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ABSTRACT

Lithium niobate has numerous extraordinary features that make it useful for a wide
range of applications, particularly in optics. The material’s strong electro-optic effect and
second-order nonlinearities are two prime examples with applications in optical modu-
lation and wavelength conversion, respectively. The thin-film lithium niobate platform
has revitalized the conventional applications of lithium niobate during the last decade.
The platform is now one of the most actively investigated subdisciplines in integrated
photonics. The waveguides on this innovative platform are high index contrast, resulting
in a size reduction of more than 20 times and a bending radius decrease of about two
orders of magnitude when compared to traditional counterparts. These ultracompact
waveguides facilitate the realization of highly efficient photonic devices, some of which
are presented in this work. First, tunable dual-channel integrated Bragg filters with ultra-
narrow linewidths are demonstrated. These filters have potential applications in optical
communication, sensing, and quantum optics. Next, high-speed Mach-Zehnder electro-
optic modulators with an extrapolated 3-dB bandwidth of 170 GHz and low half-wave
voltage-length product of 3.3 V.cm are presented. Furthermore, microwave-to-optical
converters with integrated antennas and optical waveguides are demonstrated with im-
proved efficiency compared to the currently existing devices for integrated microwave
photonics applications. Afterward, fabricated periodically-poled lithium niobate devices
are utilized to illustrate nonlinear wavelength translators through cascaded sum- and
difference-frequency generations. Finally, further works on these research topics, which

are appropriate for future research, are discussed.
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CHAPTER 1: INTRODUCTION

Part of the contents of this chapter has been published in: Milad Gholipour Vazimali and Sasan
Fathpour ” Applications of thin-film lithium niobate in nonlinear integrated photonics,” Advanced

Photonics 4(3), 034001 (2022).

Lithium niobate (LiNbOj3 or LN) has long been recognized as a dominant photonic mate-
rial for the long-haul telecom modulator and wavelength-converter applications due to its
superior electro-optic (EO) and nonlinear optical capabilities. This chapter provides the
background for the rest of this dissertation by covering LN properties, introducing thin-
tilm lithium niobate (TFLN) and its advantages, and theoretical explanation of Pockel’s
effect and nonlinear optics, which are the two properties of LN used in the presented

projects.

1.1 Lithium Niobate and its Physical Properties

Lithium niobate is a wide-bandgap compound synthetic material with transparency win-
dow extending from ultraviolet to mid-infrared (0.35-5 um). It leverages strong nonlinear
optic, electro-optic, piezoelectric, thermo-optic, photorefractive, and acousto-optic effects
[1], making it suitable for a wide range of applications, especially in the fields of photonics
and micro electro-mechanical systems (MEMS). Table 1.1 compares the optical properties
including second-order nonlinearity (d coefficient), electrooptic (EO) effect (r coefficient),
and refractive index of LN with other materials that possess these properties. As can be
seen in this table, LN has both strong second-order nonlinearity and EO coefficients while

benefits from a relatively large refractive index (1, = 2.21 and n, = 2.14 at A = 1550 nm).



GaAs has a very high d3g value but it is not a ferroeletric material, hence modal-phase
matching is typically pursued for second-order nonlinear processes, which is less favor-
able than quasi-phase matching among fundamental guided modes. KTP has stronger

EO coefficient, but smaller d coefficient and lower refractive index.

Table 1.1: Optical properties at A = 1550 nm for some of the materials with second-order
nonlinearity and electrooptic effect.

Material = Largest d coefficient Largest r coefficient Refractive index

LleO3 [2] d33 =27 pm/V Y33z = 27 prn/V ~ 2.2
AIN [3] d33 =47 pm/V r33z = 1 pm/V ~21
GaAs [2] dzs =119 pm/V r41 =1.5pm/V ~ 3.4
GaN [4] d33 =16.5pm/V r33 =19 pm/V ~23
KTP [2] d33 =14 pm/V r33 =35 pm/V ~ 1.8

Conventional LN waveguides are most commonly formed by in-diffusion of titanium (Ti)
dopants [5] or by the proton exchange process [6]. However, these conventional lithium
niobate optical waveguides have a low index-contrast (< 0.1), hence are bulky compared
to modern integrated platforms such as silicon photonics. The bulkiness impedes pho-
tonic circuit implementations and imposes high optical power requirements for nonlinear

optics and EO applications.

1.2 Thin-Film Lithium Niobate

Achieving thin films of LN (with a thickness of a few hundred nanometers) that reside on
an insulator cladding with a much lower index (e.g., silicon dioxide or SiO;) - along with
methods to achieve low-loss ridge or channel waveguides on the thin films - can address

the above issues and yield high-contrast waveguides.

As shown in Fig. 1.1, owing to the compactness of thin-film lithium niobate (TFLN)

2



a)

@®Ti:LiNbO,
LiNbO,

Mode area: ~ 30 um? Index contrast: < 0.1 Mode area: <1 um? Index contrast: ~ 0.7

Mainly Z-cut 0! X, Y, and Z-cut

Figure 1.1: Comparison of optical mode areas, index contrast, and crystal orientations in
a) Conventional LN waveguides and b) Thin-film LN waveguides.

waveguides provided by the high index contrast, optical mode sizes are remarkably
smaller than those in conventional counterparts, hence much higher intensities can be
achieved for the same optical power. Moreover, the overlap integral between the interact-
ing optical modes at different wavelengths with the same parity are much larger. These
differences result in significant improvements in efficiencies of various nonlinear pro-
cesses. For example, the normalized conversion efficiency of second harmonic generation
(SHG) has a direct relation with the overlap integral of the fundamental and second har-
monic modes and an inverse relation with mode areas [7]. Moreover, bending radii in the
TFLN platform is much smaller than the conventional LN because of its high index con-
trast, hence efficient and ultracompact microresonator structures can be easily realized on
this platform for integrated nonlinear applications. Additionally and for EO applications
such as EO modulators (EOMs), the gap between electrodes can be reduced significantly
owing to the compactness of the waveguides, resulting in larger overlap between RF and

optical fields and hence lower half-wave voltage. This and smaller bending radii result in

3



much smaller footprints for EOMs on TFLN compared to those in conventional LN.

Thin-film lithium niobate (TFLN) wafers on silicon (5i) substrates and high-contrast waveg-
uides (with submicron cross-sectional dimensions) were developed for the first time at
CREOL in 2013 [8]. Since the commercialization of TFLN wafers by a few vendors [9, 10,
11], efforts by several research teams have tremendously advanced the field of TFLN in-
tegrated photonics. A plethora of ultracompact linear and nonlinear optical devices and
circuits (waveguides, microring resonators, modulators, grating couplers, wavelength
converters, entangled photon sources, isolators, supercontinuum and comb sources, etc.)
with unprecedented or significantly superior performances than the conventional (bulk)
LN counterparts have been demonstrated. The combined efforts have rejuvenated LN
for novel EO, nonlinear- and quantum-optic applications and the material is considered
among the top candidates for heterogeneous integrated photonics. That is when multiple
materials are monolithically integrated on the same substrate (preferably silicon), while

each material is chosen for the functionalities that it suits the best.

TFLN is still under investigation for a better understanding of its fundamental properties,
such as crystal defects, optical damage [12], and the photorefractive effect [13]. First-
principle studies have also been used to explore new capabilities of the material [14, 15].
Dry etching of LN is challenging in bulky conventional waveguides with deep sidewalls,
hence diffusion or implantation of dopants are typically preferred. Etching appeared
to be challenging in the early years of TFLN, thus rib-loading techniques were adopted
[8, 16, 17], which is indeed advantageous for EO devices in some aspects [18]. However,
direct etching of LN is preferred for nonlinear-optic applications. Partially thanks to the
shallow etching required in TFLN waveguides, optical propagation losses as low as 0.027
dB/cm [19], as well as intrinsic Q-factors beyond 108 [20], have been achieved. Even at

the wafer level, a propagation loss of 0.27 dB/cm has been demonstrated [21], which is

4



an important milestone for large-scale integration. Progress in fabrication processes on

TFLN is reviewed elsewhere [22, 23].

Numerous studies have also been conducted on the technological improvement of the
platform such as domain engineering [24, 22, 25, 26, 27], which is particularly impor-
tant for nonlinear devices based on periodic poling. Increasing number of functionalities
are being demonstrated on TFLN and are rendering it a fully functional integrated plat-
form. For example, light sources including rare-earth ion-doped [28, 29, 30, 31, 32, 33]
and Raman lasers [34, 35], as well as heterogeneously integrated electrically-pumped III-
V laser [36, 37] have been demonstrated. Shams et al. [37] adopted flip-chip bonding and
demonstrated electrically pumped DFB laser on TFLN with up to 60 mW of optical power
coupled to the TFLN waveguide. The performance of EO modulators is still being further
improved [38, 39], with a recently reported data transmission rate of 1.96 Tb/s at a single
wavelength with 110 GHz 3-dB bandwidth and < 1 V of driving voltage [40]. Progress
has been made in design and experimental results to enhance the EO bandwidth of TFLN
modulators into the subterahertz regime [18, 41]. Other components, such as highly ef-
ticient couplers [42], tunable filters [43], optical isolators [44], and programmable spatial

light modulators (SLM) [45] have also been reported.

1.3 Pockel’s Effect

Refractive indices of LN can be varied via applying electric field, which is called electro-
optic effect. The variations can be described in terms of impermeability tensor 7;;, in

which 17;; =€g/€;; =1/ n%j and is formulated as:

1ij(Eo) = ,71(19) + A1;ij(Eo) = 771-(]-0) + ) riEro + + Y_Sijki ExoEro + - (1.1)
k k
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where 77 is the field-independent relative impermeability, 7;j is the linear EO coefficient

called Pockel’s coefficient, and s;j; is the quadratic EO coefficient called the Kerr coeffi-

cient. In Equ. 1.1, indices of i and j are related to the optical field, and indices of k and !

are related to the electrical field. Because 7;; = 17;; and A;; = Ay, indices of i and j can be

replaced with «, therefore, Equ. 1.1 is reduced to:

1a(Eo) = %(co) + Any(Eo) = Wz(xo) + Y rakExo + Y _SukiExoEio + -
2 k

(1.2)

where « =1,2,...,6. Pockel’s effect only exist in non-centrosymmetric materials and can

be expressed as:

Ay =Y rukEros
k

Equation 1.3 can be written in matrix form as:

11
r21
31
T41
51

761

r12

722

132

T42

52

T'62

r13
723
733
T43
53

763

(1.3)

(1.4)



In the case of LN and due to the symmetry, Equ. 1.4 can be reduced to:

0 —rpn 713
0 rn 7113
Ey
0 0 33
Ay = E, |- (1.5)
0 Y42 0
E;
Y42 0 0
(o)) 0 0

The largest element of this matrix is r33 for LN, which can be exploited by applying an
electric field along the c-axis (z-axis) of LN. Assuming an applied electric field along the

z-axis (E), the change of refractive indices in LN can be written as:

1
1 3
ne(E;) =~ n.(E=0) — 5”3733Ez (1.7)

14 Second-Order Nonlinear Optics

The polarization of a material, i.e., P, can be expressed as a power series of the applied

electric field:

P=exVE+xPE2 4+ xOF .| = [PY + P?) 4 PO) 1 ] (1.8)



Where x(!) are the susceptibilities of different orders, among which x(?) is the second-
order susceptibility and is of our interest in here. x(?) tensor has various elements in-
teracting with different components of the applied electric field and may be represented

using a contracted matrix notation d;; under Kleinman symmetry:

1 (2) Contracted
dij = Eijlg ———rdjj = dy (1.9)
The index contraction is similar to the case of electro-optic effect. The non-zero elements

of x1?) are ruled by the crystal symmetry of the material. For LN with crystalline class of

3m, the d;; matrix can be expressed as:

0 0 0 0 dy —dy
dil: —dzz dzz 0 d31 0 0 (1-10)

Similar to the case of Pockel’s effect, the largest element of d;; is along the c-axis (z-axis)
of LN, which is d33 = 27 pm/V, which is almost five times larger than the second largest
element of this tensor, i.e., d3;. Therefore, in second-order nonlinear processes the crystal
orientation and optical field polarization are usually chosen in a way to utilize d33 to

achieve the best efficiency. This is depicted in Fig. 1.2 for two methods of phase-matching.

It is well-known that for an efficient nonlinear process, both the energy and momen-
tum conservation conditions should be satisfied, the latter of which is not trivial due to
waveguide and material dispersion. For example, sum-frequency generation (SFG) re-
quires wi + wy = w3, and ky + ky = k3 or nywy/c 4+ npwy /¢ = n3ws/c, where w; denotes
the angular frequencies of the participating signals in the nonlinear process, and k; and

n; are the corresponding wave-vector and refractive index, respectively [46]. For the case



b)

a)
— — X
— — X-cut
— — V4
— — y zZ Z—Cut
— — y

A Or Z.
| :' Y-cut X

z
TE polarization TM polarization

is preferred gii';b% is preferred
2
®si
C) z d) X y
TM polarization l l TE polarization

TMg, @ TEq
- [T} . - M =

Figure 1.2: Crystal orientations and corresponding preferred polarization to achieve max-
imum efficiency for nonlinear processes in TFLN using a,b) Quasi phase-matching via
periodic poling and c,d) Modal phase-matching.

of second-harmonic generation (SHG), in which w; = wy, k1 = kp, and ny = n; the en-
ergy and momentum conservation conditions are simplified to w3 = 2w, k3 = 2k; or
n(wi) = n(2wy ). Similarly, these conditions should be fulfilled for other efficient nonlin-
ear processes. In the presence of a wavevector mismatch (or as often referred to as phase
mismatch), e.g., Ak = kq + ko — k3 # 0 for SFG, the power oscillates between the participat-
ing frequencies instead of efficiently generating the targeted frequency. Therefore, phase
matching (PM) becomes the most critical aspect of any nonlinear process. Additionally
and in resonant-based structures, all the frequencies involved in an efficient nonlinear

process should meet the resonance condition.

Several phase-matching methods have been adopted or developed on TFLN (see Fig. 1.3).



They can be divided into two broad categories [7]. The first group is perfect PM, which
achieves Ak = 0 by keeping the refractive indices for the fundamental and SH modes
equal. Birefringent PM (BPM) and modal PM (MPM) are two examples of perfect PM
methods. Cyclic PM (CMP), which is used in microrings and microdisks, meets the Ak =0
condition for perfect PM in certain azimuthal angles. The second category is quasi-PM
(QPM), Ak # 0, which is based on perturbing the nonlinear process to compensate for
phase mismatches and includes grating-assisted QPM (GA-QPM) and periodic poling.

Using metasurfaces, PM-free SHG is also possible.

In this report, only periodic poling has been employed as the phase-matching method for
nonlinear projects. Therefore, periodic poling is explained in more details in Sections 1.4.1
and 1.4.2 for the case of SHG, which can be similarly applied to the other second-order

nonlinear processes.

Single-pass straight microwaveguides and resonant-based structures such as microrings,
microdisks, racetracks, as well as photonic crystals have been used to investigate non-
linear integrated photonics on the TFLN platform. Classical second-order nonlinearities
such as SHG, SFG, difference-frequency generation (DFG), optical parametric amplifica-
tion (OPA), and optical parametric oscillation (OPO) have been demonstrated, as well as

the non-classical spontaneous parametric down-conversion (SPDC) process.

1.4.1 Periodic Poling in Straight Waveguides

Periodic poling, demonstrated first on bulk LN devices over a few decades ago [52], is the
most common and efficient QPM technique on LN, especially for straight waveguides de-
spite the fact that Ak # 0. In this method, in order to compensate for Ak, the sign of the

relevant nonlinear coefficient is periodically altered in the areas that the power is sup-
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Figure 1.3: Various phase-matching methods used on the TFLN platform. a) Birefringent
phase-matching [47]. b) Modal phase-matching [48]. c) Grating-assisted quasi phase-
matching or mode shape modulation [49]. d) Periodically-poled lithium niobate (PPLN)
on a straight waveguide [17]. e) Natural quasi-phase-matching, which is conceptually
similar to cyclic phase-matching [50]. f) Phase-matching-free metasurface [51].

posed to be converted back to the pump frequency. A periodicity of A = 27t/ Ak with 50%
duty cycle prevents power oscillation between interactive waves and facilitates a much
more efficient power transfer from the pump to the targeted frequency. Devices made
with this technique are called periodically-poled lithium niobate (PPLN) and are com-
mercialized for many years. Poling is accomplished by utilizing the ferroelectric property

of LN through domain inversion by applying electric fields greater than the coercive field.
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For congruent bulk LN, the coercive field value is ~ 21 V/um [53]. This value is higher
in TFLN (~40-48 V/um), which is possibly related to the interface of SiO,/LN bonding
[54] or the annealing step of wafer fabrication process and the subsequent out-diffusion of
Li* ions [55]. PPLN devices typically utilize ds3 in a Type-0 PM configuration, in which
the fundamental modes can be used for both the pump and SH wavelengths, resulting
in a strong overlap integral and enhanced overall conversion efficiency. Extensive stud-
ies have been conducted to optimize the poling process parameters, e.g., pre-heat treat-
ment, temporal waveform, and electric field strength for achieving a stable and uniform
~50% duty cycle throughout the entire device [25, 56, 26, 27]. Recently, several groups
have successfully demonstrated submicron poling periods [57, 58, 59], which are capable
of compensating for large values of Ak and are of high-demand particularly for short-
wavelength nonlinear devices and counter-propagating processes. Also, non-destructive
measurement methods such as piezo-response force microscopy (PFM), SH confocal mi-
croscopy [60], and far-field diffraction [61] are employed to visualize and evaluate the

poling quality.

In 2016, PPLN devices were demonstrated for the first time on the TFLN platform on

LN [54] and Si [17] substrates. Both of these devices relied on silicon nitride (SiN) rib-
loaded waveguides on TFLN. Using SiN rib-loaded waveguides and by engineering the

2 was achieved in

lateral leakage, a normalized conversion efficiency of 1160 %W ~1cm™
2019 for a 4.8-mm-long device [62]. Figure 1.4 depicts various types of PPLN devices

demonstrated in TFLN such as straight waveguides and resonator structures.

Following the development of low-loss etching processes [19], ultra-high efficient nonlin-
ear processes on TFLN using direct etching emerged. In 2018, using direct etching on a
MgO-doped X-cut TFLN, Wang et al. [63] reported a normalized SHG conversion efficien-

cies of 2,600 %W lem—2 and 2,300 %W lcm—2 for 4-mm-long devices on two different
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Table 1.2: Performance of various devices based on straight waveguide structure for SHG
using periodic poling phase-matching method. Power values for the pump and SH wave-
length, as well as the absolute conversion efficiency (in %) correspond to the maximum
normalized conversion efficiency and are not necessarily the maximum reported numbers
in these papers.

Config & Ref | Pump / SH power | Length | %W lcm™2 | %W~! | Absolute %
Type-0 [65] 3mW /370nW | 300 pm 4600 4.14 ~0.012
Type-0[66] | 530 uyW /2.7 yW | 5mm 3757 939.25 ~0.5
Type-0[63] | 1.5mW /94 uW | 4mm 2600 416 ~0.6
Type-0 [68] | 2.95mW / 31.6 yW | 4 mm 2200 352 ~1
Type-0[67] | ~6 mW /550 yW | 20 mm ~320 ~1280 ~9

waveguide widths operating at two distinct wavelengths. MgO-doping mitigates any
potential photorefractive effect in LN and hence enables high-power operation. Chen et
al. [64] achieved a very similar performance on an undoped X-cut TFLN with an 7 of
2,200 %W~ lem =2 for a 4-mm-long device. In 2019, our group showed a record high nor-

malized SHG conversion efficiency to date of 4,600 %W ~lcm 2

on a 300-ym-long device
by actively monitoring the poling process and by performing multiple iterative cycles of
poling and depoling [65]. In 2020, another very high 7 of 3,757 %W ~'cm~2 was reported
on a longer device length of 5 mm [66]. Recently, a normalized conversion efficiency of ~
320 %W ~lecm 2 was reported for a 20-mm-long device corresponding to ~ 1,280 %W !

[67], which is relatively high for conversion efficiencies reported to this date in units of

%W for straight waveguides (see Table 1.2).
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Figure 1.4: Periodically-poled lithium niobate devices in different structures. a) Straight
waveguide [65]. b) Racetrack resonator that is poled on one of the straight arms [69]. ¢)
Radially-poled microring resonator [70]. d) Radially-poled microdisk, poled using piezo-
response force microscopy technique, in which they also demonstrated poling period as
small as 200 nm [71].

1.4.2  Periodic Poling in Microresonators

Combining highly-efficient PPLN devices with the intensified light-matter interaction in
resonant-based structures has led to a new front in nonlinear processes. In 2019, Chen et
al. [69] utilized a doubly-resonant microcavity in a racetrack shape on X-cut MgO-doped
TFLN and periodically poled the 300-ym-long straight waveguide on one arm to achieve
a normalized conversion efficiency of 230,000 %W ! with only 5.6 uW of pump power
and a moderate Q-factor of 3.7x10%. Lu et al. [72] radially poled a doubly-resonant mi-

croring resonator on a Z-cut TFLN and were able to demonstrate 7 = 250,000 %W ~!. This

14



Table 1.3: Comparison of resonant-based structures for SHG using periodic poling phase-
matching method.

Structure & Ref | Config | Pump / SH power | Q; at FW | %W~! | Absolute %
Microring [70] | Type-0 | 1.05 uW /56 nW | 1.8x10° | 5x10° ~5.3
Microring [72] | Type-I | 55 uW /75 uW | 8x10° | 25x10° ~135
Racetrack [69] | Type-0 | 5.6 uW /73nW | 3.7x10° | 2.3x10° ~1.3

is while they employed d3; by using TEqg for the pump mode and TMyg for the SH mode
due to the difficulty of poling, since the poling period of Type-0 PM would have been
almost three times smaller. By utilizing d33 in Type-0 configuration through overcoming
the poling issues and by improving the Q-factor of resonators, the same group reached
5,000,000 %W ! conversion efficiency at low power regime with a pump power of ~ 10
#W [70]. As mentioned above, such very high efficiencies in %W ! are possible because
the ratio P,/ P? would increase inversely with a decrease of the pump power for the same
order of absolute power efficiency (see Table 1.3). Nonlinear optics at such low pump
powers is a welcome development. However as mentioned before, in most practical ap-
plications the amount of the generated output power is more important and the absolute

power efficiency, P>/ P; in %, is therefore a more relevant figure of merit.

With a high single-photon coupling rate of 1.2 MHz and reasonably low dissipation rate of
184.6 MHz, the previously cited work [70] reached a single-photon anharmonicity of 0.7%
[70], which could find application in integrated quantum photonics [73, 74]. Periodically-
poled whispering-gallery resonators and microdisks are also demonstrated [75, 71, 76],
but with much lower conversion efficiencies. Nonetheless, the developed poling tech-

niques for microdisks using piezo-response force microscopy are invaluable and pave the
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way for reaching poling periods below 100 nm [76] (see Fig. 1.4d).
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CHAPTER 2: TUNABLE DUAL CHANNEL FILTER

The contents of this chapter have been published in: Kamal Abdelsalam , Ehsan Ordouie, Milad G.
Vazimali, Farzaneh A. Juneghani, Prem Kumar, Gregory S. Kanter, and Sasan Fathpour, “Tunable
dual-channel ultra-narrowband Bragg grating filter on thin-film lithium niobate,” Opt. Lett. 46,
2730-2733 (2021)

Abstract— We demonstrate dual-channel phase-shifted Bragg grating filters in the tele-
com band on thin-film lithium niobate. These integrated tunable ultra-narrow linewidth
filters are crucial components for optical communication and sensing systems, as well as
future quantum photonic applications. Thin-film lithium niobate is an emerging platform
suitable for these applications and has been exploited in this work. The demonstrated de-
vice has an extinction ratio of 27 dB and two channels with close linewidths of about
19 pm (Q-factor of 8 x 10%), separated by 19 GHz. The central wavelength could be ef-
ficiently tuned using the high electrooptic effect in lithium niobate with a tuning factor
of 3.83 pm/V. This demonstration can be extended to tunable filters with multiple chan-
nels along with desired frequency separations and optimized tunability, which would be

useful for a variety of complex photonic integrated circuits.

2.1 Introduction

Integrated Bragg grating filters (BGF) have been attractive for optical communication sys-
tems [77, 78], microwave photonics [79, 80], optical signal processing using programmable
tilters [81] and optical delay lines [82]. A phase-shifted (PS) BGF possesses a narrow

transmission peak, or multiple peaks, inside the stopband. A PS-BGF can provide an
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unprecedented filtering response with sub-nm linewidth and high extinction ratio (ER).
These features render them as fundamental building blocks in high-sensitivity optical
sensing [83, 84], quantum photonics [85] and electrooptic (EO) modulation [86]. Tuning
the response of these filters through the EO effect [87], the thermooptic (TO) effect [88] or
free-carrier modulation [81], adds another degree of freedom and extends their applica-

bility to high-precision and high- performance integrated systems.

EO-tunable PS-BGFs can offer much higher bandwidth, less power consumption, and
lower optical loss than the other mentioned techniques. Obviously, a suitable platform
on a material with a high EO effect is required. Thin-film lithium niobate (TFLN) on
silicon [8, 38] stands as a superior candidate for modern integrated photonics due to
its unique and unparalleled properties, for instance, its strong EO coefficient (r33 ~ 31
pm/V), and high index-contrast waveguides (~0.7). Thanks to the ultracompact waveg-
uides achievable on this thin-film platform, the technology has been utilized for demon-
strating a plethora of high-performance electro-optic, nonlinear-optic and quantum-optic

devices [38, 89, 90].

Implementation of BGFs on TFLN adds a critical building block to the available compo-
nent library and facilitates the realization of advanced photonic integrated circuits (PICs)
on this versatile platform. Uniform [91, 92] and PS [93, 94] BGF have been previously
demonstrated on TFLN. These filters demonstrate zero-, first- or high-order resonance
configuration in which they introduce zero, one, or multiple channels, respectively, in-
side the stopband. Separation of various channels, i.e., the free-spectral range, can be
controlled by the length of the cavity formed by the PS section and the grating mirrors,
similar to Fabry-Perot (FP) etalons. However, such FP-like filters are not quite suitable for
precise-channel filtering of correlated photons [95, 96, 97]. For instance, in spontaneous

parametric down-conversion experiments, two precisely and symmetrically separated
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ultra-narrowband channels (around twice the pump wavelength) are critically needed for
symmetric filtering of correlated signal and idler waves. Such filtration could be achieved
by using programmable pulse-shapers [95, 96]. These pulse-shapers are, however, bulky

and can only be used in large lab setup demonstrations.

Integrated BGFs on TFLN with two or multiple transmission channels in the stopband
have been demonstrated [93]. This is achieved through higher-order resonances in longer
phase-shift sections. However, similar to FP filters, these BGFs do not provide flexibility

and control over the channels” exact wavelength and separation.

2.2 Operation Principle and Design

In this work, we demonstrate true tunable dual-channel PS-BGF on TFLN. This novel
approach is based on three uniform grating waveguides with identical periodicity but a
different length for the middle one (see Figure 2.1(b)). This length difference controls the
separation of the two distinct channels in the stopband. Furthermore, two phase-shift
sections with different lengths are inserted between the grating sections that control the

central wavelengths of the channels, independent of the channel spacing.

The two channels, at the 1550 nm wavelength range, are designed to have a separation of
Af =20 GHz and similar linewidths of A = 10-20 pm, corresponding to a quality factor
up to 1.5 x 10°. The 20 GHz separation represents a reasonable performance metric con-
sistent with achievable optical modulation bandwidths on TFLN for further processing of
the filtered signals. Also, the designed linewidth values are chosen for future photon-pair
filtering in quantum PICs[342]. It is also noted that the filter is designed for a bandwidth

(stopband) of at least a few nanometers at the telecom wavelength range with more than
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a 20 dB ER.

The device, shown in Figure 2.1, also enables EO tuning of the central wavelength while
keeping the separation between the channels and their transmission ratio consistent with
the unbiased case. This is critical for the application of these filters in highly accurate
quantum measurements and optical communication, where fine adjustment of the wave-

length is needed.

The three-dimensional (3-D) schematic of our filter structure is presented in Figure 2.1(a).
The device consists of a Bragg grating with period of A and the corrugation depth of
Aw = (wy — wy)/2 around the waveguide width we, where w; and w, are the grating
widths at the narrow and the wide part of the grating, respectively. Two phase-shift
sections are introduced inside the grating with lengths L; and L, and separated by a
grating section with N periods. Nj grating periods are used for the input and output
gratings. The phase shift sections have a width of wy + 2Aw, which helps achieving

resonance peaks with a narrower bandwidth.

The device was demonstrated on an X-cut TFLN wafer with the cross-section shown in
Figure 2.1(c). X-cut LN enables the utilization of the highest EO coefficient of LN; r33 =
31 pm/V. We use a directly etched LN waveguiding structure with a shallow etch-depth
of 100 nm out of the 300-nm-thick LN layer to decrease the propagation loss through
minimizing the overlap with the sidewalls. A scanning-electron microscopy (SEM) image
of the fabricated device is shown in Figure 2.1(d). More details on the fabrication process

can be found elsewhere [98].

The waveguide has a tight optical-mode confinement, as evident from the transverse-
electric (TE) optical-mode simulation shown in Figure 2.1(c). This enables bringing the

electrodes closer to the waveguide while avoiding the metal-induced optical loss. We
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Figure 2.1: (a) 3-D schematic of the tunable dual-channel PS-BGF; (b) Top-view of the
device schematic is showing the different design parameters (c) Cross-section view of the
waveguide at the non-corrugated region, showing the waveguide dimensions and the
different materials. The COMSOL simulation of optical TE mode (at 1550 nm) and DC
electric field (arrows) from the electrodes are superimposed; (d) False-color SEM image
of the fabricated structure around one of the phase-shift sections, showing the fabricated
grating (red) and the surrounding metal electrodes (golden).

chose to keep the gap between the electrodes at 7.5 ym to minimize the losses as much as
possible while still having enough DC electric field (arrows in Figure 2.1(c)) overlap with

the optical mode for EO tuning.

The Bragg wavelength can be adjusted around 1550 nm through the Bragg grating period,
A [91, 99]. The bandwidth (AA) is proportional to the coupling coefficient of the grating
(k = 2An/Ap), for a long grating in the strong coupling regime [100], where An is the
difference between the effective refractive indices at the wider and narrower parts of the
grating. Therefore, increasing the corrugation depth, and hence An, results in increasing
the bandwidth and enhancing the ER through the increase of the peak reflectivity, R, =
tanh?(xL) [100]. The grating length has a direct impact on increasing the ER [92] and

enhancing the linewidth (Q-factor) of the transmission peaks in PS-BGFs.

The eigenmode expansion (EME) method in Lumerical simulation tools simulates the de-
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vice performance and achieves optimum design parameters. The EME optical simulation
result is shown in Figure 2.3 (green dotted line) for a device with the design and perfor-
mance parameters given in Table 2.1. Af is controlled by the number of periods between
the two-phase sections, N, whereas the position of the channels could be accurately con-

trolled by changing the length of the PS sections, L and L.

Finally, the EO tuning is simulated through calculation of the overlap between the opti-
cal mode and the DC electric field from COMSOL Multiphysics simulation, as shown in
Figure 2.1(c). The variation of the TE-mode effective index, Antg, through the EO effect

can then be calculated from:
1’131’33 Val"

A?lTE = G

2.1)

where 1, is the extra-ordinary index of LN, V; is the applied bias, G is the electrode gap,
and I is the overlap integral between the optical mode and the DC electric field. The
fabricated device with G = 7.5 ym and metal thickness of 130 nm would result in Antg ~
2x 1073 at 250 V. Further optimization of the EO design (decreasing G and improving I')

can enhance the EO tuning, the metal-induced losses notwithstanding.

2.3 Experimental Results and Discussion

The fabricated BGF was characterized using the setup shown in Figure 2.2. The amplified
spontaneous emission (ASE) from a semiconductor optical amplifier (SOA) is used as a
wideband input signal with a 3-dB bandwidth of 85 nm at a biasing current of 500 mA and
a controlled temperature of 25°C. The filter’s transmission spectrum is measured using
an optical spectrum analyzer (OSA), with a minimum resolution bandwidth of 20 pm.

Besides, a continuous-wave (CW) tunable laser source with 0.1 pm tuning resolution and
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a high-speed InGaAs photodiode, coupled to a digital oscilloscope, are used to capture
the fine details of the filter’s channels with a resolution better than the employed OSA. A
polarization controller is used at the input to excite the fundamental TE mode inside the
TFLN waveguides. The light is coupled in and out from the polished facets of the chip
using anti-reflection-coated lensed fibers. A DC voltage supply followed by a 100x piezo
amplifier is used to provide the needed bias to EO-tune the devices, providing on-sample

electric fields as high as 50 kV/mm.

SUT Vi, =V Oscilloscope
DL 2 A PD.
PC. @ 2]
) OOI
oocoo

Current
Driver

o
o0

Figure 2.2: A schematic diagram of the characterization setup. SOA: semiconductor opti-
cal amplifier; PC: Polarization Controller; P.D: Photodiode; OSA: Optical Spectrum Ana-
lyzer; DUT: Device Under Test.

We measured a total insertion loss as low as -8 dB. The propagation loss of 0.2 dB/cm
is measured on unmodulated waveguides. The Bragg grating has a length of 1.1 mm,
while the total device length is ~8 mm. The excess device length (~6.9 mm) may be
eliminated when integrating these filters with other components. This makes them an

attractive compact alternative for high- density PICs.

The measured optical spectrum in the C-band is shown in Figure 2.3 (black solid line).

The experimental results are evidently in good agreement with the EME simulation. Ta-
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Table 2.1: Performance comparison between design and measurement of a PS-BGF with
We = 1.3 ym, Aw = 100 nm, A = 458 nm, N; = 700, No = 600, and L; = Ly = 82 um; AA:
Bandwidth of the stopband; dA: Linewidth of the transmission peaks; Af: Frequency
separation between the two peaks; ER: Extinction ration of the stopband edge; JP: Peak
power penalty

AA(nm) JA(pm) Af(GHz) ER(dB) éP(dB)
Design 3.8 11 21.8 40 2.5
Measurement 4.0 19 19 27 -6.0

ble 2.1 summarizes and compares the performance parameters of the fabricated device
to the simulation. The small mismatch between measurement and simulation can be at-
tributed to the imperfections in the fabrication process. The difference in the peaks power
penalty coefficient, 6P, and the linewidth of the transmission peaks may be attributed to
sidewall and fabrication-induced surface scattering loss in BG waveguides, which are not

accounted for in the simulations.

A high-resolution measurement of the resonance peaks in linear scale using the men-
tioned CW tunable laser, high-speed photodiode and oscilloscope is shown in the inset
of Figure 2.3, with better resolution than the OSA-based data. A =19 + 1 pm and Af =
19 GHz are recorded using this technique, corresponding to a quality factor of 8x10* .
The ER is 27 dB at the filter’s band edge and 13 dB between the peaks due to the limited
linewidth of the peaks. This value can be enhanced for filters designed with narrower

linewidths.

The shift of the measured central wavelength (1559 nm) from the designed value (1550
nm) is likely due to an etch depth of ~110 nm in fabricated devices, which is slightly
higher than the design value (100 nm). Other attributions could be fabrication tolerances

in the grating period and thin-film nonuniformity. The evident sensitivity of the filters
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Figure 2.3: Normalized transmission spectrum of the filter from both experiment (black,
solid) and simulation (green, dotted), demonstrating a good agreement. The inset shows
a high-resolution measurement of the peaks (linear scale) using a high-speed photodiode
and a synchronized digital oscilloscope.

to design and fabrication tolerances highlights the importance of having a tuning mecha-

nism for the central wavelength.

2.4 Electro-Optical Tuning of Central Wavelength
The optical transmission spectrum of the filter is recorded for different V,, as shown in
Figure 2.4(a), demonstrating an EO-tuning sensitivity of 3.83 pm/V. With more optimized

designs and fabrication, at least 3x improvement is expected, on par with prior reports
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[94]. Even higher EO tuning of up to 25.1 pm/V can be achieved [92, 93], but at the cost
of increased propagation loss, which cannot be tolerated for quantum-photonic applica-

tions.

A small change in the peaks’ transmission spectrum is noticed, especially for high applied
voltages. This may be attributed to the slight change of the effective indices in the regions
outside the phase-shift sections (~1x10~%), due to the excessive electrical field coming
from the electrodes and the fringing field. The high applied DC voltages may also result in
heating of the TFLN, due to potential leakage current, which would result in an effective
change of the refractive index. Any field distribution mismatch between the PS sections,
due to fabrication or biasing setup, would also results in a relative change between the

measured peaks when the high voltage is applied.

The central wavelength is plotted versus the on-chip electric field at steps of 10 V and
shown in Figure 2.4(b) (green circle markers), following a linear curve fitting (red line).
The performance drifts significantly from this linear relationship and starts to saturate at
electric field values of ~22-24 kV/mm, which is higher than the coercive field of LN (~21

kV/mm) at which the polarity of crystal domains is inverted.

In conclusion, we have demonstrated dual-channel EO tunable ultra-narrowband optical
filters using PS-BG structures. The fabricated device demonstrates an ER of 27 dB and a
bandwidth of 3.8 nm. The dual channels have a linewidth of 19 pm and a quality factor
of 8x10* and are separated by 20 GHz. The central wavelength of the filter can be tuned
using the EO effect in TFLN with a tuning factor of 3.83 pm/V, which can be beneficial for
fine-tuning of high- precision photonic integrated circuits. The measured performances
are in a good agreement with design and simulations. These filters can be incorporated

into advanced PICs for quantum- photonic applications in the near future. The same
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spectrum shift at three applied voltage values; (b) Central wavelength shift as a function
of the electric field.
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concept can also be extended for the realization of multiple-channel ultra-narrowband
filters with different and adjustable frequency separations for optical communications

applications.
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CHAPTER 3: HIGH-SPEED ELECTRO-OPTIC MODULATOR

The contents of this chapter have been submitted as: Farzaneh Arab Juneghani, Milad Gholipour
Vazimali, Jie Zhao, Xi Chen, Son Thai Le, Haoshuo Chen, Ehsan Ordouie, Nicolas K Fontain, and
Sasan Fathpour, “Non-symmetric high-speed (>100 GHz) thin-film lithium niobate modulator for
signal modulation up to 240 Gbits—',” Submitted (2022)

Abstract- High-speed modulators with low driving voltage, low loss, and compact size are
essential for future optical communication systems. Thin-film lithium niobate modulators
have met each of these criteria separately, but simultaneous achievement of all of them
has been challenging on this platform. Low driving voltage electro-optic modulators ne-
cessitate either a narrow gap between the electrodes or an elongated Mach-Zehnder arms,
both of which adversely affect the microwave loss, hence the bandwidth. Here, this trade-
off is alleviated by placing the optical waveguides non-symmetrically with respect to the
electrodes and by including a dielectric buffer layer beneath the electrodes. Exploiting
this novel design yields a modulator with a measured roll-off of only 2 dB from low fre-
quencies up to 100 GHz, and with an extrapolated 3-dB bandwidth of 170 GHz. The
measured voltage-length product of this subterahertz device is 3.3 V.cm. Another device,
optimized for a lower voltage-length product of 2.2 V.cm, exhibits a 3-dB electro-optic
bandwidth of 84 GHz.The devices are also tested for eight-level phase-amplitude modu-
lation (PAM-8) and demonstrate data rates of up to 240 Gbit.s—1 at 80 Gbaud, validating
that the modulators are a propitious candidate for next-generation optical communica-

tion systems.
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3.1 Introduction

To reduce the size, cost, and power consumption of current optical communication sys-
tems and to meet the requirements of future networks, it is crucial to develop modulators

with high speed, low driving power, low loss, low cost, and small footprint [101, 102].

Currently, the majority of available commercial modulators are based on silicon (5i) [101,
103, 104, 105], indium phosphide (InP) [106, 107, 108], and bulk lithium niobate (LN)
[109]. Despite impressive performance of modulators on these three platforms, none are
capable of complying with the required criteria for the next generation of communication

systems.

In recent years, modulators based on thin-film lithium niobate (TFLN) have emerged as
a promising approach for ultra-high-bandwidth modulators with low driving voltages
and small footprint [110, 111, 112, 113, 114, 38, 115, 116, 117]. The optical modes in TFLN
waveguides are more compact than conventional LN counterparts, allowing the radio-
frequency (RF) electrode spacing to be reduced without causing detrimental optical ab-
sorption loss. Consequently, the overlap between the optical and electric fields increases,
resulting in a lower driving voltage. Furthermore, using a substrate with a lower dielec-
tric constant than bulk LN makes velocity mismatch between optical and electric fields
easier, and thus improving bandwidth [118]. Another factor that can enhance the opti-
cal bandwidth is by increasing the thickness of the SiO, insulating layer under the thin
films in order to optimize the velocity mismatch [112]. Despite the inherent advantages
of the TFLN platform, a delicate design is required to reach very high-performance mod-
ulators. In a prior work, it was shown that increasing the spacing between electrodes can
minimize the RF loss, a key parameter in determining the bandwidth at the expense of

increasing the half-wave voltage, V; [119].
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Various TFLN modulators have been reported to expand the 3-dB bandwidth of a single
modulator up to 100 GHz and higher [111, 112]. One method is to use a large gap between
the electrodes, which leads to a bandwidth of more than 100 GHz, but with a V; > 13
V [111], due to the weak overlap between the electric and optical fields inside the gap.
Another approach is to utilize asymmetric arms in a Mach-Zehnder modulator (MZM)
and to operate at a null point of the transfer function. This approach, however, limits the

operating wavelength and is sensitive to fabrication errors [112].

The present work proposes a novel design to relieve the trade-off between bandwidth
and Vy in order to achieve modulators with ultra-high bandwidth and reasonably low
voltage-length product (V.L). This is done by locating the optical waveguides in a non-
symmetric position with respect to the metal electrodes and by incorporating a thin di-
electric layer under the electrodes. To validate these concepts, experimental results on
two modulators with different design parameters are presented. One has an extrapolated
3-dB electro-optic bandwidth of 170 GHz with a V;;.L of 3.3 V.cm. Another device demon-
strated a 3-dB bandwidth of 84 GHz with V;;.L of 2.2 V.cm. Moreover, an 8-level pulse
amplitude modulation (PAM-8) up to 240 Gbit.s~! is demonstrated using these modula-

tors.

3.2 MZM with Non-Centered Positioning of Optical Waveguides

High-speed MZMs in a push-pull configuration with traveling wave transmission lines
on TFLN on Si substrate are studied in this work. Impedance matching, velocity match-
ing, and minimal RF loss are three decisive factors in the design of high-speed modulators
[119]. Impedance matching can be done by the proper design of the transmission lines.

Velocity matching is significantly easier to achieve in TFLN devices compared to conven-

31



(@)

—W,—

Ground

Gold
Si02
LN
Silicon

Figure 3.1: (a) Cross-sectional view of the high-speed modulator with non-symmetrical
optical waveguides with respect to the electrodes to reduce the drive voltage, and the
incorporated dielectric buffer layer to prevent absorption loss. The compact optical mode
has a group index of 2.23. (b) Microscopic image of a fabricated TFLN modulator.

tional LN devices, thanks to the low RF-index of the insulating silicon dioxide layer, as
well as the silicon or quartz substrates. Certain efforts have been made to minimize the
RF loss by increasing the spacing between the electrodes at the cost of larger V; or by

designing segmented electrodes, which makes the velocity matching more challenging

[111, 115].

Here, instead of positioning the optical waveguides at the center of the gap between the
signal and ground electrodes, they are shifted closer to the signal electrode, whose vicin-
ity has a stronger electric field profile. The parameter D (see Fig. 3.1(a)) denotes the

distance between the center of the optical waveguide and the center of the gap between
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the electrodes. Accordingly, the spacing between the electrodes can be kept large enough
to minimize the RF loss and hence increase the bandwidth, while the electric and opti-
cal fields overlap heavily to reduce the V;; of the modulator. The only concern in such
as arrangement is the increased optical propagation loss due to the proximity of metallic
electrodes, which is mitigated by incorporating a thin silicon dioxide buffer layer beneath
the electrodes. This buffer layer also reduces the RF effective index and helps with veloc-

ity matching.

In this work, the COMSOL™ Multiphysics software package is used to design and opti-
mize the structure in Fig. 3.1(a) to simultaneously achieve impedance matching, velocity
matching and low RF loss. Figure 3.1(a) depicts the cross-sectional view of these modula-
tors. The device layer is a 500 nm-thick X-cut lithium niobate (LN) on an insulator layer on
silicon substrate. The rib optical waveguides are 800 nm-wide, which are formed through
etching of the LN layer for 200 nm. Other design parameters of two different sets of mod-
ulators, later referred as modulator #1 and modulator #2, are provided in Table 3.1, whose

performances are discussed in the next sections.

Table 3.1: Dimension of modulators (pm)

#1 5 06 12 40 1 02 08 5000
#2 10 26 22 40 1 0.2 0.8 5000

The effect of the non-symmetric position of the optical waveguide and inclusion of a
buffer layer on the 3-dB bandwidth and required length of MZMs are illustrated in Fig.
3.2. The considered device is assumed to have fixed G and V, as well as a limit on
optical propagation loss, with values given in the caption and rationalized later in this

work. The two main parameters that determine the V; of a modulator are the length of
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the transmission lines and the overlap integral between the optical and electrical fields.
Moving the optical waveguide towards the signal electrode, i.e., increasing D, improves
the overlap integral and hence the modulator can afford a shorter length for the same
Vz. On the other hand, the reduction in length results in a lower RF propagation loss
and hence higher 3-dB bandwidth. Additionally, Fig. 3.2 confirms that the embodied
buffer layer reduces the overlap integral and degrades the performance of the device up
to a certain value of D. However, it lessens the optical loss and thus allows the optical
waveguide to be pushed closer to the signal electrode compared to the case without a

buffer layer, which ultimately results in shorter devices with higher 3-dB bandwidths.
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Figure 3.2: 3-dB bandwidth and length of modulator as a function of parameter D with
and without a silicon dioxide buffer layer underneath the electrodes for fixed values of
G =10um, V; = 6.6 V and optical loss of < 0.02 dB/cm. Bandwidth and length of modu-
lator without the buffer layer are not presented for D>1.5 um because the resulting optical
loss is more than 0.02 dB/cm.
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3.3 Results and Discussion

3.3.1 Static EO Measurement

The designed devices were fabricated by electron-beam lithography, dry etching, metal-
ization and deposition techniques on a TFLN die. More details on the fabrication steps
can be found in Supplement 1. A top view microscopic image of a fabricated device is
shown in Fig. 3.1(b). The end-butt coupling method is used to couple the light in and out
of the modulators with polished waveguide facets. V is measured through a real-time
modulation response by applying a 100 kHz triangular voltage sweep. Figures 3.3(a) and
3.3(b) show the detected output signal by a photodetector versus the applied voltage for
modulators #1 and #2 in Table 3.1, respectively. The respective V are 44 V and 6.6 V,
which corresponds to a voltage-length product (V;.L) of 2.2 V.cm and 3.3 V.cm, respec-
tively. As expected, modulator #1 has a lower V;; owing to its smaller G. Modulators #1
and #2 have an extinction ratio of of 23 dB and of 20 dB, respectively. In addition, total
insertion loss of these modulators under consideration is about 16 dB, which is mainly

dominated by the facet loss.

Figure 3.3(c) investigates the effect of optical waveguide position on the value of V; for
modulator #2 with varying parameter D. In this plot, the V; values are measured, while
the optical losses are simulated using Ansys Lumerical. In the case of D = Oum - i.e.,
when the optical waveguides reside in the middle of the gap between signal and ground
electrodes - V; = 12.6 V. Increasing D - i.e., pushing the optical waveguides towards the
signal electrode - results in reduced V; at the cost of increasing optical propagation loss.
However, for the case of D = 2.6um with V; of 6.6 V, the optical loss is still kept below

0.02 dB/cm thanks to the incorporated buffer layer underneath the electrodes.
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Figure 3.3: Normalized optical transmission of (a) modulator #1 and (b) modulator #2 as
a function of the applied electrical voltage, showing V;; of 44 V and 6.6 V, respectively,
for 5 mm-long devices. (c) Variation of V; and optical loss versus the distance between
the signal electrode edge and the center of the optical waveguide (parameter D).

3.3.2 Electrical Characterization

Figure 3.4 compares the simulation and measured results for the characteristic impedance,
effective index, and loss coefficient of modulator #2 in Table 3.1. The simulations and op-
timizations, illustrated in red, were done using COMSOL. The experimental values are
extracted from the measured electrical S-parameters of the travelling-wave electrodes.
These measurements were performed using a Vector Network Analyzer (VNA) and two

ground-signal-ground (GSG) probes functioning up to 67 GHz, and were analyzed using
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Figure 3.4: Simulation and experimental results of RF loss («a;;), RF effective index (1),
and characteristic impedance (z;;) of the transmission line as a function of frequency for
modulator # 2.

a transmission-line circuit analysis [120, 121]. A great agreement between the simulation
and experimental results can be observed in Fig. 3.4. Impedance matching is guaran-
teed since Z,, is in the range of 49-52 () over the RF spectrum. The RF effective index,
nm, is equal to 2.2, which is very close to the optical group index of 2.23 (see the inset
of Fig. 3.1(a)) and hence a great velocity matching is achieved for this modulator. The
RF loss coefficient, «;,,, which represents a combination of conductor and dielectric losses
has a reasonably low value of 3.6 dB/cm at 67 GHz or 0.44 dB.cm~'.GHz~!/2 due to the

relatively large gap of G = 10um in this device.
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Figure 3.5: Measured EO responses referenced to devices with DC V;;.L of (a) 2.2 V.cm
and (b) 3.3 V.cm, showing ultra-high 3-dB bandwidths of 84 GHz and well beyond 100
GHz, respectively. The EO responses - measured using a vector network analyzer (VNA)
up to 67 GHz and an optical spectrum analyser (OSA) from 60 to 100 GHz - are shown
with solid violet and orange lines, respectively. (c) Schematic of the experimental set-
up for measuring the OSA-based measurements; EDFA: erbium-doped fiber amplifier;
FPC: Fiber polarization controller; DBI-DAC: digital-band-interleaved digital-to-analog
converter; HF: High frequency; MF: Medium frequency; LF: Low frequency.
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Figure 3.6: Extracted RF V; from EO response shown in Fig. 3.5(a) and 3.5(b) as a function
of frequency.

3.3.3 EO Response

Figures 3.5(a) and 3.5(b) demonstrate the characterized EO bandwidth of modulators #1
and #2 in Table 3.1, respectively. To measure the EO response up to 100 GHz at an optical
wavelength of 1550 nm, a two-step measurement was performed. The EO response for
frequencies below 67 GHz is characterized using lightwave component analyzer (LCA),
which includes a calibrated photodetector (PD) and a VNA. In order to apply the RF sig-
nal and to terminate the transmission line with a 50-() load, two high-speed GSG probes

with 67 GHz bandwidth were used at the input and output sides, respectively.

The experimental setup for ultra-high-speed measurement up to 100 GHz is shown in

Fig. 3.5(c). The details of this experimental setup are given in Supplement 1.

According to Fig. 3.5(a), the measured 3-dB EO bandwidth of modulator #1, which had
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Vr.L of 2.2 V.em, is 84 GHz with only 3.6 dB roll-off from low frequencies to 100 GHz.
Figure 3.5(b) illustrates that the measured 3-dB EO bandwidth of modulator #2 is well be-
yond 100 GHz with a roll-off of 2 dB from low frequency to 100 GHz. Using the extracted
electrical characteristics and the analytical model described in [122], the EO responses
of the two modulators are extrapolated beyond the measurement limit of 100 GHz (see
Section 1 of Supplement 1 for details). The simulation results are added to Figs. 3.5(a)
and (b). The simulation and experimental results perfectly match up to 100 GHz, thus
gives us confidence that the simulations can be trusted to extrapolate the 3-dB modula-
tion bandwidth of device #2. The corresponding 3-dB bandwidth is 170 GHz, as evident
in Fig. 3.5(b). This design extends the realm of optical modulators into the subterahertz
range of RF frequencies with a low V.L of 3.3 V.cm, which confirms the effectiveness of
the proposed and discussed non-symmetric design. Because of the ultra-high bandwidth
of this modulator, it is possible to reduce V;; much further by increasing the modulator

length while still having > 100 GHz bandwidth.

Figure 3.6 presents the RF V; versus frequency for the two modulators, extracted from the
measured EO response and DC V;; [123]. Modulator #2 with an ultra-high bandwidth of
170 GHz has a V;.L of less than 4.1 V.cm up to 100 GHz. This modulator with larger G has
less variation in its EO response, as well as its RF Vy;, over the frequency spectrum owing
to its lower RF loss. Conductor loss and hence RF loss decreases in modulators with
larger gap due to the lower concentration of current along the electrodes’” edges [124]. It
has been verified that employing segmented electrodes would help with a more uniform
current concentration in the gap of a modulator [115]. The presented design can be easily
augmented with segmented electrodes to further reduce the RF loss and consequently

push the bandwidth to a greater extent.
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3.3.4 Data Modulation

Figure 3.7(a) shows the employed setup for high-speed digital data modulation on mod-

ulator #1. The details of the experimental setup are given in Supplement 1.

In the first set of experiments for estimating the data modulation performance of the
present devices, a 100 Gbaud on-off keying (OOK) signal was generated and transmitted.
The received eye diagram is depicted in Fig. 3.7(b), showing a widely open eye. The bit-
error rate (BER) of the captured signal at 100 Gb/s is 8.5 x 10~. Next, PAM-4 modulation
is carried out at 106.25 Gb/s and 200 Gb/s, resulting in a BER <1 x 10~° (error free) and
5.5 x 1073, respectively. Furthermore, this high-speed modulator enables transmitting
higher data rates up to 240 Gb/s using PAM-8 modulation with a BER of 1.1 x 1072, which
is within the tolerance of the typical 20% overhead soft-decision forward error correction
(SD-FEC) limit of 2 x 10~2. Overall, the results in Fig. 3.7 indicate the excellent linearity
of modulator #1 for high baud-rate optical transmissions. It should be noted that, due to
the bandwidth limitation of the employed electronic digital-to-analog converter (DAC),
the obtained performance is likely limited by the DAC and driver noise rather than the

distortions of the optical modulator.

The energy consumption per bit for data transmission within a traveling wave modulator
is proportional to the root-mean-square voltage (V,;;s) of the driving signal [112]. For
PAM-4 modulation at data rate of 106.25 Gb/s, an electrical signal with Vs of 656 mV
is applied to the modulator. In this case, the energy consumption of the modulator is
estimated to be 81 f]/bit. To transmit high-speed PAM-8 modulation at data rate of 240

Gb/s, Vims = 1.23 V, resulting in an energy consumption of 124 fJ /bit.
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Figure 3.7: High-speed digital data modulation measurements. (a) Schematic of the ex-
perimental set-up for the data modulation using 67 GHz real time oscilloscope. Eye di-
agrams for (b) OOK modulation at data rates of 100 Gb/s. (c), (d) PAM-4 modulation at
53.125 Gbaud (106.25 Gb/s) and 100 Gbaud (200 Gb/s), respectively and (e) Ultra-high
speed PAM-8 modulation at 80 Gbaud (240 Gb/s).
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3.4 Conclusion

In conclusion, this works demonstrates that the trade-off between bandwidth and V; of
TFLN MZMs can be considerably alleviated by incorporating a buffer layer underneath
the electrodes and by pushing the optical waveguides closer to the signal electrode to
reduce Vy, while preserving a reasonably large gap between the electrodes to achieve
high bandwidth. The experimental results of two modulators with V;.L of 2.2 V.cm and
3.3 V.cm, and with 3-dB electro-optic bandwidth of 84 GHz and 170 GHz, respectively,
validate the superior performance of this novel type of modulators. These modulators
could transmit 240 Gb.s—1 of data using PAM-8 at 80 Gbaud with minor variation in
RF V. Given the ease and robustness of fabrication, as well as the integrability with
other design concepts, such as segmented electrodes, this design can serve as a model
for future optical networks, paving the way for TFLN EO modulators with low voltage
and ultra-high-bandwidth in the subterahertz range and the various related digital and

analog applications within this frequency range.

3.5 Supplemental Document

This document provides details on the design, fabrication, and experimental setup of

high-speed modulators presented in the accompanying paper.

3.5.1 Device Fabrication

In this work, an X-cut lithium thin-film lithium niobate (TFLN) wafer is used with a

500 nm-thick lithium-niobate (LN) layer on 2 um-thick layer of silicon dioxide on a sil-
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icon substrate. First, a 500 nm-thick layer of electron beam lithography (EBL) resist
is spin-coated and patterned by e-beam lithography (EBL). Then, the LN thin film is
etched for 200 nm in the patterned area through Ar"-based inductively-coupled plasma
reactive-ion etching (ICP-RIE) to form single-mode optical waveguides. To protect the
optical waveguides, 800 nm-thick silicon dioxide cladding layer is deposited by plasma-
enhanced chemical-vapour deposition (PECVD). To leave 200 nm of a buffer layer under
the electrodes, the oxide layer is partially etched by ICP-RIE at the location of the metal
electrodes. Then, EBL resist is used to fabricate the 600-nm-thick gold traveling-wave
electrodes through a lift-off process. Finally, the 400-nm thick gold is formed above the
electrodes with connected grounds at the in and out ports using the loft-off process. As
a result, an 800-nm thick oxide layer remains underneath the section of the electrode that
crosses the optical waveguides and connects grounds. This thick layer of oxide can pre-

vent absorption loss from metal electrodes on top of optical waveguides.

3.5.2  Electro-Optic Response of the Modulators up to 200 GHz

The electro-optic (EO) response of modulator #2 in the main text shows about only 2 dB
of roll-off from DC to 100 GHz. Higher frequency measurements is limited by the band-
width of the RF measurement setup. To estimate the 3-dB bandwidth of this modulator,
the transmission line parameters, including the RF loss, group index, and characteris-
tic impedance are extracted from the measured S-parameters and utilized to extrapolate
the EO response up to 200 GHz, as shown in Figs. 3.8 of the main text. The frequency-

modulation response of a TFLN EO Mach-Zehnder modulator can be found as [125]:

_ZL+ZS

m(f) = ZL 28|

Zin+ Zs

(ZL + Zm)u+ + (ZL — Zm)u_
(ZL + ZG)B’Y’”L + (ZL — ZG)E‘*'YmL ’

(3.1)
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s = (ot — = (ng & 1)) L, (32)
where Z;, Zs, Z;, and Z,, are characteristic impedance of the load, generator, RF line
input, and electrode transmission line, respectively. n, and n,, are the optical and RF
group index, respectively, a;, is the loss coefficient and L is the active electrode length.
The complex RF propagation constant is 7y, = ay, + jwng/c, where w is the RF angular
frequency, and c is the speed of light in vacuum. According to Eqn. 3.1, the roll-off

frequency can be reduced by velocity matching of the optical and RF waves, minimizing

the RF loss, and impedance matching of the load, transmission line, and source.
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Figure 3.8: Experimental and extrapolated Data of (a) RF loss (a;), (b) RF effective index
(ny;), (c) and characteristic impedance (Z;,) of the transmission line versus frequency.

3.5.3  Ultra-High-Speed Electro-Optic Characterization

The fabricated modulators are driven by a digital-band-interleaved digital-to-analog con-
verter (DBI-DAC) with a 100 GHz analog bandwidth. As shown in Fig 3.5(c) in the main
text, the DBI-DAC includes three segments: low frequency/LF, medium-frequency/MF,
and high-frequency /HF with ~35 GHz bandwidth for each to generate a 100 GHz band-
width signal. The DBI-DAC is discussed in detail in [126]. The peak-to-peak voltage at
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the output of the DBI-DAC is ~0.85 V. The modulated optical signal is transmitted to
an optical spectrum analyzer (OSA) through a lensed fiber at the optical output. The
EO response is calculated through three steps; first, the time-domain waveform of the
DBI-DAC, Sgr(t), is captured using a 256-GSa/s 113 GHz real-time oscilloscope. Fourier
transform is employed to get the RF power spectrum Sgp(f). Second, the optical spec-
trum Sopricar(f) at the baseband is determined by subtracting the laser frequency from

the measured spectrum on the OSA. Third, the EO response Hyszp(f) is calculated from:

Hmzm (f) = SOptical (f)/ SRE (f) (3.3)

Equation 3.3 can be used for the present TFLN modulators, since they operate close to
their quadrature point where the cosine transfer function has a slope of ~1. It should be
noted that the RF spectrum was captured with ~150 kHz resolution, while the optical
spectrum was measured with 150-MHz resolution and hence smoothing was done after

the division of Sopticar (f)/ \/SrF(f) to mitigate artificial fine features in Hyz()-

3.5.4 Data Transmission Characterization

According to Fig.3.5(c) in the main text, RF signal was applied using an electronic 120
GS/s 8-bit DAC with a 3-dB bandwidth of 16 GHz and a 6-dB bandwidth of ~ 30 GHz.
Due to the bandwidth limitation of the DAC, for generating signal up to 100 Gbaud, dig-
ital pre-emphasis was employed to flatten out the output signal spectrum. At 100 Gbaud,
the DAC output signal was ~ 100 mV,,. To provide enough voltage swing to the mod-
ulator, two RF amplifiers with adjustable gains were cascaded. After optical modulation,

the signal was amplified by an erbium-doped fiber amplifier (EDFA), detected by a 70-
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GHz photodetector (PD) and then digitized by a 67 GHz real-time oscilloscope for offline
digital signal processing (DSP). Offline DSP includes resampling, synchronization, timing
recovery and a feed-forward equalizer (FFE) for equalizing the receiver front-end, cable
responses and signal reflections due to RF connectors. After equalization, the BER was

subsequently calculated by taking into account more than 10 million bits.
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CHAPTER 4: MICROWAVE TO OPTICAL CONVERTER

Part of the contents of this chapter has been published in: Juneghani, Farzaneh A., Milad G. Vazi-
mali, Gregory S. Kanter, and Sasan Fathpour. "Integrated Electro-Optical Sensors for Microwave
Photonic Applications on Thin-Film Lithium Niobate.” In 2021 International Topical Meeting on
Microwave Photonics (MWP), pp. 1-4. IEEE, 2021.

Abstract- In-plane integrated electro-optical (EO) sensors have been recently investigated
for microwave photonic applications. Here, implementation of these sensors on thin-
film lithium niobate (TFLN) on quartz and silicon substrates is proposed and studied.
Simulation results confirm the superior performance of such sensors compared to those
on previously pursued platforms. A maximum field enhancement (FE) factor of 1100 with
17 GHz bandwidth at the center frequency of 28 GHz is reachable on this platform with
the use of a bow-tie antenna. Also, using a patch antenna, a maximum FE factor of 950 can
be obtained with a 39 dB difference between the carrier and first sideband intensities for
an incident electric field amplitude of 10 V/m. Therefore, by choosing the proper type of
antenna, both high-bandwidth and high-sensitivity EO microwave sensors are achievable

on TFLN platform.

4.1 Introduction

Recently, there has been a growing interest in employing electro-optical (EO) sensors for
transferring wireless microwave/RF signals. These sensors can be employed in various
applications such as broadband wireless communication systems and high-speed elec-

tromagnetic measurements with high sensitivity [127]. The advantages of an EO sensor,
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as a promising candidate for photonic RF front ends, include high bandwidth, negligible

E-field perturbation, a fiber-optic interconnection, and compact size [128].

Essential constituents of an EO sensor are a microwave component - which receives the
RF signal in the surrounding environment and an optical component, whose properties
are altered by the received RF signal. Conventionally, antennas and optical modulators
serve as the RF and optical components, respectively, but the two are discrete standalone
elements [127]. This separation imposes a requirement on impedance matching of the an-
tenna and the optical modulator in order to transfer the maximum power [129]. However,
achieving precise impedance matching is challenging, which causes RF signal distortion
[127]. In order to overcome this challenge, in-plane integration of RF antennas and optical
waveguides has been recently pursued [127, 130, 131]. In addition, the in-plane integra-
tion increases the overlap between the RF and optical fields, which again improves the

performance of EO sensors [131].

Several integrated EO sensors have been designed and fabricated using in-plane struc-
tures over the past few years [127, 128, 130, 132, 133]. Characterization of these sensors
confirm the expected performance improvement. For instance, a tapered antenna array
was fabricated on one arm of an asymmetric Mach-Zehnder interferometer (MZI) on bulk
lithium niobate (LN) substrate [130]. By using this configuration, the microwave signal
can be directly extracted by optical detection. A very wide bandwidth (from 9 kHz to 39
GHz) was reported. In another work and using slotted patched antennas, a first sideband-
to-carrier ratio of -22 dB is reported under normal incident field with a power density of

120 W/m? [131].

Here, in-plane integration of EO sensors using the thin- film lithium niobate (TFLN) plat-

form is proposed and studied both numerically and experimentally. It is reminded that
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TFLN has been extensively explored in the past decade for a variety of EO applications
and demonstrated unprecedented performance in applications such as EO modulators
[18]. However, to the best of the authors” knowledge, this is the first time that TFLN
is being employed for EO microwave sensing applications. Simulation results are very
promising and demonstrate that by choosing the proper type of antenna on the TFLN
platform, which depends on the application requirements, the performance of these de-

vices can be significantly improved.

42 Theory

Figure 4.1 shows the cross-section of the proposed EO sensor. An optical waveguide on
the TFLN platform is embedded within the short gap (5 ym) of an antenna. Irradiation
of a wireless microwave signal to this device will cause a displacement current, which in
turn will induce a strong electric field across the gap. This induced electric field changes
the refractive index of the lithium niobate (LN) waveguide due to the strong Pockels
effect of the material. The effect of this index variation is optically captured and by post-
processing the data, the incident RF electric field can be measured. Here, the antenna can
be treated as a phase modulator around the optical waveguide, in which the refractive

index variation is calculated as:

1 3
An = §r33neffI"E 4.1)

where r33 is the exploited EO coefficient, n, £f is the effective refractive index of the opti-
cal mode, I is the overlap integral factor between electrical and optical fields in the EO

material, and E is the induced electric field across the gap.
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Figure 4.1: Cross-section of an EO sensor on the thin-film lithium niobate platform

The evaluation of these devices can be done through reporting two important parameters:
the field enhancement factor and the first sideband-to-carrier ratio. These figure of merits

and their relevance to the performance of EO sensors are explained in the following.

4.2.1 Field Enhancement Factor (FE)

The filed enhancement factor parameter is defined as the ratio of the electric field ampli-

tude at the center of the gap to the amplitude of the incident electric field [132]:

(4.2)

Higher field enhancement factor values correspond to an increase of the induced electric
field at the center of the waveguide, hence better performance of the device. Based on
Equation 4.1, in order to improve the performance and sensitivity of EO sensors, the I'E

product should be increased.
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The FE parameter mainly evaluates the performance of the antenna and reveals how good
the antenna is in receiving RF signals at the desired frequency. However, the gap of the
antenna, which is mainly governed by the optical design limitations, notably affects FE.
The bandwidth of an EO sensor is defined as the frequency range, over which the FE

drops to ~0.7 of its maximum value, corresponding to 3-dB drop in power.

4.2.2 First Sideband-to-Carrier Ratio (FSBCR)

The difference between output and input of the optical waveguide is an effective way to
measure the performance of an EO sensor. The analysis can be done in the frequency
domain. The optical waveguide is fed with a CW monochromatic laser, which means the
spectra of the input consist of one single carrier frequency. If there is no microwave field
in the environment, the output spectrum obviously remains intact. In the presence of RF
tields, though, the output spectrum will contain a number of sidebands, corresponding

to different orders of Bessel functions [134].

As mentioned earlier, the antenna of an EO sensor can be regarded as a phase modulator
for the optical fields propagating through the waveguide. Since the modulation depth of
these devices is insignificant, the small-signal approximation and the Taylor expansion
can be applied on the first-order Bessel function. Therefore, the relationship between the
optical intensity at the carrier frequency (I;) and the first sideband (Irsp) can be obtained
as [134]:

Ipsp = Ic(%)2 (4.3)

where m is the modulation depth and is defined as:

Vi
m= 44
nVn (4.4)
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Here, V) is the peak modulation voltage that is correlated to the FE of the device, and V;
is called half-wave voltage, which is the required voltage to induce a 7t phase shift on the

optical electric field and in the EO material, and given by [134]:

Ad

Ve=———
& r33n£’ff1"L

(4.5)
where d is the gap between electrodes, L is the interaction length between RF and optical
fields, and A is the vacuum wavelength of the guided optical mode. High performance
EO sensors demonstrate greater values of m, since it corresponds to a larger V), (or FE)

and a smaller V; or both.

The parameter first sideband-to-carrier ratio (FSBCR), as the name suggests, is defined as:

FSBCR — _1FSB_ _ Z
Carrier 2

)y (4.6)
Clearly, higher FSBCR values correspond to better performance of the device and implies
that the optical mode is more affected by the antenna. However, m is a very small value
for EO sensors and thus, FSBCR is reported in dB units with negative values. Also, it
should be mentioned that sometimes this parameter or very similar parameters are called

the conversion efficiency in the literature, since it demonstrates how well the RF signal is

converted to distortion of the optical mode.

4.3 Simulation and Design

In this work, the performance of integrated EO sensors on bulk LN and TFLN platforms,

for both patch and bow-tie antennas, are simulated. However, the figures showing TFLN
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Figure 4.2: Fundamental TE mode of the optical waveguide

simulation results in here correspond to TFLN platform on quartz substrate and simula-
tion results for TFLN on silicon substrate are only included in Table 4.1. Ansys Lumerical
was primarily used for optical simulations, while COMSOL Multiphysics was used for

microwave/RF simulations.

4.3.1 Optical Waveguide

One of the main advantages of TFLN over bulk LN is the compactness of its optical
waveguides. A typical TFLN wafer consists of a 300-600 nm-thick layer of LN with thicker
than 2 um of silicon oxide underneath it, placed on a silicon or quartz substrate. The thin
layer of LN with the surrounding index contrast along with the availability of new etch-
ing technologies make TFLN capable of having low loss, ~1-1.5 yum-wide rib waveguides

with below 250 nm etching depth [43].

In the simulations, an X-cut TFLN wafer with a 600 nm-thick LN layer and 2 ym oxide on

a quartz substrate is used. The waveguide is extended along the y-axis of the TFLN wafer
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Figure 4.3: Schematic and dimensions of designed a) patch antenna and b) bow- tie an-
tenna for a center frequency of 28 GHz on TFLN on quartz substrate

so that the induced electric field is perpendicular to it and along the z-axis, in order to
exploit the highest EO coefficient in LN, r33. An etching depth of 200 nm is assumed in the
simulation to form 1.3-ym-wide rib waveguide. Figure 4.2 demonstrates the fundamental

transverse electric (TE) mode of the waveguide.

4.3.2 Antenna

In antenna simulations, a planar gold structure is assumed to be deposited on a TFLN
wafer. Two types of antennas are simulated in this work, namely, patch antennas and
bow-tie antennas. Patch antennas are narrowband antennas, which leverage longer in-
teraction length to improve FSBCR. On the other hand, bow-tie antennas provide larger
bandwidth while the improvement on the FSBCR parameter is not as good as the patch
antennas [132, 18]. Therefore, depending on the application requirements, one can choose

the proper antenna type for the EO sensors on the TFLN platform.
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To achieve sensing in the GHz frequency regime, the antenna needs to be carefully de-
signed and optimized. Figure 4.3 demonstrates the schematic and dimensions of the op-
timized patch and bow-tie antennas on the TFLN platform on a quartz substrate, operat-
ing at the center frequency of 28 GHz. The incident field is assumed to be 10 V/m in all

simulations.

4.4 Simulation Results and Discussion

The simulation results, along with reported values from published papers on integrated
EO sensors, are summarized in Table 4.1. After the integrated EO sensor on silicon sub-
strate in Ref [132], devices on the TFLN platform on quartz substrate demonstrate the best

field enhancement factor, i.e., 1100 and 950 for bow-tie and patch antennas, respectively.

It is noted that the higher value of FE in Ref [132] originates from the very short gap of
the device (1 ym), which causes high optical loss since the optical mode is not as compact
in that platform. To compensate for the high optical loss, a very short interaction length

(50 ym) was considered for the device, which drastically affected the FSBCR parameter.

Thanks to the compact waveguide and mode size on the TFLN platform, the optical
waveguide can reside in a 5 ym gap of the antenna while the optical propagation loss
can be kept below 0.15 dB/cm, based on the simulation results using Ansys Lumerical.
The small gap helps with increasing both FE and FSBCR parameters of the EO sensor
through larger amplitude for the induced electric field in the gap of the antenna, and
higher I' values. The distribution of the electric field within the gap, as well as the FE fac-
tor versus frequency, are shown in Fig 4.4 and Fig 4.5 for EO sensors on TFLN on quartz

substrate with bow-tie and patch antennas, respectively.
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Table 4.1: Comparison of performance parameters for EO sensors in microwave applica-
tions. First six rows are the simulations results of this work and next four rows are from
the literature

Type %ﬁ:ﬁ,ﬂ Gap  Interaction Center Bandwidth  Maximum  FSBCR
(ym) length frequency (GHz) FE (dB)
(um) (GHz)
. LN
Bow-tie Quartz 5 600 28 11 1100 -50
(TFLN)
Bow-tie % 5 600 28 6.5 740 -54
(TFLN)
. LN
Bow-tie IN 10 600 28 3.5 600 -57
(Bulk LN)
LN
(TFLN)
Patch 7Siil\in 5 1600 28 4 645 -46
(TFLN) c
Patch % 10 780 28 4 280 -60
(Bulk LN)
MA Bow-tie —Eosi?lyrrf‘er 1 50 65 — 1400 73
[132] <0
Patch S]ég% 10 2000 37 2 280 -61
[131]
Patch 7145?1?23 5 800 58 25 880 -64
[127]
Bow-tie 751;?1220 10 1200 10 3 450 -63
[134]

It is evident from Table 4.1 that bow-tie antennas on TFLN on quartz demonstrate much
wider bandwidth at the same center frequency compared to the same type of antennas
on silicon substrate and bulk LN. This is because the lowest frequency of the bow-tie
antenna depends on the flare angle and wing length. Therefore, larger bow-tie antennas
have wider bandwidths. The size of an antenna is proportional to 1/€, , where ¢, is

the substrate dielectric constant. Hence, the TFLN platform leverages low-e quartz and
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Figure 4.4: a) Electric field distribution within the gap and b) FE versus frequency for the
EO sensor on TFLN on quartz substrate with a bow-tie antenna

silicon substrates to afford larger-size bow-tie antennas and improve the bandwidth of

the EO sensor.

For the same reason, patch antennas on the TFLN are larger than counterparts on bulk
LN, which means they can collect more power and have a longer interaction length. The

effect can be seen in both FE and FSBCR parameters. It is worth mentioning that, EO
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Figure 4.5: a) Electric field distribution within the gap and b) FE versus frequency for the
EO sensor on TFLN on quartz substrate with a patch antenna

sensors using patch antenna on the TFLN platform on quartz substrate demonstrate the

best FSBCR performance, which makes it a very good candidate for sensitive and narrow-

band applications.
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4.5 Experimental Results and Discussion

As it was discussed before and shown in Table 4.1, devices on TFLN platform on quartz
substrate demonstrate the best efficiency and /or bandwidth. However, this project is our
tirst experience in the group working with Quartz substrate, which requires modifications
in several fabrication steps including E-beam lithography, etching, dicing, and polishing.
As it will be discussed in Section 6.2, we are working on development of these processes

for having high-performance devices on TFLN on quartz substrate.

While these developments are in progress, we decided to fabricate these devices on TFLN
on silicon substrate, which we have extensive experience of working with them within
our group. As shown in Table 4.1 the device performance on silicon substrate is not as
good as those on Quartz substrate, but still better than conventional LN and other devices
in the literature. These devices can be used for proof of concept as well as for providing

performance comparison with the ultimate fabricated devices on Quartz substrate.

TFLN platform with 300 nm-thick LN layer on silicon substrate was used for this project.
1.1 ym-wide rib optical waveguides are patterned on the chip using ZEP-520A E-beam
resist and are formed via etching the LN layer for 120 nm. Patch and bow-tie antennas
have the dimension of 1.6 mmx1.6 mm and 1.8 mmx1Imm, respectively. Antennas are
deposited using E-beam evaporator followed by a lift-off process and consist of 20 nm of
Cr to help with the adhesion to the LN layer and 600 nm of gold. Figure 4.6 illustrates the
layout and some of the microscopic images of the fabricated patch and bow-tie antennas

as well as optical waveguides and ring resonators.

Performance evaluation of these devices require both optical and microwave measure-

ments for optical waveguides and antennas, respectively. This project is in collaboration
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Figure 4.6: a) Mask layout for the fabrication. Some microscopic images of the fabricated
b) Bow-tie and patch antennas and c¢) Waveguides and ring resonators on TFLN platform
on Silicon substrate

with NuCrypt company and they will be responsible for microwave measurements. The
optical measurement setup is shown in Fig. 4.7(a). Edge-coupling method is used for
coupling the light in and out of the chip with single mode fibers. Optical propagation
loss is measured through curve fitting to the transmission spectrum of several ring res-
onators with various gap between the ring and bus waveguide. As shown in Fig. 4.7(b),
the propagation loss was measured to be 2.26 dB/cm. Optical measurement results are

summarized in Table 4.2. Top, middle, and bottom waveguides for both bow-tie and
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patch antennas are indicated on the layout in Fig. 4.6(a).
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Figure 4.7: a) Optical measurement setup. b) ring resonator measurement result showing
2.26 dB/cm of propagation loss.

Table 4.2: Optical (insertion loss) measurement results for devices on TFLN platform on
silicon substrate with input power of 13.5 dBm or 22.5 mW.

Waveguide Output Power (dBm) Insertion Loss (dB)

Patch Top -7.5 21
Patch Middle -4.5 18
Patch Bottom -3 16.5

Bow-tie Top 0 13.5
Bow-tie Middle -0.5 14
Bow-tie Bottom -2.5 16

Currently, our collaborators at NuCrypt company are working on microwave measure-
ments for these devices. Very recently, they provided us with some preliminary results for
the patch antennas. Figure 4.8(a) demonstrates the output optical spectrum with (blue)
and without (gray) RF transmit at 28.5 GHz. It is evident that by having the RF power on,
two sidebands located 28.5 GHz away from the carrier frequency appear on the spectrum,
which correspond to the first order Bessel function of the first kind as a result of phase

modulation. Also, this device was polarization sensitive and by rotating the polarized
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horn antenna by 90 degrees the sidebands disappear.
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Figure 4.8: a) Output optical spectrum with and without RF power. b) Frequency re-
sponse of the device.

Figure 4.8(b) illustrates the frequency response of the device. It can be seen that the device
operates around the center frequency of 28.5-29 GHz, which is very close to the designed
center frequency of 28 GHz. Also, the conversion efficiency at the center frequency is -53
dB, which is only 7 dB less than the designed conversion efficiency of -46 dB. Moreover,
the bandwidth of this device is more than 3 GHz, but for the more accurate measurement

of the bandwidth, the frequency response measurement after 31 GHz will be conducted.

Figure 4.9 shows the sideband to carrier ratio in dB as a function of input RF power in
dBm. As expected, the sidebands are linearly related to the input power. Also, conversion

efficiency of -53 dB can be seen on this plot again.

These devices can be used in a photonic down-conversion experiment. The optical out-
put of these devices can be passed through another phase modulator, which is modulated
with a local oscillator at a frequency close to the input microwave frequency. Therefore,

the sidebands can undergo a down-conversion process and via filtering the carrier fre-
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Figure 4.9: Sideband to carrier ratio as a function of the applied RF power.

quency, the down-converted signal can be easily detected without requiring high-speed

detectors.

Figure 4.10 demonstrates the results of such a photonic down-conversion experiment, in
which the device under test is radiated with a 28 GHz microwave signal and the phase
modulator is fed with a local oscillator at 27.5 GHz. Figure 4.10 (a) shows the detected
signal at 500 MHz as a result of the down-conversion process. Figure 4.10 (b) exhibits
the quadratic relation between the input microwave electric field and the power of the
down-converted tone. It's noted that this plot is in logarithmic scale thus the quadratic

relation appears as a line with a slope of two.

4.6 Conclusion

The presented results confirm that very high-performance EO sensors for microwave/RF

applications are attainable using the TFLN platform on a quartz/silicon substrate. Due
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Figure 4.10: Photonic down-conversion experiment results. a) Detected signal at 500 MHz
frequency can be observed as a result of down-conversion process. b) Quadratic relation
(slope of 2 in the logarithmic scale) between the input electric field and power of the
down-converted tone

to the compact waveguide and mode size, and consequently short gap of the antennas
on this platform, a high field- enhancement factor is achievable, regardless of the choice
of the antenna. Using this platform, EO sensors with bow-tie antennas are an excellent
candidate for wideband microwave sensing applications, while EO sensors with patch

antennas are more suitable for highly sensitive applications.
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CHAPTER 5: NONLINEAR WAVELENGTH TRANSLATOR

5.1 Introduction

Part of the contents of this chapter has been published in: Milad Gholipour Vazimali and Sasan
Fathpour ” Applications of thin-film lithium niobate in nonlinear integrated photonics,” Advanced

Photonics 4(3), 034001 (2022).

The goal of this project is to build an all-optical wavelength translation device capable of
shifting one C-band optical channel into a different C-band channel. Second-order nonlin-
ear processes can be utilized to achieve this goal. Figure 5.1 schematically demonstrates
how cascading SFG and DFG processes can be employed to accomplish this wavelength
translation. First, the signal is moved to a much higher frequency via SFG with pump
(Ap). Then the output of the SFG process undergoes a DFG process with another control

pump (A¢) to generated the output, which is shifted with respect to the input signal.

As mentioned in Section 1.4, TFLN is a great platform for realization of efficient second-
order nonlinear processes. In the following subsections SFG, DFG, and cascading pro-
cesses are briefly explained to provide the required background for this project. Peri-
odic poling is used as the phase-matching method, which was covered in detail in Sec-

tions 1.4.1 and 1.4.2.

5.1.1 Sum-Frequency Generation (SFG)

The SFG process has the ability to mix two distinct wavelengths and generate a signal

at the frequency equal to the summation of them, which makes it suitable for numerous
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Figure 5.1: Schematic of a wavelength translator using cascaded SFG/DFG processes

applications. SFG can be used to generate light at frequency ranges where SHG can-
not be utilized due to the lack of efficient lasers. It is also very common to use SFG for
upconversion detection. For instance, low-power mid-infrared (mid-IR) light, down to
a single-photon [135], can be converted to visible wavelengths and detected using low-
noise and high-performance visible detectors. SFG on TFLN has been demonstrated on
both straight waveguides [136, 65] and resonant-based structures [137, 138, 139]. Our
team demonstrated a SFG bandwidth of ~20 nm in a TFLN PPLN device with normalized
conversion efficiency of ~900 %W~ 'cm~2, when one of the lasers was at a fixed wave-
length and the other one was swept within its tuning range [65]. Additionally, swiping
both lasers resulted in SFG from 1,460 nm to 1,620 nm. In microdisk resonators, a Conver-
sion efficiency of 2.2x1072 W1 is reported with a relatively low Q of 1.8x10° using the
MPM method [138]. Ideally, conversion efficiencies four times larger than SHG should be

achieved for SFG [140]. Therefore, having state-of-the-art values for Q and utilizing nat-
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ural QPM or PPLN - as the most efficient PM methods for resonators so far - can notably
boost the efficiency of SFG. SFG can be combined with other second-order nonlinear phe-
nomena, such as SHG, to obtain highly-efficient higher-order nonlinear processes through
cascading [141, 142, 143, 144, 145, 50]. Moreover, SFG has been cascaded with the EO ef-
fect, which is in principle a second-order nonlinear process as well. This is very useful for

low-power and high-speed control of SFG [146].

5.1.2  Difference-Frequency Generation (DFG)

As the name suggests, DFG process generates a signal at the frequency equal to the fre-
quency difference between the two input signals. DFG has been extensively used for
generating terahertz and mid-IR sources on other platforms [147, 148]. On the TFLN plat-
form, DFG has been demonstrated using both straight waveguides [44, 149] and resonant-
based structures [48]. A new hybrid TFLN/Si platform is proposed by providing numer-
ical simulation results to utilize DFG for terahertz generation [150], though it appears to
be challenging to be realized from the fabrication perspective. Using periodically-poled
TFLN on sapphire - with transparency window up to 4.5 ym - mid-infrared generation
up to 3.66 yum with a DFG normalized conversion efficiency of 200 %W ~'cm~2 is demon-
strated [149]. Sapphire helps with circumventing the high absorption loss of the oxide
layer at wavelengths longer than 2.5 ym [151, 149]. Cascaded SHG/DFG is used to
demonstrate effective four-wave mixing on a microdisk on TFLN using MPM [152]. In
collaboration with Johns Hopkins university, our group have utilized DFG in a TFLN
PPLN device and spectral filtering to demonstrate a novel optical isolator concept based
on nonlinear optics [44]. The isolator has a wide bandwidth (> 150 nm) with 40 dB trans-

mittance difference between forward and backward propagating waves.
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5.1.3 Cascaded Second-Order Nonlinear Processes

Higher order harmonics and wave mixing effects can occur by cascading x(2) processes
in a single or multiple TFLN devices. Furthermore, effective third-order nonlinearities
can be realized through cascading x(?) processes[153]. This is specifically very intriguing
for the TFLN platform since x@ of LN is much stronger than its other nonlinearities.
Cascading x(?) processes has been extensively studied on the TFLN platform in order to
further improve the performance of other nonlinear processes[154, 143, 152, 144, 145, 155,
156, 157, 671].

There are several methods to achieve such cascading effects (see Fig. 5.2). A straightfor-
ward method is by placing two or more different periodically-poled sections, each being
responsible for a specific x(?) process. For instance, our group demonstrated two device
(each with two cascaded PPLN sections) for low-harmonic generation, namely third- and
fourth- harmonic generations (THG and FHG). For THG, the first PPLN segment was de-
signed for SHG while the second PPLN was responsible for SFG, resulting in a cascaded
SHG/SFG (w + w — 2w / 2w + w — 3w). For FHG, both PPLN segments were poled for
SHG, resulting in SHG/SHG (w + w — 2w / 2w + 2w — 4w)[154]. Another method is
to have more than one period in a PPLN device and generate a wider range of k-vectors
to compensate for different phase-mismatching required for various nonlinear processes.
This has been done in a chirped PPLN straight waveguide, which resulted in illustration
of high-harmonics up to the 13th harmonic[145]. Also, a PPLN microdisk with dual pe-
riod was utilized for THG and FHG[76]. Additionally, it is possible to achieve cascading
in a single PPLN waveguide for THG and FHG via pulse pumping and by slightly detun-
ing the pump wavelength from the QPM wavelength[65, 67, 157]. This latter method was

used to demonstrate self-phase modulation with an effective nonlinear refractive index,
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Figure 5.2: Some of the schemes used for implementing cascaded x?) processes in TFLN
and the corresponding harmonic generations. a) Two PPLN sections with different pol-
ing periods to enable SHG/SFG cascading for a THG device and SHG/SHG for a FHG
device [154]. b) Dual-period PPLN microdisk with demonstrated THG and FHG [76]. c)
THG and FHG on a single PPLN device via pulse pumping [65]. d) SHG and THG on a
microdisk through cascaded SHG/SFG by taking advantage of the natural BPM [143].

ny ¢, thatis almost 200 times larger than the intrinsic n, of LN in a dispersion-engineered

PPLN waveguide[157]. The effective )(5,3} reported in this paper is larger than other well-
known photonic Kerr-based platforms (such as Si and SiN) and proves the effectiveness

of the cascading process. Moreover, in the first reported cascaded x(2) for THG in a res-
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Figure 5.3: Energy-level description of the cascaded SFG/DFG process for wavelength
translation

onator, it was shown that natural BPM can be employed to observe both SHG and THG

at higher values of pump power[143].

5.2 Theory

The energy-level description of the cascaded SFG/DFG process for wavelength transla-
tion is illustrated in Fig. 5.3. The updated theory for this simultaneous SFG/DFG process
in a single waveguide using coupled amplitude equations and under slowly variying

approximation can be expressed as Equ. 5.1:

a% = Ky Ay A oiBKsfz _ "‘2_10 A, (5.1a)
s _ K A At — S A, (5.1b)

3§;f = Ksp1ApAse ™% 4 Kipp AcAgre ™ — LA (5.1¢)
e = KeAgpAype™ i — S A (5.1d)

DL = KapAspAzeiart — "4, (5-1e)
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Where A; and «; are the amplitude and propagation loss of the interacting waves, respec-

tively. K; denote the coupling coefficients that are defined as:

2iw?

Kp = g dessVss (52)
Ks = 3 degy Vegg (5.2b)
Kspr = Z(LidEffVng (520)
Kipp = Zfifgdeffvdfg (5.2d)
Ke = 2% d,s Vi (5.2¢)
Kaf = zklw?z defVifg (5.2f)

In which k; and w; are the wave-vectors and angular frequencies of the interacting waves,
respectively. ¢ is the speed of light in vacuum, d,( is the effective second-order nonlinear
coefficient, and V¢, and V7, are the normalized overlap integral of the interacting waves
in the SFG and DFG processes, respectively. Aksr and Akgr in Equ. 5.1 are the phase-

mismatch terms for SFG and DFG processes, respectively, and are defined as:

Aksf = ksf - kp — ks - km (536)

Ak = ks — ke — kaf — kin (5.3b)

Where k;, is the phase term induced by the quasi-phase-matching technique, which is

periodic poling in here and is calculated as:

ki = o (5.4)

Where A is the poling period.

72



Using results from [158], the analytical conversion efficiency for this simultaneous cas-
caded SFG/DEFG process is given by:

__far
IeSE/DE = ppppel

= [(f—:’)nsm]z.é{[%sinmm +

[sinﬁL) _ %Cos(AL)]Z}

(5.5)

cos(AL) —1.,
A2 F+

Where P; is the optical power of the interacting waves, L is the length of the device,
sHG is the normalized efficiency for second-harmonic generation, and ny,, and n,, are
the refractive indices at second-harmonic and fundamental wavelengths. Parameter A is

the average phase mistmach and is given by:

A Aksf + Akdf

. (5.6)

It should be noted that A can always be managed to be zero with proper choice of pump

wavelength.

Equation 5.5 is written in terms of normalized conversion efficiency for SHG in order to
simplify the modal analysis since it only requires two modes. Also, in this equation, it
is assumed that § = Aksy — Akyr = 0, which is valid when the input and output signal
wavelengths are the same. However, in practice, when the input and output wavelengths
are not equal, § will be non-zero and the peak efficiency will be reduced. While this
analytical solution provides a very good approximation of the conversion efficiency, full

numerical solution of the coupled amplitude equations is required for the general case.
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5.3 Design

To meet the requirements for this project the ultimate device must have two PPLN waveg-
uides for TE and TM polarizations with similar performances in terms of power, effi-
ciency, and bandwidth. The following sections discuss these figure of merits and how to

obtain the design parameters to fulfill the requirements of the project.

5.3.1 Efficiency

Obviously, one of the main goals of the design is to maximize the power and efficiency
of the cascaded SFG/DFG process according to Equ. 5.5. Therefore, #syc needs to be

maximized, which is defined as:

2d2
5o = 52 = s 57)
SHG P(%Lz 1’15,712606063143]7 '

Where d,f is the effective nonlinear coefficient and is equal to d.ff = 2d33/ 7t for a first
order quasi phase-matched interaction with all the waves polarized along the z-axis. Aff

is the mode effective area and is given by:

4 [ |Ew(x,y) Izdxdy L) o | B (x,y) | dx dy]
S [ffLN (x,y) Eaw (x,y) dx dy|?

(5.8)

The effective area has units of um? and describes the optical mode size and spatial overlap
between the pump and second-harmonic waves. In Equ. 5.8, E(x,y) are the normalized
simulated electric field mode profiles. Therefore, to maximize the efficiency of the pro-

cess, A, ff needs to be minimized, which is dictated by the waveguide dimensions.

There are five more consideration in designing the waveguides to obtain the highest effi-
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ciency out of the devices: 1) The waveguides should be single mode at the pump wave-
length, 2) TM slab coupling should be avoided, 3) TE polarization fraction should be
ideally 100%, 4) The width of the waveguide shouldn’t be too small, and 5) The etch
depth should be minimized. The last two considerations make sure the overlap of the
optical mode and the side-walls of the waveguide are minimized, since LN’s etch process

is physical and the side-walls are rough, which causes optical propagation loss.

Taking all the mentioned criteria into account, resulted in designing 900 nm-wide waveg-
uides on a LNOI platform with 500 nm-thick LN layer and etch depth of 250 nm to form
the ridge waveguide. With these parameters, the poling period is calculated to be 3.24ym

using the following equation:
Aw

AN=—-—""
2(”2w - nw)

(5.9)
As mentioned earlier, this project requires two identical PPLN waveguides for the two
polarizations. To meet this requirement, we decided to put two waveguides within the
gap of one set of poling electrodes and fingers to achieve similar poling condition for the
two waveguides. The distance between the two waveguides is designed to be 8 ym to
avoid the coupling between them and each waveguide is 3 ym away from the edge of the
gold fingers to avoid optical propagation loss. The schematic of the device along with the

design parameters are illustrated in Fig. 5.4.

5.3.2 Bandwidth

Another important requirement for this project is to have ~100 GHz of bandwidth for the
process. Bandwidth is inversely proportional to the length of the device, hence shorter

devices can easily meet this requirement. However, larger bandwidth does not offer any
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Figure 5.4: Schematic drawing of the design with parameters

benefit and in fact shorter devices provide less output power, which is not favorable. On
the other hand, longer devices are more sensitive to fabrication and poling errors. There-

fore, the optimum length of the device should be calculated to satisfy all these conditions.
For SHG, bandwidth can be calculated using the transfer function:

Ak.L
Pspy o sincz(T) (5.10)
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Where the phase mismatch is defined as:

Nk = Ky — 2k — koput (5.11)

According to Equ. 5.10, the SHG power drops by 50% when Ak.L = 42.78. Therefore,
phase matching bandwidth can be evaluated by considering the amount of angular fre-
quency detuning, (), that can be imparted on the fundamental wave before the generated
second-harmonic power drops to 50%. The angular frequency detuning can be incorpo-

rated to Equ. 5.11 in the following way:

Ak(Q) = k(2w +2Q) — 2k(w + Q) — kopum (5.12)

Which using Taylor series expansion of Ak with respect to (), can be written as:

Ak(Q) = Akg + 2Ak'Q + Ak "O? (5.13)

Where Akg, Ak’ (group velocity mismatch), and Ak " (group velocity dispersion) are de-

fined as:

Ak() = kzw — 2kw — kQPM (5.14a)
| 1

Ak' =1 — o (5.14b)

Ak" =2GVD(2w) — GVD(w) (5.14c)

In which v, is the group velocity and GV D is the group velocity dispersion. As explained
in the last section, poling period is designed such that Akg = 0. Therefore, the bandwidth
is typically dominated by the group velocity mismatch or Ak ’. If we neglect the higher
order term (0?), we find Ak.L = +2.78 when 2Ak’.Q).L = 4-2.78. Therefore, the half-width-
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half-maximum angular frequency bandwidth is:

2.78
OHPWHE,SHG = AR L [rad /s] (5.15)

And full-width-half-maximum frequency is equal to:

2.78
= _— ‘1
fEWHF,SHG AR L [Hz] (5.16)

When group velocity mismatch is small, the high order dispersion terms dominate and
the bandwidth calculation above is not accurate. To improve the accuracy, we can include
the next higher order term. We now find Ak.L = £2.78 when (2Ak'.Q + Ak . Q%)L =
£2.78. Rewriting in normal quadratic form which is easily solved using quadratic for-
mula:

278 _

AK".O% + 20K Q F 0 (5.17)

It is noted that in some cases when the bandwidth is very large, this approximation may

still fail and therefore even more high order terms are needed.
For the full cascaded process the output power is given by:

cos(AL) — 1.,
A2 I+

[Sinéf” - %cos(AL)]z} (5.18)

L .
Poutput X 4{[Z51n(AL) +

Which is equal to 0.5 when A.L = £3.4766569. We have made the approximation that the
input and output wavelengths are the same, i.e., wy ~ ws ~ w, ~ wWif = w. Therefore,
Akss = Akgr and hence A = (Akgs + Akgr) /2 = Akgp and 6 = Akgg — Akgr = 0. With this

assumption, we have:
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Consequently, everything is similar to the case of SHG and by just changing the fixed
number from 2.78 to 3.4766569 all the aforementioned equations can be used here as well.
Based on the mode simulation results and to meet the requirements, a 1 cm-long device

is chosen for this project.

These parameters are included in the mask layout shown in Fig. 5.5. The 40 sets of devices
include 5 variations for the poling periods to account for LN thickness variation and/or
deviation from the targeted etch depth, 2 variations of the device length, and repeating
each device 4 times on different parts of the chip. It was mentioned earlier that these de-
vices are designed to be 1 cm long. However, since the longer devices are more sensitive

to fabrication errors, 5 mm-long devices are also included in the layout.

«— Alignment
i S e - S - E marks
lcm-long - e —
devices 10 devices
including 5
variations for
4 sets of poling period
similar and 2 different
devices lengths
Ff\:;\) 5 mm-long
Ringresonatorsto - Nt It de vices
measure { T T
propagation loss Alienment
marks

Figure 5.5: Mask layout used for fabrication of the devices for nonlinear wavelength
translator project.
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5.4 Experimental Results and Discussion

The fabrication of this chip started with first E-beam lithography run on ZEP-520A E-
beam resist followed by a metal deposition and lift-off process to define the alignment
marks. Next, another E-beam lithography was done to pattern the resist around the
waveguides and etch the LN layer for 250 nm to form the rib optical waveguides. Fi-
nally, another metal deposition and lift-off was performed after the final E-beam run for
the formation of the electrodes and fingers. Figure 5.6 demonstrates some of the micro-

scopic images of the fabricated chip.

|

()

Figure 5.6: Some of the microscopic images and the fabricated chip.
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Figure 5.7 exhibits the setup that is used for poling and measurement of these devices. For
poling, the probes are placed on the electrodes and a high voltage is applied to them such
that considering the gap between the electrodes the applied electric field exceeds the co-
ercive field of TFLN. For the parameters mentioned in last sections, the required voltage
for this project is more than 750 V. Such high voltages can cause breakdown of air and also
damage or burn the electrodes (see Fig. 5.8). For this reason, a few drops of Silicone oil
was placed on the chip before applying the high voltage. This oil covers the surrounding
area of the waveguide and changes the effective indices of the waveguide modes, which
precludes us from actively monitoring the second-harmonic generation process. There-

fore, finding the best required waveform to achieve efficient poling becomes challenging.

\\\\f\\\\\\\\\\
-

R\ |

Figure 5.7: Poling and measurement setup.
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Figure 5.8: Applying voltages more than 500 V resulted in burning the electrodes.

In order to overcome this challenge, the poling fingers for some of the devices were de-
signed to have their central second-harmonic generation wavelength within the range of
our tunable laser when oil is applied on the chip. To achieve this, it was assumed that the
oil uniformly covers around the waveguides and possesses refractive index of 1.5. This
could help us to find the best required waveform for poling. Poling, depoling, and poling
again in one of these devices with pulse duration of 5 ms and period of 5 s and peak volt-
age value of 800 V resulted in second-harmonic generation shown in Fig. 5.9. For other
devices designed to work with oil, the central wavelength of SHG was out of the range of

our tunable laser.

for other devices, as mentioned earlier, the SHG couldn’t be observed during the pol-
ing process since the oil changes the central wavelength of SHG significantly. Therefore,
the poling was done first. Then, oil was completely removed from the sample through
standard cleaning with Acetone, 2-Propanol, and DI-water followed by RCA-1 cleaning

procedure. Next, devices were measured in order to observe SHG. Unfortunately, none of
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Figure 5.9: Second-harmonic generation in one of the devices that was designed to work
with oil.

the devices had their central wavelength within the range of our tunable laser. This dis-
crepancy between the design and experiment is originating from the difference between
the assumed waveguide shape in the design and the actual shape that was achieved af-
ter fabrication. The difference in the side wall angle had the most significant impact, but
also the waveguides were etched for 240 nm instead of 250 nm that was considered in the

design.
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CHAPTER 6: CONCLUSION AND FUTURE WORK

Thin-film lithium niobate is a great candidate for realization of compact photonic inte-
grated circuits owing to its wide transparency window and phenomenal electro-optic,
nonlinear optic, and ferroelectric properties along with its high index contrast. As it was
mentioned before, Many different photonic components and circuits can be efficiently
implemented on this platform. In this dissertation, we used this versatile platform to
demonstrate a wide range of devices and applications. First, Bragg grating filters with
two transmission peaks within the stop band were demonstrated, which can be harnessed
in quantum optic applications. Then, high-speed electro-optic Mach-Zehnder modulators
with extrapolated 3-dB bandwidth of 170 GHz and half-wave voltage-length product of
3.3 V.cm was reported with many different applications, especially in data communica-
tion. Next, microwave to photonic converter devices were shown, which can be used as
a microwave electro-optic sensor and proves the effectiveness of TFLN platform in mi-
crowave photonic applications. Finally, periodically-poled lithium niobate devices were

used for demonstration of nonlinear wavelength translators on TFLN.

TFLN is still at its early stages of development and will have a lot more to offer in the near
future. This chapter provides some of the future directions that can be pursued following

the presented works in this dissertation.

6.1 Integrated Frequency-Domain Hong-Ou-Mandel Interferometer

Hong-Ou-Mandel (HOM) interference is a fundamental quantum mechanical phenomenon

[159], which can be used in several quantum information processing applications. Spatial-
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domain HOM interferometer was shown on conventional LN platform [160, 161] using
PPLN as the source of photon-pair generation, followed by electro-optic modulators to
control the phase and beam splitter for the interference of the photons. Frequency-domain
HOM interferometer was demonstrated on optical tables [95] using a PPLN crystal for
photon-pair generation followed by a pulse shaper to filter two narrowband part of the
wide output spectrum of the generated photons and then using a phase modulator the

entangled photons interfered in the frequency domain.

The tunable dual channel filter that was reported in Chapter 2 can be replaced with the
pulse shaper and serve the same purpose. Therefore, the frequency-domain HOM can be
integrated in one chip consisting of a PPLN device, dual channel filter, and a phase mod-
ulator. We designed and fabricated a chip to demonstrated a fully integrated frequency-
domain HOM interfrometer on TFLN platform. Figure 6.1 exhibits the mask layout and

the fabricated chip.

a) b)
PPLNs Filters Modulators

Figure 6.1: a) Mask layout, b) Picture of the measurement setup, and c) Microscopic image
of the fabricated chip for integrated frequency-domain HOM interferometer.

85



It is very challenging to get the desired response from this circuit. As it was mentioned
in Chapter 5 the central wavelength of PPLN devices are very sensitive to the fabrication
errors. Also, dual channel filters are low yield in terms of having the two transmission
peaks with the intended frequency separation working around the central wavelength
that are designed and with a reasonable extinction ratio and peak power penalty. There-
fore, combining these two components and have them working around the same center
wavelength and fulfill other requirements becomes a very challenging task. In the fabri-
cated chip, only three filters demonstrated two transmission peaks within the stop band,
which among them only one of them had the frequency separation close to what we were
aiming for (see Fig. 6.2(a)). However, the center wavelength of the photon-pair generated
by the PPLN device was around 1545 nm (see Fig. 6.2(b)) while the central wavelength of
the filter response was around 1522.5 nm. As it was shown in Chapter 2, the low tunabil-
ity factor demonstrated for these filter cannot be used for tuning the filter response over

20 nm and it is mostly for fine tuning.

Nevertheless, the design for this chip is ready and can be tweaked with a more delicate
design to account for any possible variation during the fabrication process to make sure

at least one of the devices will meet the requirements.

6.2 Microwave to Optical Converter on TFLN on Quartz Substrate

As it was mentioned in Chapter 4, the best performance for microwave to optical con-
verter devices can be obtained on TFLN platform on quartz substrate. The design of these
devices for this platform is already completed and the design parameters are shown in
Fig. 4.2 and Fig. 4.3. The fabrication of these devices on Quartz substrate has been done

twice. Figure 6.3 demonstrates the mask layout used for the fabrication along with some
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Figure 6.2: Measurement results for the integrated HOM interferometer. a) Filter’s spec-
tral response along with the peak separation and FWHM. b) Second-harmonic generation
using the PPLN device.

of the microscopic images of the fabricated chips. However, none of these fabricated
devices were functional, which is due to the differences in the process of these chips com-
pared to the process of devices on TFLN on silicon substrate. E-beam lithography, etching,

dicing, and polishing need to be modified and optimized for these chips.

Figures 6.4(a) and (b) exhibit SEM images of the fabricated chips, in which several cracks
on the LN layer as well as a large gap between LN layer and the insulator layer under-
neath can be observed. These could be attributed to the wafer quality or the over-heating
during one of the processes such as etching, dicing, and polishing. It could also be due to
the mechanical stress that is applied to the bonded thin-film layer during dicing or polish-

ing. The imperfections in the E-beam run can be clearly seen in Fig. 6.4(c), where shows
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Figure 6.3: Layout and some of the microscopic images of the fabricated devices on quartz
substrate.
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a microscopic image of the waveguides after E-beam run and development before etch-
ing. Etching the LN layer with this pattern after E-beam run results in very non-uniform

waveguides as illustrated in Fig. 6.4(d).

a) b)
Quartz Substrate

Quartz Substrate

Oxide

Figure 6.4: SEM images of the fabricated chip on Quartz substrate in a) and b) show the
issues occurred during the fabrication. Microscopic images of the waveguides c) after E-
beam lithography and development and d) after the etch step.

Several modifications are required for E-beam lithography on TFLN on quartz substrate
since the thermal conductivity of these chips are very different from the ones on silicon
substrate. Also, there is no conductive material in these chips and thus a conductive
layer such as a thin layer of gold needs to be deposited on the resist to avoid charge
accumulation, which also affects the E-beam run parameters. Moreover, the etch step
should be modified as well since the thermal conductivity of quartz is much less than
silicon and causes overheating, which changes the etch rate and can also damage the
bonding between LN and oxide layers. All these processes are currently being optimized

for the quartz substrate and the full fabrication will be done afterwards.
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6.3 Experimental Demonstration of Nonlinear Wavelength Translator

In Chapter 5 it was explained that because of the discrepancy between the design and
fabrication, the central wavelength of the PPLN devices were shifted out of the range of
our tunable laser. This information is now being used in the design to avoid this issue
in the second round of fabrication. Moreover, the propagation loss for the last fabricated

chip was measured to be ~4 dB/cm (see Fig. 6.5), which is high.
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Figure 6.5: Propagation loss measurement of the first fabricated chip for the nonlinear
wavelength translator project.

From the SEM images of the fabricated waveguides shown in Fig. 6.6, it is evident that the
side walls are rough and since the waveguides are very compact (900 nm-wide with 250

nm etch depth), the optical mode touches the side walls and results in high propagation
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loss. Therefore, we are also developing a better etch recipe for LN to reduce the optical

propagation loss.

Mag= 13.44 KX EHT=10.26kV Date :7 Jun 2022
Signal A = InLens WD = 2.7 mm Time :16:13:45

Figure 6.6: SEM image of the fabricated waveguide in the first round of fabrication
demonstrating rough side walls, which causes high optical propagation loss.

Also, it can be seen in this SEM image that the residue of the resist is left on top of the
waveguide even after several standard cleaning (Acetone, 2-Propanol, and DI water) as
well as RCA-1 and O; plasma cleaning and putting the sample in hot NMP. This is because
LN is etched through ion milling process and for deep etch (such as 250 nm in here) it can

burn the E-beam resist. The burned E-beam resist is very hard to remove from the sample.

We are taking all the necessary steps to prevent all the aforementioned issues to happen

again in the next round of fabrication.
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