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ABSTRACT A low voltage, wide bandwidth compact electro-optic modulator is a key building block in
the realization of tomorrow’s communication and networking needs. Recent advances in the fabrication and
application of thin-film lithium niobate, and its integration with photonic integrated circuits based in silicon
make it an ideal platform for such a device. In this work, a high-extinction dual-output folded electro-optic
Mach Zehnder modulator in the silicon nitride and thin-film lithium niobate material system is presented.
This modulator has an interaction region length of 11 mm and a physical length of 7.8 mm. The device
demonstrates a fiber-to-fiber loss of roughly 12 dB using on-chip fiber couplers and DC half wave voltage
(Vπ) of less than 3.0 V, or a modulation efficiency (Vπ ·L) of 3.3 V·cm. The device shows a 3 dB bandwidth
of roughly 30 GHz. Notably, the device demonstrates a power extinction ratio over 45 dB at each output
port without the use of cascaded directional couplers or additional control circuitry; roughly 31 times better
than previously reported devices. Paired with a balanced photo-diode receiver, this modulator can be used in
various photonic communication systems. Such a detecting scheme is compatible with complex modulation
formats such as differential phase shift keying and differential quadrature phase shift keying, where a dual-
output, ultra-high extinction device is fundamentally paramount to low-noise operation of the system.

15 INDEX TERMS Lithium niobate, modulator, thin-film, electro-optic, extinction, link.

I. INTRODUCTION16

The systems that support the world’s communication net-17

works are showing their age [1]. In the last decade, global18

data traffic has and continues to grow exponentially while19

existing infrastructure is becoming more costly, less efficient20

and less reliable as its capability is overextended [1], [2], [3].21

An urgency is now placed on network providers to enhance22

networks and meet greater demands [3], [4]. At the forefront23

of high-speed networking is the need to transmit data to24

networking hubs efficiently and reliably over long distances25

without the need for in-line amplification or repeater stations26

[5]. Existing coaxial cables are heavy, lossy and make long27

range data transmission difficult [6]. In turn, the shift to28

optical fiber-based transmission has become more desirable.29

The associate editor coordinating the review of this manuscript and

approving it for publication was Weiren Zhu .

Here, the optical modulator is used to overlay an electrical 30

signal onto an optical signal for long range transmission 31

through an optical fiber, be it to an antenna atop a radio 32

tower, or to a networking hub hundreds of miles away [5]. 33

The optical modulator is an integral part of active and passive 34

millimeter wave imaging systems, modern telecommunica- 35

tions networks and data communication, and is widely used 36

in on-chip RF photonic devices, frequency comb generation, 37

on chip signal splitting, sensing, and quantum photonics [1], 38

[4], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], 39

[18], [19], [20], [21], [22], [23], [24]. 40

If an optical modulator is to be integrated with existing 41

systems, it should maintain a small device footprint, feature 42

a wide RF bandwidth and remain environmentally stable for 43

reliable operation in any environment [14], [15], [16], [21], 44

[25]. Moreover, the ideal optical modulator boasts a high 45

(>35dB) extinction ratio [8], [10], [14], [26], [27]. At first 46
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glance, Si-based free carrier plasma dispersion-based modu-47

lators would seem the ideal candidate, but their low cost and48

excellent scalability is overshadowed by poor extinction ratio49

and bandwidth; an inherent limitation of a dispersion-based50

modulation scheme [17], [28], [29]. Si-based modulation is51

further blighted by high intrinsic absorption loss, narrow52

transmission spectrum and dopant diffusion at high temper-53

atures [14], [17]. Finally, because Si is a centrosymmetric54

material, it demonstrates a high third-order non-linearity and55

a low second-order non-linearity, which excludes it from56

efficient operation at high optical powers [30].While the inte-57

gration of organic electro-optic polymers with the Si platform58

has been shown to mitigate some of its inherent drawbacks,59

the organic nature of the platform does not lend itself to60

long-term environmental stability [11], [22], and [31].61

Si-based free carrier plasma dispersion-based modulation62

platform is then ruled out in favor of lithium niobate-based63

modulation, where the ideal platform for a low-voltage, high-64

bandwidth and environmentally-stable modulator should65

show a strong electro-optic (Pockels) effect, and a linear66

response to an applied modulation voltage irrespective of67

the optical power and wavelength [8], [12], [15], [16], [21],68

[25]. Lithium niobate (LiNbO3) brings an extremely strong69

second-order non-linearity (χ (2)), a strong linear electro-optic70

effect, low optical absorption across a wide range of wave-71

lengths, pure phase modulation, zero chirping and excep-72

tional stability at high temperatures [8], [15], [25]. LiNbO3,73

with its trigonal crystal system, lacks inversion symmetry74

and boasts a third-order non-linearity (χ (3)) which is three75

magnitudes lower than Si [8], [30].76

Commercial, or bulk LiNbO3 modulators use titanium77

(Ti)-diffused waveguides to carry the optical mode, but suffer78

poor optical confinement (1n < 0.02) which results in a large79

optical mode size [8], [25]. This requires metal electrodes80

to be placed far from the optical waveguide to avoid metal81

absorption loss, and results in large bending radii. Conse-82

quentially, the Vπ and the size of the device is increased.83

A typical commercial LiNbO3 modulator brings a Vπ ·L of84

12-32 V·cm [12], [21], [25].85

Recently, advances in crystal ion sliced (CIS) films of86

LiNbO3 on insulator (TFLNOI), which guide optical modes87

almost 20 times smaller than their bulk-LiNbO3 counterparts88

have emerged as an answer to some of these issues [8],89

[15], [16], [25], [32], [33]. Now, strip-loaded waveguides90

can be used to tightly confine the optical mode, allowing91

smaller electrode gaps, decreased Vπ , tighter bending radii92

and photonic integrated circuit (PIC) compatibility. In previ-93

ous work, ultra-wide bandwidth, high efficiency and low loss94

modulators have been demonstrated in the TFLNOI material95

system with ridge-etched and strip-loaded waveguides [8],96

[14], [15], [25]. To facilitate the use of a mode-transition97

coupler at the input and output of the device, silicon nitride98

(SiNx) was again chosen as the ideal candidate to create a99

strip loaded waveguide in the TFLNOI platform. SiNx has100

low propagation loss across telecom optical wavelengths,101

high power handling capability and a similar optical index102

to LiNbO3 [5], [34], [35], [36], [37]. SiNx also features a 103

low third-order non-linearity, small thermo-optic coefficient, 104

and can be deposited using plasma enhanced chemical vapor 105

deposition (PECVD) [5], [34], [35], [36], [37]. 106

One must also consider the packaging and size of the 107

device. A conventional push-pull electro-optic modulator uti- 108

lizes a straight waveguide before and after the interaction 109

region, where light enters one side of the device and exits 110

the opposite side, requiring fiber coupling to both sides of 111

the device simultaneously [15], [25], [32]. To reduce the size, 112

weight, power and cost (SWaP-C) of the system, the device 113

can be ‘‘folded.’’ Here, a 180◦ bend is introduced to the 114

waveguides and electrodes to direct the signal back towards 115

the input. Now, the length of the device is halved with no 116

adverse affect on modulation efficiency or bandwidth [8], 117

[38], [39]. The modulator can then be used with a single, 118

easily packaged v-groove array (VGA), can be folded mul- 119

tiple times with little impact to the overall footprint, and only 120

requires the polishing and preparation of one end-facet [8], 121

[39]. However, this layout does introduce some challenges 122

to the design and fabrication of the modulator. If a standard 123

Mach-Zehnder Modulator (MZM) were to be bent back on 124

itself such that the interaction regions before and after the 125

bend were the same length, the latter region would reverse 126

any modulation imparted by the first, because the polarity of 127

the modulating electric field interacting with the mode inside 128

the LiNbO3 is now the inverse of what it was during the first 129

half of the modulator [8], [38], [39]. Moreover, the optical 130

path lengths of the inner and outer interaction regions would 131

be mismatched, and the device would show a frequency- 132

dependent response. 133

In previous work, a waveguide crossing was used to ensure 134

both sections of the modulator, before and after the fold, 135

contribute to the total modulation of the device [8]. A crossing 136

is again used in this device to minimize the overall footprint. 137

The optical path length of both arms, and the optical vs. 138

electrical path length is then matched to allow operation 139

without any wavelength-dependent effects or RF and optical 140

field separation. A symmetric 2× 2 multi-mode interference 141

(MMI) splitter is placed at the output of the device to yield 142

two outputs with intensities inversely proportional to each 143

other. Paired with a balanced photo-diode (PD) receiver, 144

a dual-output MZM can be used in many RF photonic 145

link systems that require an extremely low noise floor and 146

spurious-free dynamic range (SFDR) performance. This is 147

vital to communication systems and enables heavy, lossy and 148

space-consuming cables to be replaced with light, almost 149

lossless and small volume optical fibers [6]. A dual-output 150

MZM/balanced PD receiver pair is capable of detecting not 151

only the signal amplitude, but also the phase information. 152

As a result, such detecting scheme is compatible with com- 153

plex modulation formats such as differential phase shift key- 154

ing (DPSK) and differential quadrature phase shift keying 155

(DQPSK) [40]. 156

Through careful design of input and output splitters, and 157

the use of symmetric MMI splitters, an extinction ratio over 158
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FIGURE 1. (a) Aerial view of a rendering of the folded modulator with waveguide crossing
showing crystal axis and device port direction. (b) Aerial view of the fabricated folded
modulator with waveguide crossing.

45 dB is achieved at each output port. This design does not159

require cascaded directional couplers and additional control160

circuitry to control splitting imbalance, but the optical loss161

in both waveguides in the interaction region of the modu-162

lator must be closely matched through careful fabrication163

to achieve the high extinction ratio [26]. This will be dis-164

cussed later in the work. The measurement shows repeata-165

bility across multiple devices.166

In this work, a high extinction ratio hybrid LiNbO3-SiNx167

electro-optic MZM with two equal and opposite outputs is168

designed, fabricated and characterized. Fiber couplers are169

used at the input and output to lower the total insertion loss to170

12 dB. To the best of our knowledge, this is the first time171

a high extinction ratio, folded, LiNbO3-SiNx dual-output172

MZM with a waveguide crossing has been demonstrated in173

this material platform. The device presented shows a mea-174

sured DC-Vπ of 3.0 V with an 11 mm interaction region, and175

an extinction ratio of over 45 dB.176

II. DESIGN AND SIMULATION177

A. DEVICE LAYOUT178

The 3D aerial view of the folded electro-optic mod-179

ulator, including thermal biasing heaters is shown in180

Fig. 1. (a) and (b). The electrode contains one interaction181

region before and after the folded region, each 5.5 mm long.182

The input and output ports are defined in Fig. 1. (a). The183

material stack, from top to bottom, is comprised of a 450 nm184

buffer layer of PECVD SiO2 (TBUF), 100 nm of PECVD185

SiNx deposited on 300 nm X-cut thin-film LiNbO3, which186

is bonded to a 4.7 µm SiO2 layer (TBBUF), atop a 500 µm Si187

handle. To efficiently guide the first order transverse electric188

(TE)mode, thewidth (WSiN) and thickness (TSiN) of the strip-189

loaded single-mode SiNx waveguide is chosen to be 2 µm190

and 100 nm, respectively. The simulated fundamental TE191

mode in the interaction region of the device can be seen in192

Fig. 2. (a). The waveguide cross section in the interaction193

region and material stack are defined in Fig. 2. (c) and (d),194

FIGURE 2. (a) Simulated mode field of the waveguide in the interaction
region. Simulations done in Lumerical MODE Solver. (b) Simulated mode
field of the waveguide at the end facet. Simulations done in Lumerical
MODE Solver. (c) Cross-sectional view of a single arm of the material
structure in the interaction region. Dimensions are labeled. (d) Material
definitions. (e) Cross-sectional view of the material structure at the
device end facet.

respectively. The device uses a fiber coupler at the end facet to 195

minimize free-space coupling loss caused by the mode field 196

diameter (MFD) mismatch between the lensed fiber and the 197

waveguide. The mode field in the fiber coupler can be seen 198

in Fig. 2. Here, the LiNbO3 film is etched away from the 199

end facets of the sample, where the optical mode travels in 200

a SiNx strip clad in SiO2 to closely match the MFD of the 201

fiber (b). This reduces the optical coupling loss at each end 202

facet from roughly 7 dB per facet to nearly 2 dB per facet. 203

The optical mode propagates in the Y-crystal direction, while 204

the electrodes are placed such that the RF field is polarized 205

in the +/− Z-crystal direction, where the maximum r33 = 206

31 pm/V coefficient is achieved for the TE optical mode [5], 207

[8], [25], [35], [41]. The layout and design of the folded 208

modulator with a waveguide crossing are further discussed in 209

previous work where a standard single output folded MZM is 210

reported [8]. 211

A 2× 2 MMI splitter that recombines the light to produce 212

an intensity-modulated signal is deployed on the output of the 213
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device. The symmetric 2×2 multi-mode interference (MMI)214

splitter yields two outputs which are inversely proportional to215

each other. When the device is biased such that one output is216

at it’s peak intensity, the other output is at it’s lowest, or null217

intensity. The device can then be paired with a balanced PD218

receiver to eliminate any common-mode noise between both219

outputs [42].220

B. 2 × 2 MMI SPLITTER DESIGN221

An MMI splitter and combiner are used as 3 dB couplers to222

both split and recombine light before and after the interaction223

region of the device, respectively. Directional couplers and224

Y-splitters which require an extremely small gap between225

waveguides are sensitive to fabrication errors [26]. The MMI226

offers greater fabrication tolerance, and in the case of the227

1 × 2 MMI, the symmetric design does not require pre-228

cise, sub-micron accuracy of device length to maintain an229

equal splitting ratio [25], [43]. The design, simulation and230

fabrication of the 1 × 2 MMI splitter is reported in previous231

work [8].232

To achieve an inversely-proportional, balanced output from233

the MZM, a 2 × 2 MMI is used at the output of the device234

following the interaction region. The 2 × 2 MMI operates235

based on the self-imaging principle, where any input field is236

reconstructed periodically after a certain propagation distance237

[43]. With this in mind, the length (LMMI) of the 2× 2 MMI238

must be designed such that the input field from either port is239

reconstructed into two output fields at the end of the device.240

The width of the MMI is then set to 15 µm to avoid evanes-241

cent coupling of the output fields after the multimode region.242

The mode separation distance (SMMI) is 8 µm between both243

ports of the 2× 2 MMI.244

The initial length of the multimode waveguide region is245

estimated using the 2D mathematical approximation given246

by [25], [43], [44]:247

LMMI =
4nrw2

e

Nλ0
. (1)248

Here, nr is the effective index of the multimode region, we249

is the width of the multimode region (WMMI), N is the num-250

ber of self-images (inputs and outputs), and λ0 is the input251

wavelength in vacuum. The neff of the lowest order TEmodes252

in the MMI region are found to be 2.128018, and 2.129952,253

respectively, using Lumerical’s MODE solver. This results in254

a multimode region length of 618 µm. For optimization of255

the initial design parameters, Lumerical’s MODE simulation256

software is used.WithWMMI= 15µmand SMMI= 8µm, the257

final length of the structure is found to be LMMI = 640 µm,258

which is very close to the length given by the self-imaging259

method. For further reduction of the mode-index mismatch260

between the MMI region and the input waveguide, linear261

tapers of length (LTPR) 52.5 µm and width (WTPR) 7 µm262

are introduced at the input and output section, shown in263

Fig. 3. (d). The introduction of a taper increases the range of264

MMI lengths over which it continues to split the input mode265

equally among the two outputs as well as the bandwidth of the266

FIGURE 3. (a) Mode field cross section in the input waveguides of the
2 × 2 MMI when both input ports are illuminated with a π/2 phase
difference. (b) Mode field cross section at the input of the 2 × 2 MMI
when both input ports are illuminated with a π/2 phase difference.
(c) Mode field cross section at the output of the 2 × 2 MMI when both
input ports are illuminated with a π/2 phase difference. (d) Aerial
rendering of the 2 × 2 MMI. Dimensions and port propagation directions
are labeled. (e) Mode cross section in the +X crystal axis of the 2 × 2 MMI
when both input ports are illuminated with a π/2 phase difference.
Propagation occurs from left to right.

MMI, which is wavelength-dependent as the 3 dB coupling 267

length depends on 1
λ
[8], [25], [45]. Using Lumerical’s FDTD 268

simulation software, the optimized length of the MMI with 269

tapered input and output ports is found to be LMMI = 636µm. 270

This is near the length given by the self-imaging equation, 271

but the introduction of linear tapers has an effect on the 272

overall length of the cavity to properly reconstruct the image 273

at the output waveguides, and slightly reduces the multimode 274

region length. Because both the 1× 2 and the 2× 2 MMI are 275

symmetrically fed when both input ports are illuminated, the 276

input power should be equally split among the output arms 277

barring any fabrication intolerance. This will be confirmed 278

later in the manuscript through measuring the extinction ratio 279

at each port. An electric field profile for the designed two-fold 280

self-image MMI is shown in Fig. 3. (e). 281

C. TRAVELING WAVE ELECTRODE DESIGN 282

The ground-signal-ground (GSG) co-planar waveguide 283

(CPW) electrodes must maintain a 50 � impedance at the 284

high-frequency operation limit of the device with minimal 285

RF absorption or conduction loss to minimize reflections in 286

the feed network. The dimensions of the GSG electrodes 287

are defined in Fig. 2. (c). The electrode gap (WGAP) must 288

be kept as small as possible to maximize RF and optical 289

field overlap, contributing to low-voltage operation, but must 290

not contribute to excess optical absorption loss from the TE 291

mode interacting with the Au electrode [8], [15], [25], [27]. 292

In Fig. 4, the simulated Vπ ·L is plotted against WGAP and 293

TBUF. To achieve a Vπ ·L of roughly 3.3 V·cm, or a Vπ 294

of roughly 3 V with our 11 mm interaction region, WGAP 295

is set to 4 µm and TBUF is set to 450 nm. This yields an 296

additional optical absorption loss of roughly. 08 dB/cm. The 297

width of the ground electrodes (WGND) is set to 75 µm, and 298

the height of the electroplated Au electrodes (TELEC) is 1µm. 299

The optimal electrode signal width (WSIG) is found to be 300

24.5 µm using Ansys High Frequency Structure Simulator 301
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FIGURE 4. The effect of electrode gap width (WGAP) and oxide cladding
thickness on Vπ·L.

(HFSS), in a process described in previous work [8]. An index302

matching fluid (UV15) is applied to the GSG electrodes in the303

interaction region and fold to more closely match the RF and304

optical group velocities and improve modulation bandwidth305

[8], [14], [15], [46].306

The high frequency electrical response of the GSG elec-307

trodes is characterized through a 2-port measurement using308

a Keysight PNA-X network analyzer. A 50 � GSG probe is309

connected to each end of the GSG electrodes, and a frequency310

sweep performed from 0 to 40 GHz. The measured air-clad311

and UV15-clad S-parameters are plotted in Fig. 5 (a) and (b),312

respectively. At 40 GHz, S(2,1) is observed to be roughly -3313

dB and -4 dB at the 40 GHz target frequency for the air-clad314

and UV15-clad electrode, respectively. There is a periodic315

resonance seen in S(1,1) and S(2,2), which is caused by316

constructive and destructive interference from reflections at317

the probe points as the frequency is swept. The RF impedance318

with and without indexmatching fluid is plotted in Fig. 5. (d).319

The observed resonance of the electrode is seen in the mea-320

sured impedance. The RF group index (nRF) with and without321

index matching fluid is plotted alongside the optical group322

index (nOg) in Fig. 5 (c). The nOg of the fundamental TE323

mode is found to be roughly 2.14, while the group index of324

the RF mode in the air-clad and UV15-clad electrodes (nRF)325

is roughly 1.85 and 2.10, respectively. The index mismatch326

between the optical and RF mode is then 0.04 with index327

matching fluid, with the RF mode propagating faster than the328

optical mode.329

III. FABRICATION330

Fabrication of the folded modulator begins on a 300 nm331

thick X-cut TFLNOI substrate procured from NanoLNTM.332

A 4.7 µm layer of thermal SiO2 below the LiNbO3 is333

bonded to a 500 µm thick Si handle. Electron-beam lithog-334

raphy (EBL) is used to pattern alignment structures in TiW335

(10%/90%) for future lithographic steps. A 100 nm thick336

layer of SiNx is deposited on top of the thin-film LiNbO3 337

using PECVD. This layer will be used to define the SiNx 338

strip-loaded waveguides. The refractive index for the SiNx is 339

1.943 at 1550 nm. EBL is again used to define the optical 340

structures. The features are defined via dry etching of the 341

SiNx layer in an inductively coupled plasma (ICP). A 2 µm 342

SiO2 buffer layer is then deposited using PECVD. A laser 343

writer is used to pattern the regions where an increased thick- 344

ness of the SiO2 buffer layer will protect the optical mode 345

from interacting with an overhead Au electrode. The rest of 346

the SiO2 buffer layer is reduced to 450 nm thickness via dry 347

etching in an ICP. To reduce RF absorption losses, the device 348

is annealed in an O2 environment. A seed layer is deposited 349

onto the sample using an Angstrom metal sputtering system 350

and the electrodes are defined via EBL. An electroplating 351

process is then used to realize the 1 µm thick Au electrodes. 352

Finally, the device’s waveguide facets are polished to increase 353

fiber coupling efficiency. A simplified flow of the fabrication 354

steps is found in Fig 6. An image of the fabricated modulator 355

is shown in Fig. 1. (b). This process is expanded upon in 356

previous work [8]. 357

IV. OPTICAL AND RF CHARACTERIZATION 358

A. OPTICAL LOSS CHARACTERIZATION 359

A tunable telecom laser (Keysight 81608A) is used at a 360

wavelength of 1550 nm and connected to an OZ Optics 361

1 × 4 lensed fiber array, with a mode field diameter (MFD) 362

of roughly 2.5 µm through a polarization-maintaining (PM) 363

fiber patch cable. The laser output from the lensed fiber array 364

is free-space coupled to the on-chip fiber coupler. Due to 365

the MFD mismatch between the lensed fiber and on-chip 366

coupler, there is a 4.44 dB coupling loss per facet. Now, the 367

tunable laser source is replaced with a reflectometer/light- 368

wave analyzer (Luna OBR 6415), and the optical back-scatter 369

and propagation loss from a reference structure is measured 370

and shown in Fig. 7. (d) to be. 64 dB/cm. The total insertion 371

loss of the device is roughly 12.0 dB. The on-chip loss after 372

the 17 mm path length is roughly 1.1 dB. This accounts for 373

roughly 9.98 dB total insertion loss. The additional 2.02 dB 374

loss is incurred due to the difference in extension between 375

the lensed fibers in the lensed fiber array, preventing proper 376

free-space fiber alignment. In future work, the on-chip fiber 377

coupler can be made to work with a flat-polished v-groove 378

array (VGA), to eliminate losses from fiber array alignment. 379

B. 2 × 2 MMI INPUT RESPONSE CHARACTERIZATION 380

The 2 × 2 MMI must provide two arms with inversely pro- 381

portional field intensities, varying with the phase difference 382

between both input ports if it is to be used in a MZM config- 383

uration for a balanced link. Because one output of the ideal 384

2 × 2 MMI contains a π
2 phase shift with respect to the 385

other when fed through one input arm, and considering the 386

reciprocal nature of the device, illuminating both input arms 387

with phase shift of π enables switching of light from one port 388

to the other port.We can use the field transfer matrix of a 2×2 389
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FIGURE 5. (a) Measured S-parameters of the air-clad CPW GSG electrodes from 0 to 40 GHz. Extracted
from the real and imaginary measured S-parameter matrix. (b) Measured S-parameters of the
UV15-clad CPW GSG electrodes from 0 to 40 GHz. Extracted from the real and imaginary measured
S-parameter matrix. (c) RF group index of the GSG electrodes from 0 to 40 GHz. Extracted from the real
and imaginary S(2,1) parameters. (d) RF impedance of the GSG electrodes from 0 to 40 GHz. Extracted
from the real and imaginary S(1,1) parameters.

FIGURE 6. Simplified fabrication flow chart of the folded SiNx-LiNbO3
modulator.

MMI, shown in Eq. (2), to show the relationship between the390

difference in phase between the two input arms (1φ), and the391

transmission through each output arm [19]:392 [
A′

B′

]
= ejφ0

[
1 e

jπ
2

e
jπ
2 1

][
A
B

]
. (2)393

The power transferred through each arm is modeled using394

|A′|2
2 and |B

′
|
2

2 . In Fig. 7. (b), it is confirmed that the MMI395

can maintain an equal splitting ratio across a range of optical396

wavelengths, where a peak splitting difference of 1.4% is397

found at the 1530 nm input wavelength. This still supports an398

ER of over 40 dB, shown later in this work. In Fig. 7. (c), the399

same relationship is demonstrated using Lumerical’s FDTD400

simulation software. Here, two Gaussian mode sources are401

applied to the inputs of the structure, while one’s phase is402

swept from 0 to 2π radians. The normalized power transmis-403

sion through each output arm is plotted along this sweep.404

An imbalanced Mach-Zehnder Interferometer (MZI) is405

constructed from a directional fiber coupler, where a tunable406

laser source is equally split among two fibers of lengths 407

1 m and 1.5 m, and then connected to a 1 × 2 OZ Optics 408

v-groove array (VGA), aligned to launch TE-polarized light 409

at 1550 nm. The VGA is aligned to the input waveguides of 410

the 2 × 2 MMI. An identical VGA is aligned to the output 411

waveguides of the device and each fiber is fed to a broadband 412

InGaAs photodetector before being directed to an oscillo- 413

scope. The laser source is swept from 1549.9 nm to 1550.1 nm 414

at 10 nm/s, at a step length of 0.1 nm. Because there is a length 415

difference in the fibers after the 3 dB directional coupler and 416

before the MMI, sweeping the laser source creates a periodic 417

phase variation among the input ports of theMMI. The output 418

power of each port is then captured simultaneously on the 419

oscilloscope and can be seen in Fig. 7. (a). Here, an inversely 420

proportional optical intensity between both device’s output 421

ports is experimentally validated. The same experiment is 422

performed in Lumerical FDTD and shown in Fig. 7. (c). Here, 423

both inputs of the device are illuminated with an equal optical 424

intensity, and an input phase sweep is performed to show 425

that an inversely proportional relationship between the optical 426

intensity at the output ports exists. 427

C. DC RESPONSE CHARACTERIZATION 428

The MZM functionality as an electro-optic (EO) transducer 429

is measured at low frequencies and plotted in Fig. 7. (f). The 430

observed Vπ is our chosen figure-of-merit (FOM). A low 431

speed (150 kHz) triangular voltage wave is applied to the 432

GSG electrodes using an arbitrary waveform generator via 433

a GSG probe. The device’s electrodes are excited such that 434

the center electrode is active, while the outer electrodes 435

are grounded. The optical output signal from each output 436

port is connected to a broadband photodetector, which is 437
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FIGURE 7. (a) Reference 2 × 2 MMI transmission in each output port vs phase difference between each input port. Data experimentally
collected. (b) Simulated 2 × 2 MMI transmission in each output port vs input wavelength across optical C-band. Peak splitting difference is
1.4%. (c) Reference 2 × 2 MMI transmission in each output port vs phase difference between each input port. Data simulated in ANSYS
Lumerical FDTD. (d) Measured propagation loss of the on-chip reference structure. Measured propagation loss is 0.64 dB/cm.
(e) Measured optical power of the folded modulator at each output port vs power applied to the thermal bias electrode. Pπ = 92 mW.
(f) Measured optical power of the folded modulator at each output port vs voltage applied to the RF GSG electrodes. Vπ = 2.98 V.

connected to an adjustable trans-impedance amplifier (TIA)438

and connected to an oscilloscope. The output of the arbitrary439

waveform generator and photodetectors are observed on the440

oscilloscope and presented in Fig. 7. (f). The measured Vπ441

agrees with the simulated value of roughly 3 V.442

The same experiment is then performed using a thermo-443

optic (TO) phase shifter near the fold of the device to ensure444

the device can be biased to null, quadrature and peak bias.445

The input power is swept from 100 mW to 350 mW and the446

output of both photodetectors is plotted alongside the applied447

TO phase shifter power in Fig. 7. (e). The power required to448

shift from null to peak bias (Pπ) is found to be Pπ = 92 mW.449

D. EXTINCTION RATIO CHARACTERIZATION450

Through careful design of the 2 × 2 MMI splitter/combiner451

used at the output of the device, the optical extinction ratio452

can be improved compared to previous work which employs453

a 2× 1 MMI combiner [8]. When a 2× 1 MMI is used at the454

output of anMZM, and the MZM is biased to a null condition455

such that there is a π phase difference between both modu-456

lation arms, the light entering the 2 × 1 MMI will interfere457

destructively at the output port and create substrate modes458

in the LiNbO3 slab. While very little light may immediately459

enter the output waveguide, a portion of optical power from460

the substrate modes will couple back into the waveguide after461

some length, leading to a degraded extinction ratio.462

To solve this, we have placed a 2 × 2 MMI after the463

interaction region to serve as the splitter/combiner at the464

output of the MZM. Now, moving from a peak to null bias465

condition will shift the light from one output port to another466

rather than exciting unwanted substrate modes. The addition467

of linear tapers on the input and output of the MMI further468

prevents reflections cause by MFD mismatch between the469

multimode region and the waveguides leading to substrate470

modes. Moreover, because the optical mode is primarily con- 471

fined in the LiNbO3 slab, the multimode region of the 2× 2 472

MMI must be relatively long compared to Silicon on Insu- 473

lator (SOI) or silicon on LiNbO3 strip-loaded waveguides, 474

whichmaintain a higher index contrast than SiNx on LiNbO3. 475

As such, the LiNbO3-SiNx material system affords greater 476

fabrication tolerance, where, for example, a +/− 25 nm 477

variation in the length of the multimode region is only. 004% 478

of the total length. 479

To demonstrate the ability of our 2×2MMI to improve the 480

extinction ratio of the MZM, we have measured the extinc- 481

tion ratio of the device under forward and reverse operation. 482

In forward operation, light enters the device through the input 483

port as defined in Fig. 1. (b), is split into two paths using a 484

1× 2 MMI, and then is recombined after passing through the 485

interaction region using a 2 × 2 MMI. Thermo-optic phase 486

shifters, shown in Fig. 12 are used to sweep the bias condition 487

of the device, and the peak and null intensity of each output 488

port is collected on an Optical Spectrum Analyzer (OSA). 489

The optical response of port 1 at peak and null bias is plotted 490

in Fig. 8. (a) and (b), respectively. The optical response of 491

port 2 at peak and null bias is plotted in Fig. 8. (d) and (c), 492

respectively. 493

To validate these results, the optical transmission in is then 494

collected using an optical power meter, and plotted to find 495

the static extinction ratio of the device as the bias condition 496

is swept through null bias for each output port, shown in 497

Fig. 8. (c) and (f), corresponding to output ports 1 and 2, 498

respectively. Multiple devices were measured to confirm the 499

repeatability of this result. The optical power meter shows a 500

higher ER than the OSA. To avoid misrepresentation of data, 501

the lower number acquired from the OSA is used. 502

The same experiment is then performed with the device 503

in reverse operation. Here, the laser source is connected to 504
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FIGURE 8. (a) Port 1 optical power output at respective peak bias while forward propagating through the
modulator. (b) Port 1 optical power output at respective null bias while forward propagating through the
modulator. (c) Port 1 optical power output while the bias condition is swept through respective null.
(d) Port 2 optical power output at respective peak bias while forward propagating through the modulator.
(e) Port 2 optical power output at respective null bias while forward propagating through the modulator.
(f) Port 2 optical power output while the bias condition is swept through respective null. Data collected
using an APEX Optical Spectrum Analyzer and Thor Labs handheld power meter. Input power is 1 mW, input
and output fibers are separated from end facets to increase measurement stability. Peak power is not
representative of total insertion loss.

FIGURE 9. (a) Power output of the modulator at peak bias when fed backwards
through output port 1. (b) Power output of the modulator at null bias when fed
backwards through output port 1. (c) Power output of the modulator at peak bias when
fed backwards through output port 2. (d) Power output of the modulator at null bias when
fed backwards through output port 2. Data collected using an Optical Spectrum Analyzer.
Input power is 1 mW, input and output fibers are separated from end facets to increase
measurement stability. Peak power is not representative of total insertion loss.

either output port 1 or 2 as defined in Fig. 1. (b). Now, the505

1×2 MMI splitter at the input acts as a 2×1 MMI combiner506

[25], [43], [45]. Thermo-optic phase shifters are again used to507

sweep the bias condition of the device, and the peak and null508

intensity of the output is collected on an OSA. The extinction509

ratio is measured using both ports 1 and 2 as the input and510

plotted in Fig. 9. The optical response of the device when fed511

from port 1 is plotted in Fig. 9. (a) and (b), respectively. The512

optical response of the device when fed from port 2 is plotted513

in Fig. 9. (c) and (d), respectively.514

The extinction ratio of the device in forward operation is515

roughly 45 dB, while the extinction ratio of the device in516

reverse operation is roughly 33 dB. This demonstrates the 517

effectiveness of the 2×2 MMI in this material system, where 518

a 45 dB extinction ratio is achieved without the need for 519

cascaded directional couplers. 520

A 2× 2 MMI transfer matrix is used to simulate the result 521

after the fact to find the input power and splitting imbalance 522

errors. The transfer matrix for this is shown below: 523[
A′

B′

]
= ejφ0

[
1 ej

π
2 (φimbal )

ej
π
2 (φimbal ) 1

] [
AejφA

BejφB

] [
Pimbal
1

]
. (3) 524

Here, A and B are the input power of both input ports 525

while A′ and B′ represent the output power of the MMI 526
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FIGURE 10. (a) Calculated extinction ratio from each port in the 2 × 2
MMI with applied splitting imbalance and input power imbalance.
(b) Calculated relative phase relation from each port in the 2 × 2 MMI
with applied splitting imbalance and input power imbalance.

output ports. The term φ0 is the constant phase offset527

that the MMI imparts on the optical mode. The π/2 term528

accounts for the ideal π/2 phase offset between the out-529

put ports when the MMI is fed by one input port. The530

term φimbal accounts for any discrepancies between the ideal531

π/2 phase offset and the actual phase offset, which may532

be different due to fabrication tolerances or design issues.533

Similarly, the term Pimbal accounts for unequal splitting534

within the MMI. With this, the output power of output ports535

A′ and B′, is536

A′ = ejφ0
(
PimbalAejφA + BejφBej

π
2 φimbal

)
(4)537

B′ = ejφ0
(
PimbalAejφAej

π
2 φimbal + BejφB

)
. (5)538

Using values Pimbal = 0.998, φimbal = 0.998, A = 1, B =539

0.988, the ER and phase relations of the 2 × 2 MMI are540

calculated and plotted in Fig. 10. (a) and (b), respectively.541

It is shown that this aligns well with the measured data and542

demonstrates that the 2 × 2 MMI will still produce a high543

ER when input power and splitting ratio are not perfectly544

balanced. If fabrication issues are expected, an additional545

thermal heater can be placed on the top or bottom of the MMI546

to tune the optical splitting ratio and account for fabrication547

errors [47]. Finally, the MMI can maintain a over 40 dB ER548

across the optical C-band, where a peak splitting difference549

of 1.4% is found at 1530 nm.550

E. HIGH FREQUENCY EO RESPONSE551

The traveling-wave electro-optic response of the MZM is552

achieved by measuring the optical sideband power with an553

RF modulating signal applied to the electrodes. A tunable554

telecom laser is used to launch 1550nm TE-polarized light555

into the device, while an RF signal generated by a signal556

generator is connected to the input side of the GSG elec-557

trode through a GSG probe so the RF and optical signals558

are co-propagating. In this way, the overlap between the559

modulating RF field and the modulated optical signal is560

maintained for as long as possible. The modulator is biased561

to quadrature using a DC current source connected to the562

TO phase shifters to ensure the modulator is operating in the563

most linear region of the response curve. The RF modulating564

signal is swept from 1 to 40 GHz in 1 GHz increments,565

and the intensity of the sidebands of the modulated optical566

signal is observed using an OSA [48]. The RF source is then567

connected to an RF thermocouple power meter and again568

FIGURE 11. (a) Measured optical sidebands and simulated EO response
at quadrature bias from 0 to 40 GHz using a 1550 nm wavelength carrier
signal. Measurement taken at output port 1, UV15 index matching fluid
present. (b) Measured optical sidebands and simulated EO response at
quadrature bias from 0 to 40 GHz using a 1550 nm wavelength carrier
signal. Measurement taken at output port 2, UV15 index matching fluid
present.

FIGURE 12. Schematic of the experimental setup used to collect sideband
data of the device.

swept from 1 to 40 GHz to gather the RF input power at 569

each frequency step. The modulation spectrum is normalized 570

to the optical carrier input and RF power. The modulation 571

spectrum of port 1 and 2 from 3 to 40 GHz at quadrature 572

bias of the UV15-clad device is shown in Fig. 11. (a) and 573

(b), respectively. Lower frequencies are omitted due to an 574

unlevel power output from the RF source. The sideband 575

power roll-off from low frequencies to 40 GHz is roughly 576

0.1 dB/GHz, excluding spurious low-frequency response, the 577

3 dB bandwidth is roughly 30 GHz. The experimental test 578

setup is shown in Fig. 12. The measured EO response is a 579

close match to the simulated EO response extracted from the 580

measured electrical scattering matrix [49]. This confirms that 581

the expected optical group index is accurate, where if it was 582

not, there would be a discrepancy between the simulated and 583

measured result. 584

V. CONCLUSION 585

In this work, a high extinction ratio hybrid LiNbO3-SiNx 586

electro-optic MZM with two equal and opposite outputs is 587

designed, fabricated and characterized. The device uses a 588

2 × 2 MMI at the output to provide two inversely propor- 589

tional outputs with exceptional extinction ratio performance. 590
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Fiber couplers are used at the input and output to lower the591

total insertion loss to 12 dB. To the best of our knowledge,592

this is the first time a high extinction ratio, folded, dual593

output LiNbO3-SiNx electro-optic dual-output MZM with a594

waveguide crossing has been demonstrated in this material595

platform. The device presented shows a measured DC-Vπ of596

3.0 V with an 11 mm interaction region, and an extinction597

ratio of over 45 dB. This design does not require cascaded598

directional couplers to control splitting imbalance, and shows599

repeatability across multiple devices. This is nearly 31 times600

higher than high-extinction ratio single-output modulators601

in literature today. There is a clear path forward to opti-602

mizing either or both the low and high frequency operation603

depending on application-specific requirements. In future604

work, capacitively-loaded traveling-wave electrodes will be605

incorporated to increase the operational bandwidth.606

A dual-output MZM can be paired with a balanced PD607

receiver and used in many photonic communication systems608

where a high extinction, dual output device is paramount to609

the high-performance operation of the system as a whole.610

This enables heavy, lossy and space-consuming cables to be611

replaced with much lighter optical fibers. A balanced PD612

receiver pair is capable of detecting both the signal ampli-613

tude and phase information and is compatible with complex614

modulation formats used in DPSK and DQPSK systems.615

Moreover, the demonstration of the 2 × 2 MMI coupler to616

reach >45 dB ER lends itself to exotic applications such as617

IR andmid-IRBracewell nulling interferometry for exoplanet618

detection [50].619
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