Toward Accurate and Large-scale Silicon Photonics

by
Jie Sun

Submitted to the Department of Electrical Engineering and Computer Science »

»:
in partial fulfillment of the requirements for the degree of ARCHWC

R SIEE

Doctor of Philosophy in Electrical Engineering [

at the

oy

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Feburary 2013
© Massachusetts Institute of Technology 2013. All rights reserved.

Author................. ... e
Department of Electrical Engineering and Computer Science
Feburary 1, 2013

. s
Certified by .......................... WK LM

Michael R. Watts
Associate Professor of Electrical Engineering
- Ahesis Supervisor

Certified by ........... OO I L 3
/ Henry I. Smith

Professor of Electrical Engineering
Thesis Supervisor

Acceptedby ............ ...l R B e R
) I%olodziejski

Chairman, Department Committee on Graduate Students

s,







Toward Accurate and Large-scale Silicon Photonics

by

Jie Sun

Submitted to the Department of Electrical Engineering and Computer Science
on Feburary 1, 2013, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy in Electrical Engineering

Abstract

Silicon photonics, emerging from the interface of silicon technology and photonic
technology, is expected to inherit the incredible integration ability of silicon tech-
nology that has boomed the microelectronic industry for half a century, as well as
the unparalleled communication capability of photonic technology that has revolu-
tionized the information industry for decades. Being a prevailing research topic in
the past decade, silicon photonics has seen tremendous progresses with the success-
ful demonstrations and commercializations of almost all of the key components,
including on-chip light source, low-loss silicon waveguide, and ultrafast silicon
modulators and detectors. It seems silicon photonics is ready to take off by follow-
ing the successful path the microelectronic industry has been traveling through to
achieve a large-scale integration of millions of photonic devices on the silicon chip
with the aide of the well-established complementary metal-oxide-semiconductor
(CMOS) technology.

However, there remain some substantial challenges in silicon photonics, in-
cluding the reliable design and fabrication of silicon photonic devices with un-
precedented accuracy, and the large-scale integration of otherwise discrete silicon
photonic devices. To this end, this thesis explored several examples as possible
means of addressing these two challenges in silicon photonics. Two different ways
of improving silicon photonic device accuracy were presented from perspectives
of fabrication and device design respectively, followed by a successful integration
demonstration where more than 4,000 components worked together on a silicon
chip to form a functional large-scale silicon photonic system, representing the
largest silicon photonic integration demonstrated to date.
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CHAPTER 1

Introduction

1.1 Silicon Photonics

Silicon, definitely the most popular element in the periodic table since the inven-
tion of the silicon transistors in the 1950s and the complementary metal-oxide-
semiconductor (CMOS) technology in the 1960s, has fueled the microelectronic
industry for almost half a century. The silicon CMOS technology, being known
for its unparalleled ability to make things smaller and smaller, has witnessed the
technology scaling from 10um technology node in the 1970s to the current 22nm
node as of 2012, and has enabled the miniaturization of the world’s first computer
(Electronic Numerical Integrator And Computer, ENIAC) that took up the space of
an entire building to the current mobile computing devices that fit into one’s palm.

In the similar time frame, photonic technology has revolutionized the commu-
nication industry since the first appearance of the laser in the early 1960s and the
deployment of the first transatlantic fiber optic cable in the late 1980s. Photon, with
its exceptional capability to transmit big data at the speed of light, has lit up fiber

optic cables around the globe from the 1990s and has powered the internet boom
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Chapter 1 Introduction

ever since.

Silicon photonics, a technological term that combines the two great inventions
of the last century, is a prevailing technology that is expected to inherit the unri-
valed advantages of both the silicon technology and the photonic technology: to
transmit and process big data with light on a small silicon chip enabled by the
well-established state-of-the-art silicon CMOS technology. This has been the ulti-
mate goal and a major driving force of silicon photonics since its debut. Silicon
photonics benefits from the silicon technology and the photonic technology; and
vice versa, silicon photonics is expected to advance these two fields in the near
future. On one hand, the optical interconnection powered by silicon photonics is
considered an important way, if not the only way, to address the ever-demanding
power consumption and bandwidth problems in the current silicon electronics. On
the other hand, silicon photonics makes possible the integration of discrete compo-
nents in the current optical communication system onto a compact silicon chip in a
cost-effective way that roots in the very large-scale integration capability of silicon
CMOS technology that has been developed for half a century. Therefore, silicon
photonics is a technology that benefits from and is expected to push forward both
the silicon technology and the photonics technology.

The first decade of this century has seen tremendous progresses in the field of
silicon photonics [1] with the successful development of high-performance compo-
nents that are the key to realize the great mission of silicon photonics: the on-chip
optical data communication. Figure 1-1 depicts a typical silicon photonic link
for the on-chip optical data communication, including the multi-wavelength laser
array to provide different colors of light for the on-chip wavelength division multi-
plexing (WDM), the optical multiplexer to combine different colors of light and the
demultiplexer to separate different colors of light, the optical modulator to convert
electrical data to light signal at one place of the chip (e.g. the microprocessor) and
the optical detector to translate modulated light to electrical data stream at another
place (e.g. the memory), as well as the silicon waveguides that connect all of the

components.
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Figure 1-1 A schematic of an on-chip silicon photonic link, composed of the wavelength division multiplexing (WDM) laser
array, the optical multiplexer (MUX) and demultiplexer (DEMUX), modulators, detectors, and the silicon waveguides connecting

them.
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Chapter 1 Introduction

Low-loss silicon waveguide is the backbone of the silicon photonic circuits. For-
tunately, silicon is transparent at the conventional optical communication wave-
lengths around 1.55um, thanks to the relative large bandgap of silicon (hv = 1.11eV,
or A = 1.13um). Depending on the geometry of the waveguide cross-section, the
propagation loss of the silicon waveguide has reached as low as 0.8dB/cm [2] for
the stripe waveguide and 0.027dB/cm [3] for the ridge waveguide. Figure 1-2(a)
shows a silicon stripe waveguide [4] and Fig. 1-2(b) is a silicon ridge waveguide
[3]. The ultra low-loss waveguide makes silicon very suitable for light propagation

and processing, and forms the cornerstone of silicon photonics.

Silicon, unlike the III-V materials such as InGaAsP, is a material with indirect
bandgap. This indirect bandgap prevents direct light generation from the electron-
hole recombination, a process that creates light in semiconductor lasers. To date, a
truly silicon laser with light generated directly from silicon by electrical pumping
is still a dream, in spite of some demonstrations of silicon lasers based on nonlinear
processes [5]. However, various alternative ways to create lasers on silicon chips
have already been demonstrated. Figure 1-2(c) shows a hybrid silicon laser where a
layer of III-V material is either wafer-bonded or epitaxy-grown on top of the silicon
waveguide to provide optical gain when pumped with electrical current, through
evanescent coupling of the optical mode from silicon to III-V material [6]. Another
approach, the Erbium (Er) doped waveguide laser, is shown in Fig. 1-2(d), in which
the optical gain is provided by the Er-doped cladding layer surrounding the silicon-
compatible SiN waveguide when optically pumped with a shorter wavelength
laser (980nm or 1480nm) [7]. Although the laser is not electrically pumped, this
approach has the advantage that it can generate multiple wavelengths from a single
input wavelength because of the broad gain bandwidth of Er. By use of a CMOS
compatible material Germanium (Ge) to provide optical gain through electrical
pumping, the Germanium laser has recently been demonstrated, representing a

very promising candidate for silicon photonics light source [8]-[9].

The optical multiplexer (MUX) combines light of different colors, and the de-

multiplexer (DEMUX) reverses the process. These two devices work together to
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Figure 1-2 A gallery of representative silicon photonic devices demonstrated to
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Chapter 1 Introduction

form a WDM system that significantly increases the bandwidth of the data trans-
mitted in a single waveguide. Figure 1-2(e) illustrates a 20-channel second-order
microring resonator filter bank that serves as a DEMUX to decompose incoming
broadband light into 20 channels evenly spaced in wavelength [10]. Figure 1-2(f)
shows a three-stage third-order microring resonator add/drop filer that can be used
as a MUX to add new wavelengths into the bus waveguide [11]. In the optical mul-
tiplexers and demultiplexers, it is essential to keep an even wavelength spacing
between one channel and another. It is usually necessary to add active wavelength
tunability to these filters, since the resonant wavelength of these microring filters is
extremely sensitive to fabrication deviations and post-fabrication tuning is always
required to have all these channels aligned to the wavelength grid of the on-chip
WDM system [10].

Silicon photonic modulator converts the electrical data into optical signal. All
of the high-speed silicon photonic modulators demonstrated to date exclusively
make use of the plasma dispersion effect where the refractive index of silicon is
a function of the electron and hole concentration [12]. While the MachZehnder
interferometer based silicon photonic modulator is advantageous in its broadband
nature, microring resonator based modulator is preferred in that its compact foot-
print as small as 2um in radius is suitable for the on-chip WDM networks and
modulation speed as high as 25Gb/s has been realized without pre-emphasis [13].
Figure 1-2(g) shows the first silicon photonic microring modulator demonstrated
by the Cornell group [14], and Fig. 1-2(h) shows a micro-disk modulator using the
vertical p-n junction [15].

Germanium is a CMOS-compatible material that is widely used in silicon pho-
tonics as a means to detect optical signals. Electrical current is generated when the
energy of a photon is absorbed by Ge to create an electron-hole pair. Figure 1-2(i)
[16] and Fig. 1-2(j) [17] shows two examples of integrated high-speed Ge detector
on silicon.

To summarize, by use of silicon or silicon compatible materials, all of the devices

required to generate, transmit, and process light have already been demonstrated
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Chapter 1 Introduction

individually in the silicon photonic platform with high performance and compact

size, which holds the promise for the great success of silicon photonics in the future.

1.2 Challenges in Silicon Photonics

As shown in Fig. 1-2, all of the key silicon photonic devices have already been
demonstrated with high performance, compact footprint, and compatibility with
the state-of-the-art CMOS technology. It seems silicon photonics is ready to take off
with a bright future by following the successful path the microelectronic industry
has been traveling in the past decades. That is, to integrate thousands of or even
millions of these individual components into a small silicon chip to form a func-
tional silicon photonic system with unparalleled performances. However, there
are still several essential problems that need to be addressed before this ultimate
goal of silicon photonics can be reached.

First, the accuracy of individual silicon photonic devices needs to be greatly
improved. Silicon, with a high refractive index of 3.48 at 1.55um wavelength,
tightly confines the optical mode to sub-micron size. This on one hand makes the
silicon photonic devices more compact, but on the other hand, it also makes silicon
photonic devices extremely vulnerable to fabrication errors. For example, most
of the microring based filters and modulators need active tunability to align the
resonant wavelength after fabrication [18]. This not only adds complexity to the
system, but also greatly increases the power budget of the silicon photonic systems
which largely compromises the benefit brought by the silicon photonics technology
that is supposed to be power efficient. Therefore, it is necessary to investigate how
to accurately fabricate silicon photonic devices.

Second, the great advantage of silicon photonics lies in its potential ability to
integrate a large number of otherwise discrete components to form a functional
system. Although all of the key components of silicon photonics have already
been demonstrated with high performance, the path to large-scale integration of a

large number of silicon photonic devices on a chip is still not clear. Without large-
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scale integration, all of the great success achieved by previously demonstrated
high-performance individual devices will be in vain. It took the microelectronic
industry almost two decades from the invention of the first discrete transistor to
the deployment of the very-large-scale integrated (VLSI) circuit. How long will
it take silicon photonics to reach the stage of large-scale integration? With the
aide of the well-established CMOS processing technology, it is expected to take
silicon photonics a much shorter time to arrive there. However, due to the extreme
sensitivity of silicon photonic devices to fabrication fluctuations, it is definitely
not trivial to have a large number of extremely sensitive devices work together
as a system. Consequently it is essential to study from a system level how the
integrated silicon photonic system performs when a large number of components

are included.

To this end, this thesis investigated the two major challenges of silicon pho-
tonics through several examples. Part I discussed two different ways to achieve
more accurate silicon photonic devices, including Chapter 2 where the accuracy
of silicon photonic microring resonator filters is improved by an optimized fab-
rication technique, and Chapter 3 where the silicon photonic filter is made more
accurate with an advanced photonic design based on the sampled Bragg grating.
Part Il investigated a large-scale silicon nanophotonic phased array as an example
of large-scale silicon photonic integration, including the general theory of phased
array given by Chapter 4, followed by demonstrations of large-scale passive phased
array and active phased array presented in Chapter 5 and Chapter 6 respectively.
Although the silicon nanophotonic phased array is not conventionally considered
as a typical silicon photonic system for on-chip data communication, the suc-
cessful demonstration of more than 4,000 components integrated in a silicon chip
indeed validates the incredible integration capability of silicon photonics that has
never been explored elsewhere before. Moreover, this nanophotonic phased array
demonstration extends the functionality of silicon photonics well beyond its tradi-
tional communication application to new areas such as laser detection and ranging

(LADAR), holographic display, biomedical sensing, etc., which in turn greatly adds
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to the motivations of silicon photonics.
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PART I

Toward Accurate Silicon Photonic Devices

Chapter 2 Accurate Device by Improved Nanofabrication 27

Chapter 3 Accurate Device by Advanced Design 43

The demanding accuracy requirement of silicon photonic devices is always
challenging. InPart], two different ways to achieve a more accurate silicon photonic
device are presented. The most direct and efficient way to improve the device
accuracy is to improve the precision of the nanofabrication tools and processes, as
is discussed in Chapter 2. While advanced fabrication is not always available or
economic, an alternative way to improve the device accuracy is to employ novel
device designs to accommodate the available fabrication resources, as is shown in

Chapter 3.






CHAPTER 2

Accurate Device by Improved Nanofabrication

The most direct and efficient way to achieve silicon photonic devices with high
accuracy is to improve the precision of the fabrication tools and hence to reduce the
dimensional errors of the resulting devices. In this chapfer, we will demonstrate
that, by minimizing the intrafield distortion error in the scanning electron-beam
lithography (SEBL) system, the fabrication accuracy of silicon photonic devices can
be improved and high performance is thus achievable. As an example, we will
show that the frequency mismatch in the second-order microring resonators, which
is a universal problem in high-order microring resonators, is largely reduced by
minimizing the intrafield distortion in an SEBL tool. This chapter will start with an
introduction to the frequency mismatch problem in high-order microring resonator
filters and the intrafield distortion in SEBL systems, followed by evidences showing
the correlation between the frequency mismatch and the intrafield distortion, and
finally an experimental demonstration showing that the frequency mismatch can

be mitigated by minimizing the intrafield distortion in SEBL.
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Part 1 TowaRD ACCURATE SiLIcoN PHoTONIC DEVICES

2.1 Frequency Mismatch and Intrafield Distortion

Microring resonator is an important component in silicon photonics, which finds
immediate applications from optical lasers, through electrooptic modulators, to
add/drop filters. High-performance microring resonator requires multiple identical
microrings to be used, in order to achieve a better filter shape [19]-[20]. Figure 2-1(a)
depicts a second-order microring resonator for applications such as the add/drop
filter in optical routing, where the waveguide-to-ring and ring-to-ring coupling
coefficients can be engineered to realize various filter responses, such as maximally
flat and Chebyshev filters [21]. The microrings are normally designed to be identi-
cal to each other in terms of geometry and resonant frequency. However, the small
device size and high refractive index contrast present a number of fabrication chal-
lenges, as the optical properties of such filters is extremely sensitive to nanoscale
dimensional deviations [22]. One of the crucial issues in high-order microring fil-
ters is the resonant-frequency mismatch between the microrings, which markedly
reduces the filter performance [23]-[27]. As shown in Fig. 2-1(b), in a second-order
microring filter originally designed to achieve maximally flat response, the flatness
and symmetry of the through-port response, the in-band extinction, as well as the
filter roll-off are largely degraded due to the mismatch of resonant frequencies of
the two microrings. This frequency mismatch problem constantly appears in high-
order microring resonators. It is necessary to study the origin of this frequency
mismatch in order to solve this problem and hence to improve the performance
of high-order microring resonators. Since the photonic structures surrounding the
two microrings are symmetric, proximity effect in lithography is not responsible
for the relative frequency mismatch. Also the two microrings are too close to each
other to have noticeable thickness difference between them. Here we will show

this frequency mismatch is mainly caused by the intrafield distortion problem in

the SEBL.

SEBL is widely used in making microelectronic as well as photonic devices,

either by direct SEBL writing or by optical lithography in which the optical mask
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Figure 2-1 (a) A schematic of the second-order microring-resonator filter. f;> rep-
resents the resonant frequencies of the two microrings. (b) The impact of frequency
mismatch on the through-port response of the second-order microring resonators
(simulation). The frequency mismatch is given by Af = fo - fi.
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Figure 2-2 [Illustration of the intrafield distortion problem in SEBL. The electron
beam that is designed to expose the point O:(xg, yo) is actually deflected to the point
B:(x5, yp) because of imperfections in the SEBL system. The intrafield distortion is
denoted by the vector OB.

is also made from SEBL. In SEBL, the electron beam is deflected by magnetic lenses
within the writing field which is normally around 100um square. The fields are then
stitched together to form a larger area by precisely moving the laser-interferometer-
controlled stage on which the substrate is mounted. To avoid severe field-stitching
errors, microring resonators are usually written in a single writing field. Intrafield
distortion is due to systematic beam-deflection error within a single field, caused
by electron-optics imperfection and digital-analog converter error. It exists in every
SEBL system. Figure 2-2 illustrates the problem. The beam is supposed to expose
point O:(xy, o) but the actual beam position is at point B:(x, yg). The displacement

vector

—

OB = £Ax + Ay = X(xp — x0) + §(yz — Yo) (2.1)

is called intrafield distortion at position O:(x, yp), where Ax and Ay represent

intrafield distortion in x- and y-direction, respectively. Intrafield distortion is
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position-dependent, that is, Ax and Ay are functions of the designed beam po-
sition O:(xo, yo) [28]. Intrafield distortion can be measured by use of a nanoscale
metrology method [29]. Figure 2-3(a) shows the principle of intrafield-distortion
measurement. A metal grid with a fine pitch, generated on a silicon substrate by in-
terference lithography, was utilized as a metrological reference. One-dimensional
grating and two-dimensional grid created by interference lithography have excel-
lent long-range spatial coherence, and hence can be served as precise rulers in
nanoscale. The grid was then scanned by the SEBL system in x- and y-direction,
and the secondary-electron signals collected by the detector. The corresponding
intrafield distortion, Ax and Ay, at various positions in the writing field was then
determined by comparing the phase of the collected signal to that of an ideal grid
signal. The blue line in Fig. 2-3(b) illustrates the ideal secondary electron signal
when the grid is scanned in the x- or y-direction, while the red line shows the actual
signal where a phase difference Ag is seen because of the intrafield distortion. The

intrafield distortion in the x- or y-direction at this point is then given by

A
Agy =2 =2 2.2)

p

where p is the period of the grid, and Ag can be accurately measured by taking the

Fourier transform of the spatial signal shown in Fig. 2-3(b).

Figure 2-4 shows the measured intrafield distortion in a 100umXx100um writing
field in a Raith 150 SEBL system at MIT. Each point in the field has an associated
Ax and Ay. From Fig. 2-4(a), it is seen that the maximum distortion in x-direction
occurs at the right edge of the writing field. This is attributed to the fly-back of the
beam on this edge. Similarly, the maximum distortion in y-direction appears at the
lower edge of the writing field. The maximum total intrafield distortion is around

20nm, which occurs at the lower-right corner of the writing field.

Based on the measurement of intrafield distortion shown in Fig. 2-4, the ac-

tual beam position (xg, yg) can be approximated by a polynomial function of the
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Figure 2-3 (a) Measurement setup of the intrafield distortion in the SEBL system,
where a metal grid made from the interference lithography is used as a precise ruler
in the nanoscale. (b) The intrafield distortion is determined by the phase difference
between the ideal signal (blue) and the actual signal (red) when scanning the grid

with the electron beam in x- or y-direction.
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Figure 2-4 Measured intrafield distortion in (a) x- and (b) y-direction in a
100pumx100pum writing field of a Raith 150 SEBL system at MIT. The two dimen-
sional quasi-periodic character of the distortion (i.e. the quasi-periodic peaks and
valleys in the above distortion maps) is probably an indicator of digital-analog con-

verter imperfection of the system.
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designed beam position (xy, o) as

xg = f(Xo,Yo) = Xo + AX = ag + @1Xo + Ax}fo + A3X] + AaXoYo + As Y} (2.3)
yB = (X0, Yo) = Yo + Ay = by + brxo + bayo + b3x + buxoyo + bsy}

where the coefficients a, and b, can be extracted by numerically fitting Equation 2.3
to the distortion maps of Fig. 2-4(a) and (b). In this work, the polynomial in
Equation 2.3 is approximated to the 4" order.

In the fabrication of microring filters using SEBL, the geometric parameters of
the microrings, such as the radius and width, usually deviate from designed values
due to this intrafield distortion. The resonant frequency, which is very sensitive
to dimensional variations, is accordingly changed. For instance, Inm dimensional
variation in radius and width will result in tens of GHz frequency shift, depending
on the design and material of the microrings. In high-order microring filters, as
the rings are located at different positions of the writing field, each microring
experiences a different frequency shift because of the position-dependent nature
of intrafield distortion. Therefore, frequency mismatch between the microrings
occurs. And the amount of this frequency mismatch varies with the position of the

filter in the writing field.

2.2 Intrafield Distortion Induced Frequency Mismatch

In this section, we will experimentally demonstrate the frequency mismatch prob-
lem in high-order microring resonators is mainly caused by the intrafield distortion
in the SEBL system [30].

Second-order microring resonator filters are used in the experiment for the ease
of fabrication and analysis. The cross section of the waveguides used in this exper-
iment is shown in Fig. 2-5(a). A core layer of 400nm silicon-rich silicon nitride (SiN,
refractive index n = 2.18) on a 3um SiO; cladding is used for the bus waveguides

and the microrings, with air top and side cladding. The SiN layer is deposited by
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Low-Pressure-Chemical-Vapor-Deposition (LPCVD), providing a uniform thick-
ness across the wafer. The widths of bus and ring waveguides are 700nm and
900nm, respectively. The ring radius is 8um. The bus-to-ring and ring-to-ring
gaps are 120nm and 380nm, respectively. Finite-Difference simulation shows that,
in this design, Inm deviation in the radius and width of the microring will cause

-18.4GHz and -33GHz resonant-frequency shift of the microring, respectively.

The fabrication process of the microring resonators is described as follows [24].
A silicon wafer is first thermally oxidized to form a 3um thick SiO, as the under-
cladding to prevent light leaking into the silicon substrate. A layer of 400nm
low-stress SiN is then deposited by LPCVD in a vertical thermal reactor with a gas
mixture of 'SiHZClz and NH;. Then 200nm poly-methyl-methacrylate (PMMA) is
spun on as the e-beam resist, followed by another spin of 60nm Aquasave whichis a
water-soluble conductive polymer to prevent surface charging of the resist during
e-beam writing. The PMMA is exposed to define the patterns with the Raith
150 SEBL system whose intrafield distortion is previously measured as shown in
Fig. 2-5. Then the Aquasave is removed in water, followed by resist development
to remove areas that are scanned by e-beam since PMMA is a positive e-beam
resist. Next, 45nm Nickel (Ni) is evaporated on the wafer, followed by a liftoff to
remove the unexposed PMMA. With the Ni as a hard mask, the waveguides are
dry etched in a gas mixture of CHF; and O,. Finally, the Ni hard mask is removed
in a commercial wet Ni etchant. Scanning-electron micrographs (SEMs) of the

fabricated second-order filter are shown in Fig. 2-5(b).

Second-order filters written at 10 different positions relative to the writing field
are fabricated, and the frequency mismatch obtained from the through- and drop-
port spectra. For each position, six filters were fabricated in six different physical
writing fields (but at the same position relative to each writing field) to get the
averaged frequency mismatch at that particular position. Each of these filters took
up a single writing field. The red dots in Fig. 2-6(a) and (b) are the measured
average frequency mismatch when the filters are centered at (x,0) and (0,y) in

the writing field, respectively. The error bars indicate the frequency mismatch
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Figure 2-5 (a) Diagram of waveguides cross-section. (b) Scanning-electron micro-
graph of the fabricated second-order microring filter, and details in bus-ring and

ring-ring coupling regions.
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Figure 2-6 Frequency mismatch between the two rings of second-order microring
filters at various positions in the SEBL writing field: (a) the positions of the center
of the second-order filter are at y = 0 and various values of x, from x = —24um to
x = +24um, and (b) the positions of the center of the second-order filter are at x = 0
and various values of y from y = —-24pm to y = +24um. The inset diagrams illustrate
the orientations of the filters in the two cases. The continuous lines are the simulation

results. The red dots are measured frequency mismatch without intrafield-distortion
correction, and the black squares are with correction.
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fluctuation caused by some random factors in fabrication. Based on Equation 2.3,
geometric deviations of the microrings and the corresponding frequency mismatch
caused by intrafield distortion can also be simulated at various positions of the
writing field. The simulation results are shown in Fig. 2-6 as continuous curves. It
is seen that the simulation agrees well with the experiment, which demonstrates
that the intrafield distortion in SEBL is the major cause of frequency mismatch in

high-order microring filters.

2.3 Intrafield Distortion Correction

SEBL is the most widely used lithography tool in fabrication of silicon photonic
devices because of its high resolution; however, as discussed above, intrafield
distortion in SEBL compromises the performance of these devices. In this work, we
propose a simple method to correct the intrafield distortion in SEBL. As mentioned
above, the designed beam position (xo, ¥o) and actual beam position (xz, y3) are
related by the polynomial function f(x, y) and g(x, y) as described by Eq. 2.3. Thus,
by pre-distorting the designed beam position to a modified position (x1, y1) in the

layout, where (x1, y1) satisfies

xo= f(x1, 1) , Yo= g(x1, 1) (24)

then the actual beam position will return to the desired position (xo, y). Hence, the
intrafield distortion can be corrected.

Using this correction method, second-order filters at various positions in the
writing field are fabricated. The black squares in Fig. 2-6 are the measured fre-
quency mismatch after correction. The frequency mismatch is around 0, which
validates the correction method. Figure 2-7 shows a typical result of the filter re-
sponses with and without intrafield-distortion correction. In this particular filter,
frequency mismatch is reduced from -11.5GHz to -1.2GHz. Figure 2-8(a) and (b)

illustrate the statistical distribution of the measured frequency mismatch of a num-
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Figure2-7 The filter spectra of a second-order microring resonator with and without
intrafield distortion correction. The filter shape is largely improved by applying the
intrafield distortion correction.

ber of filters, without and with intrafield-distortion correction, respectively. The
multi-peak distribution in Fig. 2-8(a) indicates the position-dependent nature of the
frequency mismatch. The distributions are fitted by a normal distribution, where p
represents the average frequency mismatch while the standard deviation ¢ corre-
sponds to the fluctuation of frequency mismatch introduced by random fabrication
errors other than the intrafield distortion. It can be seen that the average frequency
mismatch is reduced from -8.6GHz to 0.28GHz by applying the correction method.
Standard deviations o in Fig. 2-8(a) and (b) are close, which is reasonable because
o depends on uncontrolled random variations in fabrication process. It should be

possible to further reduce ¢ by optimizing the fabrication process.

In this chapter, we have shownan example where more accurate silicon photonic
devices can be achieved by an improved nanofabrication technique. In particular,
we experimentally demonstrated that the frequency mismatch in high-order mi-
croring resonator filters is caused primarily by intrafield distortion in SEBL. The

intrafield distortion map of an SEBL system was measured. The frequency mis-
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Figure 2-8 Statistics of frequency mismatch of a number of second-order filters
at several positions in the SEBL writing field, where u is the average frequency
mismatch, and o is the standard deviation of frequency mismatch: (a) without
distortion correction and (b) with distortion correction. Note that the correction
results in a reduction of u from -8.6GHz to 0.28GHz.
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match of second-order microring filters centered at various positions in the SEBL
writing field was simulated based on the distortion map, which is consistent with
experimental results. A simple method was also proposed to correct the intrafield
distortion. By use of this correction method, the average frequency mismatch in

second-order microring filters was reduced from -8.6GHz to 0.28GHz.
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CHAPTER 3

Accurate Device by Advanced Design

In Chapter 2, we have shown accurate silicon photonic devices can be achieved by
improved fabrication techniques with more precision. The improvement of fabri-
cation tools and techniques is absolutely the most important way to improve the
device performance, which has been witnessed by the advancement of electronic
industry for half a century from the initial 10um to the current 22nm technology
node. However, when the high-precision fabrication is not readily available or
is not economic, it is important to incorporate advanced device designs to ac-
commodate the available fabrication techniques. In Chapter 2, we have also seen
that holographic gratings patterned by interference lithography has the best accu-
racy that could even serve as a ruler to measure the nano-scale deviations in the
scanning-electron-beam lithography (SEBL) system. It is therefore obvious that
grating-based photonic devices can easily achieve the best accuracy. As a matter
of fact, grating structures are indeed widely used in photonics such as in the semi-
conductor lasers as a feedback cavity. However, grating structure fabricated with
interference lithography is rarely used in silicon photonics. One important reason

is that gratings made by interference lithography are not flexible. Grating has a
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simple filter shape with limited applications, whereas other popular silicon pho-
tonic structures such as microring resonators can produce various filter shapes that
are suitable for a broad range of applications. Provided that complex filter shapes
can be achieved in the grating-based structures, a wider range of silicon photonic
applications can be expected in grating to taking advantage of its high accuracy
originating from the interference lithography. In this chapter, we will introduce a
novel silicon photonic grating structure, namely the sampled Bragg grating (SBG),
in which various filter shapes can be realized based on the precise gratings made
from interference lithography. This chapter will start with a brief introduction to
Bragg gratings, followed by the theory and design methods of the SBG in order
to achieve complex filter shapes, and finally an experimental demonstration of a

silicon photonic SBG with a quarter-wave phase shift.

3.1 Basics of Bragg Gratings

Figure 3-1 depicts the basic structure of a grating, namely the uniform grating,
where rectangular grooves with a period of A are etched into the surface of an
optical waveguide. Gratings are widely used as diffractive elements in optics for
centuries. The Bragg grating, the type of grating that we will focus on in this work,
can be considered as a diffraction grating which diffracts the forward-travelling
wave into backward-traveling wave. According to the diffraction equation, in
order to have the diffracted beam in the opposite direction against the input beam,

the period of the grating should satisfy the following Bragg condition

Ag

A=
2

(3.1)

where A is the free-space wavelength of the light, and . is the effective index
of the waveguide where light propagates. According to the perturbation theory,
the waveguide with corrugated grating on top can be considered as a two-layer

waveguide where the etched grating is replaced by a uniform artificial material
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Figure 3-1 Schematic of a uniform grating on a stripe waveguide.

with refractive index ng, plus a perturbation layer with alternating high-low refrac-
tive indices +An, characterized by a position dependent refractive index An(z), as
shown by Fig. 3-2 [31]. The refractive index of the artificial layer in Fig. 3-2(b) is
given by

ny=(1-D)-ng+D-nj (3.2)

where n; and ny are the refractive index of the core material and the cladding
material respectively, and D is the duty cycle of the grating. The effective index
negt of the grating used in Equation 3.1 can be calculated from a 2-D mode solver
based on this z-invariant waveguide shown in Fig.3-2(b). The Bragg grating can be
mathematically described by its perturbation to the electromagnetic mode, i.e. the

refractive index modulation An(z)

1 Z
An(z) = 5o - exp( jzz J+ece. (33)
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(a) (b) (c)

Figure 3-2 (a) The Bragg grating corrugation can be modeled as (b) a z-invariant
waveguide with an artificial layer whose refractive index is n, to replace the corru-
gated grating, plus a perturbational z-variant function An(z) with alternating high-

low refractive indices +Any.

where c.c. stands for the complex conjugate of the first part of the equation. Ang
gives the strength of the grating perturbation which depends on both the refractive
index contrast and the geometry of the grating. Ang is a constant for uniform
Bragg grating but can be variant in z-direction in complex Bragg gratings such as
apodized Bragg grating and chirped Bragg grating. Note that although the grating
perturbation has a rectangular shape, it is described by a sinusoidal function here
for convenience. This is an adequate approximation since the periodic rectangles
can be decomposed into many sinusoidal components and the first order weights
the most. For the uniform Bragg grating with a length L, its reflection coefficient at

a specific wavelength A can be analytically derived

X sinh(jyL)

r(A) = (3.4)

cosh(jyL) + % sinh(jyL)
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where

5= 2nem T
AA (3.5)

=’ - |«

2

k is the coupling coefficient between the forward-propagating mode and the
backward-propagation mode, and can be solved from the coupled mode theory

as [32]

K .
T (n? — nd)sin(rD) - T (3.6)

K=

where k is the free space wave vector, and k; is the propagation constant of light in
the waveguide shown in Fig. 3-2(b). T is a factor that describes the extent to which

the electromagnetic wave overlaps with the grating

ff E(x, y) dxdy

r _ n(x,y):ng
ffE(x, y) dxdy

The coupling coefficient « is also related to the grating strength parameter An, used

(3.7)

in Equation 3.3 by
U

£ 2ne A

Any (3.8)

Most frequently the gratings are represented by its transfer matrix T(A)

cosh(yL) — jE sinh(yL) X sinh(yL)
T(A) = V 7 3.9)

g sinh(yL) cosh(yL) + j% sinh(yL)

47



PARrT | TowaRrD AcCCURATE SiLicoN ProTtoNic DEvVICES

and

a )| [cosh(’L) - J’% sinh(yL) -% sinh(yL) |a0)
a_(L)

= x o ‘ (3.10)
; sinh(yL) cosh(yL) + ]5/— sinh(yL)| [a-(0)

where a,(z) and a_(z) are the forward and backward wave component along the
grating respectively. In gratings where the coupling coefficient x(z) varies along
z-direction, such as the apodized grating and the chirped grating, the grating can
be divided into many small segments and each segment can be treated as a uniform
grating with a constant x. Then the transfer matrix of the whole grating can be
obtained through the multiplication of the transfer matrices of all of the uniform

segments. The reflection and transmission coefficients are then given by

a0 aD)
‘W= 0 W no

(3.11)

The reflection coefficient r can be analytically derived from the coupled mode

theory for a grating with z-variant coupling coefficient x(z) [33]

%r = jK'r° + 2jor + jr(z) (3.12)

Equation 3.12 has no explicit solution. However, in weak gratings where r < 1
and hence > ~ 0, Equation 3.12 can be solved as a first order differential equation
which gives

r(o) = — f ) jr(z)e % dz (3.13)

Equation 3.13 reveals that the reflection coefficient  and the coupling coefficient
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Figure 3-3 Simulated transmission and reflection spectra of a typical uniform Bragg
grating. A band gap is seen as highlighted by the green color, centered at wavelength
Ao which is related to the grating period by the Bragg condition in Equation 3.1.

k(z) in Bragg gratings are a Fourier transform pair

) = ~i (k) (3.14)

where the symbol .# stands for the Fourier transform. The Fourier transform rela-
tion shown in Equation 3.14 will serve as a powerful tool for the filter synthesis of
Bragg gratings, and will be extensively used in the rest of this chapter. Although
this Fourier transform relation is derived for weak gratings, it also provides valu-

able intuitions for the synthesis and analysis of strong Bragg gratings.

Figure 3-3 simulates the transmission and reflection spectra of a typical uniform
Bragg grating. It is seen that a photonic band gap is created by the periodic

perturbation, centered at wavelength A, that is related to the grating period A by
the Bragg condition g = 2ngA.
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3.2 Sampled Bragg Grating

3.2.1 Ordinary Sampled Bragg Grating

Figure 3-4 shows a schematic of an ordinary sampled Bragg grating (SBG), where
a uniform grating is modulated, or sampled, by an on-off envelope function 5(z).
Note that a ridge waveguide is used here instead of the stripe waveguide shown
in Section 3.1 for the ease of fabrication. Because ridge waveguide can operate
at single mode with a relatively large cross section which largely facilitates the

lithography.

Similar to Equation 3.3, the SBG can be mathematically described by its refrac-

tive index modulation
1 2
An(z) = EAnO exp (]%) - 5(z) + c.c. (3.15)

where S(z) is normally a periodic function that can be decomposed into Fourier

series

2 exp (]—Z—TI—Y;—EZ) (3.16)

where P (P > A) is the period of the sampling function S(z). The duty cycle of
S(z) is assumed to be 0.5 in Equation 3.16 as usually used in SBGs. Substituting
Equation 3.16 into Equation 3.15 yields

. mm
©  Smm ——

An(z) = %Ano- Y —Zexp (jZN(% ; %)z) +ec. (3.17)

m=—o0

It is seen from Equation 3.17 that an SBG can be seen as a combination of a series of

weighted uniform Bragg gratings, each of which has an equivalent grating period
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Ay, given by P 2
m

A= pma 0" (3.18)

where the assumption A < P is taken into account in the approximation. Each
uniform grating will generate a photonic band gap in the grating spectrum centered

at the corresponding Bragg wavelength

AS
2neffp

/\m = 2neffAm = /\0 -m: (319)

Therefore, it can be envisioned that the spectrum of the SBG is composed of many
photonic band gaps, or channels, which appear as valleys in the transmission

spectrum and peaks in the reflection spectrum. The channel spacing AA, is given

by

- M
2negP

AA, (3.20)

where Ay = 2n.¢A which is the original Bragg wavelength of the uniform grating
and also the center wavelength of the 0"-order (m = 0) channel of the SBG. It is

also noticed that each channel has a weighting factor F,, given by

. mmn
sin —
2

mrt

F, = (321)

which is 2 for the 0"-order and 1 for the +1%%-oder (m = +1) channels. As a result,
the 0*"-order channel has the strongest grating strength while the +1° channels are

weaker by 3dB in terms of reflectivity.

Figure 3-5 shows the simulated reflection and transmission spectra of a typical
SBG. As predicted by the analysis above, multiple channels appear in the spectra,
with the given channel spacing A.. The reflectivity of the +1%-order is 3-dB lower
than that of the 0™ order. Also note that the even orders (m = +2,+4,---) are

eliminated from the spectra because F.j.4.. = 0 according to Equation 3.21. This
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Figure 3-4 A schematic of an ordinary sampled Bragg grating (SBG) on a ridge
waveguide. SBG can be seen as a uniform Bragg grating that is on-off modulated by

an envelope function 5(z) that is usually periodic with a period P (P > A).

multi-channel spectra of the SBG can also be intuitively visualized with the Fourier
transform shown by Equation 3.14, much like the generation of sidebands when a

pure sinusoidal signal is modulated or sampled by a periodic function.

3.2.2 Sampled Bragg Grating with Arbitrary Filter Shapes

Now let us take a look at the key topic we seek to solve in this chapter: the design
of arbitrary filters using the SBG, which is essentially a filter synthesis problem.
Assume a specific filter with reflection spectrum r(A) is desired in the design.
According to the Fourier transform relation between the reflection spectrum and
the coupling coefficient x(z) given by Equation 3.14, the corresponding «(z) can be

solved as
g

K(z) = jF (rl, (E)) (3.22)

where 7, (%) = r(A). The solution of x(z) can be represented by a complex

k(@) = [K(2)| - exp (jo(2)) (3.23)
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Figure 3-5 Simulated reflection and transmission spectra of a typical SBG. Multiple

channels are generated in the spectra, with a channel spacing AA; indicated by
Equation 3.20.

Using Equation 3.8, the refractive index modulation of the desired Bragg grating is

2o\ .
Ano(z) = == - k(2) = Am(2) - exp (j(2)) (3.24)
2\ : . . . :
where An(z) = — [k(z)| is a real function. Using Equation 3.3, the filter

synthesis problem now becomes how to design a Bragg grating whose refractive

index modulation function An(z) has the following form

An(z) = %Anl(z) -exp ( j ((p(z) + 2%2)) .y (3.25)

This problem can be further decomposed into two sub-problems

. 2 . .
(1) To achieve a phase modulation exp ( ] ((p(z) + %Z)) in the perturbation refrac-

tive index An(z).

(2) To achieve an amplitude or the grating strength modulation An(z) in the
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perturbation refractive index An(z). This is essentially a grating apodization.

Now we introduce an ‘imaginary’sampling function 5;(z) whose Fourier series is

designed to be
- .(2mm
510)= ), Fuexp(jTpoz = mp(2))) (326)

m=—oo

If a uniform Bragg grating is modulated by such a sampling function, according to

Equation 3.17, the resulting SBG has a refractive index modulation

S1(z) = i F, exp (](—2—’;1322 + %\Ez - m(p(z))) (3.27)

It is seen that the desired phase modulation in Problem (1) is achieved in the —1%-
order (m = —1) of the SBG except for a trivial difference that the wavelength is
shifter by AA.. However, it is still not clear what the modulation function S;(z)

looks like. Let
P
Z1=2Z— E(P(Z) (328)

Then the sampling function S;(z) is

Si(z) = i F, exp(jzr;nzl) (3.29)

m=—0o0

which is a standard on-off modulation in coordinate z;, the same as the sampling
function described by Equation 3.16 where its g™ sampling starts at z = g - P. By
analogy, the g'" sampling of S;(z) = 1 starts at

q _

zy=21- %gp(zq) =q-P (3.30)

where g € IN. Equation 3.30 can be numerically solved to find the corresponding

sampling start point z7 so that the phase modulation exp ( j ((p(z) + 2%)) can be
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S1(Z) 1

Figure 3-6 SBG with a non-periodic sampling function S1(z) to achieve arbitrary
filter shape. The sampling position z; and the duty cycle Dy of each sampling segment
can be calculated by Equation 3.30 and Equation 3.31 respectively.

achieved in this SBG in its —1% channel. Figure 3-6 depicts the SBG with sampling
function S;(z) which can achieve the desired phase modulation. Unlike the ordinary
SBG, the sampling function S;(z) is non-periodic in this case. Problem (1) is now

solved.

Next we will use an example to show the design procedure of arbitrary filter
shape using the SBG based on the above analytical derivations. Our design target is
a filter that has a super-Gaussian shape with 4-nm 3-dB bandwidth as the amplitude
response of its reflection spectrum and a group delay dispersion of 20ps/nm as
the phase response of its reflection spectrum. Figure 3-7(a) depicts the reflection
spectrum of the targeted filter. With the Fourier transform given by Equation 3.22,
the required grating coupling coefficient x(z) can be calculated, with amplitude
lx(z)| and phase ¢(z), as shown by Fig. 3-7(b). By use of Equation 3.30, the sampling
position z7 of the SBG can be obtained, as shown in Fig. 3-7(c). Using the sampling
position z1, the reflection spectrum of the SBG is simulated with the transfer matrix
method, as shown in Fig. 3-8(a). Similar to the ordinary SBG, multiple channels are
seen in the reflection spectrum. The even-order channels m = +2, +4.--- are again

suppressed because the duty cycle is kept at 0.5 for each sampling segment. Figure
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Figure 3-7 (a) The targeted filter shape with a super-Gaussian shaped amplitude of
4-nm bandwidth and a group delay dispersion of 20ps/nm in the reflection spectrum.
(b) The calculated coupling coefficient of the desired grating x(z) = [k(2)| - exp (¢(2)).
(c) The design parameters of the corresponding SBG: the sampling position z7 and
the sampling length L7 in the 4" sampling segment.
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3-8(b) shows the close-up view of the —1% channel, where it is seen the desired
filter response is achieved with super-Gaussian shaped reflection and linear group
delay. However, it is also seen that the top of the reflection band is rough and the

group delay has noticeable ripples.

The imperfect filter response of the SBG shown in Fig. 3-8(b) is because only
Problem (1) is addressed so far by properly placing those sampling segments to
achieve the desired phase modulation exp ( Ji ((p(z) + gZ—Z)), while the amplitude
modulation in Problem (2) is not taken into account. Problem (2) is addressed by
grating apodization, i.e. varying the grating strength along the grating direction.
This is relatively easy to achieve in fibér Bragg gratings where the grating strength
is determined by the exposure dose of the photosensitive fiber to ultraviolet light
[34]-[35]. Grating apodization is not straightforward to apply in integrated Bragg
gratings where planar fabrication process is used to make the gratings of the same
depth. Though apodization can be achieved in sidewall gratings where the grating
strength is controlled by the amount of the grating width etched into the waveg-
uide sidewalls, precise control over the grating width is extremely challenging.
However, the SBG structure provides a convenient method to apodize the grating.
It is known that the strength of a segment of Bragg grating depends not only on
the cross-sectional geometry of the grating but also on the length L of the grating.
This can be seen from Equation 3.4 that the reflectivity of the grating is roughly
determined by « - L. Therefore, changing the length L of the grating is equivalent
to changing the cross-sectional geometry (i.e. x) of the grating. As a consequence,
apodization can also be realized by changing the length L7 of each sampling seg-
ment which is easy to employ with the planar fabrication process. In practice, this
apodization is achieved in this work by adjusting the duty cycle of each sampling

segment. The length L7 of the 4™ sampling segment is then given by

(29|

max{x(z)} @ -2 30

1
[71=_—.
2
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Figure 3-8 (a) The simulated reflection spectrum of the SBG with the designed
sampling position. No apodization is applied. (b) A close-up view of the —1%
channel. The targeted filter shape is realized. The reflection band of the filter is
rough and the group delay has large ripples. (c) The simulated reflection spectrum
of the SBG with the designed sampling position. The SBG is apodized with the
duty-cycle apodization. (d) A close-up view of the —1* channel, where a smooth

spectrum is achieved in the reflection band, as designed.
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where the largest duty cycle in the sampling segments is 0.5. The blue curve in
Fig. 3-7(c) shows the calculated segment length L7 of the 4" sampling segment of the
SBG to achieved the desired apodization profile |x(z)|. Figure 3-8(c) and (d) show
the simulated filter spectra of the SBG with the proposed duty-cycle apodization. It
is seen the filter performance is largely improved with smooth reflection and group
delay curves in comparison with the SBG without apodization shown in Fig. 3-8(a)
and (b).

Till now we have demonstrated that arbitrary filter shape (but physically pos-
sible) can be realized in the SBG using the synthesis method discussed above. In
spite of the complicated derivation shown above, the essence of this method lies
in, in analogy to signal processing, that a specifically shaped sampling envelope
maps to a sideband in the spectrum with a corresponding filter shape through
Fourier transform. Adjusting the shape of the sampling envelope changes the filter
shape in the sideband accordingly. The sampling envelope contains two parts, the
amplitude which is realized through apodization and the phase which is realized
by the position of the sampling. Although many side channels exist in the SBG
spectrum, the ability to generate arbitrary filter shapes in one of these channels is
technologically intriguing for on-chip optical signal processing such as arbitrary

waveform generation and many other applications.

3.2.3 Sampled Bragg Grating with Phase Shift

Phase-shifted Bragg grating is a useful grating structure that has a broad range
of applicaﬁons such as the distributed feedback (DFB) semiconductor lasers [36].
As shown in Fig. 3-9(a), the phased shifted Bragg grating is formed by shifting
the second half of the grating by a distance of AL. Therefore, its refractive index

modulation An(z) is

An0~exp(j2A£), if z<0
Ano-exp(j(g%+2n/<u)), if z>0
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When AL = A/2, a n phase shift is introduced. Since A = Ap/2 where Ap is the
Bragg wavelength in the waveguide, this  phase shift is conventionally referred
to as quarter-wave phase shift (AL = Ap/4). The quarter-wave phase shift structure
is widely used in semiconductor DFB laser diodes to achieve single longitudi-
nal lading mode with narrow bandwidth [37]. However, it is not easy to make
high-quality quarter-wave phase shift Bragg gratings. Although electron beam
lithography (EBL) is generally used to make such structures, the coherence of the
grating generated by the EBL is usually poor. While interference lithography can
make uniform gratings with perfect coherence, it is not straightforward how to

introduce a phase shift in the uniform grating.

By use of the proposed SBG structure, such a phase-shitted Bragg grating can
be easily achieved [38]-[40]. As shown by Fig. 3-10(a), the uniform grating is
modulated by an envelope Si(z). A phase shift is inserted into S;(z) by shifting the
second part (z > 0) of the sampling function by AL. The sampling function can be

written as
S(z)—il—" ex (-2—721—712) if z<0
AS1(2) —"‘""" T (3.33)
1(2) = - oo .
Se+AL)= ) Fmexp(j(zn;nz+ Zm;AL)), if 2>0

m=—00

The refractive index modulation of this SBG is

Ang - f exp(],(ZAiz_'_Zn;nz))’ if z<0
An(z) = T (2nz 2mmz 2mmAL . (3.34)
Ang- % exp(](A t—p tTp )), if z>0

Compared to Equation 3.32, it is seen a quarter-wave phase shift is generated in the
—1% channel when AL = P/2. The quarter-wave phase shift based on the SBG takes
advantage of the excellent coherence of the underline uniform grating fabricated by

interference lithography, and the phase shift is generated by shifting the sampling
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Figure 3-9 (a) A schematic of an ordinary phase-shifted Bragg grating. A defect is
introduced in the periodic Bragg grating structure by shifting the second half (z > 0)
of the Bragg grating by a distance AL. (b) Transmission spectrum of a quarter-wave
phase-shifted Bragg grating. A transmission peak is observed in the photonic band
gap, a characteristic spectrum of the phased-shifted Bragg grating,.
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Figure 3-10 (a) A schematic of the SBG with a phase shift. A defect is introduced
in the sampling function S;(z) instead of in the Bragg grating itself. (b) Transmission
spectrum of the SBG with a quarter-wave phase shift. The characteristic shape of a
quarter-wave phase shift grating is observed in the —1% channel. (c) A close-up view
of the —1%t channel. It is seen the spectrum is not symmetric about the resonance. (d)
Transmission spectrum of the SBG with a quarter-wave phase shift with adjustment
Al applied. (e) A close-up view of the —1* channel. The spectrum is now symmetric
because of the adjustment.
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function by P/2 which is much larger than the grating period A and is thus much
easier to control through optical lithography. Figure 3-10(b) shows the simulated
transmission spectrum of the SBG, and Fig. 3-10(c) shows a close-up view of the
—1%t channel. It is seen the desired quarter-wave phase shift is achieved in the —1%
channel. However, unlike the ordinary quarter-wave phase shift grating shown
in Fig. 3-9(b), the spectrum in the —1° is not symmetric about the resonance. This
can be improved by slightly adjusting the length AL by several percent determined
by an optimization algorithm. Figure 3-10(d) shows the simulated SBG spectrum
after the adjustment is applied, and a close-up view of the —1° channel is shown
in Fig. 3-10(e).

Note that the wavelength of theresonance peak in the —1% channel is determined

by
2
AC:anA4-AAC:2n&As+2n;P (3.35)

where AA. is the channel spacing specified by Equation 3.20. In a DFB laser
diode with quarter-wave phase shift, this resonance peak represents the lasing
wavelength. This SBG-based quarter-wave phase-shift structure has its unique
advantage in building multi-wavelength laser arrays that are widely used in opti-
cal transmission systems. In the ordinary phase-shift structure shown in Fig. 3-9,
in order to change the lasing wavelength by Inm, a change of the grating period
well below 1nm is required according to Equation 3.1, which is extremely hard to
achieve, let alone the fact that the wavelength spacing in modern optical transmis-
sion system can be as dense as 0.2nm. However, in the SBG-based quarter-wave
phase-shift structure, the lasing wavelength is controlled by the sampling period
P which is much easier to control since P > A. In order to change the lasing

wavelength A, by 1Inm, the change of sampling period P is

P\* 1
APz(K)-Z%H(mm) (3.36)

which is usually very large. Therefore, the quarter-wave phase-shift array can
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now be easily fabricated using the SBG structure with the same underline grating
generated by precise interference lithography and with different sampling periods

P, as shown in Fig. 3-11.

3.3 Measured SBG with Phase Shift

In Section 3.2, we demonstrated arbitrary filter shapes can be realized in the SBG
structure, such as the chirped grating shown in Section 3.2.2, and the quarter-wave
phase-shift grating shown in Section 3.2.3. In this section, we will experimentally
demonstrate the quarter-wave phase-shift grating in silicon as an example to show
the fabrication techniques in making such SBGs.

Figure 3-11 shows the fabrication process flow used in this work to make the
sampled Bragg grating in silicon. A SiO, masking layer is first deposited on top of
an SOl wafer. Interference lithography with a simple Lloyd’s mirror setup, followed
by reactive ion etching (RIE) in CF,, is used to form a uniform base grating in the
SiO; mask as shown by Fig. 3-11(a). Interference lithography provides large-area
gratings with good long-range spatial-phase coherence and precise period control.
Next, the sampling pattern is defined using optical-contact-lithography, and trans-
ferred to the SiO, hard mask by wet etching with hydrofluoric acid (HF) as shown
by Fig. 3-11(b). The optical mask of the sampling pattern is composed of many
different sampling functions to achieve different filter shapes in one lithography
step, such as the one discussed in Section 3.2.2 and the quarter-wave phase-shift
array where the sampling period P is adjusted to obtain different resonant wave-
lengths. Low-resolution lithography canbe used here as the feature size is usually
large (P > A). A second optical-contact-lithography step is used to pattern the
waveguide ridge in photoresist, followed by an HF etching to remove the excess
grating hard mask on the sides of the ridge. Again, high-resolution lithography
is not required here since the ridge waveguide can have a larger width w while
still maintains single mode operation. Then the waveguide ridge is transferred to

silicon by RIE with hydrogen bromide (HBr) gas, using the photoresist as the etch
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Sio,

Photo
Resist

Figure 3-11 Fabrication process flow for the phase-shift Bragg gratings using the
SBG structure. Note that only the silicon device layer of the SOI is shown.
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Figure 3-12 A schematic of the cross-section of the silicon ridge waveguide with
grating on top. The fundamental TE mode profile is also shown.

mask as shown in Fig. 3-11(c). Finally, after removing the photoresist, a second
HBr etching transfers the sampled grating into the silicon waveguide using the
SiO; hard mask, followed by a final HF dip to remove the remaining SiO; hard
mask, as shown by Fig. 3-11(d). Note that although metal is a commonly used etch
mask in grating fabrication, it should be avoided in making silicon gratings since
it introduces optical loss through silicide formation in the dry etching steps [41].

Figure 3-12 shows a schematic of the cross-section of the silicon ridge waveg-
uide. The parameters of the waveguide are H = 1.4um, h = 0.8pum, w = 2.2pum, and
the grating depth d is 0.28um. These dimensions ensured that a single transverse-
electric (TE) mode, whose mode profile is also shown in Fig. 3-12, propagates with
an effective refractive index of 3.41. The mode overlap with the grating region
provided a grating coupling coefficient of 102cm !, calculated from coupled-mode
theory as shown in Equation 3.7. The period A of the base grating is 219nm and
the sampling period P was 21.2um (P/A = 97), corresponding to a channel spacing
AA. = 15.5nm. The length AL is set to around 10.6pum to generate a quarter-wave
phase-shift. Figure 3-13 shows the scanning-electron micrographs of the fabricated
SBG. It is seen the uniform Bragg grating is modulated on and off on top of the
silicon ridge waveguide.

Figure 3-14 shows the measured spectrum of the fabricated SBG. Multiple chan-
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grating waveguide

Figure 3-13 Scanning-electron micrographs of the fabricated SBG. The uniform

Bragg grating is modulated on and off on top of the silicon ridge waveguide.

nels are seen, which is a characteristic property of sampled Bragg grating. In par-
ticular, the —1*' channel has a transmission peak, an indicator that a quarter-wave
phase shift is formed. Note that the transmission peak is not as sharp as that in
simulation, because of the presence of optical loss in the cavity. Simulation shows
a high optical loss of 14.6dB/cm exists in the cavity, as shown by the red curve in
Fig. 3-14(b). The material absorption loss is around 7.8dB/cm since the device layer
of the SOI used in this work is moderately doped. This problem could be solved by
use of an SOI with an intrinsic silicon device layer. The blue line in Fig. 3-14(b) sim-
ulates the transmission spectrum with the material absorption loss eliminated. The
scattering from the rough edges of the waveguide and from the grating accounts
for the other 6.6dB/cm loss which could be reduced with an improved fabrication

process with a better line edge roughness control.

In this chapter, we developed a method to design any physically possible op-
tical filter based on the sampled Bragg grating (SBG). The method is verified by

simulation as well as an experimental demonstration of an SBG with a quarter-
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Figure 3-14 (a) Measured transmission spectrum of the fabricated SBG designed to
form a quarter-wave phase-shift grating. Multiple channels are seen in the spectrum.
(b) A close-up view of the —1%' channel. A transmission peak is seen inside the band

gap, as seen in ordinary quarter-wave phase-shift gratings. Simulations accounting
for the optical losses are also provided.
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wave phase shift. The SBG structure shows unique advantage in making arbitrary
optical filters in particular the DFB laser arrays using the proposed quarter-wave
phase-shift structure. Although silicon is used as the wave-guiding material in the
experimental demonstration of the quarter-wave phase-shift structure, the method
in general applies to any material system such as the III-V material for semicon-
ductor laser diodes. Even the silicon-based quarter-wave phase-shift structure
could find many potential applications for silicon photonic on-chip communica-
tions, such as the wavelength-division-multiplexing (WDM) laser arrays with the

aide of III-V materials [6] or Erbium doped cladding as gain medium [7].
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Toward Large-scale Silicon Photonic Integration
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As discussed in Part I, accurate silicon photonic devices can be individually
fabricated with high performance through various ways. However, without the
successful integration of a large number of such devices to form a functional silicon
photonic system, all of the advantages brought by these high-performance compo-
nents will be in vain. In Part II, a demonstration showing the integration ability of
silicon photonics is presented, where more than 4,000 silicon photonic components
are successfully integrated on a silicon chip and work together to form a functional

system, representing the largest silicon photonic integration demonstrated to date.






CHAPTER 4

Nanophotonic Phased Array: Theory

In his Nobel lecture in 1909, the German physicist Karl Ferdinand Braun remarked:
“It had always seemed most desirable to me to transmit the waves, in the main,
in one direction only” [42]. The device Braun was referring to and for which he
was recognized was later on known as the phased array in which the phase of the
electromagnetic wave in an array of antennas is used to shape the radiation. Light,
as an electromagnetic wave, can also form optical phased arrays to engineer the op-
tical radiation from an array of optical antennas. This chapter will study the theory
of optical phased array, from analytical derivations to numerical simulations. The
analysis and simulation discussed in this chapter will be serving as the foundation
and a powerful tool in the experimental work that will be shown in the following

chapters.
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4.1 1-Dimensional Optical Phased Array

4.1.1 A Revisit to Young’s Interference Experiment

Optical phased array is familiar to most people from high-school physics. As
shown in Fig. 4-1, the famous Young’s interference experiment, namely the double-
slit experiment, can be considered as a 1-D optical phased array comprising only
two optical antenna elements in x-direction located at x; = —~d/2 and x, = d/2
respectively. According to the superposition principle of electromagnetic waves,
the electric field in a far-field point with polar angle 6 is the superposition of waves

from the two optical antennas
E(6) =e/am 4 g /ken 4.1)

where ki, k, are the wave vectors from the antennas to the far-field point, and r;,
1; are the corresponding spatial vectors. The electric field E(6) is treated hereon
as a scalar since we only consider the transverse-electric (TE) field which is also
the predominant polarization that will be used throughout Part II. In the far-field
approximation where d < L, the following assumption can be made: k; ~ k;, ~ k,
where k represents the wave vector from the origin to the far-field point. Therefore,

the far field becomes
E(Q) — e—jk~r1 + e—]krz — e—]kr . (e—jk(n—l‘) + e—jk'(fz—f)) = e*fk‘r . (e_fk"‘l + e‘jk‘XZ) (42)

where ris the vector pointing to the far field point, and x;, x, are the vectors pointing

from (x1,0), (x2,0) to the origin respectively. Discarding the fast oscillating phase
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far
field

Figure 4-1 The simplest optical phased array: Young's interference experiment.

e /%7 gives (since only the far-field intensity is of interest)

2
E(G) — Z €f2n-(xn sin G)/A (43)

n=1

where A is the optical wavelength in the free-space medium. The interference
between the two optical antennas produces a bright spot in the center (6 = 0) of
the far field with an intensity distribution proportional to cosz(n% sin®). When
d > A/2, high interference orders come up with multiple bright spots in the far
field. This is what we learnt from high-school physics.

More generally, when the phased array contains N antennas placed periodically
along x-direction at x,(1 < n < N), and each antenna emits with certain amplitude

|w,| and phase ¢,, the above Equation 4.3 becomes

N
E(Q) = Z w, - @27 sin0)/) (4.4)
n=1
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Figure4-2 (a) The far-field intensity (simulation) of a 1-D optical phased array with

0.0

10 optical antennas and antenna spacing d = A/2 under different phase increment
Ap = @y — @,_1. Black: Ap = 0, Blue: Ap = n/2, and Red: Ap = —m/2. (b) The
far-field (intensity) simulation of the same array but with a larger antenna spacing
d = 3A, where high interference orders show up. The shaded area corresponds to
the 0" order.
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where w, = |w,|-e/* describes the emission characteristic of antenna n. Equation 4.4
is a general analytical description of phased array, which can be immediately ex-
tended to 2-D case in the following section and will be used extensively throughout
this work. Figure 4-2 simulates the far-field intensity pattern of a 10-element optical
phased array with different inter-element spacings and phase configurations. It is

noted that

e Multiple interference orders are generated in the far field when the inter-

element spacing is larger than half of the free-space wavelength A.

e The far-field intensity lobes move around as the phase configuration changes.
This is the basic concept of optical beam steering with optical phased arrays,

as will be discussed in Chapter 6.

e As shown in Fig. 4-2(a), there exist many low-intensity side lobes around the
main lobe in the far field. This is caused by the finite number of antenna
elements in the phased array, which will be discussed in Section 4.1.2 and

will be dealt with in Chapter 6.

4.1.2 Phased Array: A Fourier System

In general, all of the linear and time-invariant optic systems are Fourier systems
in the sense that the near-field emission and the far-field pattern are related by the
simple yet powerful Fourier transform. The Fourier nature of phased arrays can be
readily seen from Equation 4.4 when the coordinate transformation u = sin(0)/A is

applied
N
E() = Y w, e?™" = F(w,) 45)
n=1
where .# denotes the discrete Fourier transform between the near-field emission

w, and the far-field electric field pattern E(u).
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Figure 4-3 Understanding phased array using Fourier transform. The near field of
a finite phased array can be seen as the multiplication of an infinite phased array
and a rectangular function. Correspondingly, the far field is the convolution of an
infinite Dirac comb with a sinc-function.
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Next let’s take a look back at how the far-field interference pattern is formed
in Fig. 4-2 from a Fourier transform point of view. As illustrated in Fig. 4-3, the
near-field emission e(x)of the phased array containing 10 ideal point sources can
be considered as a Dirac comb with spatial period d (since each ideal point source
can be described by a Dirac §-function) multiplied by a rectangular envelope g(x)

with a width to fit in 10 antennas:

e(x) = gx) x Y 8(x —x,) (4.6)

n=—00

The far-field pattern E(u) is the Fourier transform of the near-field emission e(x)
oo ) [ee] 27’{
Eu) = Z[g0)]® ﬂ‘[n;wo(x ~x)] = G ® Zm 5(u —n=r) 4.7)

where G(u) is the Fourier transform of the rectangular envelope which is a sinc-
function with a main lobe and many side lobes, as already seen in Fig. 4-2(a). The
Fourier transform of the x-space Dirac comb is still a Dirac comb in the u-space
with a period of 1/d. The multiplication in the near field becomes convolution in

the far field, which gives the final far-field pattern

. 27

E(u) = E G(u —n—- .
(u) P (u-—n 7 (4.8)

It is seen that the far-field pattern is a sinc-function train with a separation of 1/d.

Note that u is bounded to [-1/A,1/A] by definition. Therefore the number of

sinc-function periods in the far field is given by

2d
No=5 4.9)
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indicating that high-order patterns arise when d > A/2 as already observed in
Fig. 4-2.

In this section, we analyzed the optical phased array with the simple yet power-
tul Fourier transform tool, both in an analytical form given by Equation 4.5 and in
a picturable form as presented in Fig. 4-3. The analytical equation offers a rigorous
method to design and simulate phased arrays, while the Fourier transform picture
provides valuable intuitions for phased-array design and analysis. Both methods

are important and will be extensively used throughout this work.

4.2 Large-scale 2-Dimensional Phased Array

In the last section, we saw that a bright spot can be generated in the far field
with only a few antenna elements, and the position of the spot can be adjusted by
changing the relative phase of the antennas. Suppose that instead of having only a
few antennas lined up in 1D we have thousands of antennas placed in 2D, what can
we achieve in the far field out of this large-scale phased array? Given what we have
seen in the last section, we should be able to generate a lot of bright spots in the
far field; furthermore, by carefully engineering the relative phase of the thousand
of antennas to adjust the spot positions, we should be able to form a meaningful
image by these spots. The goal of this section is to create a synthesis method to
generate arbitrary interference patterns in the far field by properly designing the
relative phase of a large number of antennas.

As shown in Fig. 4-4, a large-scale (M x N) phased array is placed on the
x — y plane which is also the equator plane of a spherical coordinate system.
Under the far-field approximation and the assumption that each antenna is an
ideal point source, the far-field expression of the phased array in Equation 4.4 can

be immediately extended to this 2-D case

M N
E(QI qj) = AP(Q, (‘b) — Z Z Wy - ejZn//\(xm sin 6 cos h+yy sin @ sin @) (410)

m=1 n=1
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Figure 4-4 Schematic of 2-D phased array. The near field is described in Cartesian
coordinate (x, y,z), and the far field is characterized by spherical coordinate (r, 0, ¢).

where (X, y,) is the position of the antenna element in the near-field Cartesian coor-
dinate, while (6, ¢) is the far-field position in a spherical coordinate. w,,, defines the
emission amplitude [w,,,| and emission phase ¢, of the antenna. When each an-
tenna is considered as an ideal point source, the far-field of the phased array is con-
ventionally referred to as the ‘Array — Factor’ which is hereby denoted by AF(6, ¢).
AF(6, ¢) is a complex number that can be written as AF(6,¢) = |AF(6, ¢)|e/™ ).
Similar to the procedure taken in the last section, using the coordinate transforma-

tion

u=sinfcosp/A
v =sinOsing/A

(4.11)
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the array factor AF(6, ¢) becomes [43]

N
Yt P = B, (412

1 n=1

AF(0,9) = 1AF(0, 6P = ¥
which again shows the Fourier transform relation between the near-field emission
wWpn and the far-field pattern AF(6, ¢). With Equation 4.12, one should be able
to find a unique near-field combination w,,), corresponding to a certain far-field
AF(6, §), by simply applying an inverse Fourier transform to AF(9, ¢). However,
in phased arrays the emission amplitude |w,,,| is usually kept uniform across the
whole array, meaning Ym, n : |w,,| = 1. With this constraint, it seems not possible
to generate arbitrary far field with phased arrays. Fortunately, there exists another
degree of freedom that only the amplitude |AF(6, ¢)| of the far field is of interest for
the purpose of creating images while its phase part ®(6, ¢) can be arbitrary. The
Gerchberg-Saxton (GS) algorithm, [44] which is commonly used in holography,
can be modified to solve this complex antenna synthesis problem, as described as
follows. Figure 4-5 illustrates the block diagram of this modified GS algorithm.
At the k™ iteration, an approximated far field AFX(0, ) consisting of the desired
amplitude |AF(6, ¢)| and a trial phase (0, ¢) is inversely Fourier-transformed to
get the corresponding wf,, of each antenna, according to the Fourier transform
relation between the two given by Equation 4.12. The far-field trial phase ®(8, ¢)
is not of interest and is arbitrarily chosen. The amplitude of w¥, is then set to 1
while its phase e/ is kept so that the amplitude of the antennas is uniform across
the array. Therefore the updated far field AF*(0,¢) is obtained through Fourier
transform whose phase ®*(0, ¢) is passed to the (k + 1) iteration as the new trial
phase @*1(0, ¢). The initial trial phase of the radiation field is set to ®!(6, $)=0
or any arbitrary values in the 1% iteration. After several iterations, the final far
field AF*(0, ¢) generated by the phase e/#m should converge to the desired pattern
|AF(6, ).

Figure 4-6 shows two antenna synthesis demonstrations using the modified GS
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Figure 4-5 The iterative Gerchberg-Saxton (GS) method modified to retrieve the

individual antenna phase @, for an arbitrarily given far-field pattern |AF(6, ¢)|.

algorithm. The phased array scale is assumed to be 64 x 64 with an inter-element
spacing (or pixel pitch) A/2 in both x and y directions to ensure a single interference
order in the far field. Figure 4-6(a) shows the resulting far-field pattern with an
"MIT" logo, and Fig. 4-6(c) shows the corresponding phase of the 64 x 64(4,096)
antennas synthesized from the modified GS algorithm. Figure 4-6(b) demonstrates
a multiple-beam pattern with 9 beams centered at the zenith, and 8 = [- (I €
Z,0 < | < 8), while Fig. 4-6(d) illustrates the corresponding antenna phase. Note
that since the Fourier transform pairs (in Equation 4.12) are between the near-field
Cartesian coordinate (x, y) and the far-field spherical coordinate (6, ¢), the far-field
patterns are plot in a polar coordinate with 0 as the polar axis, ¢ as the polar angle
and the far-field zenith as the origin. Because of the coordinate system of chosen,
the shape of the image is stretched, compared to the targeted image shown in the
inset of Fig. 4-6(a). Also note that only the upper hemisphere of the far field is
shown (0 < 0 < %) since the lower hemisphere is just a mirror image of the upper

hemisphere.

To measure the efficiency of the modified GS algorithm, a figure of merit C* is

defined as the relative far-field pattern change in the k' iteration step:

JTIE*6, p)P — |E=-D(B, p)PIdQ2
Q

[ IE*(6, p)PdQ2

Q

= (4.13)

where dQ) = sin 6d6d¢ is the solid angle, and the integral is taken over the upper
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Figure 4-6 Phased array synthesis. (a) The simulated far-field array factor pattern
AF(6, 9)- the MIT-logo "MIT" by a 64x64 phased array. The inset on the lower-right
corner shows the targeted image. (b) The simulated far-field array factor pattern
aiming to generate multiple beams with different angles in the far field, which may
prove useful in optical free space communications. A pixel pitch of /2 was chosen
in these simulations. (c) The color plot of the phase of the array corresponding to
the "MIT" pattern. (d) The color plot of the phase of the array corresponding to the
multiple-beam pattern.
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Figure 4-7 The convergence rate of the two examples using the modified GS al-
gorithm. In both cases, the algorithm converges fast toward the targeted pattern,
showing the proposed algorithm is efficient in antenna synthesis for large-scale
phased arrays.

hemisphere where ¢ € (0,2m) and 6 € (0, t/2). Figure 4-7 shows the convergence
curve of the two examples. It is seen that in both cases, the final far-field pattern
approximates the desired pattern with a fast convergence rate, which confirms the
efficiency of the proposed phased-array synthesis method.

In the far-field simulations in Fig. 4-6, the pixel pitch is assumed to be A/2.
However, in reality it is really hard to make such a small pixel pitch in optical
phased arrays, considering the short optical wavelength (A = 1.55um) that will
be used in this work. We have already seen in Fig. 4-2 that multiple interference
orders will be formed when the antenna spacing is larger than half of the free
space wavelength. It is the same with 2-D phased arrays except that the high-order
interference patterns are now replicated in two dimensions. Figure 4-8 simulates
the far-field pattern generated by the same 64 X 64 phased array as in Fig. 4-6(a)
with a larger pixel pitch A, = A, = 9um. The number of interference orders is again
determined by Equation 4.9 which gives 12 (N, = 2A,/A = 12,N, = 2A,/A = 12)
replicated patterns in both directions in the far field, as confirmed by the simulation

result.
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270°

Figure 4-8 The simulated far field of the "MIT" pattern at a wavelength A = 1.55um
while the antenna spacing is A, = Ay = 9um> A/2. The resulting far field shows
multiple interference orders.

Figure 4-6 and 4-8 demonstrates that arbitrarily complex images can be gener-
ated with large-scale phased arrays by carefully designing the emitting phase of
all of the elements while keeping the emission amplitude uniform. The far-field
pattern, generated by complex interferences from a large number of antennas, is a
holographic image that could find future applications such as truly 3-D displays,

optical free space communications, and biomedical sciences.

4.3 Noise Analysis of Large-scale Phased Array

In Section 4.2, we demonstrated arbitrary far-field patterns can be generated with
large-scale phased arrays by accurately managing the emitting phase of a large

number of antennas. In reality however, it is difficult to have all of the thousands of
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antennas emit exactly with the designed phase profile. Especially for optical phased
array with much shorter optical wavelength compared to its RF counterpart, it is
almost impossible to precisely align all of the emitting phase with the designed
values. It is therefore necessary to analyze the performance of large-scale phased

arrays under certain phase noise.

In phased arrays, in particular the nanophotonic phased array that will be
focused on in this work, the phase noise is generally caused by fabrication imper-
fections which can be considered as a Gaussian white noise €, with zero mean
(€qn) = 0 and a standard deviation . The actual resulting far-field pattern un-
der the presence of the phase noise is again given by the Fourier transform in

Equation 4.12, with the phase noise added to the ideal phase
AF“(8, ¢) = (F (™ - el?m)y = (F (efm)) ® AF*(0, $) (4.14)

where AF*(6, ¢) stands for the actual far-field pattern with noise while AF“(0, ¢)
is the ideal pattern. ‘®'is the convolution operator. Note that the expectation value
(denoted by the angle brackets) is used here, meaning that the average value is
taken for the stochastic variables and functions. The discrete Fourier transform of

phase noise is given by
(Felemyy =Y Y (eem) - eltsnsd) (4.15)

And the expectation value in Equation 4.15 is by definition calculated as

00

) . 1 2

@)= [ o de=e (@16
~00 o
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Substituting Equation 4.16 into Equation 4.15 and then into Equation 4.14 yields
AF™(8,¢) = ™12 . AF(0, ¢) (4.17)

The significance of Equation 4.17 lies in that it shows the shape of the far-field array
factor pattern is preserved under the white noise, while its amplitude is reduced

by a factor of e=*/2 due to the presence of the phase noise.

To validate the above noise analysis, a Gaussian phase noise with various noise
levels, i.e. the standard deviation ¢, is added to the 64x64 phased array whose
phase @y is set to generate the MIT-logo "MIT", then the far-field pattern AF(6, ¢)
issimulated. Figure 4-9 shows the far-field pattern with different phase noise levels,
o = 0 in Fig. 4-9(a), 0 = n/16 in Fig. 4-9(b), ¢ = n/8 in Fig. 4-9(c), and 0 = ©/4 in
Fig. 4-9(d). It is seen that in all cases, as the phase noise level increases, the shape of
the desired pattern remains, as predicted by Equation 4.17; but its signal-to-noise
ratio (SNR) drops, compared to the unperturbed pattern in Fig. 4-9(a). The rising
background noise comes from the lost power in the desired pattern area since the
ideal interference conditions designed to generate the desired pattern are no longer
completely satisfied under the presence of the phase noise. We therefore define a

signal-to-noise ratio (SNR) of the far-field pattern as

~ |<AFac>|2 _ e—az
SNR = |AFid)2 — [(AFa)2 - 1= e

(4.18)

where Equation 4.17 is applied to get the final result. Figure 4-10 shows the SNR
of the far-field radiation pattern under different phase noise levels o. The red dots
represent the simulated SNR, calculated from the simulated far-field pattern under
different noise level 0. The blue line corresponds to the analytical SNR derived in
Equation 4.18. The simulation agrees well with the analytical result, which again

validates our noise analysis.

It is noted that even with a considerably large phase noise (¢ = 7/4) in Fig. 4-

88



Chapter 4 Nanophotonic Phased Array: Theory
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Figure 4-9 The simulated far-field patterns with different phase noise levels, simu-

lated by adding Gaussian phase noise €,,;, with standard deviations of (a) ¢ = 0 (no
phase noise), (b) ¢ = n/16, (c) 0 = 7/8, and (d) 0 = 71/4 to the ideal phase ¢;;,. The
designed pattern is still distinguishable even with a considerably large phase noise
level ¢ = m/4, while the background noise rises as the standard deviation o of the

phase noise gets larger.
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Figure 4-10 The far-field SNR under different near-field phase noise 0. The red
dots show the simulated results and the blue line represents the analytical result
from Equation 4.18

9(d), the designed pattern is still distinguishable. Therefore, the phased array
shows high tolerance to phase errors, which largely relaxes the stringent accuracy
requirements on fabrication, and hence ensures such a large-scale phased array
can be reliably produced with moderate fabrication requirements and function
properly. Moreover, this high error-tolerance does not compromise when the scale
of the array increases. In fact, the more nanoantennas the array has, the more
genuine the above analysis is, from statistical considerations. Therefore, there exist
no major obstacles to scale up the pixels of the nanophotonic phased array beyond

64x64 to even millions of pixels.

In this chapter, we have seen in simulation that arbitrary and sophisticated
far-field radiation patterns can be generated with large-scale phased arrays where
a large number of antenna elements are incorporated in the array. Moreover, the
large-scale phased array is highly tolerant of white phase noises caused by fabrica-
tion, which ensures the large-scale phased array can actually be made and function
as designed. In the next chapter, we will show the physical design and experimen-

tal results of the nanophotonic phased array based on the silicon photonic platform
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using the state-of-the-art CMOS process.
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CHAPTER 5

Large-scale Passive Phased Array

In Chapter 4, it has been shown that arbitrarily complex far-field patterns can be
generated with large-scale phased arrays containing a large number of antennas.
Although large-scale radio-frequency (RF) phased arrays have been developed and
used for decades, it is extremely expensive and cumbersome to make large-scale
RF phased arrays [45]. The optical phased array however, where the individ-
ual antenna size can be reduced to pm-scale because of the much shorter optical
wavelength, has the unprecedented advantage to integrate a large number of op-
tical antennas within a small footprint when combined with the silicon photonic
technology to make use of the state-of-the-art complementary metaloxidesemicon-
ductor (CMOS) processing techniques to enable large-scale yet low-cost photonic
integration. In this chapter, we will demonstrate a large-scale phased array in sili-
con photonic platform from the device design to system architecture, and finally an
experimentally demonstrated 64 x 64 nanophotonic phased array system in which
the optical power is balanced and phase aligned in all 4,096 optical antennas to

form a pre-designed complex far-field radiation pattern.
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5.1 Device Design: Dielectric Nanoantenna

In phased array, it is essential to make the individual antenna as small as possible
so that more and more antenna elements can be integrated within a small footprint
to form a large-scale phased array. In this sense, phased array in optical regime is
of particular interest in that it operates at a much shooter wavelength compared to
its RF counterparts which significantly reduces the light-matter interaction length

and hence enables efficient optical nanoantennas with a sub-pm size.

Optical nanoantennas down to sub-wavelength size has been extensively stud-
ied previously [46]-[51], including the aperture antenna [49], the resonant optical
antenna [50], the optical Yagi-Uda antenna [51], etc. Most of them use metals such as
gold as the antenna material to take advantage of the strong metal-light interaction
attributed to metal’s high refractive index. Though compact in size and efficient in
optical emission, metallic antenna is not compatible with standard CMOS process
and is therefore hard to be integrated in large-scale phased arrays. As a result, it
is desirable to develop compact and efficient dielectric optical antennas. Dielectric
optical antennas especially in silicon have also been well researched recently [52]-
[54], mainly for the application of the waveguide-fiber vertical coupler which has a
large device footprint of tens of micrometers and is thus not suitable for large-scale
phased arrays in which compact antennas are preferred to reduce the high-order
interference patterns. To this end, a silicon-based compact dielectric nanoantenna
is developed in this work which has a small device footprint and efficient optical
emission.

Dielectric grating-based optical nanoantenna is used in this work, as shown in
Fig. 5-1. The optical waveguide is widened at the end and a circular grating with
period A is formed to scatter light propagating in the waveguide to all directions.
For the phased array application, more upward emission along +z-direction is
desirable, which is the most important design goal for the optical antenna in this
work. However, in conventional optical emitter or vertical coupler designs, the

up-emission efficiency is usually compromised by two effects. First, significant
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Figure 5-1 Two types of optical nanoantenna design considered in this work: (a)
optical nanoantenna design with a layer of polycrystalline silicon and a shallow etch
available in process, and (b) optical nanoantenna design with only a shallow etch

available in process.

back-reflection normally accompanies with the optical emitters which not only
reduces the up-emission efficiency but will also interfere with other signals in the
phased array system. Second, the downward emission is usually comparable to
the upward emission due to the up-down symmetry of the dielectric antenna. In
the following of the section, we will focus on these two problems to achieve a

high-efficiency optical nanoantenna.

5.1.1 Minimizing the Back-reflection

In grating based optical antennas or vertical couplers, as shown in Fig. 5-2, light
propagating in x-direction in the grating is diffracted into many diffraction orders.

The direction of the diffracted beam is given by the phase matching condition

B+l kr =k (leZ) (5.1)

where B, is the light propagation constant in grating, ky = 2m/A is the grating

vector, and [ is an integer denoting the diffraction order. k¥ is the x-component

1

of the wave vector (k) of the I" diffraction order, where |k| = 27t/ng0, when the
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Figure 5-2 Three diffraction conditions with different grating period A with regard
to the light effective wavelength in the grating A.g: (a) second-order grating where

A = Aei, (b) A > Aggg, and (c) A < Aegr. The upward emission is maximized in (c).

diffracted light is in the SiO, cladding and [k’| = B, when it falls in the grating

(back-reflection).

In vertical couplers, second-order diffraction grating, where the grating period
A equals the effective wavelength of light in the grating, i.e. A = A = 271/, is
generally used in order to have vertical emissions. However, this exact match of
grating period to effective wavelength also gives rise to the strong resonant back-
reflection as shown in Fig. 5-2(a), since the back-reflected beam also satisfies the
phase matching condition as the 2"_order diffraction: kff) = —Bx = Bx — 2ks. There-
fore the grating period can be detuned from A to suppress the back-reflection.
However, in the case A > Ay as shown in Fig. 5-2(b), second-order diffraction
also exists causing two emission directions from one emitter. In order to have a
unidirectional emission, the grating period needs to be smaller than the effective

wavelength:

% < A < Aot (52)

so that only one diffraction order occurs, as shown in Fig. 5-2(c). Note that the
grating period also has a lower bound since strong Bragg reflection happens when

A = Aegr/2 and no diffraction exists when A < Ag/2. The grating period detuning
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also results in a non-vertical diffraction with an angle 0 from vertical determine by

Megg 1
ﬁx - kA _ Ao A
k, s,

Ao

sin @ = (5.3)

where n, is effective index of light in the grating, A, is the vacuum wavelength of
the light, and 0 > 0 means the emission is toward the wave propagation direction.
The effective index n.¢ of light in the grating can be determined by the perturba-
tion theory by replacing the periodic grating layer with an artificial layer whose

refractive index n, is given by

ni=D-n}+(1-D)-n (5.4)

where D is the duty cycle of the grating, n; and n, are the refractive indices of the
core layer and the cladding layer, which in this work are Si and SiO, respectively.
Furthermore, since the light is weakly confined in y-direction due to the widened
waveguide region with span of several wavelengths, the grating can be treated
simply as a multi-layer dielectric slab to calculate the effective index n.g, as shown
in Fig. 5-3(a). Figure 5-3(a) and (b) simulate the optical emission angle due to the
grating period detuning for the two different antenna structures shown in Fig. 5-1.
In the process with 0.1pum poly-Si layer, any shallow etch depth k, can be applied,
as shown in Fig. 5-3(b); while in the process with only a shallow etch available, the
shallow etch depth has to be larger than 0.16puum to ensure unidirectional emission

as indicated by the shaded region in Fig. 5-3(c).

5.1.2 Minimizing the Down-emission

Downward emission is another source that caused the reduced up-emission effi-

ciency in optical antennas. Itis also the major cause of the interferential noise in the
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Figure 5-3 (a) The perturbation theory applied to the grating where the grating
layer is replaced by an artificial material so that the grating can be considered as a
multi-layer slab waveguide. The simulated optical emission angle due to grating
period detuning for (b) the structure in Fig.5-1(a) where a poly-5i layer of 0.1pm
and a shallow etch with different depth /; are available, and (c) for the structure in
Fig.5-1(b) where only a shallow etch with depth h; is available. The shaded area
highlights the unidirectional emission region (6 < 0). A grating duty cycle D = 0.4
is assumed in the simulation as will be used later in the fabrication.
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Figure 5-4 More up-emission is achieved by breaking down the symmetry of the
grating structure so that the up-emission is enhanced by constructive interference

while the down-emission experiences destructive interference.

far-field pattern as will be discussed later in Section 5.4. It is therefore necessary to

reduce the down-emission in the optical nanoantenna.

As shown in Fig. 5-2(c), even in the case of ‘unidirectional’emission, because
the phase matching condition (Equation 5.2) is satisfied in up- and down-direction
at the same time due to the symmetry of the structure, the down-emission and the
up-emission always coexist and have the same emitting efficiency. Therefore, in
order to achieve an unbalanced emission, i.e. to have more power emitting up,
the up-down symmetry of the structure must be broken down. Figure 5-4 shows
the principle of achieving unbalanced emission in such an asymmetric grating
structure [55]. Each grating groove can be considered as a scattering center that
emits light to all directions. Due to the asymmetry of the grating structure, the
up emitted light travels through a different optical path from the down emitted
light. At certain optimized design, the up-traveling light experiences constructive
interference because the optical phase difference between emissions from adjacent

scattering centers is 21. On the contrary, the down-traveling wave has destructive
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interference because of the 7 phase difference between neighboring light rays. Asa
result, the down-emission is largely suppressed in this way. This asymmetric struc-
ture can be provided by the shallow silicon etch and/or the poly-silicon overgrowth

which is available in standard CMOS processes, as shown in Fig. 5-4.

Based on the aforementioned methods to reduce the reflection and down-
emission, two nanoantenna designs, which will be referred to as DS-1 and DS-2
hereafter, are proposed as shown in Fig. 5-1(a) and Fig. 5-1(b) respectively. In DS-
1, the optical nanoantenna is formed with a shallow silicon etch (h; = 0.1um) in
a silicon-on-insulator (SOI) with 0.22um device layer (h, = 0.22um), and a layer
(h3 = 0.1um) of polycrystalline silicon grating deposited on top of the crystalline
silicon. Grating period A = 0.52um and duty cyle D = 0.4 is assumed to satisfy
Equation 5.2 to ensure a single diffraction order. In DS-2, the optical nanoantenna
is formed with a shallow silicon etch applied only to the first grating groove and a
full silicon etch to define the waveguide. The grating period is 0.72pum with a duty
cycle D = 0.4. The nanoantennas have a compact size of 2.2umx2.8uum in DS-1 and
3.0pmx2.8um in DS-2 with only 5 grating periods in both cases. Note that the layer
thicknesses (poly-Si, shallow etch, and waveguide height) used in these designs are
not completely optimized, limited by the available fabrication processes. Figure
5-5 shows the optical emission efficiency in all the directions, calculated from a
rigorous 3-dimensional (3D) finite-difference in time-domain (FDTD) method. It
is seen an up-emission efficiency of 63% and 51% at wavelength Ay = 1.55um is
achieved for the proposed nanoantennas. In both cases, the reflection is greatly
reduced and the down-emission is suppressed. The extinction ratio between the
up-emission and down-emission is better in DS-1 ( 3.2) than in DS-2 ( 1.5), because
the overlaid poly-silicon layer increases the asymmetry of the structure so that
the constructive-destructive interference condition illustrated in Fig. 5-4 is better
satisfied. Another thing to notice is that in both cases, the bandwidth of the optical
emission is extremely wide with a 3-dB bandwidth more than 200nm. This is a
natural outcome of the fact that the optical bandwidth is reversely proportional to

the grating length which is very short here. The efficient and broadband emitters
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Figure 5-5 The optical emission efficiency of the nanoantennas based on (a) DS-1
where the structure is formed by a shallow etch and a poly-5i layer, and (b) DS-2
where the structure is formed by a shallow etch only. In both cases, back-reflection

is greatly suppressed and unbalanced up-down emission is achieved.

could find potential applications such as broadband vertical couplers with further
optical field engineering to match the optical emission with the optical fiber mode.

Using the rigorous 3-D FDTD simulation, the near-field optical emission of the
proposed nanoantennas is simulated, as shown in Fig. 5-6(a) and (b). It is seen that
more power is emitting up especially in DS-1 as indicated by the emission efficiency
in Fig. 5-5. It is also noted that, the up-emission (shown by the top surfaces) is more
spread out in Fig. 5-6(a), compared to Fig. 5-6(b) where several separated side-
lobes are seen in the near field. This is possibly because the scattering by a single
scattering center (each grating tooth) is weaker in Fig. 5-6(a) which is also confirmed
by the slightly higher transmission as shown in Fig. 5-5(a) compared to Fig. 5-5(b).
As shown in Fig. 5-6(c) and (d), the far-field emission pattern of the nanoantenna
is also calculated for both designs using the near-to-far-field transformation [56]
where the far-field pattern is a simple Fourier transform of the near-field emission
shown in Fig. 5-6(a) and (b). The far field of DS-1 is more confined, a consequence
of the more spread near field emission as shown in Fig. 5-6(a) considering the
Fourier transform relation between the near and far field. Similarly, the far field of

DS-2 has more side lobes, also an outcome of the multiple lobes in the near field as
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Figure 5-6 Simulated near-field optical emission of (a) DS-1 where the nanoantenna
structure is formed by a shallow etch and a poly-Si layer, and (b) DS-2 where the
nanoantenna structure formed by a shallow etch only. The simulations are carried
out with a rigorous 3-D FDTD tool. Simulated far-field pattern of a single optical
nanoantenna of (c) DS-1, and (d) DS-2. The far-field patterns are calculated with the

near-to-far-field transformation.

102



Chapter 5 Large-scale Passive Phased Array

shown in Fig. 5-6(b).

As seen in Fig. 5-5 and Fig. 5-6, the design goals of the optical nanoantenna
- efficient up-emission in a compact size with back-reflection and down-emission
suppressed - are all achieved in the pfoposed designs. The performances of the
optical nanoantennas can be further improved provided that more flexibility is
available in the fabrication process, such as the thickness and position of polycrys-
talline silicon, number and depth of shallow etches, etc. Limited by the fabrication
processes available in the CMOS foundry in which the devices will be made, DS-2
is chosen as the optical nanoantenna for our large-scale nanophotonic phased array,
though DS-1 shows better performances in simulation. The optical nanoantenna is
fabricated in a 300-mm CMOS foundry with a 65-nm technology node, using SOI
wafers with a 0.22um top silicon layer and 2um buried oxide (BOX) as the under
cladding. A shallow silicon etch with a target depth of 0.1um is first performed
with hydrogen bromide (HBr) timed dry etch to form the first grating groove which
provides the up-down asymmetry of the optical nanoantenna. A full silicon etch
is then carried out to define the rest of the structure with the BOX layer as the etch
stop by taking advantage of the high selectivity (>100:1) of HBr in etching Si over
SiO,. Then a layer of 3.6um tetraethyl orthosilicate (TEOS) SiO;, is deposited on top
of silicon as the over-cladding, followed by a chemical mechanical polishing (CMP)
step to planarize the top surface to avoid additional phase errors due to surface
corrugation which is essential for the phased array applications. Figure 5-7 shows
a scanning-electron-micrograph(SEM) of the fabricated optical nanoantenna. The
fabricated device has a similar dimension as in the design (DS-2 as described ear-
lier) which confirms the precision of the fabrication process. Two-step silicon etch
including a shallow etch and a full etch is seen in the SEM. The SEM is taken
after the over-clad SiO; is removed by a controlled buffered oxide etch (BOE) in
hydrofluoric acid (HF).
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Figure 5-7 Scanning-electron-micrograph (SEM) of the fabricated optical nanoan-

tenna. Two etching steps, a shallow silicon etch and a full silicon etch, are observed.

5.2 System Design: Power Balance and Phase Align-

ment

The key device of the optical phased array, i.e. the optical nanoantenna, has been
studied and developed in Section 5.1. However, to integrate thousands of or even
millions of such nanoantennas in a small footprint with all of the nanoantennas
balanced in power and aligned in phase to generate a desired complex far-field
pattern is extremely challenging. To this end, this section will discuss from a
system level (1) how to distribute the optical power so that the large-scale phased
array can emit with a certain amplitude pattern, and (2) how to manage the optical
phase so that each nanoantenna can emit with the designed phase pattern such as

the one shown in Fig. 4-6(a) and (b).

5.2.1 Optical Power Distribution

Optical phased arrays have been researched for decades on many platforms [57]-
[62] including the recent studies with integrated photonics [63]-[65]. However,

almost all of the demonstrations to date employed the same optical power distribu-
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Figure 5-8 Schematic of the conventional optical phased array architecture. Many
3-dB couplers are cascaded to equally distribute optical power into a large number

of waveguides, and the waveguides are routed (if possible) to feed the antenna array.

tion architecture as shown in Fig. 5-8. A large number 3-dB couplers are cascaded to
equally divide optical power from an input waveguide into 2/(/ € IN) waveguides,
followed by sophisticated waveguide routing to feed individual optical antennas.
Though this architecture is exclusively used in previous demonstrations, there exist

several major drawbacks as discussed in the following:

1. Though most optical phased arrays require uniform optical emission from
all the antennas, the optical emission needs to follow certain nonuniform
amplitude pattern in some cases as will be discussed in Chapter 6. However,
it is impossible to achieve arbitrary amplitude patterns other than uniform in

this conventional architecture.

2. The cascaded 3-dB coupler architecture makes the system cumbersome and
vulnerable. A large number of 3-dB couplers are required for large-scale
phased arrays, wasting a lot of valuable chip space and compromising the

significance of on-chip integration. Moreover, since the same 3-dB couplers
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Figure 5-9 Schematic of the proposed system architecture of the large-scale

nanophotonic phased array. The optical power from an input optical fiber is divided
into each unit cells, or ‘pixels’, through a bus waveguide and many row waveguides.

The inset shows the schematic of a pixel.

are cascaded many times, slight design and fabrication deviations will ag-
gregate and lead to significant performance degradation. Therefore, it is
extremely hard to obtain uniform emission in such an architecture especially

when it goes to large scale.

3. Most importantly, it is extremely difficult, if possible at all, to route the large

number of waveguides to feed all of the densely packed nanoantennas.

For these very reasons, especially the waveguide routing difficulty, all of the
integrated optical phased arrays to date are limited to 1-D or small-scale 2-D
demonstrations with no more than 16 antennas. Therefore, the conventionally

used architecture is inherently not suitable for optical phased arrays.
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In this work, we propose a completely different optical phased array architecture
thatis suitable for large-scale optical phased arrays, as shown in Fig. 5-9. The optical
power is coupled from an input fiber to a silicon bus waveguide. The optical power
in the bus waveguide is then divided into M row waveguides through M bus-to-row
directional couplers. Finally the optical power in each row waveguide is coupled
into N unit cells, or ‘pixels ’, through N row-to-unit directional couplers so that
the whole M x N array is optically fed. Since the coupling ratio of the directional
coupler can be arbitrarily adjusted from 0 to 1, it is possible to achieve any designed
amplitude pattern for the phased array. Suppose a certain amplitude pattern |wp|

is required, the coupling ratio c,, of the m™ bus-to-row coupler is

S
]:
v (5.5)
Y. L [wh,
izm =1
and the coupling ratio of the n'" row-to-unit coupler in the m" row is
’
w
Cmn = I\l - (5.6)
Y. Wl
jzn

Through Equations 5.5 and 5.6, the directional couplers can be configured to
generate any amplitude pattern. In this chapter, we will focus on uniform emission
where each pixel is equally fed. Figure 5-10 illustrates the optical power in the bus
waveguide with a width of 0.46um is equally distributed into M row waveguides,
by properly adjusting the length L () of the directional coupler. The bus-to-row
directional coupler is composed of a straight waveguide coupling region and a
90°-bend with an outer radius of 3um and inner radius of 2.54pm. It is noted that
the last part of the optical power is intentionally discarded through a gradually

tapered waveguide to avoid the need of 100% coupling ratio for the last row which
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Figure 5-10 Power distribution network where the optical power in the bus waveg-
uide is equally coupled to M row waveguides. The green boxes indicate the optical
power in each segment of the network.
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Figure 5-11 (a) The bus-to-row and (b) the row-to-unit coupler lengths in order to
equally distribute the optical power to all the 4,096 pixels in a 64 x 64 nanophotonic
phased array with the proposed architecture. The coupler becomes longer and longer
as the light propagates along the waveguide.
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would otherwise reqﬁire an overlong coupler length and enlarges the pixel size.
The row-to-unit coupler is managed in the same way, except that the bend used
there is an adiabatic bend which has a circular outer edge with 2.0um radius and
an elliptical inner edge with 1.0pm x-axis and 1.54pm y-axis to make an adiabatic
bend with wider center part, as shown in the inset of Fig. 5-9. The adiabatic bend
is for the future implementation of active phase control as will be discussed in

Chapter 6. The percentage loss a; due to the discarded optical power is

1+_N_

N+1
= .7
a M+1 (57)

which is negligible in large-scale arrays when M > 1,N > 1. For instance, the
discarded optical power loss is only 3% in a 64 X 64 array. Although the coupling
ratio can also be adjusted by the coupling gap, it is more controllable to change the

length L (m) since the coupling ratio is less sensitive to the length variation.

Using a rigorous 3-D FDTD simulation, the coupling ratio at different coupler
lengths L. is calculated for the bus-to-row and the row-to-unit directional couplers,
and the coupler length corresponding to a certain coupling ratio can be further
calculated. Figure 5-11 shows the bus-to-row and the row-to-unit coupler lengths
in a 64 X 64 nanophotonic phased array in order to achieve uniform emission. In
Fig. 5-11(a), the bus-to-row coupler length L. varies from 3.53um with a coupling
ratio 1.53% in the first coupler to 8.05um with a coupling ratio 50% in the last
coupler. And in Fig. 5-11(b), the row-to-unit coupler length L. varies from 2.23um
with a coupling ratio 1.53% in the first coupler to 8.12um with a coupling ratio
50% in the last coupler. The coupler gets longer and longer as the light propagates
along the waveguide since the coupling ratio increases. The longest coupler length

8.2um still fits into the pixel which measures 9umx9um.
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5.2.2 Optical Phase Management

In Section 5.2.1, we have proposed a novel phased array architecture that is ca-
pable of arbitrarily distributing optical power to a large-scale phased array. The
remaining task is to manipulate the optical phase of each nanoantenna so that it is
aligned with the designed phase patterns such as those in Fig. 4-6 to generate the
desired far-field patterns. This is realized by placing an optical-delay-line-based
phase-adjustment part before each emitter. In the proposed phased array structure,
the phase adjustment part can be either placed in-line in the row waveguide before
light is coupled into each pixel, or inserted in each pixel after light coupled into
the pixel as shown in Fig. 5-9. The former approach, though has some advantages
such as being able to realize continuous beam steering in active phased arrays as
will be discussed in Chapter 6, its main drawback is that the phase error in each
phase-adjustment part aggregates as the light propagates along the waveguide,
producing correlated non-white phase noise that invalidates the previous noise
analysis in Section 4.3 and would largely degrade the image quality in the far field.
Therefore, the latter approach, where the phase-adjustment part is directly inserted

in each pixel, is used in this work.

Figure 5-12(a) illustrates a schematic of the pixel with the phase-adjustment
part. The phase-adjustment part contains two identical optical delay lines placed
in parallel in x-direction, each of which provides an optical phase shift of @,,,/2 so
that the nanoantenna will emit with a desired relative phase ¢,,,. The phase delay is
divided into two identical segments to make the final position of the nanoantenna
independent on the emitting phase ¢, needed in the pixel so as to have the
nanoantennas placed in a periodic grid that is required in phased array. The pixel
also contains a row-to-unit directional coupler with two adiabatic 180°-bends for
future implementation of integrated thermo-optic heaters for active phased arrays
as will be discussed in Chapter 6, as well as the proposed compact nanoantenna.
The dimensions of the directional coupler and the nanoantennas were previously

defined in Section 5.1.2 and Section 5.2.2 respectively. Figure 5-12(b) shows an SEM
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(a) (b)
Figure 5-12 (a) Schematic of the pixel. (b) SEM of the fabricated pixel. Each

pixel contains a directional coupler whose length is carefully adjusted to deliver the
desired amount of optical power to the pixel, and two separate optical delay lines to
have the nanoantenna emit with the desired relative phase @,,.

of the fabricated pixel in a 64 X 64 nanophotonic phased arrays. It is seen the design

is well reproduced.

5.3 The Fabricated 64 X 64 Nanophotonic Phased Array

The proposed large-scale nanophotonic phased array is fabricated in a 300-mm
CMOS foundry at 65-nm technology node using 193-nm optical immersion lithog-
raphy. The fabrication details were previously discussed in Section 5.1.2. Figure
5-13 (a) shows an optical image of a portion of the fabricated 64 X 64 nanopho-
tonic phased array. The image is taken with the 3.6um SiO, over-cladding on.
The grating-based nanoantennas are seen with golden color in the image. Figure
5-13(b) shows an SEM of the same phased array after removing the over-cladding
in the BOE. A close-up SEM of the fabricated pixel is also shown in Fig. 5-12(b).
The pixel size is 9umx9um.

The near field and far field of the large-scale nanophotonic phased array are
measured with the setup shown in Fig. 5-14. The fabricated phased array chip is

placed on an optical stage with 1.55um laser side-coupled in through an optical
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(a) (b)

Figure 5-13 (a) Optical image of a portion of the fabricated 64 X 64 nanophotonic

phased array, with 3.6um SiO; over-cladding. (b) The SEM image of the same phased
array with 5i0, over-cladding removed in BOE. The pixel size is 9umx9um.

fiber. The near-field image is formed by a single-lens imaging system with objective
Lens-1 only, as shown by the green rays in Fig. 5-14. Lens-1, which has a focal length
of 10mm and a numerical aperture (NA) 0.4, magnifies and projects the near-field
emission pattern onto the infrared (IR) charge-coupled-device (CCD). The far-
field image is captured by inserting another Lens-2 into the imaging column and
adjusting the positions of the two lenses, as shown by the blue rays in Fig. 5-14.
The objective Lens-1 now serves as a near-to-far-field converter that focuses all the
near-field emission with the same emission angle (k-vector) to a single point on
its back-focal plane (Fourier plane), so that the far-field pattern is created on the
back-focal plane of Lens-1. Lens-2, as a magnification lens, projects the far-field

pattern from the back-focal plane to the IR CCD.

Figure 5-15 shows the near-field measurement of a 64 X 64 nanophotonic phased
array designed to emit uniformly across all of the 4,096 nanoantennas. It is seen
in Fig. 5-15(a) that uniform emission is achieved across the whole phased array.

Note that the fiber is coupled in from the top-left corner of the array, causing extra
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Figure 5-14 A schematic of the near and far field measurement setup. Lens-1 alone
is used to image the near field, shown by the green rays. Lens-2 is inserted to capture
the far field together with Lens-1, represented by the blue rays.

background noise in that part due to the strong scattering from the fiber-waveguide
coupling; but this does not reflect non-uniformity in the array itself and can readily
be addressed with a larger separation from the fiber input. Figure 5-5(b) shows a
close-up near-field image of the bottom-right corner of the phased array containing
8 x 8 nanoantennas. It is seen the near-field emission is strong and uniform even
at the farthest corner from the input point of the large-scale phased array, an
evidence of a robust photonic design and a reliable device fabrication. Figure 5-
5(c) shows a quantitive statistical result of the intensity distribution measured from
a large number of nanoantennas in the phased array. A Gaussian-shaped intensity
distribution is observed with a normalized average intensity ¢ = 0.69 and standard
deviation ¢ = 0.09.

Before the far-field measurement results are presented, we would like to review
the relation between the near-field emission and the resulting far-field pattern
again through the Fourier transform, in order to understand from a mathematical

point of view how the far-field pattern is formed and especially how the individual

113



Part 11 TowaRD LARGE-SCALE SILICON PHOTONIC INTEGRATION

Emitter count
g 8 8§ 8 8 8 8

g

a®
9

Normalized intensity (a.u.)

(a) (c)

Figure 5-15 (a) The near-field image of the 64 X 64 nanophotonic phased array with
a designed uniform emission from all of the 4,096 optical nanoantennas. The fiber
is coupled in from the top-left corner of the image. (b) A close-up view of the near
field of the farthest corner (bottom-right) of the phased array, where strong uniform
emission is still observed. (c) The statical measurement of the intensity distribution

out of a large number of nanoantennas in this phased array.
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Figure 5-16 The Fourier relation between the near-field emission and its far-field

pattern. All of the images are generated by simulation.
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Figure 5-17 A close-up image of the simulated viewable far field. The far field
is cropped by the aperture of Lens-1 with a numerical aperture NA=0.4 where the
polar angle is limited by —23.5° < 8 < 23.5°. The inset shows the targeted far-field
image - the "MIT"-logo.

nanoantenna emission pattern affects the far-field pattern of the whole phased
array. As shown in Fig. 5-16, the near-field emission of the phased array, which is
uniform in amplitude for all the 64 x 64 elements and with a phase configuration
©mn shown in Fig. 4-6(c) to generate an "MIT"-logo in the far field, can be seen
as the near-field emission of a single nanoantenna convolves with a 64 x 64 2-D
O-array with the corresponding phase ¢,,,. The far-field pattern is a discrete Fourier
transform of the near field, given by Equation 4.11. The Fourier transform of the
near-field emission of a single nanoantenna is its far-field radiation pattern which
has already been shown in Fig. 5-6(d). The Fourier transform of the 2-D 6-array
(i.e. point-source array) with phase configuration ¢,,, is the array factor pattern
AF(0, ¢) as shown in Fig. 4-8. The convolution ‘®’in the near field becomes “x’in
the far field through Fourier transform. Therefore, the final far-field pattern E(6, ¢)
of the whole phased array is the array factor pattern AF(0, ¢) multiplied by the far

field 5(6, ¢) of a single nanoantenna

E(0, ) = AF(6, $) X S(6, P) (5.8)

116



Chapter 5 Large-scale Passive Phased Array

Accordingly, the generated far-field pattern of the 64 X 64 nanophotonic phased
array is simulated in Fig. 5-16. Itis seen the pattern is visible only around the zenith
in the far field due to the directional emission of the single nanoantenna. The green
circle in the far field pattern corresponds to the numerical aperture (NA=0.4) of the
objective Lens-1, which limits the viewable field that could be captured by the IR
CCD. Figure 5-17 shows a close-up view of the cropped far-field pattern where the
designed "MIT"-logo pattern is only visible in the top rows.

Using the setup illustrated in Fig. 5-14, the far-field radiation pattern of the
aforementioned 64 X 64 nanophotonic phased array is measured, as shown in
Fig. 5-18(a). The designed "MIT"-logo pattern is exactly produced in the far field.
The experimental result perfectly matches to the simulation result shown in Fig. 5-
17, in terms of the shape of the pattern and the intensity distribution of all of the
interference orders. This highlights the robustness of the phased array system as
predicted by the noise analysis in Section 4.3, as well as the reliability of the CMOS
fabrication technique. The background of the far-field pattern is nosier compared
to the simulation, and this is caused again by the intense light scattering from
fiber-waveguide coupling which could be readily addressed by a larger separation
between the coupling point and the phased array in the design. Figure 5-18(b)
shows the far field of a 32 x 32 nanophotonic phased array fabricated on the same
chip, where the design pattern is again reproduced in the far field. It is also noted
that the far-field radiation patterns, especially in the 32 x 32 array, are slightly
modulated by a concentric ring pattern. This is because of the equal-inclination
interference from the multiple reflection of the light in the SOI substrate, which

will be discussed in more details in Section 5.4.

Comparing Fig. 5-15(a) with Fig. 5-18, the near-field image of the nanophotonic
phased array contains no information because it shows plain uniform emission
everywhere; however, the far field explicitly delivers the information - an image
with the "MIT" logo. Until now, image information has generally been stored
and transmitted through the intensity of the pixels; in contrast, this large-scale

nanophotonic phased array technology opens up another dimension for imaging:
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Figure 5-18 The measured far-field patterns of (a) a 64 X 64 nanophotonic phased
array, and (b) a 32 x 32 nanophotonic phased array that is designed to generate
the "MIT"-logo. The green circles represents the aperture of Lens-1 which has a
numerical aperture NA=0.4, corresponding to a polar angle range —23° < 0 < 23°.
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the image information is now encoded in the optical phase of the pixels, much
like a hologram, but generated from a single point. This demonstration, as a static
phased array capable of generating truly arbitrary radiation patterns, would find
immediate applications in, for example, complex beam generation [67] and mode

matching in optical space-division multiplexing [68].

5.4 Image Noise in Nanophotonic Phased Array

In the last section, we experimentally demonstrated large-scale nanophotonic
phased arrays that are capable of generating arbitrary and sophisticated far-field
patterns. Although the experiment results, as shown in Fig. 5-18, agree very well
with the simulation in Fig. 5-17, there are still some features in the measured pat-
terns that are not predicted by the simulations. Most noticeably, the far-field pattern
is modulated by a series of concentric rings which is more obvious in the 32 x 32

case in Fig. 5-18(b). In this section, we will investigate of this issue.

As discussed in Section 5.1, the nanoantennas have both up-emission and down-
emission. The down-emission, though lower in intensity, has a contribution to the
far-field pattern which has not been taken into account in previous simulations.
Especially with the nanoantenna design used in the experiment, the down-emission
with 35% emission efficiency is almost comparable with the up-emission and hence
should not be neglected. Next we will take into account the down-emission in the
simulation and show the concentric ring modulation is actually caused by the
multiple reflection of the down-emission in the SOL Figure 5-19(a) illustrates the
reflections in different material interfaces in the SOL Reflection occurs when light
emits out of the top surface (@), travels from SiO; to Si handle (®) and the inverse
direction (@), and when light hits the bottom of the Si handle (®). The reflection
coefficient () and transmission coefficient (t;;) at the material interface when light

travels from material n; to material n; is given by Fresnel equation which for TE
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Figure 5-19 (a) A s chematic of the multiple reflection problem from the down-
emission in the layered SOI. (b)-(e) The simulated reflectivity on different layer

interfaces. The angle 6 is the angle in 5i0;. The black circle represents the aperture

of Lens-1.
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wave is

_ n;cos 0; —n;jcos 0; 2n;cos 0;
ij =

ij — Vi 5.9
"ij n;cos 6; + njcos 6; (5.9)

" njcos0; + njcos 6;
where 0; and 6; are the angle of incident light and the angle of refraction respec-

tively. Obviously 6; and 0; are related by Snell’s law
n;sin 6; = n;sin 6, (5.10)

Using these two equations, the reflectivity of light at different angles on different
interfaces are calculated in Fig. 5-19(b)-(e), with the black circle indicating the
viewable area with Lens-1 (NA=0.4). It is seen the top surface has very low
reflection in the viewable region, thus the top-emission can transmit through with
negligible reflection. The SiO,-Si interface (@ and @) and bottom surface (®) have
considerable reflections. Therefore, the multiple reflection occurs mainly between
the Si0,-Si interface and the Si-air interface, and is mainly from the down-emission
which is bounced back and forth in the Si handle, as shown by the green rays in
Fig. 5-19(a). For an emission angle 6, the multiple reflections interfere with each

other in the far field which can be characterized by a geometric series

[ ¢]

. 2d
E0)= ) ,a- tub - exp(j—5) ¢ (5.11)
=1

where a is the down-emission amplitude of the nanoantenna, and ¢ is the round-trip

factor of the light in the Si handle
_ . 2dy
q = exp(j o5 ) 10 (5.12)

where d; and d; are the thickness of the BOX and Si handle respectively. Note that
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Figure 5-20 (a) The far field of the down-emission from a single point-source
nanoantenna. (b) The far field of the down-emission from the single directional
nanoantenna used in this work. (c) The far-field radiation pattern of the large-scale
phased array formed by the down-emission only. (d) The final far-field radiation
pattern of the large-scale phased array formed by the up and down emission. The

green circles again represent the aperture of Lens-1.
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in the above equations, the phase and amplitude of the light are relative to the up-
emission. Figure 5-20(a) simulates the far field formed by the down emission from
a single nanoantenna using Equations 5.9-5.12. It is seen the concentric rings are
formed in the far field. This phenomenon is often referred to as equal-inclination
interference since the far-field in tensity depends only on the inclination angle 6.
The nanoantenna in Fig. 5-20(a) is assumed as a point-source with uniform far-
field emission, and the Si thickness #, is 600um. However, the nanoantenna used
in the actual phased array is a directional antenna, whose far-field pattern from
down-emission is similar to that from the up-emission shown in Fig. 5-6(d). With
this effect taken into account, the far-field pattern from the down-emission of a
single nanoantenna is simulated in Fig. 5-20(b). The far field of the phased array
from the down-emission, as shown in Fig. 5-20(c), is again given by Equation 5.8
as the multiplication of the far field of the single antenna shown in Fig. 5-20(b) and
the array factor pattern shown in Fig. 4-6(b). The final far-field radiation pattern of
the large-scale nanoantenna phased array is simulated in Fig. 5-20(d) by taking into
account both the up-emission shown in Fig. 5-17 and the down-emission shown in
Fig. 5-20(c). It is noted that in Fig. 5-20(c) and Fig. 5-20(d), the designed pattern
is modulated by the concentric rings which is more obvious in the low-intensity

region, agreeing well with the experiment in Fig. 5-18.

Figure 5-20 explains that the concentric ring modulation in the measured far
field comes from the equal inclination interference of the down-emission of the
nanoantennas. The simulated final far-field pattern shown in Fig. 5-20(d) now
matches very well to the experiment. However, there is still one thing that is
missing from the simulation in Fig. 5-20(d), which is the phase noise as discussed
earlier in Section 4.3. Figure 5-21 simulates the far-field patterns under white
phase noise with different standard deviation 0. It is seen the simulation now

better resembles the experimental results.

In this chapter, we have seen from the experiment that the designed large-
scale nanophotonic phased array is accurately reproduced in a state-of-the-art

CMOS process, with all of the 4,096 nanoantennas precisely balanced in power
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Figure 5-21 (a) Far-field pattern under a white phase noise with standard deviation

(a) o = m/8, and (b) 0 = /6. The green circles again represent the aperture of Lens-1.

and aligned in phase to create a sophisticated pattern, the "MIT" logo, in the far
field as designed. This not only confirms the robust design of the nanophotonic
phased array, but also demonstrates the ability and suitability of the CMOS process

in fabricating large-scale integrated nanophotonic systems.
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CHAPTER O

Large-scale Active Phased Array

In Chapter 5, we experimentally demonstrated large-scale passive nanophotonic
phased arrays, in which arbitrary, sophisticated patters are generated in the far
field. Although the passive phased arrays that can generate static far-field patterns
are interesting and have many potential applications, it is less flexible as the pattern
is fixed once the phased array is fabricated. The nanophotonic phased array would
be much more useful if tunabilities are built in to enable dynamic patterns in the far
field. To this end, individual phase tunability has to be incorporated in each pixel
so that the emitting phase of the nanoantenna can be actively controlled to have
the same phased array generate arbitrary far-field patterns at will. In this chapter,
we will talk about first the phase tuning mechanism used in this work and then the

experimental results of the active nanophotonic phased arrays.

6.1 Integrated Silicon Thermo-optic Heater

In order to realize active nanophotonic phased array to generate dynamic far-field

patterns, certain phase tuning mechanism must be applied so that the phase of
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the optical emission from each nanoantenna can be actively controlled. Two major
phase tuning mechanisms are generally used in silicon, the thermo-optic effect
and the plasma dispersion effect. The thermo-optic effect uses the temperature

dependence of the refractive index of silicon, which has a large phase tuning effect

An =&r- AT = 1.8 x 107*AT (6.1)

where &7 is the thermo-optic coefficient of silicon, but a relatively slow response
time in the us-scale. The plasma dispersion effect, where free carriers namely
the electrons and holes are injected to or extracted from the silicon, has a much
faster response time (carrier lifetime ~1ns) but a small effect on the refractive index

change [69]

An=A-NB+jC-NP (6.2)

where N is the electron (N,) or hole (N},) free-carrier concentration with unit cm?,
and the parameters for electrons and holes are A, = —2.4 x 1072, B, = 1.1, C, =
49x107%, and D, = 1.2, and A, = -39 x 1078, B, = 0.8, C, = 2 x 102, and
Dy = 1.1, which are generally very small numbers. The selection of phase tuning
mechanism depends on the applications of the nanophotonic phased arrays. For
example, in some applications where high-speed phase tuning is required, the
plasma dispersion effect can be used. In most cases, such as the holographic
display in Chapter 5 and beam shaping, large An is preferred so the thermo-optic
effect is usually chosen. In this chapter, we will focus on the active nanophotonic

phased array using the thermo-optically tunable phase shifters.

Thermo-optic effect has been widely used in silicon photonics as a typical wave-
length/phase tuning mechanism in resonant filters [10][?], microring modulators,
optical switches, etc. Most of them adopt the same scheme where metaliic heaters

are used on top of the silicon structures, as illustrated by Fig. 6-1(a). Since metal
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(b)

Figure 6-1 (a) Indirect thermo-optic heating of silicon waveguide where the metal

heaters are placed on top of the waveguide with a vertical separation heiqq by SiO2
cladding. (b) Direct thermo-optic heating of silicon waveguide where doped silicon
heater is intimately integrated in the silicon waveguide to provide the most efficient

heating of the silicon waveguide.
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usually has large refractive index and is lossy at optical wavelength, the metallic
heater has to be placed with certain vertical distance from the silicon waveguide
separated by the SiO, over-cladding. The separation is normally as large as ~ lum
to to avoid significant optical losses. This results in a much less efficient heating of
the silicon waveguide where light travels in since the metal heater has to heat itself
and then the bulky over-cladding before it can heat up the silicon waveguide. The
highest temperature in such a heating scheme is found in the metal, and then the
Si0,, and the silicon waveguide itself actually has the lowest temperature. This is
not power-efficient because a lot of power is wasted in heating up the unwanted
over-cladding and metal itself, nor fast-speed because the thermal diffusivity of
Si0, is very low (0.34mm?/s). Usually low power consumption and fast respond-
ing speed are preferred in thermo-optic phase tuning. We therefore define a figure
of merit F to measure the performance of thermo-optic phase tuning, which is given

by the power-time product

F=P,xt (mW - us) (6.3)

where P, represents the power to achieve m phase shift in the waveguide, and
T is the thermal time constant for the waveguide to heat up or cooling down,
whichever process takes longer time (usually the cooling down time). The smaller
the number F is, the better the performance of the thermo-optic phase tuning is.
The m-phase-shift power consumption is given by P, = AT, - G where G is the
thermal conductance of the waveguide to the heat sink (i.e. the substrate), and AT,
is the temperature needed to obtain 7 phase shift. Conversely, the thermal time
constant depends on the heat capacity Cy of the heating system and the thermal

conductance G as T = Cy/G. Therefore, the figure of merit is finally determined by

F=P,x7=AT-Cy (mW - ps) (6.4)
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The temperature change AT, to obtain a 7 phase shift is fixed for a certain waveg-
uide length since the thermo-optic coefficient &+ = An/AT is a constant. Therefore
Equation 6.4 reveals that the figure of merit actually depends only on the heat
capacity Cy of the heating system. A large heat capacity exists in the metal heating
scheme, which results in a large F with a lot power consumption and slow phase

response.

It is now obvious that the performance of the thermo-optic phase shifter can
be optimized by minimizing the heat capacity Cj; of the heating system. Taking
advantage of the semiconductor property of silicon, the silicon waveguide itself can
be converted into a heater to achieve the smallest heat capacity Cy and the most
optimized figure of merit F. Figure 6-1(b) shows a schematic of such a thermo-
optic phase shifter with an embedded silicon heater integrated in the waveguide.
The silicon waveguide is lightly doped with ions (n-type or p-type) as shown
by the blue color in Fig. 6-1(b), and is thus converted from an insulator into a
resistor to provide direct heating through the electrical connections attached to the
waveguide as shown by the purple color in Fig. 6-1(b). Silicon leads with heavy
ion doping is used here as the electrical connection to the waveguide. The use of
silicon simplifies the fabrication process as the silicon connection can be formed
together with waveguides in the same etch step, and the heavy doping offers a small
resistance so that most of the electrical potential drops on the waveguide heater
to increase the heating efficiency. However, it is nontrivial to design a low-loss
electrical connection that is intimately in contact with the silicon waveguide where
light travels through, because direct contacting a narrow waveguide with a silicon
lead causes significant optical scattering loss. Here we use a novel waveguide
structure [71]-[72], namely the adiabatic bend proposed by Watts et. al., to provide

electrical connections to the waveguide while minimizing the optical loss.

Figure 6-2 illustrates the principle of the adiabatic bend to provide low-loss
electrical connections. The adiabatic bend, as shown in Fig. 6-2(b), is achieved
by slowly changing the inner radius of the waveguide, moderately stretching the

width of the waveguide bend from a single-mode input width w, to a multi-
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Figure 6-2 (a) Electrical contacts that are intimately connected to a narrow waveg-
uide bend (w; = wp)create strong scattering loss. (b) Electrical contacts that are
attached to the inner side of an adiabatic bend (w; > wp)eliminate the scattering loss.
(c) Non-adiabatic bend (w; > wp) generates high-order modes and is thus lossy. (d)
The optical loss per 180°-bend at different bend width w;
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mode region with a wider width w; where contacts can be introduced where there
is little optical field. Contact with the wide waveguide region ensures minimal
perturbation to the waveguide mode and therefore eliminates the scattering loss,
while the waveguide width changes in an adiabatic manner to avoid mode coupling
into high-order mode that will finally radiate to generate optical loss. Using 3-D
FDTD, optical propagation is simulated at different width w;. Figure 6-2(a) shows
the case when the bend is not widened (wy = w), where significant scattering loss is
seen because of the strong perturbation of the electrical contact to the optical mode
tightly confined in the narrow waveguide. Figure 6-2(c) shows the case when
the bend is largely widened (wy < w,), where the scattering loss is suppressed
but strong coupling to high-order modes occurs because of the rapid change of
waveguide width in a non-adiabatic manner. The high-order modes will finally
radiate in the transition to narrow waveguide following the bend and causes optical
loss. Figure 6-2(d) simulates the optical transmission loss per 180°-bend at different
width w;. Itis seen the scattering loss dominates when the width is too small while
high-order mode loss emerges when the width w; is too large. The optimal point
happens at a moderate width w;, which is 1.0um in the simulated structure with
a bend radius R = 3.0um and initial waveguide width wy, = 0.4um. Note that the
structure used in this simulation is slightly different from what we will use in the
active phased array demonstration, but it shows the basic principle that applies to

all adiabatic-bend structures.

Based on this adiabatic bend, the active pixel for the tunable phased array is
designed with a directly embedded silicon heater, as illustrated in Fig. 6-3. The basic
waveguide structure of the active pixel resembles the passive pixel as described
in Chapter 5. The straight waveguide width is 0.46um. The adiabatic bend has
a circular outer edge with 2.0um radius and an elliptical inner edge with 1.0um
x-axes and 1.54pum y-axes to make a wider center part in the bend of 1.0um. Part of
the waveguide is lightly doped with Arsenic (As) at a dosage of 4 x 10"cm™ which
gives a free carrier concentration of 1.8 X 10'%cm™, as shown by the light-blue color

in Fig. 6-3. Two narrow silicon leads with a width of 0.2um are connected to the
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Figure 6-3 Schematic of an active pixel with a tunable phase shifter in the dynamic
phased array. The heavily-doped silicon leads are connected to the inner side of an
adiabatic waveguide bend. The silicon leads are contacted with metals which are
subsequently connected to metal layers.

widened region of the adiabatic bends to provide electrical connections. The silicon
leads are heavily-doped with Phosphorus (P) at a dosage of 5x 10" cm? which gives
adopant concentration of 2.3x10*cm™. The heavy doping minimizes the resistance
of the silicon leads so that the electrical power drops mainly on the heater. The
silicon leads are made narrow and zigzagged to provide thermal isolation between
the silicon heater and the metal contacts to prevent metal from melting at high
temperatures. The other end of the silicon lead is contacted with metal which then

connects to subsequent metal layers for electrical interconnections.

6.2 8x8 Active Phased Array

With the directly integrated silicon heater, the optical phase of the nanoantennas can
be individually adjusted from 0 to 27t so that arbitrary patterns can be dynamically
generated by applying different phase patterns on the array. Ideally, each pixel
in the large-scale nanophotonic phased array should be separately addressed and
electrically controlled in order to independently tune the phase of each pixel. In

order to realize this, a large number of electrical interconnection wires has to

132



Chapter 6 Large-scale Active Phased Array

- Si (undoped) - Copper via
I si(lightly doped) Metal level 1

B si(heavilydoped) [l Metallevel 2

Figure 6-4 Schematic of an 8 x 8 active phased array consisting of 64 active pix-
els shown in Fig. 6-3. The electrical interconnections are simplified by connecting

together the tunable phase shifters in the same rows and in the same columns.

be densely packed and routed to fit in the small pixel pitch which will require
multiple metal levels; or instead, the pixels can be addressed in a digital way by
implementing a CMOS control circuit on the same chip by 3-D electronic-photonic
integration. However, none of these fabrication process options is available in
the current stage for our design. Therefore, the active nanophotonic phased array
demonstration is reduced to an 8 X8 case with 64 nanoantenna, but still it represents
the largest optical phased array that has ever been demonstrated. The 8 x 8 phased
array is further simplified in which the tunable phase shifters in the same rows and
columns are electrically connected together and adjusted simultaneously, as shown
in Fig. 6-4. This interconnection scheme enables much easier electrical routing in
the small 9umx9um pixels using only 2 metal levels which are readily available in

our fabrication process.

The designed 8 x8 active phased array with the interconnection structure shown
in Fig. 6-4 is fabricated in a standard 300-mm CMOS foundry. The passive silicon
waveguides and nanoantennas as well as the integrated silicon heaters are fabri-

cated with CMOS processing techniques described earlier in Section 5.1.2 and 6.1.
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Figure 6-5 Optical micrograph of a fabricated 8 x 8 active phased array. The silicon
waveguides are seen as green, while the lower and upper copper interconnection
layers are seen as bright yellow and pink, respectively. The two metal levels are

connected by copper vias.

Figure 6-5 shows an optical micrograph of the fabricated 8 x 8 active nanopho-
tonic phased array, where two copper (Cu) layers are used to provide electrical
interconnections to the integrated silicon heaters. The probing pads, which are
50umx50pum squares with 100um pitch, are also made in the upper metal layer to
provide electrical potentials to the rows and columns from outside sources when

connected by electrical characterization probes.

The fabricated 8 x 8 active nanophotonic phased array shown in Fig. 6-5 is
optically fed by 1.55um laser from a fiber and electrically powered by 16 electrical
potentials from two 9-pin probes, and the far-field of the phased array is measured
with an infrared camera in the setup shown by Fig. 5-14. The phased array is
designed to emit with the same phase from all of the 64 nanoantennas, creating
a focused beam in the center of the far field, as shown by Fig. 6-6(a). Multiple
interference orders are seen again here because the pixel pitch (9umx9um) used

here is much larger than the half wavelength. By applying different voltages on the
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rows and columns, various phase patterns can be generated to create corresponding
radiation patterns in the far field, as shown in Fig. 6-6(b)-(e). The left column
in Fig. 6-6 illustrates the phase patterns in the near field, while the central and
right columns show the corresponding simulated and measured far-field patterns

respectively.

By applying a phase pattern with an incremental phase change A, between
adjacent rows or columns, the focused beam can be steered in vertical and in

horizontal. The steering angle « is given by

Agg - Ag
2r-p

sina = (6.5)

where A is the wavelength in the far-field medium (such as air in this work),
and p is the pixel pitch. The maximum steering angle at 1.55um wavelength with
9umx9um pixel pitch is amax = 10° which is also the field of view of the far field
interference pattern. Note that since the tunable phase shifter works in the range
(0,2m), the additional phase ¢; provided by the thermo-optic phase shifters in the
it" row or column is the residue of (i — 1) Ay modulo 27t. Figure 6-6(b) and (c) show
the focused beam is steered by 5° to the edge of the interference order in vertical and
horizontal directions. The applied voltage is 4.6V on every other row or column
to create a phase difference A = 7 so that the phase pattern is (0,7,0,7,0,7,0,m)
row-wise or column-wise as shown by the left column in Fig. 6-6. The measured
resistance per silicon heater is around 2.5k(), and the electrical power required
to achieve m-phase-shift in a unit pixel is 8.6mW which is very power-efficient in

comparison with previous thermo-optic phase shifter demonstrations.

Figure 6-6(b) and (c) demonstrate the 2-D beam steering capability of the fab-
ricated 8 X 8 active nanophotonic phased array. This represents the first-ever 2-D
integrated optical phased array that has truly 2-D beam steering ability, benefiting
from the optimized photonic design with a compact phase shifter. While beam

steering is the conventional functionality of RF phased arrays as well as optical
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Figure 6-6 Experimental results of the 8 x 8 active phased array for beam steering

and shaping. (a) The original single-beam pattern with no voltage on. (b) The

focused beam is steered by 5° to the edge of each interference order in the vertical,

and (c) in the horizontal. (d) The single beam is split into two beams in the vertical

direction. (e) The single beam is split into four beams in the horizontal direction.
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Figure 6-7 An explanation of the beam splitting in the 8 x 8 nanophotonic phased
array. The phased array with alternating phase can be treated as a combination of
two 4 X 8 phased arrays which have the same far-field intensity but different far-field

phase. The final far field results from the interference of the two arrays.
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phased arrays studied previously, more complex beam manipulations can be real-
ized by applying other phase patterns on the array. Figure 6-6(d) shows the single

focused beam is split into 2 beams vertically with the row-wise phase configuration
©,2,0,2,0,2
4 2 7 2 A4 2 4

horizontally with the column-wise phase configuration (0,

0, %), and Fig. 6-6(e) shows the single beam is split into 4 beams

LS L
2 4 2 4 4 7-(/ 2 4 2 7 M
Next we will analyze the mechanism of the beam splitting in the phased array,

taking the phase configuration shown in Fig. 6-6(d) as an example. As shown in

Fig. 6-7, the 8 X 8 nanoantenna array with emitting phase alternating between 0
n
2
antennas emitting at phase 0 and another with all of the antennas emitting at phase
s
2
and has a far field given by Equation 4.12 as

and — can be seen as a combination of two 4 X 8 phased arrays, one with all of the

. The first array on the left side of Fig. 6-7 is centered at y = 0 in the y-direction

M N
Z Z ej2n(xm~u+yn-v) (66)

m=1 n=1

>
iy
—_
—
&
<
A
Il

where u and v are the far-field coordinates which were defined earlier by Equa-
tion ?2. The generated far field from this single 4 x 8 array is shown in the left
side of Fig. 6-7. It is seen that the period of the far-field pattern is doubled in the
v direction because the y-direction pitch of this 4 X 8 array is doubled. The other
array on the right side is the same except that the position of the array is shifted
toward +y-direction by d. The far field of the right-side 4 X 8 array is again given
by

M N
AF5(u,v) = Z Z ol . il (yatd)o] 6.7)
m=1

n=1

Combining Equations 6.6 and 6.7, one can find

AF,(u,v) = /G . AF(u,v) (6.8)
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Equation 6.9 shows that the two 4 x 8 arrays have the same intensity distribution
but with phase difference g +d - v. The phase difference depends on the far-field
position v. The far-field pattern is periodic with the focused beams locate atu = I-p,
and v = k- p, where (py, p,) are the far-field period in u and v directions, and (I, k) are
the index indicating the order of the far-field beams in u and v directions. Because
of the Fourier relation between the array and its far field, the far-field periods are
given by p, = 2m/p, = 2n/d and p, = 2n/p, = n/d. Therefore the phase difference
between the far fields of the two 4 X 8 phased arrays is g + k - m which depends
on the interference order k of the beam. When the far fields of generated by the
two arrays add up, this phase difference creates interference patterns. Under the
phase configuration shown in Fig. 6-6(d) or in Fig. 6-7, the adding gives a factor
of 1 + e*/% to all of the interference orders of the 4 x 8 phased array, so that all of
the orders have the same intensity. As a result, it is seen the beam is equally split
into two beam. On the contrary, under the phase configuration shown in Fig. 6-
6(a), the adding gives a factor of 1+ ¢/4*1™, meaning the beams in the odd orders
(k = +1,+3,---) stay because of constructive interference while the even order
beams (k = 0,+2,---) vanish due to destructive interference. As a consequence, it
appears the beam is steered in Fig. 6-6(a). The above analysis gives an intuitive
explanation of beam splitting in phased arrays and also provides an easy way to
design the phase configuration to split one focused beam into the desired number
of beams. This beam steering and beam splitting capability enabled by an ultra-
compact nanophotonic phased array can find many potential applications such as
optical tweezers where the beams can be used to manipulate small particles or

biological cells.

In this section, we have demonstrated an active nanophotonic phased array
whose far-field patterns can be dynamically changed by applying voltages on the
thermo-optic phase shifters in the array. Although a small-scale phased array and
simplified electrical connections are used in the demonstration to facilitate fabrica-
tion, the 8 X 8 active phased array, which can generate rather complex patterns in

spite of the limited number of antennas and electrical connections, still represents
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the largest active 2-D optical phased array that has ever been demonstrated. More-
over, with the aid of a digital circuitry integrated with the nanophotonic phased
array by means such as 3-D eletrical-optical integration, large-scale active phased
array up to millions of pixels with individual phase control of each pixel can be
realized, which has the ability to generate complex dynamic images and is an en-
abling technique for a broad range of applications such as the truly 3-D holographic
displays.

6.3 Amplitude-modulated Phased Array

Coherent light, or electromagnetic waves in general, is characterized by two in-
dependent properties: amplitude (or intensity) and phase. The previous demon-
strations of nanophotonic phased array makes use of the optical phase alone to
shape the radiation field. There is another degree of freedom in light, i.e. the
amplitude, that is yet to be used to manipulate the radiation in phased arrays. That
is, instead of keeping the emission amplitude uniform across the whole array as
we already demonstrated earlier, one can have the optical emissions of the phased
array follow a certain intensity pattern in the near field to generate a corresponding
radiation profile in the far field. This is attractive in the sense that this additional
degree of freedom to control the phased array completes the one-to-one mapping
between near field and far field which are related by Fourier transform as shown
by Equation 4.13, because now not only arbitrary phase configuration ¢,,, but also
arbitrary amplitude profile |w,,,| can be achieved in the phased array. However,
all of the previously demonstrated optical phased arrays using 3-dB couplers to
divide optical power as shown in Fig. 5-8 are not capable of arbitrarily distributing
optical power to each antenna. In comparison, the nanophotonic phased array
architecture we proposed in this work where directional couplers are used to dis-
tribute optical power provides unique opportunities to achieve arbitrary emission
amplitude profile since the coupling to each nanoantenna can be adjusted at will,

which in turn creates many features that cannot be realized in uniform phased
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arrays, as will be discussed in the following.

In the phased array with uniform emission amplitude, unwanted side lobes
always exist aside the main focused beam, as shown in Figure 6-8. Figure 6-8(a)
and (b) show the simulated and experimental near-field emission from a uniform
8 x 8 nanophotonic phased array, where the emission amplitude from all of the 64
nanoantennas is designed to be uniform. Figure 6-8 (c) and (d) show the simulated
and measured far-field pattern of the uniform phased array, where side lobes are
seen around each of the focused beams. Note that these side lobes were not seen in
previous results of 8 X 8 uniform phased array in Section 6.2 because of the contrast
ratio used in those images, but the side lobes do exist as verified by both simulation
and experiment in Fig. 6-8. These side lobes arise from the fact that the uniform
phased array with finite number of antennas has a box-like amplitude profile that
through Fourier transform creates the sinc-like beams in the far field with many
side lobes, as already seen with the 1-D phased array in Fig. 4-3. Also note that the
term ‘side lobe’used here should be distinguished from the term ‘side order used
earlier in this work which refers to the multiple focused beams as high interference
orders in the far field.

Much like the apodization technique in Bragg gratings where the grating
strength is modulated along the grating length to suppress the side lobes in the grat-
ing spectrum, the unwanted side lobes in phased array can also be suppressed by
modulating the amplitude of the optical emissions with, for example, a Gaussian-
shaped profile, so that the focused beam in the far field has a corresponding Gaus-
sian shape instead of a sinc-shaped beam. As shown in Fig. 6-9, an 8 x 8 nanopho-
tonic phased array is by design modulated by a Gaussian-shaped amplitude profile

which has an expression

29. (xm — xO)Z 2+ (yn - ‘VO)2

[wWmn| = € Tmax (6.9)

where (x,, y,) is the coordinate of pixel (m,n), and (xo, yo) is the center of the
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Figure 6-8 Illustration of side lobes in the 8 x 8 nanophotonic phased array with
uniform emission amplitude. (a) Simulated and (b) measured near-field emission
from the 8 x 8 uniform phased array, where uniform emission intensity is observed
from all of the 64 nanoantennas. (c) Simulated and (d) measured far-field pattern of

the uniform 8 x 8 phased array, where side lobes are seen around the main lobe.

142



Chapter 6 Large-scale Active Phased Array

Normalized amplitude

Figure 6-9 The 8x8 nanophotonic phased array is modulated by a Gaussian profile.
The yellow dots on the bottom stand for the phased array.
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phased array. i stands for the maximum distance from any antenna to the
center of the phased array. This amplitude modulation profile |w,,,| can be realized
in the proposed nanophotonic phased array architecture by accordingly adjusting
the coupler length and hence the coupling efficiency in the bus-to-row directional
couplers and the row-to-unit directional couplers. The coupling efficiency can be
calculated from Equations 5.5 and 5.6, and the corresponding coupler length can

be derived from the 3-D FDTD simulation as shown in Fig. 5-11.

Figure 6-10(a) and (b) show the simulated and measured near-field emission of
the amplitude modulated 8 x 8 phased array. A centrally symmetric nonuniform
amplitude modulation is seen in the measured near field, as designed. Note that
some pixels in the corner are too dark to be observed by the IR CCD. This Gaussian-
shaped amplitude modulation suppresses the side lobes in each interference order,
as seen in the simulated far-field pattern in Fig. 6-10(c). Each of the beams in the far
field should have a Gaussian shape in its cross section. This is easy to understand
since the near-field emission and the far-field pattern are related by Fourier trans-
form as given by Equation 4.13, and the Fourier transform of a Gaussian function is
still a Gaussian function. Therefore it is straightforward to generate focused optical
beams with other complex shapes using amplitude modulated phased arrays. Fig-
ure 6-10(d) shows the measured far-field pattern of the amplitude modulated 8 x 8
phased array where no side lobe is seen. An excellent agreement with simulation
is again observed. It is noticed that the beam size in the modulated phased array
is larger than the uniform phased array with the same scale, because the ampli-
tude modulation decreases the effective length of the phased array in both x and v

directions which through Fourier transform results in a larger beam in the far field.

Now we have seen that the far-field radiation pattern can also be shaped by
controlling the emission amplitude of the phased array. There is another degree of
freedom of light, i.e. the optical phase, yet to be used in the amplitude-modulated
phased array. As discussed in the last section, the optical phase in the phased
array can be adjusted to realize various beam shaping functions such as beam

steering and beam splitting. Now we use the same principle to dynamically shape
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Figure 6-10 8 x 8 nanophotonic phased array with Gaussian-shaped amplitude
modulation. (a) Simulated and (b) measured near-field emission from the 8 x 8
phased array, where the emission amplitude is modulated by a Gaussian profile
given by Equation 6.9. Note that some pixels in the corner are too dark to be seen.
(c) Simulated and (d) measured far-field pattern of the amplitude modulated 8 x 8
phased array, where side lobes are largely suppressed.
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(b)

(c) (d)

Figure 6-11 Active tuning of the 8 x 8 nanophotonic phased array with Gaussian-
shaped amplitude modulation. The Gaussian-shaped focused beam is steered by
5% in (a) x-direction and (b) y-direction; and the beam is split into 2 beams in (c)

x-direction and (d) y-direction.
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the amplitude modulated phased array by actively controlling its phase pattern
as well. Figure 6-11 shows the experimental beam shaping results of the phased
array used in Fig. 6-10 by adjusting its phase configurations using the thermo-optic
phase shifters. Figure 6-11(a) and (b) show the Gaussian-shaped optical beam is
steered in x and y direction respectively, and Fig. 6-11(c) and (d) show the beam is
split into 2 beams in x and y directions respectively.

In this chapter, we have demonstrated a compact and efficient thermo-optic
phase shifter that can be directly integrated into each pixel in the nanophotonic
phased array so that dynamic patterns can be generated in the far field. The far-
field radiation pattern can be shaped not only by the optical phase but also the
optical amplitude of the phased array, as well as the combination of the two. The
active phased arrays demonstrated here are limited to a relatively small-scale with
simplified electrical controlling circuitry, however, with the aid of an advanced
CMOS digital circuitry, it is possible to actively tune the phase of each of the
pixels in a large-scale phased array which will enable the dynamic generation of

holographic patterns in the far field.
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CHAPTER 7/

Conclusions and Perspectives

7.1 Summary of Accomplishments

This thesis work focused on two main challenges in silicon photonics: the device
accuracy and the integration capability. The fabrication technique and the design
strategy toward accurate silicon photonic devices were discussed and demon-
strated, and the large-scale integration of a large number of silicon photonic de-
vices was experimentally realized in a small silicon chip to form a functional silicon
photonic system.

Silicon photonic devices, like transistors in microelectronics, are fundamental
building blocks in silicon photonic circuits. To achieve accurate silicon photonic
devices is extremely challenging due to the short wavelength of light and high
refractive-index of silicon that make the devices very sensitive to even nanometer
scale dimensional errors. Advanced fabrication technique by reducing the sys-
tematic displacement error in the scanning electron-beam-lithography system was
applied in making second-order microring resonator filters, where the average

frequency mismatch between adjacent microrings was improved from -8.6GHz to
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0.28GHz. Novel silicon photonic filters based on the sampled Bragg grating tech-
niques were also demonstrated where arbitrary filter shapes can now be realized
from uniform gratings which possess the best nano-scale accuracy thanks to the
excellent coherence provided by the interference lithography.

The great benefit of silicon photonics lies in its potential to make use of the
well-established complementary metal-oxide-semiconductor (CMOS) technology
to realize large-scale integration on a chip. A large-scale integration of more than
4,000 silicon photonic units in an optical phased arrays was presented, taking ad-
vantage of the state-of-the-art CMOS technology. All of the 64 x 64 silicon photonic
nanoantennas were balanced in power and aligned in phase to function as a silicon
photonic system that create intricate holographic patterns in the far field. Active
phased arrays with the ability to project dynamic patterns were also demonstrated,
showing a possible pathway to achieve truly 3-dimensional holographic displays.
Besides the immediate applications enabled by this large-scale silicon photonic
phased array technology such as Laser Detection And Ranging (LADAR), optical
tweezers, biomedical sensing, etc, the successful integration of more than 4,000
silicon photonic elements shows the incredible integration capability of silicon
photonics that has never been demonstrated before. With this large-scale inte-
gration ability together with the well-established CMOS technology, large-scale
integration of silicon photonics to form functional systems such as on-chip optical
interconnections can be envisioned and an era of silicon photonics is truly on the

horizon.

7.2 Future Work

The advantage of the sampled Bragg grating structure is its ability to accurately
control the resonant frequency of filters. This could find potential applications
in wavelength-division-multiplexing (WDM) laser arrays, where the wavelength
spacing needs to be accurately controlled to as narrow as 0.25nm. The SBG structure

is in particular suitable for this demanding task as indicated by Equation 3.36.
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Using the Erbium doped glass as the cladding layer to provide optical gain when
pumped with a 980nm laser, a technique that has revolutionized the long-haul
optical communication in the last century, an SBG-based WDM laser array can be
made in a silicon chip together with other silicon photonic components to enable
an on-chip WDM optical interconnection system, as shown in Fig. 7-1. This on-chip
WDM system combines the advantage of silicon to transmit and process light and
the advantage of low-loss SiN at the pump wavelength (980nm) to create lasers with
Erbium doped cladding [7]. The WDM laser array can be made by the proposed
quarter-wave phase-shifted SBG to achieve a series of precise lasing wavelengths,
and the wavelengths are then modulated, transmitted, and detected in the silicon
photonic platform. This integration approach has the unique advantage in that it
generates multiple wavelengths by use a single laser input at 980nm, which to a

large extent eases the packaging and reduces the cost of the on-chip WDM system.

In the active phased array, the phase tuning is achieved by a delay line with
thermo-optic tunability. Although this tuning mechanism is straightforward to
implement, it has some disadvantages in that a relatively high power is needed and
the tuning speed is on the scale of ~ ps. This is not suitable when the power budget
is limited in the system or high tuning-speed is required. The development of
other phase tuning mechanisms could further improve the performances of active
phased arrays in terms of power consumption and speed, for example, by use of
microelectromechanical devices or liquid crystals. Figure 7-2 shows an alternative
approach to active change the phase of light. In a microring or microdisk that is
overly coupled to a waveguide, the phase of the transmitted light changes from
0 to 27 around the resonance, as shown by Fig. 7-2(a). By changing the resonant
wavelength of the microring or the microdisk, the phase of the transmitted light
at the working wavelength can thus be modified from 0 to 2. The resonant
wavelength can be realized by thermo-optic effect through an embedded silicon
heater as shown in Fig. 7-2(b), as well as the plasma dispersion effect through a

p-n junction as shown in Fig. 7-2(c). This provides a more power-efficient way
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Figure 7-1 Potential application of the SBG-based quarter-wave phase-shift array

for the on-chip optical wavelength division multiplexing (WDM) communication.
This on-chip system combines two compatible materials: SiN is used to generate
WDM lasers and Si is used to transmit and process light. The gain of the lasers is
provided by Erbium(Er) doped glass cladding fed by a 980nm pump laser. SiN is
used in the laser part to avoid absorption of the pump light in silicon. The SBG array
provides multi-wavelength laser output from a single 980nm input light. Silicon is

used to modulate light to communicate with other components on the chip.

152



Chapter 7 Conclusions and Perspectives

2.0
D ,,,,,
-2
15
o
= T
T =
5 E
2 . 10 @
E -
E 10 E
g E)
= ; 0.5
-12 L
i |— Power Transmissi
A4 L et 1 |— Phase Shift
-------- ; ! — 0.0
1548 1549 1550 1551 1552
Wavelength(nm)
(a)

M si
Il metal Bl Contact Over
M .si M -si

(b) M,si M, si (c)

Figure 7-2 (a) In an over-coupled resonant structure, the phase of the transmitted
light can be actively changed by almost 27t while maintaining a constant amplitude
by shifting the resonant wavelength. This could be potentially used as the phase-
tuning mechanism in phased arrays. The resonant structure could be (b) a microring
resonator whose resonance is controlled by the thermo-optic effect through a thermal
heater integrated in the microring, or (c) a micodisk resonator whose resonance is

shifted by the plasma dispersion effect through a p-n junction in the micro disk.
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to change the phase of light since resonant structures magnify the phase change
by having light travel in the structure for a longer time which is controlled by
the coupling efficiency. Through this method, especially the plasma dispersion
effect shown in Fig. 7-2(c), ultra-fast beam steering can be realized, an enabling
technique for applications such as the free space optical switching, efc. However,
the challenge in this tuning mechanism lies in the fact that it is hard to align all of
the microrings or microdisks in the phased array to the same resonant wavelength
because of the fabrication errors. This problem could potentially be mitigated by
the fabrication approach described in Chapter 2.

Other future work of the large-scale phased array includes its applications
in holographic display where visible light can be used instead of the infrared
wavelength as used in this work, the optical space division multiplexing where
the phased array can be used to excite high-order modes of fiber, and the optical
tweezer where the beams generated from the phased array can be used to handle

particles like ions and molecules.
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