐 =
𝐵

√𝐴2 − 1 
. (3.7) 

 

The RF propagation loss can then be calculated using the calculated nm, and Zc along with the 

simulated transmission, |𝑆21|, by fitting skin-depth loss coefficients and dielectric loss 

coefficients to the following equations:  

 𝑃𝑡ℎ𝑟𝑢 = exp(−2𝛼𝑚𝐿) 𝑇𝑖𝑛 (3.8) 

 𝑇𝑖𝑛 = 200
𝑅𝑒(𝑍𝑖𝑛)

|𝑍𝑖𝑛 + 50|2
. (3.9) 

 

Figure 3.7(a) and Figure 3.7(b) is the simulated nm at a frequency of 110 GHz as a 

function of t and h for both Slot and T-rail structures. The assumed parameters for the T-rail 

SWE are L = 30 µm, t = 6 µm, c = 2 µm, w = 5 µm, G = 8 µm, and ws = 55 µm; whereas the 

assumed parameters for the Slot SWE are L = 24 µm, t = 24 µm, c = 2 µm, w = 5 µm, G = 8 µm, 

and ws = 55 µm. By simply altering these two parameters of the SWE the resulting RF index can 

be tuned in the range of 2.3 < nm(110 GHz) < 2.82 which overlaps well with the range of ng for 

the Si(N)/LN hybrid platforms at operational wavelengths in the range of 400 nm <  < 2000 

nm. The hybrid mode index has both geometric and chromatic dispersion which dictates the 

value of ng (typically shorter ’s result in higher ng). The precise optical-RF index matching that 
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is necessary for very high EO bandwidths (>100 GHz) can be achieved in each wavelength band, 

firstly, by precisely tailoring the Si(N) waveguide width, and secondly, by adjusting the RF 

traveling wave electrode based on measurements of the layer thicknesses that are specific to each 

reticle of the wafer. 

 

Figure 3.7: The simulated nm as a function of SWE parameters (a) t and (b) h for T-rail and Slot 

structures at 110 GHz. The other T-rail parameters are L = 30 µm, t = 6 µm, c = 2 µm, w = 5 µm, G = 

8 µm, and ws = 55 µm. The other parameters for the Slot SWE are L = 24 µm, t = 24 µm, c = 2 µm, w 

= 5 µm, G = 8 µm, and ws = 55 µm. 

 

3.3 Modelling the EO Response with CPW and SWE Traveling 

Wave Electrodes 
 

Now that the design of high-speed traveling wave electrodes is understood, both with and 

without periodic slow-wave features, the voltage-optimized hybrid Si(N)/LN phase shifters can 

be evaluated in terms of their EO response. The slow-wave parameters allow wide tunability of 

the RF characteristics which can aid in achieving the velocity matching condition between the 

RF and optical waves. The simulated nm(f), Zc(f), m(f), and optical ng can then be input to Eq. 

(2.1) to determine the EO response of modulators as a function of frequency and phase-shifter 

length. Figure 3.8(d) is the calculated EO response of a Si/LN MZM using the RF characteristics 
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of the Slot SWE structure in Figure 3.8(a)-(c) assuming ng = 2.32 and L = 0.5 cm (blue trace) 

and L = 1.0 cm (red trace). Because the index matching and impedance matching conditions are 

met, the only thing limiting the high-speed performance of the modulator is the RF propagation 

loss. Based on the RF loss, the length of the modulator to achieve a specific 3-dB bandwidth 

and/or V can be designed. Figure 3.8(e) is the calculated 3-dB bandwidth of a Si/LN MZM 

using the same RF characteristics but for different phase-shifter lengths, which results in 

different V (x-axis). Using models like this predicts that a 100 GHz 3-dB bandwidth can be 

obtained with a V of 3.45 V which corresponds to a phase-shifter length of 0.9 cm.  

 

Figure 3.8: The simulated RF (a) nm, (b) Zc, and (c) m for a Si/LN MZM with Slot SWEs (L = 20 m, 

t = 20 m, h = 4 m, w = 5 m, G = 9 m) and 600 nm TFLN. The dashed line in panel (a) corresponds 

to the simulated ng of a Si/LN mode at 1550 nm. (d) The calculated EO response using the results of 

panels (a)-(c) assuming phase-shifter lengths of 0.5 cm (blue trace) and 1.0 cm (red trace) and ng = 

2.32. The dashed line is at the 3-dB point. (e) The calculated 3-dB bandwidth as a function of MZM V 

(inverse phase-shifter length) using the same simulated RF characteristics in panels (a)-(c), ng = 2.32, 

and VL = 3.1 V.cm. 

 



64 

 

Such SWEs can also be used to achieve velocity matching in the visible-to-NIR 

wavelength ranges as discussed above. Figure 3.9(a)-(c) show the simulated RF characteristics of 

a SiN/LN MZM made with T-rail (for the blue to red wavelengths) and Slot (for the NIR 

wavelength) SWEs designed in the buried metal layer (see the cross section in Figure 2.22). As 

can be seen in Figure 3.9(a), n is below 1% for each SWE design and the characteristic 

impedance is around 50  as well [Figure 3.9(b)]. Assuming an electrode gap of 4 m, the 

calculated 3-dB bandwidths as a function of V (inverse phase-shifter length) is shown in Figure 

3.9(d) for the wavelengths inset. These SiN/LN MZMs with buried electrode SWE designs 

predict 100 GHz modulation speeds with sub-volt V, which would be the most efficient 

modulators demonstrated to date.  
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Figure 3.9: (a)-(c) The simulated RF characteristics of a SiN/LN MZM with buried T-rail (blue to red 

s) and Slot ( = 775 nm) electrodes (250 nm below the SiN waveguides). (d) The calculated 3-dB 

bandwidth as a function of V (inverse phase shifter length) for the visible to NIR wavelength designs 

resulting in greater than 100 GHz speeds with less than 1 V V. The assumed constants are hLN = 200 

nm, hbuff = 250 nm, G = 4 m, hcmp = 50 nm, and he = 0.4 m. 

 

3.4 SWE Impact on VL? 
While the periodicity of the SWEs has shown to help achieve velocity matching and 

impedance matching for the Si(N)/LN hybrid modulators, there is a question of whether it 

impacts the modulation efficiency, i.e, driving voltage required for phase-shifting. The periodic 

elements along the propagation length are varying the electrode gap between the ground and 

signal planes to slow the RF wave. Can this gradation thus increase V over the modulator 

length? To determine this, the overlap integral between the RF and optical waves must be 
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considered a 3D integral as opposed to a 2D cross-sectional integral in Eq. (2.8) because it varies 

over propagation distance:  

 Γ𝑚𝑜 =
𝐺

𝑉𝐴

∭ 𝐸𝑅𝐹(𝑥, 𝑦, 𝑧)|𝐸𝑜(𝑥, 𝑦, 𝑧)|2𝑑𝑉
𝐿𝑁

∭ |𝐸𝑜(𝑥, 𝑦, 𝑧)|2𝑑𝑉
 (3.10) 

Assuming that the variation is repeating over every unit cell of total electrode length, then the 

integral over propagation distance can be approximated as a sum over the total number of unit 

cells such that  

 Γ𝑚𝑜 ≈
𝐺Δ𝑧 ∑ An

𝑁
𝑛=1

Δ𝑧 ∑ VnBn
𝑁
𝑛=1

 (3.11) 

 

where 𝐴𝑛 = ∬ 𝐸𝑅𝐹(𝑥, 𝑦, 𝑧𝑛)|𝐸𝑜(𝑥, 𝑦, 𝑧𝑛)|2𝑑𝐴
𝐿𝑁

,  𝐵𝑛 = ∬ |𝐸𝑜(𝑥, 𝑦, 𝑧𝑛)|2𝑑𝐴 and 𝑉𝑛 is the voltage 

across the electrodes along a discretized length of the SWE unit cell. Assuming 𝐵𝑛 is constant 

over the length of the unit cell (optical loss is negligible over the unit cell period), then  

 Γ𝑚𝑜 =
𝐺

𝑁𝐵
∑

𝐴𝑛

𝑉𝑛

𝑁

𝑛=1

 (3.12) 

Plugging Eq. (3.12) into Eq. (2.7) then results in  

 𝑉𝜋𝐿 =
𝑛𝑒𝑓𝑓𝜆𝐺

2𝑛𝑒
4𝑟33

∑
𝑁𝐵

𝐺

𝑉𝑛

𝐴𝑛
 

𝑁

𝑛=1

  (3.13) 

where N is the total number of SWE unit cells. Thus, the VL of a SWE structure is the summed 

average of the calculated VL along the unit cell length. Figure 3.10(a) shows an example of a T-

rail unit cell being discretized over its propagation length. The ERF is determined using EMPro 

at each of these discretized steps, then used to calculate VL as shown in Figure 3.10(b). As 

expected, VL increases in the regions that have a wider G but decreases where G is narrower. 
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Because most of the unit cell (80-90%) period has the narrower G, the mean VL (2.52 V.cm) is 

comparable to the VL calculated for a standard CPW line with the same G of 8 mm (2.5 V.cm 

in this case).  

 

Figure 3.10: (a) A perspective-view of a T-rail unit cell being discretized along the propagation 

direction. The numbers correspond to the labelled numbers for the (b) calculated VpL as a function of 

distance along the unit cell. 
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Chapter 4  
 

Outline of Fabrication and Initial Characterization 

 

4.1 Fabrication of Si/LN Photonic Chips 
 

The hybrid Si(N)/LN EOM chips reported in this dissertation were fabricated by direct 

hydrophilic bonding without using an intermediate adhesive layer, such as benzocyclobutene 

(BCB) [35], whose performance and stability at high optical powers is uncertain. The Si 

waveguides were built on a 200 mm diameter SOI wafer with 150 nm thick Si, 3 µm thick 

silicon dioxide (SiO2), and 725 µm thick HR-Si handle. The SOI wafers were developed in a 

CMOS facility (Sandia National Laboratories). The Si waveguide features were fabricated using 

deep-UV lithography followed by reactive-ion-etching. SiO2 was deposited on top of the Si 

waveguide features and then the surface was planarized using a CMP process to achieve a 

bondable surface, leaving a thin SiO2 layer (< 50 nm). The LNOI wafers were procured 

commercially from NanoLN, Jinan Jingzheng Electronics Co., Ltd. The two LNOI wafers are x-

cut 600 and 200 nm thick LN films with 2 µm thick buried SiO2 and 500 µm thick Si handle.  
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Figure 4.1: The interpolated CMP oxide thickness contour maps of three SOI wafers with single layer 

Si features after planarization based on ellipsometer measurements (red ‘x’s). The dashed lines 

correspond to the individual reticle areas, totaling 26 reticles per wafer. The average CMP oxide 

thickness is (a) 40 nm, (b) 28 nm, and (c) 40 nm. (d) The 25.4 mm by 30.8 mm reticle layout for the 

SiN MZMs and passive structures. The purple shaded regions are the expected bonded LN areas. 

 

There is typically some variation of LN film thickness and thin SiO2 layer of the SOI 

across the wafers. Section 2.2.1 detailed how variations in the thickness of SiO2 layer between 

the bonded Si waveguide and LN film will change the mode fraction (Γ) contained in each 

region and will also change the modulation efficiency. Furthermore, the CMP thickness variation 

can impact the Aeff of the hybrid mode and the ng, which can have a direct impact on the high-
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speed operation of the modulators. For each reticle of the larger SOI wafer, the thickness of the 

layer stack was verified by ellipsometry before bonding. Figure 4.1(a)-(c) are contour maps of 

the SOI CMP oxide variation based on interpolated ellipsometry measurements (red ‘x’s 

correspond to measurements) for three wafers processed in the same multi-project wafer run. 

Based on the ellipsometry measurements of both the LN wafer and the processed Si wafer after 

CMP, a die dicing plan is developed, and specific pairs of diced LN and Si chips are selected for 

bonding. The electrode design is then also optimized based on the CMP wafer maps (Figure 4.1) 

where a CPW or SWE design is used as needed per device. In this way, the yield of devices from 

a wafer is increased, and the EO properties of each hybrid modulator will be closest to optimal.  

 

Figure 4.2: The fabrication process flow of the hybrid bonded Si/LN EOM chips. 

 

Figure 4.2 illustrates the direct bonding hybrid Si/LN modulator fabrication process. 

Before bonding, the surfaces of the LNOI and SOI singulated-dies were cleaned using an RCA-1 

process followed by plasma surface activation [51]. After plasma surface activation, the dies 

were soaked in deionized water. After drying the dies, the bonding was performed by contacting 
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the two dies at room temperature. To improve the bond strength, the bonded sample was 

annealed using temperature cycles up to 300 ◦C under an applied pressure of 9.8 N.cm−2. At this 

stage, the bonded samples can be stored for processing at a later stage, if required [51]. A 

plasma-enhanced-chemical-vapor-deposition (PECVD) was used to deposit a few microns of 

thick SiO2 as the top cladding. Before the handle removal step, a polymer coating was applied to 

protect bonded chips except on top of the LNOI Si handle. Next, the oxide on top of the LNOI Si 

handle was etched using hydrofluoric acid. The LNOI Si handle was removed using a selective 

XeF2-based etching process and then the oxide layer above LN was etched using HF. The 

polymer was cleaned using a solvent cleaning step, and a direct-laser writer was used to define 

the traveling wave electrode patterns using a negative photoresist. Finally, titanium and gold of 

thicknesses 20 nm and 750 nm, respectively, was deposited followed by a lift-off process to 

complete the fabrication of the electrodes. All steps from bonding of the TFLN chips to the final 

electrode fabrication were performed either at room temperature or at a modestly-elevated 

temperatures, not exceeding about 300 ◦C. After the fabrication steps have been completed, the 

Si/LN chips are mechanically edge polished using a wafer polishing machine (Multiprep, Allied 

High Tech, Inc.). A recipe of varying diamond lapping film grits was established to reduce 

optical insertion losses due to rough diced edges of the SOI samples, resulting with upwards of 

10 dB loss improvements. Figure 4.3 is an example of the fabricated Si/LN hybrid photonic chip 

that is integrated with standard Si photonic components via the underlying Si waveguide after all 

the fabrication steps in Figure 4.2 have been completed.   
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Figure 4.3: A photograph of a hybrid bonded Si/LN photonic chip with a section dedicated to hybrid 

bonded MZMs and a section dedicated to standard Si photonic components.  

 

4.2 Fabrication of SiN/LN Photonic Chips 
 

From Section 2.3 it was discussed that the SiN wafers can have buried metal layers (M1 

layer consisting of a Ti/TiN/Al composite stack) beneath the SiN layer to act as the driving 

electrodes of the SiN/LN MZMs [see Figure 2.22(a)]. Having the additional metal layers in the 

SOI wafer requires additional oxide deposition and planarization steps compared to the single 

layer Si circuits described in Section 4.1. Roughness from one layer of the CMP can cascade to 

the ascending layers and may impact the overall surface quality of the bonding surface.  
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Figure 4.4: A cross-section of the hybrid bonded SiN/LN MZM showing that the traveling wave 

electrodes can be formed with the buried metal layer (M1) during the SOI wafer development, or post-

fabricated using a gold layer above the bonded LN surface.  

 

Figure 4.4 shows the cross section of the hybrid bonded SiN/LN sample including both 

M1 (Ti/TiN/Al) buried metal and optional top Au metal layers, SiN waveguides, and a 200 nm 

thick 5% MgO co-doped LN film on a HR-Si substrate. MgO doped LNOI is used rather than 

standard LN here due to its higher tolerance to photorefractive damage at high optical powers 

(particularly in the visible regime) [93]. A similar hydrophilic bonding process as Section 4.1 

was used to integrate the LNOI and SOI chips together, where no etching or patterning of the LN 

film was performed [51], but with some modifications described in detail in the following 

publication [94]. The buried metal layer is also fabricated in the same CMOS foundry wafer 

process which yielding a 0.87 mm thick patterned Ti/TiN/Al CPW structures. A high-density 

plasma (HDP) SiO2 is deposited after metal patterning and then CMP is performed to flatten the 

surface. The 180 nm thick SiN layer was deposited and patterned to form all the optical routing, 

tapering, bending, and splitting. A final HDP SiO2 layer was deposited, and final CMP process 

was performed to achieve a smooth surface. Figure 4.5(a)-(c) show the interpolated contour 

maps of the buffer SiO2 layer thickness (between M1 and SiN layers), SiN layer thickness, and 

the CMP SiO2 layer thickness of one 8-inch SOI wafer produced through a multi-project wafer 
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run at Sandia National Laboratories I designed for use as hybrid bonded SiN/LN MZMs [reticle 

gds shown in Figure 4.5(d)]. As can be seen there is larger variation in the layer thicknesses 

when compared to the simpler Si wafers in Figure 4.1, which could be due to the multiple stages 

of CMP (the errors of which stack in each consecutively processed layer). To account for such 

variations, an improved bonding procedure of the SiN chips was developed to improve yield 

[94]. 

 

Figure 4.5: The interpolated contour maps of the (a) buffer oxide thickness, (b) SiN layer thickness, 

and (c) CMP oxide layer thickness based on ellipsometer measurements (red ‘x’s) of the 8-inch SiN 

wafer with buried metal. (d) The 25.4 mm by 30.8 mm reticle layout for the SiN MZMs and passive 

structures. The purple shaded regions are the expected bonded LN areas. 
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After the bonding and annealing steps, PECVD was used to deposit 4 µm SiO2, which 

acts as a cladding layer for the SiN waveguides outside the bonded region. A polymer coating 

was performed to protect the edges and the SiO2 on top LNOI Si handle was etched using BHF, 

to access the LNOI Si handle. The Si handle was then etched away using a highly selective XeF2 

gas at 3.0 torr, followed by SiO2 etch in BHF to access the LN surface. Finally, the top Au 

electrodes are defined and patterned, similarly explained in Section 4.1 to complete the MZM 

fabrication. Alternatively, the SiO2 cladding can be etched to reveal the buried M1 electrode pads 

to contact for modulation. Figure 4.6(a) and Figure 4.6(b) show examples of the hybrid bonded 

SiN/LN chips after all the fabrication steps are completed.  

 

Figure 4.6: Examples of the hybrid bonded SiN/LN photonic chips with (a) 0.5 cm long phase-shifters 

and (b) 1.0 cm long phase-shifters.  

 

4.3 Passive Feature Characterizations 
 

Before performing full EO measurements of the fabricated Si(N)/LN chips, it is 

important to verify that the devices transmit light, and work passively as expected. To do so, a 

tunable laser is edge coupled to the modulators using lensed tapered fibers. The optical 
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transmission function can then be measured by tuning the operation wavelength. Figure 4.7(a) 

shows an example of the optical transmission function of an asymmetric Si/LN MZM designed 

for the C-band. The deep 28 dB extinction ratios (ERs) over the 100 nm span indicate that the 

two MZM arms are well-balanced in optical amplitude and phase, meaning that the MMI 

couplers are working as intended. Furthermore, the wide optical bandwidth of low insertion loss 

indicates that the MMI couplers also have low additional losses over 50 nm.  

Passive Si test structures were also fabricated in a section of the wafer reticles which 

have cutback waveguides and MMI test structures. The cutback waveguides are simple 

‘paperclip’ like waveguides of varying length which are measured to determine the optical 

propagation loss per length in the feeder sections of the modulators (wSi = 650 nm). Figure 4.7(b) 

shows the measured transmission of multiple cutback waveguides of different lengths fit to a 

linear equation, resulting in a propagation loss of 0.8 dB/cm for the Si feeder sections.  

The 2x2 MMI couplers were measured and compared to a reference straight waveguide 

of the same length to evaluate the coupling ratio, additional loss, and imbalance between the 

arms as shown in Figure 4.7(c)-(d) for couplers designed in the C-band. A common figure of 

merit for couplers is the wavelength range over which an additional 1 dB of loss is incurred at 

the outputs, called the 1 dB bandwidth. For the targeted 3 dB splitting ratio this is the 4 dB point, 

which is 70 nm for the measured 6 µm wide Si MMIs. These MMIs result in an output imbalance 

(defined as 10 log10(
|𝑆31|2

|𝑆41|2
)) of less than 1 dB over the C and L bands. This means that the C-

band MZMs can work in the L-band with well-balanced outputs as well, but with an additional 

IL due to the dispersion of the couplers.  
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Figure 4.7: (a) The normalized measured passive optical transmission as a function of laser l for a 

Si/LN asymmetric MZM (no voltage bias applied) showing a 30 dB ER. (b) The normalized 

transmission of cutback waveguides of varying length to determine the linear absorption loss of the 

feeder Si waveguides (650 nm wide by 150 nm thick clad in SiO2 as shown by the inset). (c) The output 

transmission of a 2x2 MMI 3-dB splitter designed around 1550 nm referenced to a straight waveguide. 

(d) The measured imbalance of the two output MMI ports in the C+L bands.  

 

Similar measurements were performed on the hybrid SiN/LN chips to evaluate the MZMs 

before active EO measurements. Figure 4.8(a) and Figure 4.8(b) show the measured passive 

transmission of asymmetric and symmetric MZMs designed for O-band operation before edge 

polishing the chip. The well-balanced MMIs (designs discussed in Section 2.2.5) result in deep 

ERs of 42 dB and and 25 dB for the asymmetric and symmetric MZMs, respectively. We did not 

have a tunable laser in the visible to NIR regime during these experiments so the modulators 

made for those wavelengths could not be passively measured as a function of wavelength.  
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Paperclip waveguides of the SiN feeder section (1200 nm wide by 180 nm thick for the 

O-band and 500 nm wide by 180 nm thick for the NIR wavelengths) were measured resulting in 

Figure 4.8(c) and Figure 4.8(d). Although the waveguides are not very long, we are able to 

extract the waveguide loss. Using a linear fit, the optical propagation loss is about 0.34 dB/cm at 

1310 nm and 1.6 dB/cm at 784 nm for the feeder sections. The fiber-waveguide edge coupling 

loss at the input and output of the chip were determined to be 2.7 dB/facet in the O-band and 3.7 

dB/facet in the NIR regime from these measurements. 

 

Figure 4.8: (a) The measured passive transmission of the Thru (blue trace) and Cross (orange trace) 

ports of an asymmetric SiN/LN MZM before edge polishing in the O-band. (b) The measured passive 

transmission of the Thru (blue trace) and Cross (orange trace) ports of a symmetric SiN/LN MZM 

before edge polishing in the O-band. (c) The optical transmission as a function of SiN feeder waveguide 

(1200 nm wide) length at 1310 nm, resulting in a linear loss of 0.34 dB/cm. (d) The optical transmission 

as a function of SiN feeder waveguide (500 nm wide) length at 784 nm, resulting in a linear loss of 1.6 

dB/cm.  
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Chapter 5  
 

Hybrid Si/LN EOMs in the Telecom Regime 

 

While the majority of TFLN based modulators have been designed for the low-loss C-

band (around 1550 nm) for long-haul communication applications, the O-band (around 1310 nm) 

is important for short-range optical fiber communications and has lower dispersion [95]. When 

designing devices for different wavelengths on a common platform, it is challenging to achieve 

precise RF-optical index matching, since sub-micron-scale waveguides in high-index contrast 

platforms are highly dispersive (i.e., 𝑛eff and 𝐴eff vary with wavelength) compared to diffused LN 

waveguides. There have already been some notable efforts to design TFLN MZ-EOM devices 

using a common approach at both these bands, e.g., by Stenger et al. [96] and Sun et al. [97]; 

however, state-of-the-art performance has not yet been demonstrated in this way. A unified O-

band and C-band 100-GHz-class, few-volt integrated EOM device platform may not only benefit 

wideband optical communications, but also help in optical signal processing, analog-to-digital 

conversion, frequency shifting, and EO instrumentation throughout the wider spectral range at 

which integrated lasers and photodetectors are now available in various photonics platforms [98–

105]. 

Faced with the need to increase capacity, communications researchers are studying 

multiband optical networks which extend wavelength coverage beyond the C and L bands to 

other wavelength ranges such as the S, E and O bands [106]. This requires new components, 

including switches and transceivers. Modulators in standard C-band transceivers show impaired 

performance when tested at other wavelengths. While mitigation using digital signal processing 

(DSP) compensation is being studied [107,108], this strategy adds to the cost and complexity. 
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Complementary to software-based solutions are hardware (i.e., device) improvements, such as 

improving the modulator design. LN  modulators have been compared favorably to InP-based 

modulators for multiband operation, and TFLN modulators, in particular, have been identified as 

a potential future solution to the known limitations of current-generation LN modulators 

[107,108]. However, these modulators are not yet mature, and many fundamental aspects of the 

new device platform are under study.  

A perspective cartoon diagram of the fabricated Si/LN MZM devices are shown in Figure 

5.1(a), with an inductively-loaded Slot SWE design. As described in Section 2.2, different Si 

waveguide widths are used in the input, transition, and phase shifter sections. The wider Si 

sections can confine nearly all the optical power to ensure low optical loss transitions across the 

bonded LN edges [48]. We can include both O- and C-band designs in the same Si mask by 

thinning the Si layer from the standard 220 nm thickness to 150 nm thick. The thickness of this 

layer is nearly constant across the wafer; however, as shown by Figure 4.1, the CMP oxide 

thickness (hcmp) can vary across the wafer. As shown in Figure 4.1(a), hcmp was measured in each 

reticle after CMP was completed by performing ellipsometry on test features. The CMP oxide 

thickness was about 40 nm for the reticle that produced this specific chip.  
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Figure 5.1: (a) A perspective-view schematic (not to scale) of the hybrid bonded Si/LN 

MZM with slow-wave electrodes (SWEs). (b) An image of the fabricated chip with C-band (labeled 

Cxy) and O-band (labeled Oxy) MZM devices. (c) The simulated confinement factor of light in the LN 

film (left) and the effective index (right) of the fundamental TE0 mode as a function of the Si waveguide 

width. (d) The simulated optical group index of the hybrid mode as a function of hcmp for the four Si 

waveguide dimensions (Cx and Ox). The black diamonds mark the hcmp of the fabricated devices. The 

black dashed lines correspond to the simulated RF index of the slow-wave electrodes. 

 

 

Figure 5.1(b) shows a top-view darkfield optical microscope image of the fabricated 

hybrid bonded Si/LN chip. The edge couplers for fiber coupling are to the north-west and south-

east edges (not shown in this reduced area image), whereas the electrodes are to be probed 

orthogonally (east-west direction). The TFLN layer thickness is about 580 nm, and it is 

transparent and cannot be easily seen in this image, but the perimeter of the bonded film is 

labelled “TFLN Edge” in Figure 5.1(b). An SiO2 cladding was deposited using a PECVD process 

and the oxide edge is shown in Figure 5.1(b). Other relevant fabrication details are described in 

Section 4.1 as well as the following publication [51]. As described in Section 2.2.5, different 

MMI lengths are designed to yield 3-dB splitting and coupling for the O- and C-band devices to 
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maintain high extinction ratios (ERs). Based on EME simulations, the 3-dB 2x2 MMI lengths 

were designed to be 49 µm and 39 µm for the O-band and C-band devices, respectively, [see 

Figure 2.20(b)-(c)]. The corners of the MMIs were angled to reduce optical reflections back to 

the source [70]. Note that in this chip, as opposed to the MMIs described in Section 2.2.5, the 

bonded LN film is over the MMI couplers [see Figure 5.1(a) and Figure 5.1(b)] and does not 

affect the coupling ratio due to the high optical confinement in the Si layer for such wide 

features.  

After the MMI coupler, the Si waveguide width is adiabatically tapered down from the 

feeder section (650 nm width) to a smaller value (between 225 nm and 300 nm, depending on the 

design) for the phase-shifter section. This results in increasing the fraction of optical power that 

resides in the LN film. This effect is shown by the fraction (ΓLN) of the integral over the cross-

sectional profile of the Poynting power which resides in the LN region, as shown in Figure 

5.1(c). The Si waveguide width also affects the optical group index, ng, of the hybrid mode, 

where the wider waveguide has a larger ng and this will matched by the RF electrode design. To 

compare their performance, we selected two Si waveguide widths for each wavelength band: The 

C-band modulators have a hybrid Si waveguide width of either 300 nm or 275 nm (labelled as 

devices CW: C-band, wide; and CN: C-band, narrow, respectively), while the O-band 

modulators have a width of 250 nm or 225 nm (labelled as devices OW: O-band, wide; ON: O-

band, respectively). 

As part of the wafer development processes, the wafers undergo CMP to achieve a planar 

surface for bonding. The CMP oxide thickness was measured across the wafer using ellipsometry 

and varies less than 2 nm in the bonded regions which are about 2 cm x 1 cm in size. In the 

bonded stack, the CMP oxide layer is between the Si waveguide and the bonded LN film and 
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impacts ng as shown in Figure 5.1(d). Thinner CMP oxide results in a tighter confinement of the 

optical mode to the Si waveguide, and increases ng and decreases the effective modal area. For 

both Si and LN, the optical refractive index increases as the wavelength of light decreases. The 

optical group index of the hybrid mode was calculated as a function of chromatic (operating 

wavelength) and geometric dispersion (the cross-sectional parameters), namely the Si 

dimensions, TFLN thickness, and the amount of oxide between the Si strip and TFLN layer [see 

Figure 5.1(d)].For the measured chip, the CMP oxide thickness is about 40 nm, resulting in a 

simulated ng of 2.38, 2.31, 2.43, and 2.30 for the CW, CN, OW, and ON devices respectively at 

1550 nm and 1310 nm. Two different widths of the Si waveguide in each wavelength band were 

chosen (OW, ON, CW, and CN), to study RF-optical index matching with either Si waveguide 

tapering or RF electrode design via slow-wave features. 

 

Figure 5.2: (a) An SEM image of a T-rail SWE design used in this work with the SWE parameters 

labelled. (b) The top-view schematic of the periodic inductively loaded slot feature with slow-wave 

design parameters used for devices CN and ON. (c) The top-view schematic of the periodic capacitively 

loaded T-rail feature used for the CW devices. (d) The top-view schematic of the periodic capacitively 

loaded T-rail feature used for the OW devices. 
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Figure 5.2(a) is an SEM image of one of the T-rail SWEs used in this work with the 

design parameters labelled. These additional parameters allow the RF dispersion (variation with 

frequency) to be adjusted. These three different SWE structures were designed to achieve index 

matching to the four different MZM designs as shown in Figure 5.2(b)-(d): a slot structure (L = t 

= 20 µm) for the CN and ON devices, a wider width T-rail for CW (L = 20 µm, t = 10 µm), and a 

narrow width T-rail for OW (L = 20 µm, t = 5 µm). The dashed lines in Figure 5.1(d) show the 

simulated nm of the three SWEs at 110 GHz fabricated on this chip. 

The versatile electrode design offers a useful functionality in overcoming the effects of 

minor imperfections in the fabrication of the hybrid devices. The layer thicknesses were 

measured after planarization of the silicon and oxide layers was completed, and we observed 

some variations in layer thicknesses from die-to-die across the wafer. Before fabricating the 

electrodes, the optical transmission was also measured through an asymmetric MZI structure on 

the bonded chip, from which the optical refractive index of the target structure can be verified. 

As Figure 5.1(d) shows, the index matching condition can be achieved over a wide range of Si 

waveguide widths, CMP oxide thickness, or operational wavelengths by tuning the SWE 

parameters and tuning nm to match ng. In this way, the electrode design was slightly altered for 

each pattern to trim devices and achieve the highest EO modulation bandwidths in each case. 

Table 5.1 summarizes the eight hybrid bonded MZM design parameters on this single chip.  
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Table 5.1: The Si/LN MZM design parameters for the O-band and C-band structures on the chip 

Device -band Si WG Width Lps G SWE Design 

CW1 C-band 300 nm 1.0 cm 7 m T-rail [Figure 5.2(c)] 

CW2 C-band 300 nm 0.54 cm 7 m T-rail [Figure 5.2(c)] 

CN1 C-band 275 nm 1.0 cm 8 m Slot [Figure 5.2(b)] 

CN2 C-band 275 nm 0.54 cm 8 m Slot [Figure 5.2(b)] 

OW1 O-band 250 nm 0.54 cm 6 m T-rail [Figure 5.2(d)] 

OW2 O-band 250 nm 1.0 cm 6 m T-rail [Figure 5.2(d)] 

ON1 O-band 225 nm 1.0 cm 8 m Slot [Figure 5.2(b)] 

ON2 O-band 225 nm 0.54 cm 8 m Slot [Figure 5.2(b)] 

 

 

5.1 High-speed SWE Electrical Characterization 
 

The electrical response of the modulators was measured using a two-port Keysight PNA-

X network analyzer with broadband frequency extenders, allowing for RF signals from 100 MHz 

up to 118 GHz to be applied to the SWEs [see Figure 5.3(a)]. High speed ground-signal-ground 

(GSG) probes (FormFactor Infinity Probes) sourced and terminated the slow-wave transmission 

lines of the MZMs. Figure 5.3(b)-(d) show the measured electrical S-parameters of each of the 

three SWE designs (T-rail structure with G = 6 µm, T-rail structure with G = 7 µm, and slot 

structure with G = 8 µm) with both 1.0 cm and 0.54 cm length electrodes. The measured RF 

|S21|
2 of the 1.0 cm long electrodes have a -6 dB drop at 75 GHz, while the 0.54 cm long 

electrodes have a -6 dB drop at greater than 118 GHz. 
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Figure 5.3: (a) A block diagram of the RF S-parameter measurements using a Keysight 2-port PNA-X 

and frequency extenders to measure from 100 MHz to 118 GHz. The measured S-parameters of the 1.0 

cm and 0.54 cm long SWEs with the following designs: (a) T-rail and G = 6 µm, (b) T-rail and G = 7 

µm, and (c) Slot and G = 8 µm. 

 

The RF index, loss, and impedance of the transmission lines extracted from the measured 

S-parameters are shown in Figure 5.4(a)–(f) for each of the four electrode designs using Eqs. 

(3.3)-(3.7) [92]. Figure 5.4(a) and Figure 5.4(d) show that the SWE structures result in an RF-

optical index mismatch of less than 1% for both the C-band and O-band devices for both 

electrode lengths, where the dashed lines correspond to the simulated ng of the four respective 

designs. This proves that the models used to design the SWEs in Section 3.2. result in structures 

that will be broadband and not index-mismatch-limited. The m for each of the lines is less than 
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9 dB/cm at 110 GHz for all the structures [Figure 5.4(b) and Figure 5.4(e)], which is within the 

range of high-speed modulator performance when assuming velocity and impedance matching is 

met [Figure 2.2]. The measured Zc of the devices was about 40 Ω across the measured frequency 

range [Figure 5.4(c) and Figure 5.4(f)]. As discussed later in Section 5.6, this deviation from 

perfect 50 Ω impedance, which is characteristic of the source and detector, slightly lowers the 

measured EO 3-dB bandwidth. The RF back-reflection (|S11|
2) is around -15 dB, and in some 

cases, around -20 dB as shown in Figure 5.3(b)-(d). The skin-loss coefficient of the fabricated T-

rail and Slot SWEs is 0.7-0.8 dB/cm-GHz1/2, when the extracted RF loss is fit to Eq. (2.6). As 

there is less than 1% index mismatch between the RF and optical traveling waves, the devices 

are RF loss limited. For these devices the gold electrodes are 0.75 µm thick. The RF losses can 

be reduced by increasing the electrode thickness via electroplating [109]. Alternatively, the Si 

substrate can be locally removed [91], or a lower loss material can be used as the substrate (such 

as quartz [90]); however, this will require further fabrication steps than needed here. 
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Figure 5.4: The extracted RF characteristics of each of the SWE devices from the measured S-

parameters. (a) RF effective index of the four 1.0 cm long SWEs. (b) RF propagation loss of each of 

the four 1.0 cm long SWEs. (c) RF driving impedance of each of the four 1.0 cm long SWEs. (d) RF 

effective index of the four 0.54 cm long SWE. (e) RF propagation loss of each of the four 0.54 cm long 

SWEs. (f) RF driving impedance of each of the four 0.54 cm long SWEs. The dashed lines in panels 

(a) and (d) correspond to the simulated ng for each of the C and O-band MZMs. 

  

5.2 Si/LN On-chip Insertion Loss  
 

 Light from separate O- and C-band instrument-grade lasers was edge coupled to the chip 

using a lensed fiber with a 4 µm nominal spot size. The laser wavelengths were set such that the 

asymmetric MZMs were biased at quadrature. The optical input power from the O- and C-band 

lasers was +12 dBm and +9 dBm, respectively. No optical amplifiers were used in the 

measurements. The propagation loss of the wide Si feeder sections and hybrid mode sections 

have been previously reported in the C-band as 0.8 dB/cm [see Figure 4.7(b)] [110] and 0.6 

dB/cm [50], respectively. The wider feeder sections of the chip (only Si) that route from the 

input/output edge couplers to the hybrid phase-shifter section is 1.48 cm long; thus, 1.2 dB of the 
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insertion loss is attributed to the feeder sections alone. The MMI couplers contribute to 0.2 dB of 

the total loss per coupler [see Figure 4.7(c)], while there is about 0.1 dB of loss per LN edge. The 

optical loss attributed to the phase-shifter section of the device (hybrid mode along the electrode 

length) was estimated by comparing identical devices with different phase shifter lengths. For 

example, devices CN1 and CN2 are identical in optical design (Si waveguide, LN film) and RF 

design (SWE parameters), but the SWE length is 0.46 cm longer for CN1. Assuming all other 

losses are common, the loss from the phase-shifter would then be 1.5 dB/cm. The edge coupling 

losses are then estimated to be 4.2 dB per edge and 4.8 dB per edge for the C- and O-band, 

respectively. Although the waveguide taper tip width of 180 nm was limited by the resolution 

requirements of the foundry process, lower edge coupling losses can be achieved with smaller 

resolution or by using different types of edge couplers [59–61]. The insertion loss of the phase-

shifter section, 3-dB MMI couplers, and LN transitions are thus calculated to be 1.6 dB and 2.1 

dB for the 0.54 cm and 1.0 cm long phase-shifters, respectively. 

 

5.3 High-speed Si/LN EO Response 
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Figure 5.5: The measured (blue) and modelled (red) EO responses of the hybrid bonded Si/LN MZMs 

designed for C-band. (a) T-rail SWE with G = 7 µm and L = 0.54 cm. (b) T-rail SWE with G = 7 µm 

and L = 1.0 cm. (c) Slot SWE with G = 8 µm and L = 0.54 cm. (d) Slot SWE with G = 8 µm and L = 

1.0 cm. 

 

 To measure the EO performance, a 50 Ω load resistor was used to terminate the lines and 

a 110 GHz Keysight lightwave component analyzer (LCA) was used after full calibration of the 

probing setup. Figure 5.5(a)-(d) and Figure 5.6(a)-(d) show the measured EO S21 normalized to 1 

GHz for the four C-band and four O-band MZMs, respectively. The red curves in Figure 5.5 and 

Figure 5.6 are the modelled EO responses for each device that was calculated using the simulated 

ng [dashed lines in Figure 5.4(a) and Figure 5.4(d)], with the measured electrical RF 

characteristics (nm, m, and Zc) from Figure 5.4(a)-(f) in Eq. (2.1). 
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Figure 5.6: The measured (blue) and modelled (red) EO responses of the hybrid bonded Si/LN MZMs 

designed for O-band. (a) T-rail SWE with G = 6 µm and L = 0.54 cm. (b) T-rail SWE with G = 6 µm 

and L = 1.0 cm. (c) Slot SWE with G = 8 µm and L = 0.54 cm. (d) Slot SWE with G = 8 µm and L = 

1.0 cm. 

 

The measured RF S-parameters from an electrical only measurement (Figure 5.4) were 

used to model the EO response using Eq. (2.1). However, because the impedance of our SWE 

was not 50 Ω, the electrical measurements show oscillations versus RF frequency [Figure 5.4(c) 

and Figure 5.4(f)] that result from the impedance mismatch from the 50-40-50 Ω system 

(Source-Transmission line-Termination) [111]. To approximately infer the “true” EO response, 

because the magnitude of the ripples is relatively small (much less than 0.5 dB), the frequency-

dependent Zc(f) data obtained from the PNA-X measurements was fit to a linear curve from 5 

GHz to 110 GHz. Based on the agreement of the data and the simulated performance to within a 

fraction of a dB over a wide range of RF frequencies, I conclude that the EO model described by 
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Eq. (2.1) together with this linear approximation captures the EO behavior adequately well. The 

initial drop-off at sub-10 GHz frequencies is due to a combination of skin-loss and the 

impedance mismatch to the 50 Ω source and load. The decaying oscillations that can be seen in 

Figure 5.5 and Figure 5.6 is also indicative of an impedance mismatch between the SWEs and 

the source and termination loads [53]. Furthermore, the measured EO S21 traces in Figure 5.5 and 

Figure 5.6 have a gentle slope and none reach the -6 dB point (where the Vπ of the device would 

increase by a factor of two), nor the frequency cutoff regime. 

 

5.4 Low-speed VL Measurements 
 

 

Figure 5.7: (a) A block diagram of the V measurement of the Si/LN MZMs using sinusoidal 

frequencies from a waveform generator. The modulated signals were detected with a photodetector 

(PD: Newfocus 1611-FC). (b) The applied electrical signal (orange trace) and the modulated signal 

(blue trace) were monitored with an oscilloscope (Agilent Infinium Digital Signal Analyzer). Device 

CW1 is shown here as an example. 

 

To measure the near-DC (1 kHz) Vπ of the O- and C-band modulators, these asymmetric 

MZMs were biased to quadrature by varying the laser wavelength. A waveform generator 

(Keysight 33600A) was used to apply 1 kHz sinusoidal signals to the devices, and the modulated 

optical signal was captured with a photodetector and an oscilloscope as diagramed in Figure 

5.7(a). The voltage levels applied to the modulators were set higher than the expected Vπ as to 
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ensure that the full π phase shift was induced. Overdriving the devices results in ‘dips’ in the 

peaks and nulls of the modulated signal because there are higher order harmonics affecting the 

sinusoidal output [see Figure 5.7(b) for an example of device CW1]. The waveform captured on 

the oscilloscope was post-processed using software to map the optical transmission to the applied 

voltage as shown in Figure 5.8. From this relationship, a cosine-squared fit was used to evaluate 

Vπ. The value of L is taken from the design: there are two phase-shifter interaction lengths of 

each of the four MZMs for L = 0.54 cm and 1.0 cm (the blue and red traces, respectively in 

Figure 5.8). 

 

Figure 5.8: The measured normalized optical power as a function of applied voltage to the hybrid 

bonded Si/LN MZMs for (a) CW MZMs with G = 7 µm. (b) CN MZMs with G = 8 µm, (c) OW MZMs 

with G = 6 µm, (d) and ON MZMs with G = 8 µm. The blue traces correspond to the 0.54 cm long 

modulators and the red traces correspond to the 1.0 cm long modulators. 
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Eq. (2.7) shows that the required driving voltage for a  phase-shift reduces as the 

operation wavelength decreases. Furthermore, the Aeff of the shorter wavelength optical modes is 

smaller, which implies that G can be reduced without incurring higher optical loss from optical 

absorption in the metal electrodes. Thus, the OW designs show the most efficient Vπ of the group 

of devices reported here, as shown in Figure 5.8(c) with Vπ of 3.78 V and 2.01 V for the 0.54 cm 

and 1.0 cm long devices, respectively, which is a more efficient scaling of Vπ than would be 

predicted by the ratio of λ at 1310 nm and 1550 nm. 

When considering the overall system requirements to drive an EOM, it is important to 

know Vπ as a function of the modulation frequencies (> 1 GHz), because the impact of RF loss, 

velocity mismatch, and impedance mismatch will also affect the needed voltage for a π phase-

shift [112]. The driving voltage as a function of modulation frequency is given by 

 𝑉𝜋(𝜔) = 𝑉𝜋(𝐷𝐶)10−𝑚(𝜔)/20  (5.1) 

 

where 𝑚(𝜔) is the measured normalized (for example, to 1 GHz) EO S21 or calculated response 

from Eq. (2.1). Here Vπ(DC) is taken as the measured Vπ at 1 kHz as shown in Figure 5.8 for 

each MZM. While a more accurate representation would be to normalize 𝑚(𝜔) to the same 

frequency as Vπ(DC), this approximation is valid as the modulator responses are flat for 

frequencies less than 1 GHz (see Figure 5.12 below). Figure 5.9 shows the calculated RF Vπ 

which shows the effect of the SWE RF propagation loss, velocity, and impedance mismatch on 

the required driving voltage for the C- and O-band MZMs. An increase of the Vπ(DC) by a factor 

of √2 and 2 correlate to the EO S21 of the modulator decreasing by 3-dB and 6-dB, respectively. 
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Figure 5.9: The calculated RF Vπ as a function of driving frequency using Eq. (5.1) for the following 

Si/LN MZMs: (a) CW MZMs with G = 7 µm. (b) CN MZMs with G = 8 µm, (c) OW MZMs with G = 

6 µm, (d) and ON MZMs with G = 8 µm. The blue traces correspond to the 0.54 cm long modulators 

and the red traces correspond to the 1.0 cm long modulators. 

 

5.5 O-band and C-band Si/LN EOM Comparison 
 

 Both the O-band and C-band devices show high bandwidth and low voltage. As shown in 

Figure 5.10(a), the C-band modulators have a VπL of 2.9 V.cm to 3.1 V.cm, whereas the O-band 

modulators have a lower VπL of 2.0 V.cm to 2.3 V.cm. This is because the higher extraordinary 

index of refraction of LN, and the tighter optical mode confinement which allows for a reduced 

electrode gap at shorter wavelengths. The reduced gap has a more efficient EO effect, without 

incurring excess optical propagation loss from the proximity of the metal structures to the mode. 

These O-band devices can be further improved to have the Si waveguide width narrowed further 
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and still maintain single mode operation and similar confinement factor (ΓLN) as the C-band 

devices as shown in Figure 5.1(c). 

The wide-Si modulators (CW and OW) have a hybrid optical mode which allows for an 

electrode gap spacing of G = 7 µm and 6 µm for CW and OW, respectively, instead of 8 µm for 

the narrow-Si modulators (CN and ON). The hybrid mode is more confined in the Si region than 

the LN film compared to the narrower designs (CN and ON), but the Aeff is smaller. This tighter 

confinement allows for the electrode gap distance to be decreased, which also increases the 

modulation efficiency. 

 

Figure 5.10: Summary bar graphs of the measured (a) VπL, (b) 3-dB bandwidth (BW), (c) EO S21 slope 

(from 10 GHz to 110 GHz), and (d) 3-dB BW-to-Vπ ratio for the hybrid bonded Si/LN C-band and O-

band MZMs of the fabricated chip. 
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As seen in Figure 5.10(b), the 3-dB bandwidths of the 0.54 cm and 1.0 cm long MZMs 

are greater than 100 GHz and greater than 60 GHz, respectively for both O and C band designs. 

Note that although the initial 3-dB point of the wide Si waveguide 0.54 cm long MZMs (CW and 

OW in Figure 5.5(a) and Figure 5.6(a), respectively) occurs at 75 GHz, the response remains flat 

until 100 GHz with a slope of -0.013 dB/GHz (meaning a 1 dB drop over 100 GHz). An effective 

EO response slope from 10 GHz to 110 GHz is shown in Figure 5.10(c) and ranges between -

0.012 dB/GHz and -0.029 dB/GHz. This indicates that the modulators still have usable 

bandwidth up to, and probably higher than, 110 GHz. Figure 5.10(d) summarizes the combined 

figure-of-merit, 3-dB bandwidth-to-Vπ ratio (BW/V), of each modulator which shows the 

advantage of the O-band devices over the C-band counterparts. While both sets of modulators 

have been optimized for high-speed performance, the reduction of driving voltage for the O-band 

set allows for a higher BW/Vπ which in turn reduces the power needed per high-speed 

modulation in a RF-photonic link. This may be helpful since communications in data centers and 

passive optical networks is energy-constrained. 

 

5.6 RF Impedance Mismatch 
 

The drop in EO response by about 2 dB at low frequencies (around 1-10 GHz) that is 

seen in the EO measurements [see Figure 5.5 and Figure 5.6] is attributed to the characteristic 

impedance of these traveling SWEs. Due to a design error, the impedance is around 40 Ω [see 

Figure 5.4(d) and Figure 5.4(f)], and is not matched to the source and load impedances, which 

are both 50 Ω. The shorter devices (L = 0.54 cm) show this effect more clearly than the longer 

devices (L = 1.0 cm), where the additional RF loss reduces the back-reflection, and a similar 

effect has been seen in traditional LN modulators [111]. The impedance is sensitive to the 



99 

 

electrode signal width to electrode gap ratio [53,80] and the mismatch in these devices can be 

corrected by redesigning the separation distance between the arms of the MZM. This would 

require a new round of lithography in the Si layer followed by planarization, bonding, handle 

removal and electrode formation (i.e., a complete process flow). Alternatively, to avoid the cost 

of full refabrication, an on-chip termination can be fabricated on these devices to provide a 

customized matching condition to the SWE lines [109,113] . A smaller load impedance (for 

example, 30 Ω) would result in peaking the response (when normalized to a certain frequency 

such as 1 GHz); however, this would be at the cost of causing larger back-reflections to the RF 

source, which is undesirable. 

In the future, I believe that achieving a better match to 50 Ω source and termination 

loads, while maintaining the same levels of index matching and RF propagation loss that have 

already been achieved, should substantially improve the EO bandwidth. Figure 5.11 is similar to 

the traces shown in Figure 5.5 and Figure 5.6, with the addition of a yellow trace which 

corresponds to the modelled EO responses with ZL = 40 Ω to match the characteristic impedance 

of the fabricated SWEs. In this case, the 3-dB EO bandwidths of the O- and C- band MZMs 

would be around 110 GHz for the 1.0 cm long modulators, and greater than 110 GHz for the 0.54 

cm long modulators. This, in turn, will also decrease the RF Vπ (Figure 5.9). 
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Figure 5.11: The measured (blue) EO responses of the hybrid bonded Si/LN MZMs designed for: (a) 

O-band, Slot SWE with G = 8 µm and L = 1.0 cm. (b) C-band, Slot SWE with G = 8 µm and L = 1.0 

cm. (c) O-band, Slot SWE with G = 8 µm and L = 0.54 cm. (d) C-band, Slot SWE with G = 8 µm and 

L = 0.54 cm. The red and yellow curves correspond to the modelled EO response using Eq. (2.1) and 

the measured RF characteristics in Figure 5.4(d)-(f), assuming ZL of 50 Ω and 40 Ω, respectively. 

 

The EO response was measured over 100 MHz to 110 GHz using the available range of 

the LCA known, it is usually taken as the value at 1 GHz [51,90,114,115] though values as high 

as 5 GHz have also been used [116]. For the devices (ON1 and ON2) shown in Figure 5.12, the 

EO response changes by +0.11 dB from 100 MHz to 1 GHz for an L = 0.54 cm device, and by -

0.77 dB for an L = 1.0 cm device. Often-quoted parameters such as the 3-dB bandwidth do 

depend on the reference point, which should therefore be clearly stated. Since the half-wave 

voltage Vπ can be shows a direct relationship to both m(ω) through Eq. (5.1), and graph the trend 

all the way from measured down to very low frequencies, it is convenient to plot Vπ(ω) as shown 

in Figure 5.9, which near DC to the highest modulation frequencies measured by the LCA.  
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Figure 5.12: The measured (solid) and modelled (dashed) EO response normalized to 0.1 GHz for the 

ON devices with 8 µm gap slot SWEs. 

 

5.7 Integrated O-band and C-band Si/LN MZMs Summary 
 

 In conclusion, we have demonstrated that a hybrid bonded Si/TFLN platform can be used 

for high-speed and low voltage EOMs in both the O and C wavelength bands using the same 

fabrication process, a common layer stack, and on the same chip. Standard Si manufacturing 

processes were used to define the optical routing, splitting, and tapering of the waveguides. The 

top oxide layer of the SOI wafer was chemical-mechanically polished to provide a bondable 

surface and no etching or patterning of the LN layer is required. We show that the velocity 

matching condition for high-speed modulation can be precisely achieved (to less than 1%) by 

changing the Si waveguide width (tuning ng) and the parameters of the travelling slow-wave 

electrode structures (tuning nm) across different wavelength bands to account for both chromatic 

dispersion and local variations in geometry. Four designs were reported here, two in the O-band 

and two in the C-band, which differ only in the widths of the features in Si layer and in the 
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traveling slow-wave electrode designs. The high-frequency EO response of the 0.54 cm and 1.0 

cm long devices cross the 3 dB line (referenced to 1 GHz) at about 100 GHz and 60 GHz, 

respectively, for both O and C bands. However, a single number such as 3 dB bandwidth may 

not fully capture the device performance, since the gentle slopes of the modulator response, and 

the fact that the EO response has not reached the cut-off frequency regime indicates useful EO 

bandwidth beyond 110 GHz in both cases. While all eight reported modulators are shown to have 

high electro-optic modulation bandwidth, the O-band devices prove to have a higher modulation 

efficiency, and the combination of high bandwidth and low voltage can greatly benefit short-

range communications in data centers. 
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Chapter 6  
 

Hybrid Si/LN EOMs at High Optical Power 

6.1 Introduction 
 

In recent years, TFLN EOMs with a high EO 3-dB bandwidth of at least 100 GHz have 

been reported with a VπL product and low optical insertion loss [36,41,117,118]. However, these 

demonstrations have been performed at relatively low optical power levels less than 10 mW. The 

ability to handle high optical powers without increasing Vπ would be beneficial, by increasing 

the RF link gain and reducing the noise figure of an analog communications system [1,56,119]. 

For a given photodiode responsivity, reducing Vπ and increasing the optical power are both 

important in the noise figure of an RF photonic link. Recently, a higher optical power level, 

around 25 mW, was shown using TFLN MZM with about 50 GHz bandwidth [120]. Here, we 

report the first TFLN MZM which achieves both above-100 GHz bandwidth and above-100 mW 

optical power handling capability, while also achieving a low VπL product and low on-chip 

optical insertion loss, and integration with silicon photonics. 

By carefully designing the Si layer dimensions and tapers of the Si/LN MZM, the amount 

of optical power in the Si region can be minimized while remaining in the single-mode regime, 

which is necessary for a high-bandwidth MZM. The narrowing of the underlying Si waveguide 

not only minimizes the percentage of the hybrid mode that resides in the Si region (where TPA 

would impact greatest in the C-band), but also optimizes the EO phase-shifting effect of the 

hybrid Si/LN mode from the modal interaction with the driving RF electric field. While this 

strategy does not completely eliminate the nonlinear loss of Si, it can keep the impairments of 
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the hybrid mode adequately low for practically useful optical power levels over the device 

lengths needed for a high-bandwidth, low-voltage MZM.  

 

6.1 High Optical Power Handling: Theory 
 

 The ability of an MZM to handle high optical input powers without increasing V can be 

beneficial to overall system performance in an RF-photonic link, such as the RF link gain and 

NF increase and decrease, respectively (Section 2.1.3). At higher optical powers, Si waveguides 

suffer from two-photon absorption (TPA) and free carrier absorption (FCA) and dispersion 

(FCD) effects [121–124]. These nonlinear, intensity dependent effects can, in principle, limit the 

intrinsic MZM EO bandwidth, insertion loss (IL), and V. The density of photo-generated 

electronic carriers caused by TPA is 

 𝑁𝑇𝑃𝐴(𝑃) = 𝐺𝑇𝑃𝐴𝜏𝑒 =
𝛽𝜏𝑒

2ℎ𝑓
(

𝑃

𝐴𝑒𝑓𝑓
)

2

 (6.1) 

 

where 𝐺𝑇𝑃𝐴 is the photogeneration rate from TPA, 𝛽 is the TPA coefficient of Si (assumed to be 

1.0 cm/GW [123]), ℎ𝑓 is the photon energy, and 𝑃 is the optical power in the waveguide mode. 

The electronic carrier lifetime, 𝜏𝑒, in crystalline Si waveguides is typically in the range of 1 to 

100 ns and is dependent on the waveguide geometry and surface properties [125]. These 

photogenerated carriers lead to additional optical losses and a shift in refractive index in the Si 

waveguide via the plasma dispersion effect [10] given by,  

 𝛼𝐹𝐶(𝑃) = 1.45 × 10−17𝑁𝑇𝑃𝐴(𝑃) (6.2) 

 Δ𝑛𝐹𝐶(𝑃) = −8.8 × 10−22𝑁𝑇𝑃𝐴(𝑃) − 8.5 × 10−18𝑁𝑇𝑃𝐴
0.8 (𝑃) (6.3) 
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TPA induced FCA and FCD plague all Si-based devices and as such can impact the hybrid 

bonded Si/LN MZMs proposed in this dissertation. However, the carriers generated by high 

intensities will only occur in the Si rib waveguide because LN and SiO2 do not exhibit large TPA 

coefficients in the telecom wavelength regimes. This is where our Si/LN platform shines, 

because in order to optimize the phase shifting capabilities of the hybrid region the Si waveguide 

width has to be narrowed (see Section 2.2.1) which pushes the optical mode into the EO region 

(TFLN) and out of the higher refractive index Si waveguide. This is reiterated here as Figure 6.1 

which shows the simulated neff and  for the Si and LN regions of the hybrid mode as a function 

of Si waveguide width. As the Si waveguide width is narrowed (which can be done very 

precisely in a CMOS fabrication process) LN increases to 84%, while Si decreases to about 2% 

when wSi = 275 nm, hSi = 150 nm, and hcmp = 50 nm at  = 1550 nm. This is still enough 

confinement to guide the hybrid mode and maintain single-mode operation in the MZM as 

shown by the simulated optical mode (|Eo|
2) in Figure 2.14(c). Therefore, the nonlinear 

impairments can be expected to be much lower than for a conventional Si carrier depletion MZM 

where most of the light is in the Si waveguide [126]. Because the amount of light in Si is so 

small, the hybrid TFLN phase shifter does not have a significant nonlinear optical penalty 

compared to an etched or deposited TFLN modulator.  
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Figure 6.1: The simulated neff (top) of the first three modes of the Si/LN hybrid waveguide and 

confinement factor (bottom) in the LN film (blue) and Si waveguide (red) regions as a function of Si 

waveguide width. 

 

 To account for the percentage of Poynting vector magnitude that resides outside the Si 

waveguide of the Si/LN MZM, Si is introduced to the nonlinear power differential equation 

which describes the evolution of power along the waveguide:  

 
𝑑𝑃(𝑦)

𝑑𝑦
=  −(𝛼𝑙 + 𝛼𝐹𝐶Γ𝑆𝑖)𝑃 −

𝛽

𝐴𝑒𝑓𝑓
Γ𝑆𝑖𝑃

2 (6.4) 

 

where l is the linear absorption loss and the change in modal cross-sectional area (Aeff) is 

assumed to be negligible. Figure 6.2(a) shows the calculated change in IL due to these nonlinear 

effects (TPA induced FCA) by numerically solving Eq. (6.4) for different lengths of hybrid 

waveguide (solid lines) and transition waveguide (dashed lines). The Aeff of the transition and 

hybrid modes are calculated to be 0.24 µm 2 and 1.48 µm 2, respectively. The carrier lifetime, e, 

upper limit is estimated to be 15 ns for the 150 nm thick strip Si waveguides [127]. For the 

maximum considered lengths of 2 cm and 0.15 cm for the hybrid and transition waveguides in 

Figure 6.2(a), the 1 dB IL penalty from TPA and FCA occurs at an optical power ten times 
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higher in the hybrid section than the transition section. Thus, to maintain high optical handling 

capabilities, the hybrid waveguide section must be made as long as possible (i.e, push the light 

into the hybrid mode immediately after reaching the LN region) and the transition and feeder 

waveguide should be kept as short as possible. If the transition section is reduced to 100 µm 

(which is approximately the minimum for an adiabatic taper [128]), then the total additional IL 

should be less than 1 dB for optical powers up to 0.6 W 

 

Figure 6.2: (a) The calculated IL due to TPA as a function of peak optical power in the hybrid 

waveguide mode (solid) and the transition mode (dashed) assuming different lengths. (b) The change 

in refractive index due to additional carriers generated via TPA as a function of peak optical power for 

different waveguide widths. (c) The calculated 3-dB bandwidth of a traveling wave MZM as a function 

of Lps assuming impedance matching to a 50  load and for different values of index mismatch, n, 

from TPA induced FCD. 

 

 The carriers introduced by TPA not only increases the absorption and overall IL of the 

Si/LN MZM, but also impart a change in refractive index as described by Eq. (6.3). This local 

change in the refractive index of Si will also change the neff and ng of the hybrid mode, and thus 

may affect the velocity matching condition to achieve high-speed modulation. To account for 

this potential impact, Eq. (2.1) is adjusted here to include optical power dependence:  

 𝑚(𝜔, 𝑃) =
𝑅𝐿 + 𝑅𝐺

𝑅𝐿
 |

𝑍𝑖𝑛

𝑍𝑖𝑛 + 𝑍𝐺
| |

(𝑍𝐿 + 𝑍𝑐)𝐹(𝑢+(𝑃)) + (𝑍𝐿 − 𝑍𝑐)𝐹(𝑢−(𝑃))

(𝑍𝐿 + 𝑍𝑐) exp[𝛾𝑚𝐿𝑝𝑠] + (𝑍𝐿 − 𝑍𝑐) exp[−𝛾𝑚𝐿𝑝𝑠]
| (6.5) 

 𝐹(𝑢±(𝑃)) =
1 + exp[𝑢±(𝑃)]

𝑢±(𝑃)
 (6.6) 
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𝑢±(𝑃) = ±𝛼𝑚𝐿𝑝𝑠 +

𝑗𝜔

𝑐
(±𝑛𝑚 − 𝑛𝑔(𝑃))𝐿𝑝𝑠 

 

(6.7) 

 

where 𝑛𝑔(𝑃) is the associated FCD from photogenerated carriers. There will be a similar shift in 

VL due to FCD, where the effective modulator length may be limited by the additional 

nonlinear losses and phase shift, and thus impact V. These effects can be expressed as:  

 𝑉𝜋𝐿𝑝𝑠(𝑃) =
𝑛𝑒𝑓𝑓(𝑃)𝜆𝐺

2𝑛𝑒
4𝑟33Γ𝑚𝑜

 (6.8) 

 

Figure 6.2(b) shows the change in neff from TPA induced FCD. These changes will affect the 

index matching condition (Δ𝑛 = (1 − 𝑛𝑚/𝑛𝑔) × 100%) between the travelling RF and optical 

waves. Since the hybrid mode is predominantly in localized in the LN film, the effect is expected 

to be negligible for optical peak powers less than 10 W in theory. Although the high intensity 

optical input can also result in an increase in the local temperature (and cause an associated 

thermo-optic effect), the time scales of such thermal shifts are much longer compared to the 

modulation speeds [129] and can be compensated by a bias controller. Additionally, the 

photorefractive effect of TFLN at a wavelength of 1550 nm results in a neff on the order of 10-

5[130], which would only change n by 0.005%.  

 Assuming the impedance matching condition is met, the 3-dB bandwidth of a traveling 

wave hybrid TFLN MZM is plotted as a function of phase shifter length for different values of 

n in Figure 6.2(c) using Eq. (6.5). If Lps is 0.5 cm, then the n caused by nonlinear high-power 

effects would need to be about 10% in order to reduce the bandwidth by a factor of 2, which 

corresponds theoretically to an input power greater than 100 W. An MZM using a longer phase 
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shifting section (1 cm, say) would have its bandwidth decreased by 3 dB for a n of 5%. Thus, 

by optimizing the hybrid region for low-voltage operation, the Si/LN MZM has simultaneously 

been optimized to handle high optical powers which benefit RF-photonic links.  

 

6.2 High Optical Power Handling: Measurements 
 

 

 

Figure 6.3: (a) An optical microscope image of the hybrid bonded Si/LN chip with gold SWEs used 

for high optical power modulation measurements with short feeder sections. (b) A stitched optical 

microscope image of the 5 mm long SWE. (c) A scanning electron microscope image of the inductively 

loaded slot features of the SWE. 

 

The Si/LN MZMs in Chapter 5 (Figure 5.1, Table 5.1) were chosen to have orthogonal 

probing, i.e the optical fibers contact the north and south of the chip, while the RF probes contact 

the east and west, for easier testing setup. Thus, the MZMs were designed with rather long feeder 

Si sections (about 1.4 cm long) to get from the chip edges to the phase-shifter section. These 

wider Si waveguide sections would incur large amounts of intensity dependent nonlinear losses 

over such lengths as shown in Figure 6.2(a). To minimize such losses, the feeder sections need to 

be kept as short as possible. Figure 6.3(a) is an image of a fabricated hybrid bonded Si/LN chip 
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with the total length of the MZM about 1.7 cm, which includes the edge couplers, MMIs, 

transition region (LTr = 0.14 cm), and the hybrid region (LHb = 1.4 cm). Here the optical and RF 

probing are parallel (both east-west directions) to facilitate the shorter feeder sections. To 

overcome testing issues the RF probes are placed on lifted and movable platforms so that the RF 

probe tips can reach the electrode pads without touching the lensed tapered fibers underneath 

[see Figure 6.4]. In the hybrid bonded region, the transition waveguides are adiabatically tapered 

down from a width of 650 nm to a width of 275 nm over a length of 300 µm which pushes the 

optical mode up into TFLN. These transition sections were intentionally made longer than 

necessary to simplify our bonding process.  

 

Figure 6.4: A photograph of the hybrid bonded MZM EO test station.  

 

For this device, an inductively loaded SWE structure [Figure 6.3(b)-(c)] was designed to 

achieve velocity matching to the hybrid Si/LN optical mode. The gap between the signal and 

ground electrodes is 9 µm, and the signal width is 55 µm. The inductive loading feature is a 
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periodic slot that is 5 µm wide (w) and 4 µm deep (h) with a period of 25 µm, as shown in Figure 

6.3(c). In this case, the hybrid Si/LN group index is simulated to be 2.32 and the slow-wave RF 

index is 2.34 at 110 GHz, resulting in ∆n < 1% between the optical and RF waves before the 

intensity dependent nonlinear change of the index [Eq. (6.3)] is taken into account. For the 

fabricated structures with about 40 nm of CMP SiO2 thickness, the estimated peak electric field 

strength at 110 mW optical power in the thin SiO2 region of to be about 5.4×104 V.cm−1 and 

1.3×104 V.cm−1, which is smaller than the estimated breakdown field strength of SiO2 (about 

5x106 V.cm-1). 

 

Figure 6.5: (a) The measured passive (no voltage applied) transmission of the asymmetric Si/LN MZM 

in the C-band. (b) The block diagram of the V measurement for the Si/LN MZM using a pulse pattern 

generator to drive the device. (c) An example of the trapezoidal driving signal (blue dashed trace) and 

the measured modulated signal (black solid trace). The V of the device is measured from the 

overshoots in the measured signal as shown by the red arrows. (d) The measured VL of the 0.5 cm 

long Si/LN phase shifter as a function of the trapezoidal signal frequency. 
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The asymmetric MZM under test was measured using a tunable CW C-band laser source 

which resulted in a free spectral range (FSR) of 2.3 nm, a mean ER of 28 dB over 50 nm 

(maximum of 31 dB at λ = 1560 nm), and a fiber-to-fiber IL of 12.2 dB as shown in Figure 

6.5(a) (without applied voltage). After characterizing the transmission curve of the MZM, the 

laser wavelength was fixed at the quadrature-point, and the value of Vπ was measured by 

applying trapezoidal waveforms using a pulse pattern generator (PPG), as depicted in Figure 

6.5(b). Trapezoidal waveforms are similar to triangular waveforms used in other reports 

[20,131], but also allow the slew rate and level-hold times to be adjusted independently for 

further detailed studies of bias drift and stability [see Chapter 10]. The half-wave voltage of the 

Si/LN modulator with Lps = 0.5 cm was measured by overdriving it with a trapezoidal signal of 

peak-to-peak voltage greater than the expected V, and projecting the overshoots of the 

modulated signal as demonstrated in Figure 6.5(c). This was repeated as a function of the driving 

signal frequency resulting in an average VπL of 3.1 V.cm in the range of 0.1 to 10 MHz, which is 

shown in Figure 6.5(d).  

To determine the low power (1 mW) IL of the hybrid bonded Si/LN MZM, a CW tunable 

laser was coupled to the device using lensed tapered fibers (2.5 µm nominal mode field 

diameter). As shown in Figure 6.6, the hybrid bonded Si/LN MZM consists of edge couplers, 

MMIs, wide Si transition sections and a narrow Si hybrid section. The IL of the phase shifter 

section was measured by subtracting the transmission spectra of the test device and an identical 

reference device, but without electrodes. Therefore, the IL of the Lps = 5 mm long phase shifter is 

0.4 dB. From these measurements, the individual component losses of the MZM were subtracted 

from the total transmission, resulting in an edge coupling loss of 5.2 dB/facet and an on-chip loss 

of 1.8 dB (assuming 0.1 dB of loss per LN edge transition) as shown in Figure 6.6. These losses, 
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as well as the fiber, splitter, and connector losses were factored in to calculate the peak power 

out of the PM-EDFA for the high-power setup described below. The power levels labeled in 

Figure 6.8 and in this discussion refer to the on-chip optical power levels in the feeder 

waveguide before the start of the MZM section. A peak power level of 110 mW corresponds to 

an intensity of 460 kW/mm2 and 74 kW/mm2 in the transition and hybrid waveguides, 

respectively.  

 

Figure 6.6: A (not to scale) schematic of the hybrid bonded Si/LN MZM showing the total measured 

insertion loss and the loss attributed to the edge coupler (EC), transition, hybrid, and phase shifter 

sections. 

 

Figure 6.7 details a block diagram of the quasi-CW high power modulation experiment. 

An external commercial LN modulator (labelled Pulse Carver in Figure 6.7) with 30 dB 

extinction ratio was used to carve the CW laser source into quasi-CW pulses. The pulse carver 

was driven by a pulse pattern generator, setting voltages with a pulse width of 1 µs and a period 

of 100 µs. This corresponds to a pulse length greater than 100 m, which is much greater than the 

length (1.7 cm) of the chip. A polarization maintaining erbium-doped fiber amplifier (PM-

EDFA) was used to amplify the quasi-CW pulses to the Si/LN MZM. Quasi-CW pulses were 



114 

 

used to extract maximum gain from the PM-EDFA by reducing the average power and gain 

saturation. Also, the lower average power reduces the likelihood of damage to the lensed fibers 

used in the experiments. The amplified pulses were characterized by monitoring the PM-EDFA 

output using a PM 90-10 splitter, where a sampling oscilloscope (Keysight DCA 81600D) 

verified the pulse shape and peak power, while an optical power monitor measured the average 

power of the pulses as a function of the PM-EDFA current. Optical attenuators were placed 

before the DCA and optical spectrum analyzer (OSA, Finisar WaveAnalyzer 1550s) to avoid 

damage.  

 

Figure 6.7: A schematic block diagram of the quasi-CW high power electro-optic response 

measurement setup. Active RF multipliers were used for generating f > 50 GHz. PM-EDFA: 

Polarization Maintaining Erbium Doped Amplifier. VOA: Variable Optical Attenuator. 

 

The high-power quasi-CW pulses were then coupled to the device and modulated with 

varying frequency sinusoidal waves using an RF signal generator. A high-resolution OSA 
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(Finisar WaveAnalyzer 1500s) was used to detect the generated sidebands and carrier signal as 

the frequency was swept [132] (see Appendix B.1 for more information). This high-speed 

modulation measurement was performed in three frequency bands: 1 to 50 GHz, 47 to 78 GHz, 

and 72 to 110 GHz, where active RF multipliers (Eravant SFA-503753420-15SF-E1 and 

753114616-10SF-E1) were used to reach the latter two bands. A CS-5 calibration substrate 

(GGB Industries, Inc.) and a 110 GHz RF power sensor were used to de-embed the cables and 

probes used in the experiment and determine the RF power delivered. These calibration 

measurements were then used to extract the measured EORs of the modulator at relatively low 

power CW optical input (4mW), and at input peak powers of 110mW, as shown in Figure 6.8(a) 

and 6.8(b), respectively. In both cases, the measured EOR has a 3-dB bandwidth of 110 GHz. 

The overlapping measured data between the bands was averaged and shifted accordingly to stitch 

the frequency responses together. Furthermore, the EO S21 of an identically designed hybrid 

bonded MZM on a different chip (the chip presented in Section 4.3) was independently verified 

at low CW optical power using an LCA. The LCA consisted of a Keysight PNA-X network 

analyzer, frequency extenders, and a 110 GHz photodetector which allowed us to measure 

modulated signals ranging from 100 MHz to 110 GHz, similar to the measurements described in 

Section 5.3. As can be seen in Figure 6.8(a), the OSA-measured response (blue marks) and LCA-

measured response (cyan line) agree in both slope and 3-dB bandwidth. The 3-dB bandwidth is 

limited from impedance matching as discussed in Section 5.6. Due to the fixed separation 

between the Si waveguides of the fabricated SOI chip, the signal electrode to electrode gap 

spacing is also fixed. This specific MZM was fabricated with an electrode gap of 9 µm, resulting 

in a transmission line impedance of 42 Ω. If the Si waveguide separation is changed to 
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accommodate a more optimal signal electrode width, then the impedance will be better matched 

to a 50 Ω load, and further increase the 3-dB bandwidth of the MZM as shown in Figure 5.11. 

 

Figure 6.8: The OSA-measured (blue points) EOR of the hybrid bonded Si/LN MZM with Lps = 0.5 

cm using no RF multiplier (circles), a 4x multiplier (diamonds), and a 6x multiplier (squares) resulting 

in a measured 3-dB bandwidth of 110 GHz for both: (a) Low power, CW optical input with 4 mW of 

power; and (b) Quasi-CW optical input with peak power of 110 mW. The solid red line is the calculated 

linear model using Eq. (2.1) with no nonlinearities. The cyan line in panel (a) is the EOR of an 

identically designed Si/LNMZM using a high speed LCA. 

 

6.3 High Optical Power Handling: Discussion 
 

The red lines in Figure 6.8(a) and Figure 6.8 (b) are the calculated EO responses using a 

linear model of the response function of a traveling wave MZM with no intensity dependent 

nonlinear effects using Eq. (2.1). The theoretical EOR predicts a 3-dB bandwidth above 110 

GHz (approximately 156 GHz) for this 0.5 cm long modulator, which is agreement with the 

measured frequency responses in both the low and high optical power regimes. A large 

concentration of free carriers overlapping with the optical mode would cause a free-carrier 

dispersion effect which would decrease the 3-dB bandwidth. However, since the hybrid mode 
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has only 2% of light in the Si waveguide, there is an insignificant impairment in our device, and 

the response at 110 mW is effectively the same as that at low (4 mW) power levels. Table 6.1 

lists performance metrics of recent TFLN-based MZM. The present device is the first (to our 

knowledge) TFLN MZM that demonstrates greater than 100 GHz modulation of high optical 

power inputs greater than 100 mW. FOMNF (units: dB) in Table 6.1 is defined as  

 𝐹𝑂𝑀𝑁𝐹 = 20 log10(𝑉𝜋) − 20 log10(𝑃𝑜𝑝𝑡𝑟𝑑𝑅𝑠) (6.9) 

 

where 𝑟𝑑 is the detector responsivity, assumed to be 1 A/W, and 𝑅𝑠 is the source resistance, 

assumed to be 50 . FOMNF is that portion of the NF expression for an RF photonic link [Eq. 

(2.10)] which represents the contribution to the NF from the modulator Vπ and optical power 

level. In addition, the laser RIN plays an important role in the overall NF in a practical system, 

but is not considered here in the FOM for the modulator alone. 

Lower values of the modulator FOMNF are preferable because they reduce the minimum 

achievable NF of the link. This shows the benefits of increasing Popt while keeping Vπ low. The 

on-chip IL of our hybrid Si/LN device is comparable to that of other TFLN devices. The VπL can 

be slightly improved by introducing a buffer SiO2 layer between the electrodes and LN film, 

which will reduce the optical loss due to electrode interaction and allow for a narrower electrode 

spacing. In comparison to these TFLN MZM devices, a traditional Si depletion-mode MZM 

made with 250 nm thick Si rib waveguide (90 nm slab height and 650 nm width) will have 75% 

of the Poynting energy confined in Si and an Aeff on the order of 0.2 µm2. Both the linear and 

nonlinear optical propagation loss coefficients are high, and will limit the high-power handling 

capabilities of a Si MZM. Furthermore, the modulation speed of carrier depletion MZMs is 

typically RC-limited, with reported 3-dB electro-optic bandwidths < 60 GHz [11–14,133]. 
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Table 6.1: Comparison of recent TFLN-based MZM Performance Metrics 

Device 3-dB BW 

(GHz) 

VL (V.cm) IL (dB) Lps (cm) Popt 

(mW) 

FoMNF 

(dB) 

Etched LNOI [36] 100 2.2 0.5 0.5 1 38.9 

Etched LNOI [41] >110 2.4 18 

(f-f) 

0.5 1 39.6 

Etched LNOI [120] 50 2.2 NR 0.5 25 10.9 

Etched LNOI [40] >67 1.7 17 

(f-f) 

0.5 NR - 

Etched LNOI [42] >67 2.2 0.2 1 0.03 63.3 

Bonded (BCB-assisted) Si/LN 

[91] 

>70 2.1 3 1.25 NR - 

Polished LNOI [134] >50 2.2 0.6 0.7 NR - 

Bonded (BCB-assisted) Si + 

Etched LN [39] 

>70 2.5 2.5 0.5 NR - 

Bonded (Direct) SiN/LN [20] 37 6.7 13 

(f-f) 

0.5 4 36.5 

Bonded (Direct) Si/LN – This 

Work 

110 3.1 1.8 0.5 110 1.04 

 

The experimental observations are consistent with the theoretical predictions shown in 

Figure 6.2(b). Using Eq. (6.8), the effect of TPA induced carriers on the VπL through FCD 

[Figure 6.2(b)] is insignificant at 110 mW, and would contribute less than 1% change in 

modulation efficiency assuming thermo-optic and photorefractive effects in the TFLN layer are 
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negligible. The change in IL due to carrier effects in the Si regions are predicted to be under 1 dB 

as shown by Figure 6.2(a). Practically, such small changes are indistinguishable from other 

losses in this study, such as repeatability of fiber coupling in these bare-die test chips. Fiber-

pigtailing the device will allow for easier testing. Although these tests were performed using 

long quasi-CW pulses, we expect similar performance, when packaged, under CW optical 

excitation as well. 

As the modulators scale to longer phase shifters (Lps >1 cm) to reduce the voltage, the 

walk-off between the RF and optical phases can occur from smaller velocity differences. 

Therefore, the changes caused by higher optical power can have a larger effect on the 3-dB 

bandwidth. However, our calculations show that the majority of the impairments will occur in 

the mode transition region rather than the phase-shifter region. The theoretical minimum length 

for a low-loss adiabatic taper between the transition mode and hybrid mode in this design is 

about 100 µm [128]. In this batch of test chips, the transition waveguides were intentionally 

made longer for fabrication ease, and therefore the nonlinear losses will inevitably be higher. The 

feeder waveguide and taper lengths could be reduced, which in turn will minimize the TPA-

induced FCA of the transition section. If the combined input and output transition sections were 

only 100 µm long instead of 1.4 mm long as in these chips, then the additional insertion loss due 

to TPA would incur a 1 dB penalty only for optical powers greater than 0.6 W. For higher power 

operation, other materials with lower multiphoton absorption effects can be used. As an example, 

SiN is another CMOS-compatible material, does not experience TPA in the telecom wavelength 

regime, and has been shown to be suitable for hybrid bonding with unpatterned LNOI [20]. 

Greater than 110 mW, upwards of 150 mW, on-chip optical power was also coupled to 

the Si/LN MZMs; unfortunately, damage was incurred during the modulation response 
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measurement. Figure 6.9(a)-(c) detail the optically induced damage to the Si/LN MZM when 150 

mW of on-chip peak pulsed power was used. Figure 6.9(a) are stitched infrared (IR) camera 

images with a 20x objective showing CW low-power (0 dBm) input light at 1550 nm 

propagating from left-to-right. There are large amounts of scattering just before the TFLN 

bonded edge (dashed vertical line) due to the high-power damage. Still light in the top MZM arm 

propagates through the hybrid mode to the SWEs and output, but the bottom arm shows an 

indiscernible amount of light. This is verified by optical transmission measurements in Figure 

6.9(b) where the blue trace is the measured low-power CW transmission before damage, 

showing the deep 30 dB ER which is indicative of well-balanced MZM arms. After the damage, 

the transmission (red trace) becomes constant with the tunable laser wavelength and has an 

additional IL of 10 dB. This damage is further confirmed via the SEM images in Figure 6.9(c). 

The damage seems to originate from the top PECVD oxide cladding being partially etched near 

the feeder Si waveguides just before the TFLN interface. These air-clad Si waveguides would 

then have poor thermal conductivity when high optical powers propagate through and resulted in 

a damaged waveguide as seen by the inset in Figure 6.9(c). This potentially means that the MZM 

no longer is an amplitude modulator, but instead a phase modulator (via the top MZM arm) with 

additional IL. With a more protected sample during the fabrication stages, this oxide etching can 

be mitigated, and thus higher optical powers can be modulated in the future.  
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Figure 6.9: (a) Stitched IR camera images (20x objective) of the propagating light through the damaged 

Si/LN MZM after 150 mW of peak on-chip optical power was coupled. Large scattering before the 

TFLN edge (dashed line) indicates the points of damage. (b) The optical transmission measurements 

as a function of laser wavelength before (blue trace) and after (red trace) optical damage. The damage 

results in only one MZM arm functioning, hence the ER collapsing to near 0 dB and the additional 10 

dB of IL. (c) SEM images of the damaged area. The top PECVD oxide cladding was unintentionally 

etched leaving the Si waveguides air-clad with poor thermal conductivity. The bottom Si waveguide 

was damaged and severed due to the high optical power; whereas the top waveguide was damaged but 

remains intact. 

 

A separate Si/LN MZM was also tested at high optical input powers, but not modulated. 

This MZM had an SiO2 cladding that covered just past the bonded LN edge and thus did not get 

etched during the fabrication process. Using an EDFA, the on-chip optical power was increased 

to 479 mW before the MZM suffered optical induced damage. The optical damage occurred at 

the input edge coupler inverse taper as shown by the IR camera images in Figure 6.10(a) and (b). 

Studies have shown that optically induced damage tends to happen at the edge coupling section 

of Si waveguide circuits because this is where the most of the optical power resides [135]. This 

test proves that our hybrid Si/LN MZMs can withstand and modulate even higher optical power 

than demonstrated here.   
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Figure 6.10: (a) An IR camera image of the input edge coupler of a Si/LN MZM that has experienced 

optically induced damage which causes large amounts of scattering (encircled). (b) An IR camera image 

of the other port of the Si/LN MZM which has not experienced damage and propagates the light to the 

device.  

 

In summary, we have demonstrated that hybrid TFLN MZMs, which use an unetched 

TFLN layer bonded to planarized crystalline Si waveguides, can withstand high optical input 

powers of 110 mW while maintaining high speed modulation bandwidths of 110 GHz. A high 

EO bandwidth was achieved by using an inductively loaded SWE design to achieve velocity 

matching between the RF and optical waves. The hybrid Si/LN device design was optimized to 

achieve a high modulation efficiency (VπL = 3.1 V.cm) while minimizing the nonlinear intensity 

dependent effects of Si. The on-chip IL of the hybrid MZM structure including the MMI 

couplers, transitions into and out of the bonded region and electrode interaction loss was 

measured to be 1.8 dB. High optical power operation was tested by amplifying quasi-CW pulses 

with a pulse width of 1 µs and at power levels of up to 110 mW, we did not observe degradation 

of the EO bandwidth compared to measurements made at a conventional power level (4 mW). 

Compared to measurements made at an input power of 6 dBm, the additional nonlinear insertion 

loss was less than 1 dB at 20.4 dBm optical power. Our work demonstrates the integration of 

MZMs with high bandwidth and power handling capabilities well beyond the capabilities of 

traditional Si photonics. 



123 

 

6.4 Acknowledgments 
 

Chapter 6, in part, is a reprint of the material that appears in the following: Forrest 

Valdez, Viphretuo Mere, Nicholas Boynton, Thomas A. Friedmann, Shawn Arterburn, Christina 

Dallo, Andrew T. Pomerene, Andrew L. Starbuck, Douglas C. Trotter, Anthony L. Lentine, and 

Shayan Mookherjea, “110 GHz, 110 mW hybrid silicon-lithium niobate Mach-Zehnder 

modulator”, Scientific Reports 12, 18611, (2022). The dissertation author, together with his 

advisor and colleague, led the research efforts for this work and co-authored the papers.  

 

 



124 

 

Chapter 7  
 

Hybrid Bonded SiN/LN EOMs in the Telecom Regime 

Section 4.2 described the methods of which to fabricate SiN/LN hybrid modulator chips. 

The cross-section of the SiN/LN phase-shifter is shown in Figure 4.4 where either a buried metal 

layer or a post-fabricated Au layer can be used to facilitate the traveling wave electrodes. In this 

Chapter I will focus on modulators utilizing this top Au layer for applying the RF signals. As 

alluded to in Section 4.2, the additional buried metal layers and consecutive CMP processes had 

an impact on the quality of the final SiO2 surface that bonds with the TFLN. Initial bonded 

samples of SiN circuits with LNOI resulted in a large amount of “chemical voids” produced 

from trapped gas byproducts between the bonded layers [136]. These voids can degrade the 

mechanical, optical, and electrical performance of the hybrid SiN/LN devices by adversely 

affecting the optical waveguides. Including in-plane outgassing channels in the SiN photonic 

chip surface has demonstrated to drastically reduce the number of voids by about 99% [94] and 

increases the yield of SiN/LN devices per fabricated chip. 

 

7.1 High-speed O-band SiN/LN MZM Characterization 
 

After inspection, a bonded SiN/LN sample with minimal voids was processed through the 

remaining steps of electrode definition and fabrication using a lift-off process, as described 

earlier. Slot SWEs with L = 20 m, h = 4 m, w = 5 m, and G = 5.5 m were designed to 

achieve index and impedance matching to the SiN/LN optical mode with 200 nm thick MgO:LN. 

Figure 7.1(a) shows an image of the microchip which contains several MZM structures. Each 
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MZM device addresses a different wavelength band. Measurements from devices in the O-band 

(around 1310 nm) are reported here, with a more detailed report on the other devices, and a 

comparison of their performance are reported in Chapter 9. Lensed-tapered fibers and multi-axis 

micropositioners were used to couple light from an O-band tunable laser diode to the microchip. 

The optical transmission of both asymmetric and symmetric MZMs were measured using a 

swept laser source, as shown in Figure 7.1(b) and Figure 7.1(c). The intentional path-length 

difference between the two arms in this asymmetric MZM device resulted in a measured FSR of 

4.7 nm; the asymmetric MZM design allows this modulator to be either wavelength- or voltage-

biased at quadrature for testing purposes. For the asymmetric device, the optical ER was seen to 

be about 30 dB, which shows that light propagation along both of the two interferometric 

pathways (about 1 cm long) was well balanced, due to the effective elimination of voids in the 

vicinity of the optical modes. Figure 7.1(c) shows the symmetric MZM flat broadband response 

with wavelength as there is no path-length difference in the MZM arms. The red dotted lines in 

Figure 7.1(b) and Figure 7.1(c) are the optical transmission spectra of MZMs (asymmetric and 

symmetric) with many voids along the waveguides (from sample A) normalized to the 

transmission of MZMs with no voids for comparison (blue solid lines). The voids act as 

scatterers which impact the loss and relative phase of the two MZM arms, increasing the 

insertion loss by 50-60 dB compared to the MZMs with no voids. 
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Figure 7.1: (a) A digital camera image of the fabricated SiN/LN bonded MZM chip. (b) Passive 

normalized transmission measurements of the hybrid EOM (b) asymmetric and (c) symmetric devices 

in the O-band with (red dotted lines) and without (blue solid lines) voids. 

 

To measure the low-speed (100 kHz) Vπ, G-S-G probes rated to 110 GHz were landed on 

the launch and termination pads of the 0.93 cm long SWE. The gap between the signal and 

ground electrodes was 5.5 μm, with a signal width of 16 μm. Trapezoidal waveforms were 

applied to the devices with a peak-to-peak voltage greater than the expected Vπ to capture more 

than the full modulation range [similarly described in Figure 6.5(b)-(c)]. The modulated optical 

waveforms were detected using fiber-coupled InGaAs photodetector (ThorLabs DET02AFC) 

and sampling oscilloscope (Keysight InfiniiVision DSOX4022A). Figure 7.2 shows the 

measured normalized optical power and a cosine-squared fit (blue trace) as a function of applied 

peak-to-peak voltage, yielding a Vπ = 2.9 V (L = 0.93 cm, hence VπL = 2.7 V.cm) and a voltage-

driven ER of 25 dB at 1310 nm. A more precise scan of the transmission null may result in a 

higher measured ER.  
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Figure 7.2: The measured normalized optical power as a function of applied voltage using a pulse 

pattern generator at 1310 nm, resulting in a voltage-driven ER of 25 dB and a V of 2.9 V for the 0.93 

cm long phase-shifter. The blue trace is a cosine-squared fit to the data (black circles).  

 

The high-speed (> 1 GHz) modulator response was measured by driving the SiN-LN 

MZM with sinusoidal waveforms generated by an RF frequency synthesizer (sweeper). As 

opposed to the O-band devices demonstrated on a Si/LN platform in Chapter 5, a high-speed 

LCA was not available for the EO response characterization of this device. In fact, 

instrumentation to measure the high-speed EO response of modulators in the shorter wavelengths 

is limited. For example, OSAs with high resolution on the order of 20 MHz are not available in 

the visible or O-band regime unlike in the C-band. Due to the limited resolution of the OSA at 

hand (0.01 nm, Ando AQ6317B), the generated sideband peaks could not be discerned from the 

main carrier signal peak at frequencies less than 10 GHz. However, as the modulation frequency 

increases, the sidebands are adequately separated from the carrier and thus the peaks can be 

accurately tracked to evaluate the modulator’s performance as seen by the examples of 10, 15, 

20, 30, 40, and 50 GHz modulation signals in Figure 7.3(b). 
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Figure 7.3: A block diagram detailing the different equipment used to measure the EO modulator 

response from 1 to 110 GHz of a SiN/LN MZM designed for wavelengths in the O-band. For 

frequencies greater than 10 GHz the OSA method can be used to track the modulated sideband peaks. 

For frequencies less than 10 GHz a 40 GHz photodetector (PD) and high-speed sampling oscilloscope 

(OSC, DCA-X) are used to track the modulated signal peak-to-peak voltages. (b) Measured OSA traces 

at different modulation frequencies of the O-band SiN/LN MZM before factoring out the RF power 

delivered to the device. Frequencies less than 10 GHz are lost in the carrier signal width. (c) An example 

of the measured modulated signal at 1 GHz using a photodetector and oscilloscope. 

 

As a result of this limitation, four different frequency ranges were measured to obtain the 

full modulator response from 1 to 110 GHz as diagramed in Figure 7.3(a). At lower frequencies 

(< 30 GHz), the peak-to-peak amplitude of the modulated optical signals was detected with a 

high-speed photodetector (40 GHz bandwidth) and sampling oscilloscope (Keysight DCA-X 

86100D) (see Appendix B.2 for more information). An example of this measured modulated 

signal with the photodetector and oscilloscope is demonstrated in Figure 7.3(c) when the device 

is driven at 1 GHz. For higher frequencies, the optical spectra were measured using the Ando 

OSA with 10 pm resolution (see Appendix B.1 for more information). Active RF multipliers 

driven by the RF sweeper were used to generate frequencies between 50 - 75 GHz and 75-110 

GHz. The amount of RF power delivered to the device was calibrated for each band of the 

measurements (see Appendix B.3 for more information).  

Figure 7.4 shows the measured EO response referenced to 1 GHz where the different 

colors correspond to the four measurements described above. Inductively loaded slow-wave 

electrodes were designed to achieve index matching between the RF and hybrid optical waves as 
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well as impedance matching to a 50 Ω load. This is evident by the flat response at frequencies 

less than 20 GHz. The 3-dB bandwidth of the O-band SiN-LN MZM is about 80 GHz; however, 

the EO response does not roll off significantly below the 3-dB line even at 100 GHz and is about 

-4.2 dB at 110 GHz.  

 

Figure 7.4: Measured EO response of the 0.93 cm long SiN-LN MZM referenced to the 1 GHz value 

using a high-speed sampling oscilloscope (blue stars), an OSA (red circles), and active multipliers 

(yellow diamonds and purple squares). 

 

In summary, these results show that a SiN/LN hybrid MZM can have similar high-speed (3-

dB bandwidth > 80 GHz), high ER (25 dB), and low-voltage (V = 2.9 V) performance 

compared to a Si/LN MZM in the O-band (Chapter 5) as well as etched TFLN modulators [97] 

and deposited SiN/LN modulators [115]. Unfortunately, due to the single-layer SiN transitions 

used at the bonded TFLN edges, the insertion losses were quite high (15 - 20 dB). In theory, the 

SiN/LN platform could offer an alternative to the Si/LN structures demonstrated in Chapter 6 for 

high optical power handling as SiN has a much smaller TPA coefficient than Si. However, with 

such insertion losses we could not perform a high-power study with the EDFA available in our 
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lab. In the future, alternative transition sections could be employed, such as multi-layer vertical 

couplers, to reduce these transition losses.   
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Chapter 8  
 

Hybrid Bonded SiN/LN EOMs with CMOS Buried 

Electrodes 

8.1 Introduction 
 

All the devices demonstrated in this dissertation to this point were driven using Au 

electrodes which were fabricated above the bonded TFLN layer and developed outside of the 

CMOS facility. While these structures work to show independent modulator performance, it can 

be more difficult to integrate such a device with other active components (lasers, detectors, 

isolators) that also require electrical contacts and drivers. A more general CMOS processed 

circuit can contain multiple layers of materials including metal, Si(N) waveguides, dopants, and 

multiple layers of planarized oxides. Alternatively, one may instead define the electrodes using 

the same buried metal layer that is part of the CMOS-compatible fabrication of the Si or SiN 

layer stack in a foundry Si photonics process, and is used for the electrodes in Si carrier-

depletion modulators [11,13,71,126]. Earlier hybrid bonded MZM devices of this type 

demonstrated a 3-dB electro-optic bandwidth of about 30 GHz and half-wave voltage (V) of 

13.6 V [20]. Here, we demonstrate an integrated hybrid bonded SiN/LN modulator for the O-

band (1310 nm) which uses these buried electrodes (BEs) and shows a greatly improved EO 3-

dB bandwidth greater than 110 GHz, and a half-wave voltage of 5.6 V (VL = 2.8 V.cm) with a 

high optical extinction ratio exceeding 28 dB. Also, this device is compared to a similar hybrid 
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MZM with gold electrodes fabricated on top of the TFLN layer, which shows similar 

performance. 

 

8.2 BE vs TE SiN/LN: Comparison of RF Design 
 

Figure 4.4 shows the cross-sectional schematic of the buried-electrode (BE) and top-

electrode (TE) MZM designs which were fabricated on the same chip.  The stack includes 5 mol-

% MgO-codoped TFLN of 200 nm thickness as the EO layer. The BE design uses the “M1” 

composite-metal layer which is made of Ti/TiN/Al (primarily Al of thickness 870 nm) with a 

conductivity of 2.6e7 S/m, and the TE design uses Au of thickness 750 nm and a conductivity of 

4.1e7 S/m. The optical mode is confined to a small region in the vicinity of the SiN rib 

waveguide and is the same for both designs (900 nm wide by 180 nm thick). The RF materials 

properties and the position of the electrodes in the stack are both different and impact the optimal 

electrode device design in each case. 

 

Figure 8.1: The simulated (a) RF effective index, nRF, (b) RF loss, and (c) characteristic impedance of 

a SiN-LN MZM with buried electrodes (BE) CPW structure (solid) and top Au electrodes (TE) using 

standard CPW structures (dotted line) and a SWE structure (dashed line). The dash-dot black line in (a) 

corresponds to the simulated optical group index, ng, at 1310 nm. 

 

Figure 8.1(a) shows the simulated nm, as a function of frequency using the buried metal 

layer (solid blue trace) and the top Au layer (dotted red trace). The electrode gaps, G, are 6 µm 
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and 5.5 µm wide for the BE and TE structure, respectively and the signal width, ws, is 16 µm. 

The buried metal layer is 3 m away from the HR-Si substrate, whereas the Au layer is 4.1 m 

from the substrate. Because the Au layer is farther from the high index substrate, the well-

confined CPW mode in the TE design sees more of the oxide, resulting in an nm of 1.89 at 110 

GHz. The optical group index, ng, is simulated to be 2.095 at 1310 nm, and is shown by the black 

dash-dot line in Figure 8.1(a). This results in near-perfect index matching for the BE device, but 

a 10% mismatch for the TE design when using a standard CPW structure with electrode gap of 6 

µm and a signal electrode width of 16 µm [see Figure 8.1(a)]. Since the baseline TE design 

results in nm < ng, a SWE design can be implemented to achieve the required index match, 

similarly described in Section 3.2. The dotted red curve in Figure 8.1(a) is the simulated nm using 

an inductively loaded SWE design using the top Au layer, resulting in a less than 1% index 

mismatch to the O-band hybrid mode, similar to the BE device. Figure 8.2(a) and Figure 8.2(b) 

depict the BE standard CPW structure and TE inductively loaded SWE structure, respectively. 

The design parameters of the SWE used to achieve index matching are h = 2 µm, L = 20 µm, and 

w = 5 µm. With similar electrode thicknesses, the higher conductive CPW (gold) is expected to 

have less RF propagation loss compared to the M1 CPW as shown by the red traces in Figure 

8.1(b).  
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Figure 8.2: A top-view schematic of the (a) BE CPW MZM and (b) TE SWE MZM. (c) A stitched 

optical microscope image showing the 0.5 cm long SiN-LN MZM with buried M1 electrodes. (d) A 

stitched optical microscope image showing the 0.4 cm long SiN-LN MZM with top Au electrodes. 

 

Figure 8.2(c) and Figure 8.2(d) show the fabricated BE and TE devices, respectively. The 

SiN layer was deposited using a PECVD process as part of the silicon photonics fabrication at 

Sandia National Labs. The hydrophilic bonding and electrode formation steps were performed as 

described in Section 4.2. The LNOI substrate was removed after bonding to access the LN film 

and deposit the Au layer. The active electrode length of the TE device (0.4 cm) is shorter than 

the BE device (0.51 cm). This is because the Au layer must remain within the bonded region on 

top of the TFLN section, while the buried metal must extend beyond the perimeter of the TFLN 

section so that RF probes can be physically landed in contact with the G-S-G pads after a pad-

opening etch to access the buried metal layer.  

 

8.3 BE vs TE SiN/LN: Comparison of EO Operation 
 

A tunable O-band laser (+10 dBm optical power at the source) was edge-coupled to the 

chip using lensed tapered fibers. The end-to-end optical insertion loss was measured to be about 

16 dB for both designs. Cutback waveguides of the feeder section (1200 nm wide by 180 nm 
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thick) were measured, resulting in an optical propagation loss of 0.34 dB/cm [see Figure 4.8(c)]. 

From these measurements, the losses from edge coupling for these devices were determined to 

be 2.7 dB/facet. From Lumerical Mode simulations the optical loss of the phase-shifter section is 

expected to be 0.2 dB/cm and 0.005 dB/cm for the TE and BE structures, respectively. Thus, 

most of the loss is estimated to be from the optical mode traversing the edge of the bonded TFLN 

section. Compared to the hybrid Si-LN devices in Chapter 4, where the feeder waveguide in the 

underlying high-index Si layer confines most of the light away from the index discontinuity at 

the unbonded-to-bonded edge interface, the low refractive index of SiN incurs high transition 

losses. The SiN layer must be close to the surface for the hybrid mode design in the phase-shift 

EO segment. Other reports have shown lower transition loss using a bilayer vertical SiN coupler 

[20] but a bilayer SiN process was not available here. This additional loss does not affect the 

measurements of the EO section as it originates before and after the hybrid mode and phase-

shifter. 

A similar method as demonstrated in Figure 6.5(b) was used here to determine the low-

speed (100 kHz) V of the modulators. Figure 8.3(a) shows the measured modulated light from 

the BE device as a function of applied voltage when the measured and applied signals are folded 

over each other. A cosine-squared function (red line) was fit to the data (black dots), resulting in 

a V of 5.6 V and voltage-driven ER of 28 dB. Figure 8.3(b) shows a measurement similar to 

Figure 8.3(a) but for the TE device, resulting with V equal to 6.4 V. In addition, the inset to 

Figure 8.3(b) shows the measured VL as a function of applied signal frequency resulting in an 

average VL equal to 2.5 V.cm and negligible change in VL over four decades of frequency 

range from 100 Hz to 1 MHz. The lengths of the BE and TE devices are 0.51 cm and 0.4 cm, 

which result in a VL product of 2.8 V.cm and 2.5 V.cm, respectively. For a fairer comparison, 
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the measured VL should be normalized by the electrode gap because they are slightly different 

(6 m vs 5.5 m). The VL/G for the BE and TE MZMs is 0.48 V.cm/m and 0.46 V.cm/m, 

respectively. These results correspond extremely well with the simulations presented in Figure 

2.11(d) and Figure 2.23(b). The vertical separation (hbuff = 220 nm) between the buried metal and 

the TFLN film slightly reduces the RF-optical mode overlap, which leads to a slightly less (2.6% 

less VL/G) efficient MZM device in the BE case when fabricated using the same cross-sectional 

stack.  

 

Figure 8.3: The normalized measured optical power (black) as a function of applied voltage when 

driven with a 100 kHz trapezoidal waveform for the (a) BE and (b) TE SiN/LN devices. The electro-

optic response (referenced to 1 GHz) of the (c) BE and (d) TE SiN/LN devices. 

 

The high-speed EO modulator responses of these O-band devices were measured using 

the frequency banded method described in Figure 7.3(a). For frequencies greater than 20 GHz, 
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the OSA method in Appendix B.1 was used, whereas, due to the limited resolution (0.01 nm) of 

the OSA, the time-domain method in Appendix B.2 was used for frequencies less than 30 GHz. 

Figure 8.3(c) and Figure 8.3(d) are plotted with different symbols for the range of frequencies 

generated directly by the RF synthesizer or with X4 and X6 active RF mixers. The measurements 

were normalized to the RF power delivered to the chip, and the photodetector response versus 

RF frequency as calibrated by the manufacturer (see Appendix B.3). Both devices show a 3-dB 

EO bandwidth of over 110 GHz when referenced to 1 GHz. The initial increase in the EO 

response for sub-10 GHz frequencies in Figure 8.3(d) is a trait of the characteristic impedance of 

the SWE transmission line being greater than 50 , which can be seen in Figure 8.1(c). While 

both these devices are essentially similar in performance, longer MZM devices of both types on 

the same chip have not yet been fabricated and may reveal further insights into the difference 

between the TE and BE designs in the future. Accounting for the 0.5 m variation in electrode 

gap between the two devices, the BE MZM achieves similar performance to the TE MZM, but 

with a simpler back-end fabrication process, at the cost of additional front-end processing steps. 

These results show that high-speed hybrid bonded TFLN modulators can be incorporated with a 

CMOS-compatible silicon-photonics process for future scalability and integration, and in fact, 

both TE and BE designs can be conveniently incorporated on the same chip if desired. 
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Chapter 9  
 

Hybrid Bonded SiN/LN EOMs at Near-Infrared 

Wavelengths 

9.1 Introduction 
 

Historically, electrically driven modulation of laser light at near-infrared (NIR) 

wavelengths around 0.8 𝜇m was used in compact disc technology [137], spectroscopy [72] and 

optical communications [138,139]. These wavelengths are less absorbed by water and penetrate 

more deeply into skin, and are used in sensors, biological and chemical applications [75,76] and 

phototherapy [140,141]. NIR optical modulators are used to generate pulse sequences in 

quantum optics [142] and for qubit readout [143]. In communications, externally modulated 

lasers have not outperformed directly modulated lasers in optical interconnects at NIR 

wavelengths, whereas the opposite is true in the telecom band [144]. Improved performance, 

integration, and scalability of NIR EO modulators can thus benefit many applications including 

communications and information processing, sensing and spectroscopy, biomedical sciences, and 

laser technology. 
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Figure 9.1: (a) A top-view schematic of the hybrid bonded SiN-TFLN modulator (not to scale). (b) 

The simulated ng, and ΓLN as a function of the SiN waveguide width. The vertical dot-dashed red line 

corresponds to the mode shown in panel (e). The horizontal dashed black line corresponds to the 

simulated RF index at 110 GHz for the RF transmission line. The cross-sectional Poynting vector 

magnitude is shown of the (c) feeder SiN waveguide (no TFLN), (d) transition SiN waveguide, and (e) 

the phase-shifter section hybrid waveguide when  = 784 nm. (f) A section of the RF transmission line 

with dimensions discussed in the text. (g) An optical microscope image of hybrid chip with a few 

different MZM structures. 

 

Figure 9.1(a) shows a top-down schematic of the hybrid MZM device. The optical index 

and mode fraction contained in TFLN can be varied by changing the SiN width (more details in 

Section 2.4), as shown in Figure 9.1(b). In contrast to hybrid Si waveguides, the lower refractive 

index of SiN requires a different transition design. The input and output sections are defined in 

thin SiN waveguides whose height is 0.18 m and width is 0.5 m with an oxide cladding, and 
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whose TE-polarized fundamental optical mode profile is shown in Figure 9.1(c). The feeder 

waveguide makes a two-stage transition, with a first mode-expansion stage implemented before 

the edge of the bonded TFLN region to the mode profile shown in Figure 9.1(d), where the SiN 

width is increased to 2.0 m. The second part of the transition is past the bonded edge, where the 

waveguide is adiabatically narrowed down over a length of 100 m to a width of 0.9 m, which 

results in pushing most of the light into the TFLN region. This mode, shown as Figure 9.1(e), is 

used in the EO phase shift section with the x-cut TFLN. The RF traveling-wave electrodes were 

designed as slow-wave structures as described in Chapter 3.2. A section of the electrode structure 

is shown in Figure 9.1(f) and the indicated dimensional parameters can be varied to achieve RF-

optical index matching. The EOM devices reported here used G = 4 m, h = 2 m, L = 20 m, 

and t = 15 m. The dashed lines in the top sub-panel of Figure 9.1(b) shows the simulated RF 

index (nm = 2.24) which matches the optical group index of the mode shown in Figure 9.1(e).  

Figure 9.1(g) is a stitched microscope image of a portion of one of the microchips, 

showing a few EOM devices fabricated along the east-west direction. The MZM shown in the 

center of Figure 9.1(g) is the 0.8 cm long device described here. The SiN feeder waveguides are 

visible outside the bonded region, and transition seamlessly to the hybrid waveguides under the 

bonded region. The 2x2 couplers at the input and output sections are designed as MMI couplers 

using the feeder mode shown in Figure 9.1(g) and are 8 µm wide by 96 µm long to facilitate a 3-

dB splitting ratio. While not affecting the design or performance of the EO phase-shift section, 

the overall insertion loss can be improved by using multiple SiN layers in the transition region 

[20]. Also, the waveguide-fiber edge couplers were defined here as inverse tapers in a single SiN 

layer and were not optimized for stand-alone performance.  
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9.2 NIR SiN/LN EO Measurement Results 
 

To measure the EO performance, a distributed feedback laser (784 nm wavelength; 

ThorLabs, Inc.) was coupled to the chip with lensed tapered fibers. The on-chip optical power 

was about 0 dBm (1 mW). High-speed ground-signal-ground RF probes rated to 110 GHz 

(Picoprobe Model 110, GGB Industries) sourced and terminated the traveling-wave electrodes 

and were used with standard low-loss 1.0 mm RF cables and connectors.  

A similar measurement scheme shown in Figure 6.5(b) was used to measure V of these 

NIR MZMs, but with a visible photodetector (FPD610-FC-VIS, MenloSystems). A 4 Vpp 

trapezoidal signal was used to overdrive the devices. This waveform is post-processed to map the 

modulated signal to the applied voltage and fit to a cosine-squared function. Figure 9.2(a) and 

Figure 9.2(b) show these mappings resulting in a V of 2.0 V and 1.0 V for the 0.4 cm and 0.8 

cm long MZMs, respectively (VL = 0.8 V.cm). Compared to devices at telecom wavelengths, 

the NIR hybrid MZM achieves a smaller VL = 0.8 V.cm because of three factors: the direct role 

of  in the numerator of Eq. (2.7), the higher refractive index ne at shorter wavelengths, and a 

reduced G (4 m in this case) which is permitted by the tighter mode confinement without 

incurring higher optical propagation loss from interacting with the metal electrodes [see Figure 

2.26(c)]. This measured VL compares well with the simulated VL of 0.75 V.cm in Figure 

2.25(c), which gives a good indication that the MZMs designed for 633 nm wavelengths can be 

even more efficient (Figure 2.25(d) predicting VL of 0.45 V.cm). In Section 6.2, the VL of a 

hybrid Si/LN MZM designed around 1550 nm was 3.1 V.cm; the reduced VL of 0.8 V.cm of 

this device implies a power reduction of about 12 dB may be achieved by electrical driver 

circuits at NIR wavelengths. A portion of the trace shown in Figure 9.2(b) is converted to the 
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logarithmic scale for the vertical axis in Figure 9.2(c), from which an ER of about 31 dB was 

measured. This high degree of interferometric cancellation confirms that the couplers are well 

balanced and the mode transitions to the hybrid mode preserve the TE polarization state.  

 

Figure 9.2: (a,b) The normalized optical power measured as a function of applied voltage for the hybrid 

MZM with length 0.4 cm [panel (a)] and 0.8 cm [panel (b)]. The solid lines are fits to the data using 

the squared-cosine functional form, which yields V. (c) A magnified portion of the data in panel (b) 

with a logarithmic vertical scale to quantify the ER. 

 

Similar to the O-band SiN-LN MZMs reported in Chapter 7 and Chapter 8, a 

combination of measurements was used to characterize the high frequency EO response from 1 

to 110 GHz as shown in Figure 9.3(a). In this case, the time-domain method is used for 

frequencies less than 30 GHz to ensure enough points overlap between the two methods in the 

NIR regime. At short wavelengths, combinations of techniques have been used since the earliest 

reports of modulators [145]. From 20 GHz to 110 GHz, the OSA method described in Appendix 

B.1 was used to measure the spectra of the modulated signals, where X4 and X6 active RF 

multipliers were used to achieve frequencies greater than 50 GHz. For frequencies less than 30 

GHz, the modulated signals were measured with a high-speed 35 GHz visible photodetector 

(Model 1471, Newport Corporation) and a high-speed sampling oscilloscope (DCA-X, Keysight 

Technologies). A fiber-pigtailed semiconductor optical amplifier (BOA785S, ThorLabs, Inc.) 

was used after the chip to amplify the optical waveform. The peak-to-peak voltage of the 
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detected signal was recorded for each modulation frequency in steps of 1 GHz. For each of the 

four measurement bands the amount of RF power delivered to the devices was calibrated out [see 

Appendix B.3]. Measurements made in the overlapping RF frequency ranges show smooth 

continuity to within a small fraction of a dB with no artificial manipulation or stitching.  

 

Figure 9.3: (a) Schematic for measurement of the EO response. (b,d) EO response measurements over 

1 to 110 GHz of a hybrid TFLN-SiN MZM with phase-shift length 0.4 cm and 0.8 cm, respectively. 

The four colors for the data points represent the four RF measurement bands as described in the text. 

Each trace is normalized to the corresponding EO response at 1 GHz. (c) V(f) normalized to 100 kHz 

for the two MZMs. The dashed lines show √2 V(DC) in each case. 

 

The EOR for two MZMs, with phase-shifter lengths 0.4 cm and 0.8 cm, are shown in 

Figure 9.3(b) and Figure 9.3(d), respectively. The four colors in each curve represent the EOR 

measurements from the four overlapping RF frequency bands: 1 GHz to 30 GHz in black color, 

20 to 50 GHz in blue, 47 GHz to 78 GHz in red, and 72 GHz to 110 GHz in cyan. Generally, a 

small amount of noise was present at the last two or three points of each range where use the 

components slightly past their stated range. We have not removed or averaged out these artifacts 
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for clarity, but they can usually be dropped in favor of the data points from the next band. The 

significance of the 3-dB frequency f0 is that the EO response rolls off as [1 + (
𝑓

𝑓0
)
2

]
−1

 as f 

increases above f0. The EOR response does not roll off below 3 dB (shown as a dashed line) 

except at the far edge of the measured RF range, above 100 GHz, which we therefore take as the 

3-dB roll-off frequency.  

 

Figure 9.4: (a) A block diagram of the high-speed serial PRBS-15 data measurement using the NIR 

SiN/LN MZM. (b) The measured eye diagram from a PRBS-15 signal at 25 Gbps with no 

precompensation or signal processing. 

 

To further test the NIR hybrid bonded SiN/LN MZM, a high-speed serial data 

measurement was performed as diagramed in Figure 9.4(a). An arbitrary waveform generator 

(AWG, Tektronix AWG70002) provided a pseudorandom bit sequence (PRBS)-15 signal with 

500 mV peak-to-peak voltage at a data rate of 25 Gbps (highest voltage limit and data rate of the 

current AWG available in our lab). This signal was amplified to ensure that about 1.3 Vpp was 

applied to the chip by using an RF amplifier (Keysight N4985A) and inline fixed RF attenuators 

rated to 18 GHz. The modulator was biased with a DC voltage of 1.2 V using a high-speed bias-

T. The modulated optical signal was amplified using a 780 nm optical amplifier (ThorLabs, BOA 

785S) and detected using a 35 GHz visible photodetector (PD, Newport 1474-A) and a sampling 

oscilloscope (Keysight DCA-X 86100D) to generate the open eye diagram shown in Figure 
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9.4(b) with a measured signal-to-noise ratio of 6.2 dB. No pre-emphasis, compensation or signal 

processing was done on the measurement. 

 

9.3 NIR SiN/LN Discussion 
 

 

Figure 9.5: Scatter plot of 3-dB EO Bandwidth (GHz) versus half-wave voltage (V) for various MZM 

devices with slope lines at 1, 10, 50 and 100 GHz/V indicated. The correspondence between the 

numerical labels for the data points and the citation-list numbers is provided in Table 9.1. Labels 1 and 

2 are this work. Black squares represent short-wavelength modulators (wavelengths below 1 um) 

whereas open circles are at longer wavelengths (typically, 1310 nm or 1550 nm). 

 

The hybrid MZM with L = 0.8 cm is the first modulator, to our knowledge, that achieves 

100 GHz EO bandwidth and V = 1 V simultaneously. Figure 9.5 shows a collection of reported 

MZM performance as a two-dimensional scatter plot with half-wave voltage on the horizontal 
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axis (right to left) and 3-dB EO bandwidth on the vertical axis. In this representation, points to 

the upper-right (north-east) section are desirable, and dashed lines with various slope efficiencies 

are indicated. The data points in Figure 9.5 are labelled with numbers which correspond to the 

references in Table 9.1. This device uses the Pockels field effect in a push-pull MZM 

configuration [146] which can offer very high bandwidths and high on-off extinction ratio and is 

complementary to other field-effect modulators [147–150]. Although MZM devices are longer, 

the length is less than a centimeter, which is much shorter than traditional LN modulators. While 

a lower value of the 𝑉𝜋𝐿 product can be achieved in TFLN modulators with plasmonic effects 

[151], it is important to achieve a low 𝑉𝜋 which dictates the driver requirements and energy 

dissipation cost, and thus, voltage is used as the horizontal axis of Figure 9.5. 

Resonant EO modulators, which use different design principles and operate in a different 

portion of the performance space, are not shown in Figure 9.5. Among these, two notable EOMs 

are the graphene and plasmonic ring resonators [152,153]. The former uses only a monolayer of 

EO material and yet has shown an efficiency of about 3 GHz/V (30 GHz / 7.5 V driving voltage). 

The latter can achieve very high modulation bandwidths (possibly exceeding 1 THz), and at the 

measurement limit, an efficiency of about 33 GHz/V (110 GHz / 3.3 V). On the other hand, a 

microresonator based device may exhibit spectral ripple from the cavity free-spectral range, is 

sensitive to wavelength (or bias) and may have a smaller extinction ratio compared to MZM 

devices.  

The achieved 3-dB bandwidth to half-wave voltage ratio of 100 GHz/V from this SiN/LN 

MZM establishes a new benchmark in EO modulator performance. NIR photonics applications 

including communications and signal processing may now benefit from having as much EO 

bandwidth as the best telecom band MZM's, but with an order-of-magnitude lower electrical 
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power requirement. Scalability of NIR integrated photonics will be facilitated by the simple 

fabrication method of these hybrid MZM devices with today's silicon photonics platforms. 

 

Table 9.1: References for data points in Figure 9.5. 

Figure Label Ref. # 

1 This Work 

2 This Work  

3 [154] 

4 [155] 

5 [156] 

6 [157] 

7 [158] 

8 [159] 

9 [160] 

10 [161] 

11 [162] 

12 [163] 

13 [164] 

14 [165] 

15 [166] 

16 [145] 

17 [167] 

18 [145] 

19 [168] 

20 [169] 
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Chapter 10  
 

Summary and Outlook 

The findings of this dissertation have demonstrated that high-speed, > 110 GHz class, and 

low-voltage, CMOS level, EOMs are feasible on a Si photonics wafer process by 

heterogeneously integrating with TFLN. We have pushed the envelope of modulator 

performance by showing the world’s first modulator that achieves 100 GHz 3-dB bandwidth 

with 1 V driving voltage (100 GHz/V efficiency). These hybrid modulators take the ‘best-of-

both-worlds’ approach by leveraging the high EO Pockels effect of LN with the robustness, 

scalability, and lithographic control of Si photonics. Optimizing the hybrid mode design for 

minimal V simultaneously minimized the impact of high intensity nonlinear optical effects in 

Si/LN such as TPA, FCA and FCD. This resulted in a Si/LN MZM that can modulate at greater 

than 110 GHz speeds while handling greater than 110 mW of optical power, which can greatly 

benefit the gain and NF of an RF-photonic link.  

Using the LN film in specified regions dedicated for EO phase-shifting allows for 

additional integration with other photonic components. This was demonstrated using our Si/LN 

MZM platform integrated with high Q-factor Si microresonators (Q-factor of 1.14 × 105) to 

enable photon pair generation and the control of the two-photon JSI [51,114]. A SiN/LN MZM 

was also developed using the CMOS fabricated buried metal layer with comparable high-speed 

and low-voltage performance to a post-fabricated Au driven SiN/LN MZM. This work lays the 

foundation for the hybrid bonded Si(N)/LN platform to be co-integrated with other active 

components, such as a Si/III-V gain sections, Si/Ge photodetectors, and SiN/AlN acousto-optic 
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isolators as demonstrated by Figure 10.1 for a fully integrated, CMOS-compatible system on a 

chip.  

 

Figure 10.1: A cross-sectional example of an integrated system with a suspended optical isolator, III-

V/Si quantum well laser, hybrid SiN/LN MZM, and Ge photodetector.  

 

10.1 DC Bias Drift: Preliminary Study and Observations 
 

EO MZMs have a transfer function that varies sinusoidally with the applied DC bias 

voltage, Vdc, to the device [see Figure 2.5(b)]. In the measurements presented in this dissertation, 

we did not use a DC bias but instead, tuned the wavelength with a tunable laser, as most of the 

modulators had an asymmetric path-length difference or were already at the quadrature 

wavelength by design (symmetric). When a DC voltage is used to bias a modulator at a particular 

point on the sinusoidal transfer function (e.g, the quadrature, the null, or the peak), there is a 

phase, 𝜙, that is applied to the modulator. This phase can change with time [𝜙(𝑡)] due to trapped 

charges, thermal effects (thermo-optic and pyroelectric), or strain-induced charges which lead to 

a built-in E-field that can screen the applied voltages [170]. Low frequency bias drift has been 



152 

 

shown to affect x-cut LN modulators when there is a buffer oxide layer between the driving 

electrodes and LN surface [170–173]. There is no such oxide layer in our top electrode devices 

since the gold (Au) electrodes are patterned directly on the LN surface. While we do not know if 

surface charge accumulation plays a significant role, we think it is unlikely as there are large Au 

ground planes in contact with the surface. If there is, then the long-term stability of our hybrid 

bonded MZMs could be impacted while biasing at a particular Vdc.  

 

Figure 10.2: A schematic block diagram showing the measurement of the DC bias drift of a hybrid 

bonded Si(N)/LN MZM using a high-speed bias-t and a programmable DC bias source. The modulated 

signals are monitored using the OSA method described in Appendix B.1. 

 

To determine if there is long term bias drift that may impact the hybrid bonded MZM 

performance, a bias-t rated up to 50 GHz is used in conjunction with a DC voltage source 

(Keysight E3611A) and the RF synthesizer to drive the devices as diagramed in Figure 10.2. The 

output of the modulators is fed to an OSA to see the carrier signal and generated sidebands. By 

monitoring the first-order and second-order sidebands over time the modulation index, 𝑚 =

𝜋

2

𝑉𝑅𝐹

𝑉𝜋
, and the imparted phase can be evaluated and tracked using Eqs. (B.5) and (B.6) from 

Appendix B.1.  
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Figure 10.3: (a) The applied DC bias voltage as a function of time. It is stepped from 0 V to 5 V in 1 

V increments and held for 2 minutes before each consecutive step. Vdc = 5 V is held for the remainder 

of the measurement. (b) The tracked carrier signal peak as a function of time. From 630 seconds 

onward, the variation in Pc is from mechanical drift of the fibers coupling light to the chip. (c) The 

FSCR of the first sideband (shorter wavelength) as a function of time and Vdc. (d) The difference 

between the measured FSCRs (shorter vs longer wavelength) which are measured a few seconds apart 

showing there is minimal drift during the OSA scans. (e) The measured SSCR as a function of time and 

Vdc, which is constant (as expected from Eq. (B.6)). (f) The calculated phase, , from the measured 

FSCR and SSCR as a function of time and Vdc.  

 

 

Figure 10.3 shows an example of a SiN/LN MZM with top Au electrodes modulating a 

carrier signal at 1310 nm at 30 GHz with varying DC bias over the course of 1 hour. Figure 

10.3(a) is the voltage ramp showing that Vdc was stepped in 1 V intervals, held for 2 minutes at 

each DC bias, then stopped at Vdc = 5 V for over 45 minutes. As seen by the measured FSCR and 

extracted phase, , in Figure 10.3(c) and Figure 10.3(f) there is an exponential drift upon the 

change in DC bias over 5 minutes which then stabilizes. There is, however, phase drift on the 
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order of 0.1-0.2 radians over 15 minutes (see the zoomed region in Figure 10.4) which then 

settles for the remainder of the measurement.  

 

Figure 10.4: The same measured  from Figure 10.3(f) but zoomed into the ‘hold’ regime (Vdc = 5 V 

for 3000 s). There is an initial overshoot in  in the first 4.5 minutes from changing the bias from 4 to 

5 V (seen in every step). Then  is stable at 1.0 ± 0.01 radian for 12 minutes before decaying by 0.2 

radians over a span of 12 minutes. It is then stable for the remaining 19.5 minutes. 

 

From this initialization measurement it can be inferred that the drift direction depends on 

where the initial bias begins. For example, if the device is biased on the rising slope of the MZM 

transfer function, then FSCR > 0; whereas FSCR < 0 when biased on the falling slope. 

Furthermore, the mechanical drift of the lensed tapered fibers used to couple light onto the chip 

can be seen in Figure 10.3(b) by monitoring the carrier signal peak while holding the bias 

voltage constant. While this fiber alignment drift does change the overall optical power delivered 

to the OSA, it does not impact the change in FSCR, SSCR, of  because these values are 

normalized to the carrier signal peak.  

Figure 10.4 proves that a form of long-term drift can impact the hybrid bonded SiN/LN 

MZMs. This drift must be accounted for and controlled if the devices will be used in any long-
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term (multiple hours) experiments or used commercially. In a practical setting, the majority of 

the modulated signal should be routed to the RF-photonic system link detector as opposed to an 

OSA. For this, an external 90-10 tap can be used to both monitor the phase drift as well as use 

the modulation for practical applications such as generating eye diagrams. Figure 10.5 describes 

the logic flow for monitoring and controlling the bias drift of our hybrid bonded Si(N)/LN 

MZMs using spectral domain measurements. This method is generalized in the sense that the 

devices V and bias voltage to achieve the target phase setting (i.e, quadrature, null, etc) are 

assumed to be unknown. In this example the target bias is in the linear regime of the transfer 

function (quadrature,  = /2). First, a coarse DC voltage sweep is performed to map the MZM 

transfer function at the user-selected input wavelength (blue data points in Figure 10.6). This 

gives a general idea of the Vdc to set to the target phase. Secondly, the quadrature voltage is 

determined by finding the Vdc that achieves a phase that is closest to n/2, where n is an odd 

integer. Then a fine(r) bias sweep is performed around this initial quadrature Vdc to better lock-

on to quadrature point in steps of 0.25 V (red data points in Figure 10.6). From here, the DC 

voltage will remain constant at the quadrature point unless  (when compared to the previous 

OSA scans) has changed by a user-determined threshold, for example ± 0.05 radians. If so, then 

Vdc is changed accordingly to adjust the phase back to within the threshold range. This can be 

applied to peak or null bias points as well by setting the desired phase to 0 or  radians instead of 

/2. An example of this is shown by the voltage ramps in Figure 10.6(a).  



156 

 

 

Figure 10.5: The flow-chart diagram of the Si(N)/LN MZM DC bias drift control using an OSA to 

monitor the modulated sidebands and resulting phase. 

 

Figure 10.6(b) shows the extracted phase as a function of time over the course of 9000 

seconds (2.5 hours) when the control scheme described in Figure 10.5 is enabled for a SiN/LN 

MZM with top Au electrodes. The target bias point is quadrature in this case ( = /2) and the 

control method is able to lock on to this bias after the coarse and fine voltage sweeps (blue and 

red traces). After, the bias is maintained to within ±3% of /2 for 2 hours (yellow data points) by 

slightly adjusting Vdc as the phase drifts out of bounds (see the insets in Figure 10.6). The 

proposed control scheme shows phase stability over the course of two hours with no signs of 

losing control. In contrast, Figure 10.7(a) and Figure 10.7(b) shown the results when the phase is 

not controlled over time and the bias voltage is held constant for two hours (yellow data points). 

The quadrature point is only maintained for about 5 minutes before drift occurs. Note that the 

oscillations that occur after 8000 s in Figure 10.7(b) are not from DC bias drift, but from the 
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edge coupling lensed tapered fibers drifting from optimal power coupling to the device. This 

reduced the power measured at the OSA and at this moment the modulated second sidebands 

were lost to the noise floor of the OSA, causing the oscillations in the extracted phase.  

 

Figure 10.6: (a) The applied DC voltage and (b) extracted phase as a function of time to the symmetric 

SiN/LN MZM under test. First a coarse voltage sweep is done to map out the MZM transfer function 

(blue data points). Then a finer sweep (red data points) is performed around the quadrature point (3.5 

V to 5 V in this case). Lastly, the phase is locked to the desired target, /2 and maintained by applying 

slight 0.1 V adjustments as needed based on succeeding OSA measurements (yellow data points). The 

insets are zoomed sections of each voltage ramp and resulting phase. 
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Figure 10.7: (a) The applied DC voltage and (b) extracted phase as a function of time to the symmetric 

SiN/LN MZM under test. First a coarse voltage sweep is done to map out the MZM transfer function 

(blue data points). Then a finer sweep (red data points) is performed around the quadrature point (3.5 

V to 5 V in this case). The phase is not locked, and a constant voltage of 5 V is applied for 2 hours, 

quickly leading to bias drift.   

While these results are preliminary, they do offer valuable insight into the DC drift 

effects of TFLN based MZMs. Even though there is long-term drift on the minutes-to-hour time 

scale, this drift in the target bias phase can be controlled by monitoring the modulated signal 

spectra. This control is maintained for multiple hours to within 3% of the target phase. With 

minor adjustments to the control algorithm, our hybrid bonded Si(N)/LN MZMs could be 

utilized in commercial applications with no worry of malfunction with biasing via wavelength 

(asymmetric MZMs) or via DC voltage as shown here.  

 

10.2 Integration of Hybrid MZMs with Silicon Photonic Devices 
 

10.2.1 Integrated High Quality Factor Microrings 
 

The separation of the SOI and LN layer and their respective functionalities allows for a 

wide range of device customization, as the Si layer can host a multitude of passive and active 
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devices fabricated in a CMOS process at the same time as having a hybrid region dedicated to 

high bandwidth voltage-driven optical modulation. There may be some changes required in the 

device design or fabrication process to facilitate this modular approach. For example, the 

standard Si-photonic optical devices are implemented on a SOI platform with 220 nm Si 

thickness, while this hybrid bonded platform uses a 150 nm thick Si layer, and therefore the 

rings, gaps and transitions must be redesigned. As an example, we demonstrate high-Q single 

microring resonators for narrow band single photon generation [174] and a cascaded three stage 

second-order coupled microring filters [175–178] in a SOI platform which is outside of the 

hybrid bonded MZM region [Figure 10.8(a)] but part of the same chip. Figure 10.8(b) shows the 

transmission spectrum through the cascaded symmetric MZM (without modulation signal), 

single microring resonator and the three stage second-order coupled microring filters (Port 1 to 

Port 5 in Figure 10.8(a)). The FSR, insertion loss, and the extinction ratio of the high-order filter 

are 5.0 nm, less than 1 dB, and greater than 40 dB, respectively. The measured filter FSR agrees 

precisely with the design target, and the filter extinction ratio is high, and is likely limited in 

Figure 10.8(b) by the detection noise floor. The inset in Figure 10.8(b) shows the transmission 

spectrum of the inline microring resonator with a loaded quality-factor (Q-factor) of 1.14 × 105, 

at 1556.96 nm. This is comparable to a standard high-Q Si microring resonator we have 

previously fabricated using conventional 230 nm Si thickness and used for photon-pair 

generation using spontaneous-four-wave-mixing [179]. 
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Figure 10.8: (a) Schematic representation of a hybrid bonded thin-film MZM integrated with microring 

resonator based filters. (b) The measured transmission of a three stage second-order coupled microring 

filter cascaded with a ring resonator and symmetric hybrid bonded MZI fabricated using 150 nm thick 

Si waveguides. The inset shows the transmission spectrum of the micro-ring off-resonance from the 

filters, showing 3 dB bandwidth greater than 50 GHz. (d) The measured CAR values from the high-Q 

Si resonator with a loaded Q-factor of 1.14 × 105. (c) The measured EOR of the MZM from Port 1 to 

Port 4 such that the light was microring at varying single photon rates. The inset shows a corresponding 

histogram of the signal and idler cross-correlation coincidence peak. 

 

To determine the performance of the hybrid bonded symmetric MZM, the input laser 

wavelength was positioned away from the single microring and higher-order microring filter 

resonances [Port 1 to Port 4 of Figure 10.8(a)] and a DC bias voltage of 2.8 V was applied to set 

the quadrature bias point. The EO response was measured using the same method described in 

Appendix B.2, resulting with a 3-dB bandwidth greater than 50 GHz, as shown in Figure 10.8(c). 

For testing purposes only, the microring resonator section was diced out to separately measure 

the coincidence-to-accidentals ratio (CAR) versus the single photon count rate. High CAR values 

were measured as shown in Figure 10.8(d). The measurement to characterize the single photons 
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from this portion of the chip was performed with superconducting nanowire single-photon 

detectors similar to a setup used in [179]. The photon rates and CAR were limited in this case by 

the coupling losses of the chip segment after dicing (17 dB). These promising early results 

indicate that our hybrid bonded platform, which brings LN and SOI devices together, can open 

new avenues for gated photon-pair generation, filtering, switching, wavelength-shifting of 

photons and quantum pulse gate operations [6]. 

 

10.3 A Design for Si/LN EO Modulators Integrated with Lasers 
 

One of the strengths of the demonstrated hybrid bonded Si(N)/LN platform in this 

dissertation is its compatibility with CMOS fabrication processes and integration of high-speed 

low-voltage EO modulators in a region only where they are needed via the bonded LN films. As 

shown in Section 10.2, this gave the possibility of integrating a 110 GHz class Si/LN hybrid 

MZM with other Si photonic components outside of the bonded region such as high-Q Si 

microrings for photon pair generation. This is only one such example of Si/LN MZM integration 

with other photonic devices. Si photonics is a well-established platform that has been used with 

heterogeneously combination of other materials to provide functionalities that Si cannot 

normally exhibit such as lasing (III-V integration [99,100,180,181]), telecom range 

photodetection (Ge integration [98]) and visible range photodetection [182]. Thus, a fully 

integrated Si/III-V laser with high-speed Si/LN MZM is possible on the same Si photonic chip. 

Figure 10.9 is an example of a potential fabrication flow to jointly integrate III-V quantum well 

(QW) structures and TFLN with a single layer of patterned Si features.  
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Figure 10.9: A fabrication process flow for integrating hybrid Si/LN EO modulators with hybrid Si/III-

V gain sections with the same single layer patterned SOI. 

 

This fabrication flow example would utilize the same layer of Si waveguides that would 

taper in and out of the III-V gain region as the hybrid mode section of the EO region. This means 

that the hybrid Si/LN mode design is constrained by the design of the hybrid Si/III-V laser. 

Typical Si waveguide thicknesses for such lasers are on the order of 250 nm, unlike the 150 nm 

thick Si layer used for the Si/LN modulators presented in this dissertation. Figure 10.10(a)-(d) 

are the simulated neff, ng, opt, and LN of the fundamental TE0 and TM0 modes for the hybrid 

Si/LN cross section shown in Figure 10.9 with 400 nm thick TFLN. Because of the 250 nm thick 

Si layer, there is some mode competition for widths less than 250 nm between the two 

orthogonal polarizations. To ensure there is no coupling from the wanted TE0 mode to the 

unwanted TM0 mode (does not interact with the applied RF field in this x-cut LN configuration), 
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the waveguide width should be 250 nm or greater. However, if the waveguide is too wide 

(greater than 350 nm), then the confinement of the mode in the LN film reduces to below 20%.  

 

Figure 10.10: The simulated (a) neff, (b) ng, (c) opt, and (d) LN of the fundamental TE0 and TM0 Si/LN 

hybrid modes as a function of Si waveguide width. The waveguide thickness is 250 nm, LN film is 400 

nm, G = 4 µm, and  = 1550 nm for these calculations. 

 

Figure 10.11(a) shows the simulated hybrid Si/LN mode with such a waveguide and a LN 

film 400 nm thick with 50 nm of SiO2 above and below the Si waveguide. Au electrodes with a 

gap of 4 µm are assumed here. If the Si waveguide is set to 250 nm wide and thick, then that 

would maximize the mode overlap [LN ~ 62%, see Figure 10.11(b)] without interference with 

the TM0 mode. Following the fabrication process in Figure 10.9, the TFLN is now ‘below’ the 

patterned Si waveguides, whereas in Chapter 4 it was the inverse. This causes the larger area of 

the hybrid mode to be further from the driving electrodes [labelled ‘Au’ in Figure 10.11(a)] and 
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results in less opt as shown by Figure 10.11(c) for different G, which can be reduced to 4 µm 

before opt is on the order of 1 dB/cm. Figure 10.11(d) shows the simulated VL as a function of 

G for this system resulting with 2.2 V.cm at G = 4 µm. These initial findings show that not only 

is integration of a hybrid bonded Si/LN MZM with a hybrid Si/III-V laser possible, but it will 

also result with voltages which are comparable to state-of-the-art TFLN EO modulators at 1550 

nm.  

 

Figure 10.11: (a) The simulated Si/LN hybrid mode cross-sectional |E|2 with a 250 nm wide by 250 

nm thick Si waveguide, 400 nm thick LN film, Au electrodes spaced 4 µm apart, operating at  = 1550 

nm. The simulated (b) LN, mo and Si, (c) opt, and (d) VL as a function of G. 
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Appendix A  
 

 

A.1 Half-wave Voltage-length Derivation 
 

Consider a MZM configuration as shown in Figure 2.1(a) with a x-cut TFLN region for 

an applied phase shift (via voltage). The Helmholtz wave equation of light propagating through 

this MZM is:  

 ∇𝑡𝐸𝑜 + [𝑛2𝑘0
2 − 𝛽𝑒𝑓𝑓

2 ]𝐸𝑜 = 0 (A.1) 

 

where 𝐸𝑜 is the electric field of the optical wave, 𝑘0 = 2𝜋𝜆0, and 𝛽𝑒𝑓𝑓 = 2𝜋𝑛𝑒𝑓𝑓𝜆0 is the 

propagation constant of the fundamental TE-like mode. This is the unperturbed wave equation, 

i.e no voltage applied to the phase shifter. When a driving voltage is applied to the MZM, the 

linear Pockels effect of LN produces a phase shift via index variation: 𝑛 becomes 𝑛 + Δ𝑛 and 

𝛽𝑒𝑓𝑓 becomes 𝛽𝑒𝑓𝑓 + Δ𝛽𝑒𝑓𝑓. Assuming this index change is small, then 𝑛2 can be approximated 

as 𝑛2 + 2𝑛Δ𝑛.  

The perturbed wave equation is thus given by:  

 ∇𝑡𝐸𝑜′ + [(𝑛2 + 2𝑛Δ𝑛)𝑘0
2 − (𝛽𝑒𝑓𝑓

2 + 2𝛽𝑒𝑓𝑓Δ𝛽𝑒𝑓𝑓)]𝐸𝑜′ = 0 (A.2) 

 

Assuming that the perturbed field 𝐸𝑜
′ = 𝐸𝑜, then the two wave equations can be put together and 

simplified to  

 [2𝑛Δ𝑛𝑘0
2 − 2𝛽𝑒𝑓𝑓Δ𝛽𝑒𝑓𝑓]|𝐸𝑜|^2 = 0 (A.3) 
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The electro-optic effect happens over the entire transverse domain, meaning Eq. (A.3) must be 

integrated over the x-z plane:  

 ∬ [2𝑛Δ𝑛𝑘0
2 − 2𝛽𝑒𝑓𝑓Δ𝛽𝑒𝑓𝑓]|𝐸𝑜|

2𝑑𝑥𝑑𝑧 = 0 (A.4) 

 

Substituting 𝛽𝑒𝑓𝑓 = 𝑘0𝑛𝑒𝑓𝑓 and rearranging Eq. (A.4) yields 

 Δ𝑛𝑒𝑓𝑓 =
1

𝑛𝑒𝑓𝑓

∬ 𝑛(𝑥, 𝑧)Δ𝑛(𝑥, 𝑧)|𝐸𝑜(𝑥, 𝑧)|2𝑑𝑥𝑑𝑧

∬ |𝐸𝑜(𝑥, 𝑧)|2𝑑𝑥𝑑𝑧
 (A.5) 

 

Because the index change from an applied voltage only occurs in the thin-film LN region, 

the integral in the numerator is zero outside of the LN domain. The refractive index change of 

LN is well known, as is the change in refractive index from applied voltage:  

 Δ𝑛𝑒 = −
1

2
𝑛𝑒

3𝑟33𝐸𝑅𝐹 (A.6) 

 

where 𝑛𝑒 is the extraordinary index of LN, 𝑟33 = 30.8 pm/V is the electro-optic coefficient of 

LN, and 𝐸𝑅𝐹 is the applied electric microwave field. Only the extraordinary index is being 

considered here as the hybrid optical mode in x-cut LN is primarily polarized along the crystal 

axis of LN and thus would only interact with the extraordinary index. Plugging this index change 

and a normalization factor of 
𝑉𝐴

𝐺

𝐺

𝑉𝐴
, Eq. (A.5) becomes: 

 Δ𝑛𝑒𝑓𝑓 =
𝑛𝑒

4𝑟33

2𝑛𝑒𝑓𝑓

𝑉𝐴

𝐺

𝐺

𝑉𝐴

∬ 𝐸𝑅𝐹(𝑥, 𝑧)|𝐸𝑜(𝑥, 𝑧)|2𝑑𝑥𝑑𝑧

∬ |𝐸𝑜(𝑥, 𝑧)|2𝑑𝑥𝑑𝑧
 (A.7) 

 

where G is the electrode gap spacing and 𝑉𝐴 is the applied voltage to the coplanar electrodes.  

Letting  
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 Γ𝑚𝑜 =
𝐺

𝑉𝐴

∬ 𝐸𝑅𝐹(𝑥, 𝑧)|𝐸𝑜(𝑥, 𝑧)|2𝑑𝑥𝑑𝑧
𝐿𝑁

∬ |𝐸𝑜(𝑥, 𝑧)|2𝑑𝑥𝑑𝑧
, (A.8) 

 

the effective index change of the hybrid optical mode is simplified to  

 Δ𝑛𝑒𝑓𝑓 =
𝑛𝑒

4𝑟33

2𝑛𝑒𝑓𝑓

𝑉𝐴

𝐺
Γ𝑚𝑜 (A.9) 

 

The phase shift accumulated over a propagated distance L from the changing index is 

Δ𝜙 = 2𝜋Δ𝑛𝑒𝑓𝑓𝐿𝜆0. To achieve a 𝜋 phase shift,  

 π =
2𝜋

𝜆0

𝑛𝑒
4𝑟33𝑉𝐴Γ𝑚𝑜𝐿

2𝑛𝑒𝑓𝑓𝐺
  (A.10) 

 

Thus, the half-wave voltage-length product needed to obtain a π phase shift is 

 Vπ𝐿 =
𝑛𝑒𝑓𝑓𝜆0𝐺

2𝑛𝑒
4𝑟33Γ𝑚𝑜

 (A.11) 

 

where a factor of 1/2 is included to account for push-pull configuration of the MZM arms.  

The above derivation had an assumption that only the z-component of the RF mode 

interacts with the TE polarized hybrid optical mode (only 𝐸𝑥). However, the applied electric field 

via the coplanar electrodes may not be uniform or polarized entirely in the z direction. If this is 

the case, then other components of the electro-optic tensor will contribute to the overall index 

change caused by the applied voltage. In general, the index change due to the linear electro-optic 

effect (Pockels Effect) is related to the applied electric field via:  
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 Δn𝑖𝑖
2 =

𝑛𝑖𝑗
3

2
 ∑ 𝑟𝑖𝑗𝑘𝐸𝑘

3

𝑘=1

 (A.12) 

 

where each index corresponds to the 𝑥, 𝑦, 𝑧 rectangle coordinates. Thus 𝑟𝑖𝑗𝑘 is a matrix 

with 27 elements! However, due to reciprocity, only 18 of these elements are independent. The 

18 elements are arranged into a 3x6 matrix by using a contracted index representation. LN is a 

trigonal group 3m crystal, so its electro-optic coefficient matrix is given by  

 

[
 
 
 
 
 

0 −𝑟22 𝑟13

0 𝑟22 𝑟13

0 0 𝑟33

0 𝑟42 0
𝑟42 0 0

−𝑟22 0 0 ]
 
 
 
 
 

 (A.13) 

 

where 𝑟22 = 3.4 pm/V, 𝑟13 = 8.6 pm/V, 𝑟42 = 𝑟51= 26 pm/V, and  𝑟33 = 30.8 pm/V [23].  

It was also assumed above that 𝐸𝑅𝐹 = 𝐸𝑧, thus according to Eq. (A.12), only the 𝑟13 and  

𝑟33 components contribute to the phase shift. Furthermore, it is assumed that only the 𝑟33 term 

has an effect due to the optical field being TE polarized, and thus only the extraordinary index is 

being modulated. If instead a general microwave field with components in each direction is 

applied, then the total index change due to the applied voltage would be  

 (−
𝑛5

3

2
𝑟42 +

𝑛𝑜
3

2
𝑟22)𝐸1 −

𝑛4
3

2
𝑟42𝐸2 + (−𝑛𝑜

3𝑟13 −
𝑛𝑒

3

2
𝑟33)𝐸3. (A.14) 

 

Following a similar derivation for Eq. (A.9), the cross section of the phase shifter must be 

integrated. This time there are three different microwave field components, meaning there must 

be three different overlap integrals, and the total effective index variation becomes:  
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 Δneff =
𝑉

2𝑛𝑒𝑓𝑓𝐺
((𝑛5

4𝑟42 − 𝑛𝑜
4𝑟22)Γ𝑚𝑜1 + 𝑛4

4𝑟42Γ𝑚𝑜2 + (2𝑛𝑜
4𝑟13 + 𝑛𝑒

4𝑟33)Γ𝑚𝑜3) (A.15) 

 

where Γ𝑚𝑜,𝑖 corresponds to the overlap integral between the i-th component of the RF mode and 

the TE optical mode. To achieve a −𝜋 phase shift, the required voltage-length product is then 

 Vπ𝐿 =
𝑛𝑒𝑓𝑓𝜆0𝐺

(𝑛5
4𝑟42 − 𝑛𝑜𝑟22)Γ𝑚𝑜1 + 𝑛4

4𝑟42Γ𝑚𝑜2 + (2𝑛𝑜
4𝑟13 + 𝑛𝑒

4𝑟33)Γ𝑚𝑜3

  (A.16) 

 

Assuming a ground-signal-ground coplanar electrode configuration on x-cut LN, Γ𝑚𝑜1 

and Γ𝑚𝑜2 are both much less than Γ𝑚𝑜3 and can be neglected. Furthermore, if the optical mode is 

purely a TE mode, then the field is polarized along the extraordinary axis when using x-cut LN 

and then the modulation occurs along the extraordinary axis (meaning the 𝑟13 term does not 

interact). Under these assumptions Eq. (A.16) simplifies to Eq. (A.11).   
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Appendix B  
 

B.1 Measuring the Modulator Response using an OSA 
 

Consider an EO MZM with an input optical amplitude 𝐸𝑖 and optical carrier frequency 

𝜔0 that is split into two equal paths and modulated with a sinusoidal RF modulation of frequency 

𝜔𝑚. Ignoring optical loss, the output modulated optical field after recombination is 

 𝐸𝑜 =
𝐸𝑖

2
exp (jω0t)[exp (𝑗𝑚1 cos(𝜔𝑚𝑡) + exp(𝑗𝑚2 𝑐𝑜𝑠(𝜔𝑚𝑡)) + 𝑗𝜙] (B.1) 

 

where 𝑚1,2 are the phase modulation amplitudes in the two MZM arms and 𝜙 is a constant phase 

difference between the arms, which can be imposed from either a length difference, an applied 

DC voltage, or both. For an MZM driven with G-S-G electrodes in a push-pull configuration, 

𝑚1 = −𝑚2 = 𝑚 and  

 𝑚 =
𝜋

2

𝑉

𝑉𝜋
 (B.2) 

 

where 𝑉 is the applied voltage and 𝑉𝜋 is the half-wave voltage of the modulator. Eq. (B.1) can be 

expanded into the following Fourier series in the frequency domain:  

 𝐸𝑜 =
𝐸𝑖

2
exp(𝑗𝜔0𝑡)∑(𝑗)𝑘[𝐽𝑘(𝑚) + 𝐽𝑘(𝑚)exp (𝑗𝜙)]exp (𝑗𝑘𝜔𝑚𝑡)

𝑘

 (B.3) 

 

where and 𝐽𝑘(𝑚) is the k-th order Bessel function of the first kind. Thus, the output modulated 

signal results in a carrier signal at 𝜔0 and an infinite number of sidebands at 𝜔0 + 𝑘𝜔𝑚 with the 

output optical intensity of  
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 𝐼(𝜔0 + 𝑘𝜔𝑚) =
1

2
𝐼𝑖𝐽𝑘

2(𝑚)[1 + (−1)𝑘cos (𝜙)] (B.4) 

 

where 𝐼𝑖 is the input optical intensity. An OSA can thus be used to measure the carrier signals 

and generated sidebands from modulation. An example of such spectra are shown in Figure B.1 

when a Si/LN MZM operating at 1550 nm is modulated with sinusoidal tones from 1 GHz to 50 

GHz in 1 GHz steps (all overlaid in the plot, not at the same time). In the small signal (i.e, 𝑚 ≪

1) only the first order sidebands are generated; thus, to determine the EO modulation response, 

the carrier peak power to first sideband peak power ratio, (
𝐽1(𝑚)

𝐽0(𝑚)
)
2

, is measured as a function of 

modulation frequency (e.g, 1 GHz to 110 GHz). However, due to the various RF cables, 

connectors, potential multipliers, and probes used to contact the modulator, each with its own 

frequency response, the amount of RF power delivered to the chip is not constant at each 

frequency. To determine the true EO response of the modulator, the amount of RF power 

delivered to the chip must be calibrated out of the measurements. This becomes even more 

evident when multiple different in-line components are used to generate the RF driving signals.  
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Figure B.1: The measured spectra of a 1550 nm Si/LN MZM being modulated with tones from 1 to 50 

GHz in 1 GHz steps (overlaid) using a high-resolution OSA. Modulating at fRF GHz generates first-

order sidebands at ±fRF from the carrier frequency (fc). Each color pair represents one modulation tone. 

The black circles are the peak powers at each generated sideband. 

 

As the input RF power increases or, conversely, as the modulator V decreases, higher 

order modulation sidebands will become visible and measurable via an OSA and the small-signal 

approximation previously made no longer holds. This calls for a modification to the method of 

measuring the EO response. Figure B.2 shows a measured spectrum from modulating a 1 V V 

SiN/LN MZM operating at 784 nm at 100 GHz using active RF multipliers, showing the carrier, 

first, and second order sidebands. Comparing Figure B.2 and Figure B.1 it is clearly seen that the 

linewidths are limited by the OSA resolution (limited for  not in the C-band), but the peak 

powers are clearly distinguishable from the carrier peak and are well above the noise floor. From 

this measurement, the first-sideband to carrier ratio (FSCR), 𝐼(𝜔0 ± 𝜔𝑚)/𝐼𝑖, and the second-

sideband to carrier ratio (SSCR), 𝐼(𝜔0 ± 2𝜔𝑚)/𝐼𝑖, can be calculated and the unknown 

parameters 𝑚 and cos (𝜙) can be inferred using the following equations: 
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 𝐹𝑆𝐶𝑅 = (
𝐽1(𝑚)

𝐽0(𝑚)
)

2
1 − cos (𝜙)

1 + cos (𝜙)
 (B.5) 

 𝑆𝑆𝐶𝑅 = (
𝐽2(𝑚)

𝐽0(𝑚)
)

2

 (B.6) 

 

Once 𝑚 is determined at each modulation frequency, Eq. (B.2) can be used to solve for 

𝑉𝜋(𝑓): 

 20 log10(𝑚(𝑓)) = 20 log10
𝜋

2
+ 20 log10 𝑉(𝑓) − 20 log10 𝑉𝜋(𝑓). (B.7) 

 

Furthermore from Eq. (5.1),  

 𝐸𝑂𝑅(𝑓) = 20 log10 𝑉𝜋(𝐷𝐶) − 20 log10 𝑉𝜋(𝑓) (B.8) 

 

and Eq. (B.7) can be used to write 

 𝐸𝑂𝑅(𝑓) = 20 log10 𝑉𝜋(𝐷𝐶) − 20 log10
𝜋

2
+ 20 log10 𝑚(𝑓) −20 log10 𝑉(𝑓). (B.9) 

 

The EOR curve is referenced to its value at a low frequency and thus, the frequency-

independent terms on the first line of Eq. (B.9) can be dropped when calculating how EOR rolls 

off with 𝑓. Two terms remain, the first of which, 20 log10 𝑚(𝑓), is found from the optical 

spectrum as described above. The second term, 20 log10 𝑉, is linearly proportional to the RF 

power delivered to the MZM, labeled 𝑃𝑐ℎ𝑖𝑝(𝑓), which, as explained above, is dependent on the 

input cables and components used to send the RF signal to the modulator and must be 

independently measured to determine EOR(f).  
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Figure B.2: An example of the measured spectrum using an low resolution OSA (Ando AQ6317B) 

showing the first sideband o carrier ratio (FSCR) and second-sideband to carrier ratio (SSCR) which 

were generated by modulating a SiN/LN MZM at 100 GHz. 

 

 

B.2 Measuring the Modulator Response using a Sampling 

Oscilloscope 
 

As stated previously, the spectral domain method of measuring an EOM’s frequency 

response is only valid if the generated sideband peak values can be distinguished from the carrier 

signal peak. However, this may not always be the case if the OSA has a limited wavelength 

resolution. As the operation wavelength shortens, the corresponding bandwidth also changes. For 

example, a 20 GHz tone at 1310 nm results in a sideband peak that is 0.114 nm from the carrier, 

while at 784 nm it is only 0.041 nm from the carrier. This becomes an issue when measuring O-

band and visible regime modulators as the modulator response at shorter frequencies (f < 10 GHz 

for O-band and f < 20 GHz for NIR, see Chapter 5) is not measurable with the OSA available at 

the time. To acquire the modulator response for such instances, a time domain method can be 
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used as shown in Figure B.3. An optical amplifier is used after the chip for the NIR MZM to 

raise the modulated waveform out of the noise floor on the oscilloscope.  

 

Figure B.3: Time domain method block diagrams for measuring the frequency response of (a) MZMs 

operating in the O-band and (b) MZMs operating in the NIR. PD: Photodetector, DFB: Distributed 

Feedback Laser, BOA: Optical Amplifier. 

 

The time domain method requires a high-speed photodetector and sampling oscilloscope 

(Keysight DCA-X), from which the modulated signals from 1 GHz to 20-30 GHz (depending on 

the operation wavelength) can thus be analyzed. The visible photodetector (Newport 1474-A) 

has a DC output monitor that can be connected to a voltmeter (Keithley 2450 Sourcemeter) to 

verify the optical power measured. The change in the peak-to-peak voltage measured on the 

oscilloscope as the modulation frequency changes then corresponds to the change in the EO 

response. Figure B.4 shows the captured sinusoidal modulated optical waveforms using the high-

speed detector and oscilloscope at 1 GHz, 10 GHz, 20 GHz, and 30 GHz. Similarly to the 

spectral domain method described in Appendix B.1, this method also requires the frequency 
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response of all RF components (cables, connectors and in this case photodetectors) to be 

calibrated out to accurately determine the device’s EO response.  

 

Figure B.4: The modulated optical waveforms measured with a high-speed photodetector and sampling 

oscilloscope when driven with sinusoidal tones at the following frequencies: (a) 1 GHz, (b) 10 GHz, 

(c) 20 GHz, and (d) 30 GHz. 

 

B.3 RF Power Calibrations 
 

High-speed RF measurements of EO modulators require multiple connections from the 

frequency source to the chip, and from the chip to the load or RF power sensor. Depending on 

the frequency and RF power being applied, different combinations of cables or connections 

should be used as each component has its own frequency response. To accurately determine the 

EO response of the hybrid modulators under test, the RF power delivered to the chip as a 
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function of modulation frequency 𝑃𝑐ℎ𝑖𝑝(𝑓) must be measured and calibrated out, otherwise the 

EO response will include the response of all RF components in the setup.  

 

Figure B.5: The RF connection setups for high-speed frequency measurements of EO modulators in 

the (a) 1 – 50 GHz range and (b) 47 – 111 GHz range using 110 GHz rated G-S-G RF probes with 1.0 

mm connectors (Picoprobe 110H). PI (input RF power) is defined as the RF power before the input-

side probe and Pchip (power to the chip) is defined as the input RF power including the loss of the probe. 

 

Figure B.5(a) and Figure B.5(b) are schematics of the modulator response measurements 

for frequencies 1 - 50 GHz, 47 – 72 GHz, and 72 – 111 GHz respectively, showing the RF cables 

and connectors used for the input and output sides of the device. The RF source used in the EO 

response measurements has a frequency limit of 50 GHz. To reach frequencies greater than 50 

GHz, active RF multipliers are used. These multipliers (Erevant SFA-503753420-15SF-E1 and 

SFA-753114616-10SF-E1) are banded from 47 – 72 GHz and 72 – 111 GHz, respectively due to 

the metal waveguide outputs. Figure B.6(a) and Figure B.6(b) show the RF power output from 

the X4 and X6 multipliers, respectively, as a function of frequency and RF input power. The 

multipliers have the most stable output when the RF input power is 0 to 3 dBm; however, they 

also have a fixed gain of about 20 dB. To not overdrive the modulators under test, two 1.0 mm 
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RF cables (rather than just one) are placed in between the multipliers and the chip to provide 

additional attenuation.  

 

Figure B.6: The measured RF power output from the (a) X4 and (b) X6 active RF multipliers as a 

function of their respective frequency ranges at various input RF powers. When the RF input power is 

greater than 0 dBm the output is more stable with frequency. 

 

As RF probes will be contacting the device G-S-G pads throughout each measurement, 

the same probes must be used for each frequency range. RF cables and components rated to 110 

GHz have a standardized 1.0 mm connection, whereas RF cables and components rated to 67 

GHz typically have a standardized 1.85 mm connection; thus, adapters are required to connect 

cables and components of varied size. An RF power sensor (Rhode & Schwarz NRP110T) was 

used to measure the RF power through the input sections, 𝑃𝐼 of the three measurement schemes 

in Figure B.5. The amount of RF power to the chip would then be  

 𝑃𝑐ℎ𝑖𝑝(𝑓) = 𝑃𝐼(𝑓) − 𝑃𝑝𝑟𝑜𝑏𝑒(𝑓) (B.10) 

 

where 𝑃𝑝𝑟𝑜𝑏𝑒(𝑓) is the frequency response of the input-side probe (Picoprobe 110H), which was 

provided by the manufacturer (GGB Industries, Inc.). Examples of 𝑃𝑐ℎ𝑖𝑝(𝑓) for the four 

measurement configurations in Figure B.5 are shown in Figure B.7 for input RF powers (PRF) 
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used in the EO response measurements. This calibration data can then be subtracted out from the 

measured spectra or oscilloscope data from Appendix B.1 and B.2 to obtain the true EO response 

as a function of frequency for the hybrid bonded MZMs under test.  

 

Figure B.7: The RF power delivered to the chip under test (Pchip) as a function of frequency for the four 

different measurement configurations in (a) Figure B.5(a) with an RF input power setting of -3 dBm, 

(b) Figure B.5(a) with an RF input power setting of 15 dBm, (c) Figure B.5(c) with an RF input power 

setting of 3 dBm, and (d) Figure B.5(d) with an RF input power setting of 3 dBm. Panel (a) includes 

the frequency dependence of the 35 GHz photodetector (Newport 1474-A) used in the oscilloscope 

measurement setup. 
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