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Abstract

A reliable and CMOS-compatible deposition process for amorphous Al,O,
based active photonic components has been developed. ALO, films were
reactively sputtered, where process optimization was achieved at a
temperature of 250 °C, with a deposition rate of 8.5 nm/min. With a surface

roughness of 0.3 nm over a 1 um® area, background optical losses as low as 0.1
dB/cm were obtained for undoped films. The development of active photonics
components has been realized by use of rare-earth metals as dopants. By co-
sputtering aluminum and erbium targets, Er*" dopants at concentrations on
the order of 1.0x10” cm™ have been added to the Al,O; host medium.
Resulting Er*":AlL,O, films have been characterized, and over 3 dB/cm
absorption has been measured over a 20 nm bandwidth. Following the
material development, distributed Bragg reflector lasers were designed and
fabricated in a CMOS foundry. The laser cavity was created by introducing
gratings on either side of a Si,N, waveguide. Er**:Al,O, was deposited in SiO,
trenches on top of the Si;N, layer, eliminating the need for any subsequent

etching steps. On-chip laser output of 3.9 pW has been recorded at a
wavelength of 1533.4 nm, with a side mode suppression ratio over 38.9 dB.
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1.1 Why Integrate Optics With CMOS Technology?

After its invention in 1948 [1], the transistor has quickly become a vital
component in electronic devices, and is considered by many as one of the
greatest inventions of the 20th century [2]. With the developments in the
complementary metal oxide semiconductor (CMOS) technology [3-5],
transistor dimensions have decreased from the micrometer scale nodes of the
1980s to the 22 nm standard of 2012, as shown in Figure 1.1. With increased
integration density, transistor-based electronics have become scalable and
affordable, and enabled most of the technology we take for granted today such
as mobile phones, tablets, computers, and televisions. International
Technology Roadmap for Semiconductors 2012 Report [6] predicts the scaling
trend to continue towards a 5 nm node by 2020.

10 000
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Figure 1.1 — Scaling trends for transistor gate length (known as Dennard’s Law) from
1970 to the projected node sizes of 2020 [7]

In conjunction with the smaller node sizes in transistors, the electronic
industry has also seen dramatic increases in the clock frequency of transistor-
based devices such as microprocessors. Increasing clock speeds basically
amounts to a greater number of floating-point operations per second
(FLOPS), and therefore faster completion of a given set of instructions.
However, around 2003, the increase in clock speeds experienced a sharp turn
[8] and has since settled around 3-4 GHz as in Figure 1.2. Most of the
frequency increase between 1985 and 2000 has been a result of faster and
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parallel implementations of basic circuitry components and widespread use of
pipelining techniques [9]. However, with increasing clock speeds the amount of
power used and heat generated by microprocessors have also increased
dramatically. The power consumption had reached such a point that further
increases in clock speed could not be tolerated any more, and cooling the
microprocessors required more energy than operating them. The power
consumption issue fueled the development of multi-core processors which
contain comprised of more than one independent CPUs [10]. With properly
designed software, multi-core processors can simultaneously execute multiple
sets of instructions, decreasing the overall computation time.
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Figure 1.2 — Scaling trends for processor clock frequency from numerous manufacturers
since 1985 [9]. Clock frequency clearly levels off around 3-4 GHz after 2003.

Most computation devices we use today are equipped with multi-core
processors for their increased efficiency over their single-core counterparts.
However, unlike what one might expect, running two separate programs or a
two-threaded program on two separate cores usually does not yield twice the
performance. This is due to the additional cycles required for the individual
cores to communicate with each other and various memory blocks [8]. This
communication latency therefore slows down the overall processor speed.
Increasing the internal cache memory sizes in each core can help reduce this
latency. However, on-chip cache memory is mostly limited by its physical size,
and also is more costly than DRAM or flash memory [11].

In addition to increased communication bandwidth requirements for

microprocessors, the increase in computation efficiency also requires improved
network bandwidth for off-chip communications. This requirement of
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bandwidth increase indicates a growing need for efficient transmission of large
pieces of data across multiple servers. For robust connectivity, low noise
communication channels are needed in order to ensure low bit-error-rate
(BER). Additionally, just like on-chip requirements discussed above, keeping
power consumption to tolerable levels is essential for off-chip interconnects.
Three dimensional (3D) integration schemes such as the ball-grid array [12]
and the through-silicon-via method [13] have been proposed as potential
solutions to the off-chip communication bottleneck. Both methods are
designed to use the chip surface rather than the perimeter, increasing the
number of possible connections. However, they still suffer from inherent
limitations of electrical interconnects such as non-uniform current density at
high frequencies (also known as Skin effect) [14], long rise and fall times for
signal voltage [15], power consumption and cooling requirements, and
switching noise [16].

(a) (b)

Figure 1.3 — 3D integration schemes for addressing the communication bottleneck: (a)
GPU chip with ball-grid array [17], (b) logic and memory integration using through-
silicon-vias (concept) [18]

Before the 1970s, data was routinely communicated over electrical wires or by
using some form of free space communication in the microwave and radio
frequency bands. The prevalence of electrical communication can be
attributed to the fact that optical communication platforms need a proper
light source and low-loss channels in order to efficiently carry information.
Some consider that light would have been a more natural communication

medium, since it didn’t have to be “invented” unlike electricity [19]. In fact,
the first known use of optics dates all the way back to ancient Egyptians and
Mesopotamians when they used crystalline rocks as lenses for concentrating
sunlight [20]. Throughout its more than two millennia long history, the field of
optics has seen immense development and became one of the most well
understood and widely used fields in modern science and society. This

16



progress, especially in its earlier stages, is attributed by many to mankind’s
efforts of understanding the nature of vision, one of the most important senses
we possess [21].

The invention of the laser in the late 1950s [22, 23] and the developments in
low-loss optical fibers in the late 1960s [24, 25] stirred most of the initial
interest in the field of optical communications. One of the biggest leaps in the
field since then was the invention of the semiconductor vertical cavity surface
emitting laser (VCSEL) in 1991 [26]. Today, VCSELs are widely utilized in
optical communication systems since they can affordably be manufactured in
bulk. However, by inherent limitations of the vertical laser cavity design, each
VCSEL requires its own optical fiber to communicate with a given node. This
is why electrical and VCSEL based interconnects are similar from an
integration perspective, since their large-system scalability is not feasible. In
contrast, systems where multiple data channels are multiplexed onto the same
channel can provide much larger bandwidths within much smaller footprints.
An example of such a system is a wavelength division multiplexed (WDM)
communication network where a number of optical carrier signals are
combined into one fiber by wusing different wavelengths. A schematic
illustration of such a WDM system is shown in Figure 1.4.

Woy, Lag,,

Figure 1.4 — Schematic diagram of on-chip silicon photonics link featuring wavelength

division multiplexed laser array, multiplexers, demultiplexers, modulators, and detectors.
[27]
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The affordability and scalability of chip-sized interconnect systems depend on
if they can be manufactured using the existing multi-billion dollar electronics
fabrication infrastructure. This fabrication compatibility is one of the main
goals of silicon photonics, where silicon and other CMOS compatible materials
are used as optical media for altering and guiding light. Over the past few
decades, the field of silicon photonics has seen tremendous progress; and many
on-chip optical devices including modulators, multiplexers, waveguides, and
detectors have already been demonstrated. Examples are shown in Figure 1.5.

(a) (b)

Rib waveguide
$i0; (BOX)

Si (Substrate)

(c) @

Figure 1.5 — Collection of passive optical devices on-chip: (a) modulator [28], (b)
multiplexer [29], (c) waveguide [30], (d) detector [31].

Optically active op-chip silicon-based devices, those that can generate light,
are not as easy to demonstrate as passive devices that only change various
properties of an incoming light beam. This is due to silicon’s indirect bandgap
energy, which makes light emission in silicon an extremely inefficient process.
Silicon-based active optical devices such as amplifiers and lasers therefore
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remain as missing components of a CMOS compatible optical interconnect.

Possible substitute materials and other “on-silicon” lasing mechanisms are
discussed in the next section.

1.2 Integrated Lasers Solutions

The inability of silicon to efficiently generate light led researchers to seek
other means of light emission in silicon-based platforms. Among the most well-
known on-silicon light sources are III-V hybrid integrated lasers, strained
germanium-on-silicon lasers, silicon Raman lasers, and rare-earth doped
amorphous glass lasers. Given below is a brief explanation of each laser type
with advantages and disadvantages.

e JII-V Hybrid Integrated Laser: This type of laser is made from a
combination of silicon and III-V compound semiconductors like InP or
GaAs. Due to their direct bandgap, these III-V semiconductors are
much more efficient in light emission than silicon. The main goal of
hybrid integration is to combine these efficient light emission processes
in ITI-V semiconductors with the low-cost integration solutions that
silicon fabrication technology offers [32]. Specifically, by wafer bonding
an AlGalnAs epitaxial structure to patterned SOI wafer, electrical
pumping can be utilized while guiding the light in the SOI layer [33].
However, fabrication complexity is increased due to the epitaxially
grown layers of compound semiconductors. Also, depending on the
specifics of the design, micrometer precision alignment may be
necessary for efficient coupling of light from the lasers to the silicon
waveguides [34].

* Strained Germanium-on-Silicon Laser: The crystal structure of a
material plays an important role in determining the band structure of
that material. Under stress, the crystal structure is displaced from its
relaxed state, inducing changes in the bandgap energy and various
electronic transitions. In one such example, germanium was grown
epitaxially on silicon, and then thermally stressed in order to shrink its
direct bandgap energy [35]. As a result, direct gap light emission was
enhanced, and a room-temperature edge-emitting laser was realized by
optical pumping [36]. Like the III-V hybrid lasers, strained Ge-on-Si
lasers also require lengthy fabrication steps, and are therefore more
difficult to implement in a cost-effective and scalable way.
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* Silicon Raman Laser: In contrast to most other types of lasers
where light is generated by stimulated emission, in Raman lasers, light
is emitted as a result of Raman scattering. Raman lasers are optically
pumped; and absorbed photons are re-emitted with a fixed, material
dependent Stokes shift. One main advantage of Raman lasers is that
they can generate light in wavelength regions that may otherwise be
inaccessible by means of stimulated emission [37]. Moreover, a wide
range of Raman crystals are available for frequency conversion.
However, depending on the type of crystal used, thermal loading issues
may be experiences at high pump powers [38].

* Rare-Earth Doped Glass Lasers: This alternative solution for
realizing an on-chip light source is derived from long-distance optical
communication networks. Due to their ease of fabrication using CMOS
compatible methods, and emission bands suitable for fiber-optics
communications, Er** doped oxides have been widely studied [39-41]. In
the 1990s, Er** doped fiber amplifiers became one of the biggest driving
forces behind the bloom of the internet with the invention of the
erbium-doped fiber amplifier (EDFA) [42, 43]. In rare-earth doped
media, the atomic energy levels of rare-earth ions are used in the
stimulated emission process. With their easily deposited and CMOS-
compatible host glasses, lasers based on rare-earth electronic
transmission possess great potential as scalable solutions to the on-
silicon laser problem. Omne possible issue with use of glasses as the
guiding dielectric is due to their low refractive indices. With glass
waveguides, reduced index contrast can yield devices that are sensitive
to refractive index changes due to fabrication differences.

1.3 Erbium-Doped Amorphous Aluminum Oxide
(Er*t:Al,0,)

Of all 15 lanthanides (those with atomic numbers 51 through 71), erbium is
one of the most commonly used dopants. This has to do with the
characteristics of silica fibers which have become standards over which optical
signals are carried over long distances like the Atlantic Ocean. Figure 1.6
shows optical losses of silica fiber per unit length as a function of wavelength.
For shorter wavelengths closer to the visible spectrum, absorption losses are

dominated by Rayleigh scattering. For wavelengths longer than 1.7 pm,
infrared absorption losses are the dominant factor in determining the fiber

losses. This leaves a minimum loss window around the wavelength of 1.55 pm
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that is suitable for long distance communications with the use of minimum
optical power.

T T T T T T T
14r
""""" Rayleigh scattering
12 L mmm e IR absorption

total losses

loss (dB/km)

1 11 1.2 1.3 14 1.5 1.6 1.7 1.8

wavelength (pm)

Figure 1.6 — Optical losses per unit length of silica fiber. Influences by Rayleigh
scattering at shorter wavelengths, and infrared vibrational losses are clearly observed.
Absorption peaks of OH™ ions are not shown, as they can be eliminated under proper

deposition conditions [44].

It turns out that, due to the number of electrons in its ionic state, erbium
allows for transitions at wavelengths of 0.55 pm, 0.98 pm, 1.45 um, 1.55 pm,

and 2.90 um, as shown in Figure 1.7. The 1.55 pm emission arising from the

15 2 s /2 transition is of particular interest as it directly coincides with
the low-loss window of silica fibers, and also since it has a lifetime of
approximately 10 ms. Due to the long lifetime of the upper lasing state, it is
much easier to achieve population inversion in comparison to semiconductor
gain media which typically have lifetimes of a few nanoseconds. The emission
spectrum of erbium ion Er*" also provides possible pumping windows around
0.98 um and 1.45 pm, making Er’* an excellent candidate for optically
pumped on-chip light emission devices.
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Figure 1.7 — Energy diagram and commonly used transitions of erbium ion Er*" [44]

Despite all these advantages of using an Er®" based system, achieving gain or
lasing output from Er*" doped media can still be challenging. One of the main
challenges encountered stems from the relatively small absorption cross section
of Er'", as shown in Figure 1.8. Concentrations upwards of 1x10* cm™ are
routinely needed in order to achieve sufficient absorption [45]. Increased
concentration however results in luminescence quenching effects where
lifetimes of ions and the output intensity are significantly reduced [46].
Various co-doping methods using ytterbium (Yb**) have been shown to reduce
quenching effects [47], but are not pursued in this thesis.

In order to use Er’" or any other rare earth dopants in silicon photonics
applications, suitable host media need to be found. Among general
requirements like CMOS-compatibility, ease of material processing, and
minimal propagation losses, requirements specific to the dopants such as good
Er3+ solubility, and low phonon energy to reduce non-radiative decay are
desired. Common crystalline hosts such as LiNbO3 (lithium niobate) or
Y3AI5012 (yttrium aluminum garnet or YAG) are suitable for Er3+, but
require epitaxial growth. Silicon has extremely low Er3-+ solubility, and is
therefore also not suitable. Any polymers like PMMA are thermally unstable,
and also CMOS-incompatible. This leaves amorphous glasses like silica,
phosphate, fluoride, and alumina as possible hosts that can provide the broad
gain spectrum needed for WDM architecture, and be deposited using CMOS-
compatible equipment relatively easily. One issue that has been mentioned in
the previous section is the low index contrast provided by the glass guiding
media. Of the types listed, alumina is reported with the highest refractive
indices around 1.65, whereas the others have remained around 1.4-1.5 [48-50].
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Figure 1.8 — (a) Absorption and (b) Emission cross-section spectra of Er*" between 1.4

pm and 1.7 um [51]

The remainder of this thesis explores a deposition procedure of Er*":Al,Q,, and
demonstrates CMOS-compatible laser operation using the process recipes
developed. Chapter 2 focuses on development of the deposition process, how
various process parameters affect the optical quality of the deposited Al203
and Er’":AlL,O,, and the metrology of film properties important for active
device operation such as dopant concentration. Chapter 3 discusses the design
methodology of creating a process flow suitable for the deposition explained in
Chapter 2. Details of the laser cavity, including pump and signal mode
solutions, and experimental demonstration of lasing results are also presented
in Chapter 3. In Chapter 4, materials and devices results are summarized, and
a vision for Er*":AlL,O, based devices is given with examples of possible future
work.
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2.1 Advantages of Sputtering

Sputtering is a widely used physical vapor deposition (PVD) process for
fabrication of thin films [52]. Due to its relative simplicity, sputtering can
reliably and consistently yield the host media required for integrated optics.
First of all, sputtering allows for a practically contaminant free deposition in
an ultra-high vacuum environment. In contrast, deposition techniques such as
CVD or sol-gel based methods inevitably introduce OH contamination,
reducing luminescence intensity in active devices [53]. Secondly, one can use
reactive sputtering to deposit films of thicknesses on the order of micrometers
in only a few hours. Comparable methods such as atomic layer deposition
(ALD) or other epitaxial growth techniques, although can produce films of
excellent quality, suffer from their slow deposition rates. Therefore methods
such as ALD and epitaxial growth are commonly used for applications where
film thicknesses are on the order of tens of nanometers [54]. Additionally,
sputtering allows for deposition on a variety of substrate sizes. This makes it
possible to easily transfer the process from centimeter sized dies used for
prototyping to larger substrates such as the commonly used 300 mm and 200
mm wafers.

In silicon photonics, the fabrication methods need to not only be able to
reliably produce the desired films, but also be CMOS compatible. For
integration with electronics, and in order for making use of the already
existing multi-billion dollar silicon manufacturing technology, the fabrication
techniques used for integrated photonics must satisfy the requirements of the
CMOS industry. This compatibility ensures the quality of photonic integration
as well as providing the photonic devices access to control circuitry for
electronic signal generation and processing protocols [55]. The ultra-high
vacuum environment used in sputtering eliminates any contaminants such as
gold, which greatly inhibits electronic device performance. The parameter
space for sputter deposition also allows for high quality films to be produced
at temperatures lower than 525 °C, over which CMOS structures have been
shown to deteriorate [56].

2.2 The Kurt J. Lesker Lab 18 Sputtering Tool

In order to be able to investigate co-doping possibilities, and for the quality of
the sputtered films, a new sputtering tool was purchased. Made by Kurt J.
Lesker Company (KJLC), Lab 18 is a modular thin film deposition system
that can be configured to be used for sputtering, electron beam deposition, or
thermal evaporation. A Lab 18 system was purchased, customized for ultra-
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high vacuum sputtering, and installed in MIT’s NanoPrecision Deposition
Laboratory, as shown in Figure 2.1.

Figure 2.1 — Kurt J. Lesker Lab 18 sputtering system located in NanoPrecision
Deposition Laboratory at MIT

Summarized below are some of the significant advantages of the Lab 18
system in comparison with other similar systems.

* Loadlock: In systems where the process chamber has to be vented for
a new wafer to be loaded, the user has to wait for the chamber to
pump down to an acceptable base pressure. Sometimes, in such
systems, reaching a base pressure of 10° Torr can take as long as a few
hours. The Lab 18 system is equipped with a loadlock, which is a
secondary vacuum chamber used for transferring substrates into the
main process chamber. As the loadlock is much smaller, it can be
pumped down much quicker (in about 10 minutes), and therefore
allows for quicker operation of the system. More importantly, any
deposition process can be carried out without compromising the
integrity of the process chamber vacuum. This in turn results in higher
quality films free of any possible contaminants.

* Radio Frequency (RF) power supplies: Conventional sputtering
systems use direct current (DC) power supplies, which work with
metallic targets. However, for dielectric targets or reactive deposition,
plasma arcing becomes one of the most important challenges. Lab 18
uses RF power supplies to prevent excessive charge-up of dielectric
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layers to reduce the risk of plasma arcing. Lab 18 is equipped with four
RF power supplies. One of these is dedicated to the substrate, which is
used for creating a substrate bias before or during deposition for
purposes of substrate cleaning, etchback, or smoothing the surface of
the deposited film. This power supply is rated at 100 W of output
power. Of the three remaining power supplies two of them are paired
with dedicated sputtering guns. These are usually used for dopants
metals such as Er and Yb. Having dedicated power supplies for each
dopant allows for co-doping, which has been shown to enhance active
device performance [57]. The remaining power supply is usually used
for the metal target whose oxide is being deposited. In this manner, the
power consumption is also minimized for producing stack-like
structures where alternating layers of oxides are deposited. These three
remaining power supplies are rated at 600 W.

Downward facing substrate: The direction that the substrate faces
directly affects the quality of the deposited films. In systems where the
substrate faces upwards, flakes and other contaminants are brought
down onto the substrate surface by gravity, and can be trapped in the
deposited film. On the other hand, these systems usually allow for less
complicated wafer loading mechanisms, and use of samples with smaller

and varying sizes, as they don’t have to rest on a carrying platform. In
Lab 18, the substrate faces downwards. This prevents flakes from
sticking onto the surface by gravity. However, deposition on differently
sized wafers or dies requires specially made substrate holders.

Ion beam: In addition to a substrate dedicated power supply, this Lab
18 system is also equipped with an ion source directed at the substrate.
This allows for ion-assisted deposition, where any sputtered material
that is poorly adhered to the substrate is knocked off. It is anticipated
that controllable ion bombardment of the substrate would yield
smoother and denser films [58].
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2.3 Sputtering Process Optimization for Low-Loss Al,O,
and Uniformly Doped Er**:Al,0,

In any deposition system, the film quality vastly depends on process
parameters including the process pressure, gas flows and ratios, power
delivered to targets, substrate temperature, and the distance between the
targets and the substrate (the throw distance). Optimization for high-rate and
high-quality deposition in this multi-dimensional space can be extremely
difficult and time consuming. However, it may be possible to isolate some or
all of these parameters by considering what quantities actually affect the
physics of the deposition process.

2.3.1 Standard Operating Procedure for Lab 18

Regardless of how well optimized the deposition parameters are, the general
usage and the cleanliness of substrates placed inside the vacuum chamber also
greatly affects the process success and consistency. Therefore, any parameter
optimization must be conducted under a standard operating procedure. This
involves not only certain requirements on some of the steps of fabrication, but
also aspects of tool use outside of fabrication like consistent recordkeeping. To
this end, the following requirements are imposed for the use of this sputtering
tool.

e FKach wafer is assigned an ID in the form of K###, and a
corresponding record is created in a paper log, an independent log on a
separate computer.

* For each substrate and for each process, a separate recipe is created
with the same name format as above. During the process, the record
function is used on the controller software to track system parameters.
These trend files stored in the Lab 18 computer.

e Wafers and dies are loaded with a pair of machine-dedicated tweezers
onto the wafer platen inside the loadlock.

* The loadlock is pumped down to 6x10° Torr before transfer into the
process chamber is initiated. This is determined by how fast the
loadlock can be pumped down from atmospheric pressure, and how
much the process chamber pressure is affected by opening the isolation
valve of the loadlock.
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The substrate heater is ramped up to 400 °C at a rate of 10°C per
minute, and held there for two hours under rotation. This outgassing
step is introduced in order to ensure cleanliness of the substrate and
the chamber from any contaminant gases. The 400 °C limit is imposed
by the thermal limits of CMOS structural integrity and a safety factor
of roughly 100 °C. The rate and rotation are included for achieving the
most uniform temperature distribution across the substrate surface.
Lastly, the duration of outgas is determined by how much the partial
pressures of H,, He, N,, H,O, O,, Ar, and CO, change during this
outgas. As shown by the residual gas analyzer scan in Figure 2.2, after
an outgas of two hours, the partial pressures of these gases have
decreased to a level that is similar to what they were before the
substrate had been loaded in.
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Figure 2.2 — Water vapor partial pressure inside the process chamber (light blue), and
substrate temperature (dark blue) during outgas. After the substrate temperature is held
at 400 °C for two hours, water pressure has dropped to levels similar to what it was

before the outgas.

At any point during the process, if the substrate temperature needs to
be changed, the heater is ramped up or down to the desired value at a
rate of 10°C per minute. This ensures uniform temperature distribution
during the whole process.

After plasma has been initiated, all targets that are going to be used in
this deposition process are sputtered at 400 W for 5 minutes for
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cleaning and uniformity of the deposited film. This is called pre-
sputtering, and is a common practice in similar sputtering and
evaporation like PVD methods [59]. The reason for choosing 400 W will
be explained in Section 2.3.2.

2.3.2 Determining the Optimum Deposition Conditions for Low-
Loss ALO,

In reactive sputtering, the oxidization of the target material is a well-
documented and experimentally verified phenomenon [60-62]. It is also one of
the most important mechanisms by which the quality of the resultant material
and the rate of deposition are determined. Therefore, it makes sense to
investigate this oxidization behavior in order to gain insight into how this
specific sputtering tool responds to changing reactive gas flow in its current
configuration. This can be done in the following manner.

By sputtering mechanics, we know that delivering a greater amount of power
to a target material creates a greater magnitude of bias voltage across it. This
attracts more Ar' ions, increasing the number of atoms knocked off the
surface of the target and sputtered onto the chamber surfaces. Consequently,
and as experimentally shown [63], this results in a higher deposition rate. In
many applications, for utility, consistency, and the repeatability of the
process, a reasonably high, yet constant deposition rate is required. The
maximum amount of power available in the Lab 18 sputter tool for the Al
target is 600 W. However, in order to make best use of the generator lifetime,
this power supply is operated at a maximum of 400 W. This is the first
parameter that is chosen for optimization of the low optical loss Al,O,
deposition process. For ease of operation, targets are also pre-sputtered at 400
W.

Once a radio frequency output power has been determined, the oxidization
behavior can be modeled. The goal of this step is to determine the operating
state of the target as a function of reactive gas flow, and use this information
to identify a parameter subspace for obtaining the correct stoichiometry of
Al,O, while maintaining the highest deposition rate possible. The operating
state of the target can be metallic or oxidized (also known as poisoned), and is
identified by the discharge voltage developed across the target. After the O,
flow has been increased sufficiently high to cause an abrupt drop in this
discharge voltage, the target surface is known to be poisoned [64].
Measurements shown in Figure 2.3 clearly demonstrate this expected behavior
of metallic to oxidized target transition with increased reactive gas flow.

30



240 1

230
220

Al Target Discharge Voltage (V)

150

240 1

220

Al Target Discharge Voltage (V)

150

Figure 2.3 — Discharge

210 1
200 1
190
180
170 1
160 1

® Constant 160

[\
w
o

210 1
200 1
190
180
170 1
160 1

p sccm Ar Flow
® Constant 3 mT
Process Pressure
0 2 4 6 8 10
Ratio of O, Flow to Ar Flow (%)
(a)

® Constant 160
sccm Ar Flow

®Constant 3 mT
Process Pressure

0 2 4 6 8 10
O, Flow (sccm)

(b)

voltage developed across the Al target as a function of (a) the

ratio of O, flow to Ar flow, and (b) O, flow. Dark blue indicates measurements under
constant Ar flow of 160 sccm, whereas light blue is used to display discharge voltage

measured at a constant

pressure of 3 mT. Both sets of measurements are taken with
maximum pumping speed possible.

31



Under both constant Ar flow and constant process pressure conditions, the
abrupt drop in the discharge voltage is observed at an O, flow of 4.0 sccm.
This also marks the stoichiometric point for Al,O,. In other words, using a
smaller amount of O, flow results in metallic films, whereas higher flows fully
poison the Al target and significantly reduce the deposition rate [65]. Figure
2.3 also shows the well-known hysteresis effect where changing the reactive
gas flow can result in the discharge voltage to increase or decrease depending
on the current state of the target (metallic or oxidized). As a result, for a
given gas flow, the target can be in the metallic or oxidized state, depending
on the history of the gas flow. Therefore, a small increase in the reactive gas
flow can lead to a dramatic decrease in the discharge voltage. A following
decrease of similar amount in the reactive gas flow however does not bring the
system back into the same stoichiometric operating state, due to the hysteresis
shown. This makes it difficult to operate the system at this stoichiometric
point. However, it has been shown that increased Ar flow rates can make the
hysteresis loop shrink, and eventually collapse to a single curve at high enough
pumping speeds [66, 67]. This is why the system is operated at the maximum
pumping rate possible with a turbomolecular pump where the gate valve is
left in the fully open position. On the other hand, it is also known that
increased deposition pressure, which inherently results from increased Ar flow
rate at constant pumping speed, causes a slower deposition rate due to
reduced discharge voltage, and also a lower refractive index [68-70]. This
requires experimentation with different process pressures, which can be
adjusted by the mass flow controllers (MFCs) at a given pumping speed.

Once the gas flows for different deposition pressures have been determined,
the substrate temperature for deposition is considered. The main goal here is
to determine an optimum substrate temperature at which optically low-loss
Al O, films can be deposited consistently. In order to characterize the optical
loss, a Metricon prism coupler setup is used where the intensity of scattered
light is recorded with a fiber. This intensity profile is then fitted with an
exponential decay, from which the extinction coefficient is extracted [71].

The deposition temperature is measured by a thermocouple that is placed
next to the substrate heater, which the substrate is placed directly
underneath. Therefore, temperature distributions of substrates of different
materials may vary. This can be monitored by the current delivered to the
substrate heater in order to keep the substrate at a certain temperature. As
the heater is automatically controlled, current is adjusted in order to stabilize
the substrate temperature. This is plotted in Figure 2.4 for temperature ramp-

up from room temperature to 400 °C for three different substrate types: an 8”
Si wafer, a 6” Si wafer with a holder around it, and two 20 x 25 mm Si dies

with appropriate housing placed in the 8” opening.
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Figure 2.4 — Variation in the current supplied to the substrate heater during ramp-up

from room temperature to 400 °C for 6” and 8” substrates, and 20 x 25 mm chips

It is seen that similar amounts of substrate heater current are required to keep
different substrate types at given temperatures. We therefore conclude that no
extra temperature calibration steps are necessary when the substrate type is

changed. A reliable process can then be developed with 6” Si substrates, and

be easily transferred to larger 8" Si wafers or smaller dies.

In order to achieve amorphous alumina, the substrate temperature during
deposition must be kept relatively low. Crystalline forms have been observed
at temperatures as low as 250 °C [72]. Sufficiently low deposition temperature
requirement is also imposed by CMOS compatibility as discussed previously.
Hence, although Lab 18 can reach substrate temperatures up to 800 °C,
optimization is performed for temperatures under 450 °C. As shown below in
Figure 2.5, 250 °C was determined to be an appropriate temperature for
achieving low-loss ALO,. Optical losses below 0.1 dB/cm were achieved. At
lower losses, a longer than 5 cm propagation length is needed in order to
observe comfortable measurable decreases in the scattered light intensity.
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Figure 2.5 — Optical losses of reactively sputtered Al,O; films as a function of substrate
temperature during deposition. Other deposition conditions such as pressure, RF power
delivered to the substrate and the Al target, and O, flow are kept constant at 5 mT, 90

W, 400 W, and 4.1 sccm, respectively.

Another crucial parameter the deposition has to be optimized for is the RF
power delivered to the substrate. Previous studies have shown that reactively
sputtered films under weaker substrate biases exhibit greater surface
roughness [73], and higher optical loss due to increased Rayleigh scattering
[74]. Similar results have been obtained with the Lab 18 sputter tool, where

optical loss decreased to a minimum of 0.1 dB/cm in the C-band of 1530 —
1565 nm with the use of 90 W substrate bias. Weaker substrate biases of 60
W, 30 W, and operation without substrate bias yielded increasingly high-loss
films. Optical losses as high as 23 dB/cm were recorded at 632 nm when no
substrate bias was used. With use of 90 W substrate bias, losses in the visible
and near-to-mid infrared spectra have been reduced to below 0.2 and 0.1
dB/cm respectively. Results are shown in Figure 2.6.
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Figure 2.6 — Optical losses of reactively sputtered Al,O; films as a function of substrate
bias. Other deposition conditions such as pressure, substrate temperature, RF power
delivered to the Al target, and the O, flow are kept constant at 5 mT, 250 °C, 400 W,

and 4.1 sccm respectively.

As expected, surface roughness of the Al,O, films also decreases with
increasing substrate bias. Shown in Figure 2.7 are two atomic force
micrographs obtained from films deposited with 90 W of substrate bias and no
substrate bias. Significant improvements on surface roughness are observed

over a lpum® area. With the use of the substrate bias, root mean squared

roughness R, has decreased by almost an order of magnitude from 3.31 nm to
0.35 nm.

In summary, a region of operation for reliable fabrication of optically low-loss

Al,O, has been identified. These process parameters, as well as some of the
resulting characteristics of Al,O, are listed in Table 2.1.
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Figure 2.7 — Atomic force micrographs of films deposited with (a) no substrate bias, (b)

90 W substrate bias over 1um? area. Root mean square surface roughness has
significantly decreased, with the addition of 90 W substrate bias. Note the vertical scale
differences between the two surfaces, indicating the magnitude of the difference between

the surface roughnesses of the two samples.

Substrate Temperature 250 °C
Ar Flow 160 sccm
O, Flow 4.0 — 4.3 sccm
Process Pressure 50—=5.1mT
Al RF Power 400 W
Substrate Bias 90 W
Refractive Index 1.60 @ 632 nm
1.58 @ 1550 nm

Optical Loss 0.2 dB/cm @ 632 nm
0.1 dB/cm @ 1550 nm

Surface Roughness 0.35 nm over 1pm?

Table 2.1 — Summary of deposition parameters and resulting characteristics of optically
low-loss Al,O, films deposited with the Lab 18 sputter tool
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2.3.3 Characterization of Dopant Concentration

In this section, characterization of Er’*" as a rare-earth dopant is considered
due to its 1.5 pm atomic transition window. However, a similar procedure can
be followed with other possible dopants such as Yb*" or Nd*" to achieve gain
or lasing in other bands.

After appropriate process parameters have been identified for low-loss Al,O,
deposition, dopant concentration is investigated. The dopant concentration is
mainly controlled by the discharge voltage developed across the dopant target
metal. Although influenced by the amount of power delivered to the
sputtering gun this target is placed in, the discharge voltage is also a function
of various other vacuum parameters like the gas flows and process pressure.
Nevertheless, the number of atoms sputtered off of a target is determined by
the discharge voltage, which dictates the number of Ar" ions attracted
towards it. Therefore, the analysis of dopant concentration is given as a
function of the discharge voltage across the dopant target.

Initial experiments involving Er*" as a dopant have been carried out by simply
adjusting the power delivered to the Er’" target. However, upon examination
of the trend files, it has been discovered that the discharge voltage changed
dramatically during the deposition process. For a constant RF power of 45 W,
the discharge voltage developed across the Er’" target has decreased from 59
V to 47 V. When a smaller amount of power was delivered, the discharge
voltage changed even more dramatically, as it dropped from 48 V to 15 V for
30 W of RF power. This suggests that films deposited in this manner are
likely to exhibit dopant profiles varying with film thickness. In order to
mitigate the drift of the discharge voltage, several solutions can be proposed.
One possible solution is to actively change gas flows or process pressure during
deposition. This change in process parameters during deposition can affect
film properties since the Al target is operated just at the edge of being
oxidized. Therefore, actively changing process parameters like gas flows or
pressure is not advisable. A simpler alternative is to increase the RF power
delivered to the Er®" target, so that the discharge voltage stays constant.
Some power supplies have DC voltage levelling modes, where power output is
controlled automatically to stabilize the discharge voltage. Voltage levelling
modes can also be mimicked manually by incrementing the power by 1 W
every time the discharge voltage drops by 2 V. By manually incrementing
radio frequency power, 60 V and 75 V stable discharge voltages were achieved
with RF powers of 45 to 53 W, and 62 to 75 W, respectively. All four cases
described here are shown in Figure 2.8. Note that the changes in discharge
voltage are not linear in time. This nonlinearity makes it difficult to set
constant increase rates in power. Therefore, a power supply that can
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automatically control its output to stabilize the plasma discharge is highly
desirable.
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Figure 2.8 — Behavior of erbium discharge voltage under 30 W and 45 W constant RF

power (solid lines), and the amount of power required to keep stable erbium discharge
voltage of 60 V and 75 V (dotted and dashed lines).

Given a constant discharge voltage, the dopant concentration can then be
estimated by the amount of optical loss at a certain wavelength. For this
measurement, again, the prism coupler setup is used, along with two external

lasers for the bands of interest: 960 — 990 nm for the pump absorption and

1510 — 1580 nm for signal absorption/emission. Along with loss measurements,
the absorption cross-section of Er’" is also necessary. The two datasets can
then be linked by a dopant concentration, since losses are mainly determined
by the concentration for a given absorption cross-section. This is modeled by

a(d) = agps(D) + apcy (1) = (1010g(e) F(/l))aabs(l) + Apeg (D) (2.1)

where the total loss a(ﬂ,) is given in terms absorption and background losses

a (ﬂ.) and @, (ﬂ.), and aabs(ﬂ.) is written in terms of the absorption cross-

abs
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section o, (A), and the mode confinement factor in the core of the waveguide

r(4).

In Figure 2.9, the analysis given in Eq. (2.1) is shown for two films deposited
at different Er’" discharge voltages, 60 V and 75 V. As calculated from the
losses in the signal band, the first film has an Er’" concentration of 9.5x10"
cm™®, whereas the second film has an Er’" concentration of 1.9x10* cm™.
Notice that a 15 V increase in the discharge voltage caused the dopant
concentration to double, indicating a non-linear dependence of the sputtered
dopant atoms on the discharge voltage. The increase in the dopant
concentration is also seen in the increased optical absorption losses for the 980
nm pump band. The excellent overlap of absorption cross-section data with
the loss measurements emphasizes low background losses, which are estimated
by the last plots as 0.08 dB/cm and 0.29 dB/cm. It is important to note that
these are only approximate values, as background losses due to scattering
mechanisms are also wavelength dependent. However, these estimates are low
enough that they support the loss measurements presented in the previous
section. Lastly, with enough dopant concentration, a 20 nm wide bandwidth is
obtained where absorption losses are over 3 dB/cm. This confirms that
Er’":Al,O, is an appropriate platform for amplifier and laser applications for
on-chip routing of wavelength-division-multiplexed signal without any
significant cross-talk between spectrally adjacent channels.
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Figure 2.9 — Absorption losses in the pump and signal wavelengths of Er**:Al,Q; films
doped with Er** discharge voltages of (a) 60 V and (b) 75 V. Absorption cross-section
data of Er*" [51] is plotted on the secondary vertical axes with the solid line.
Concentrations of 9.5x10" cm™ and 1.9x10%* cm™ are obtained from the ratios of losses to
the absorption cross-section.
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3.1 Design Considerations for Optically-Pumped On-Chip
Lasers

With increasing demand in high speed interconnects, the use of wavelength
division multiplexing (WDM) has become commonplace in optical networks.
Invented in the 1970s [75], the WDM technology has been widely studied and
is used as a means of increasing communication bandwidth in optical links.
Many passive devices making use of the WDM architecture have been
demonstrated for use in optical networks, as already shown in Figure 1.4.
However, for scalable and low-cost production of these devices, integration
using conventional CMOS technologies remains to be the ultimate goal [76].

An on-chip light source is one of the most essential, yet also one of the most
difficult to realize components of an integrated WDM photonics link [77]. This

is due to silicon’s indirect bandgap, which makes light emission extremely
challenging in pure silicon devices. However, even with the use of different
gain media like doped glasses, several requirements need to be met in order for
such a technology to become a scalable standard. These requirements are
summarized below.

* Device footprint: Since one of the goals of silicon photonics is the
full integration of photonic system on centimeter scale die, the laser
structures need to occupy a sufficiently small footprint. With the trend
towards smaller node sizes in CMOS electronics, photonic structures
also need to be properly scaled for compatible packaging and assembly
[6]. With a WDM scheme, integration of 8, 16, or 32 laser sources on a
single die would require each one of the lasers to have a footprint of
approximately 10, 5, and 2 mm?® At the time of writing, laser sources
with footprints smaller than 1 mm® can be regarded as a vision that
would enable many applications for silicon photonics.

* Pump confinement in the gain region: In optically-pumped
lasers, the pump laser is absorbed by the gain medium, where the
atoms are elevated to an excited state. If pump light is not absorbed, it
can be scattered, which ultimately reduces the efficiency of the laser.
Therefore, for efficient absorption, confinement of the pump mode
within the cross-section of the gain medium is essential. This can be
achieved by proper waveguide design and dispersion engineering.
However, if the pump and signal wavelengths are significantly far
apart, this seemingly simple requirement can be challenging to satisfy.
Gain medium confinement of the pump mode will be specifically
addressed in later in this chapter.
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* Mode sizes and dopant profile: Sizes of the pump and signal
modes, their overlap, and the distribution of the dopant atoms also
influence laser characteristics like pump threshold and laser efficiency.
Smaller mode sizes help reduce the threshold pump power as similar
levels of pump intensity can be achieved using less power. Another way
to achieve higher lasing efficiency is to confine the dopants to the
central region of the optical modes where the intensity is highest [78].
This requires one to engineer the on-chip waveguide geometry for
maximum possible overlap of the pump and signal modes.

3.2 Design of On-Chip Distributed Bragg Reflector (DBR)
Laser

Traditionally, the Bragg condition refers to the phenomenon of constructive
interference created by the scattering of light from atoms in a crystalline solid
[79]. A similar nomenclature is employed when referring to the interference
caused by subsequent reflections from the dielectric boundaries created by a
thin film or waveguide geometry. In this section, a laser cavity design that
satisfies the above constraints and uses DBRs on either side as reflectors is
studied. First, pump and signal mode profiles are solved for various refractive
indices of the comprising materials. Then, the design parameters and the
spectral response of a DBR are discussed.

3.2.1 Laser Cavity Design

One of the biggest challenges of working with rare-earth dopants results from
the inherent constraints of the CMOS fabrication flow. Conventionally, in a
silicon-on-insulator (SOI) platform, one can design the waveguide geometry
using the 220 nm thick Si layer, and pattern this layer using basic
photolithography. However, since rare-earth dopants themselves are not used
in CMOS foundries, any materials hosting these dopants also need to be
deposited using a back-end process. Ultimately, no further lithography steps
are possible after the deposition of any rare-earth doped layers. This requires
the underlying layers to be designed in such a way that when the gain
medium is blanket deposited on top, the mode confinement, overlap, and
dopant profile conditions listed above are satisfied.
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For the reactively-sputtered Al,O, described in the previous chapter, refractive
indices of 1.60 and 1.58 have been obtained at 980 nm and 1550 nm
respectively. For this ALO, to be the waveguide core, a different medium with
a smaller refractive index is needed as the cladding. One possible choice is
SiO,, whose refractive index is approximately 1.45. However, the index
contrast between these two media is not large enough to enable sufficiently
compact integration. On the other hand, use of Si with Al,O, is also extremely

challenging, as the mode would be easily pulled into the Si layer due to Si’s
much higher refractive index of 3.4. Another possibility is the use of Si;N,,
whose refractive index is around 2.0. However, the main challenge is then to
come up with a waveguide design where the pump and signal modes are
guided by Si;N,, but are still mainly confined in Al,O,.

An appropriate waveguide design is outlined in [80], where a 100 nm thick
layer of SiO, is used between the 4 pm wide and 100 nm thick guiding Si;N,

and the 2 pm thick AlLO, gain medium. This thin layer of SiO, acts as a buffer
between the two higher index layers, which in turn reduces the guiding
tendency of the high index Si;N,, and enhances mode confinement in the Al,O,
region. An example mode profile for 1550 nm signal inside the laser cavity is
given in Figure 3.1. Note that most of the mode is confined in Al,O,, whereas
lateral confinement and guidance is achieved by the buried Si;N,.

1550 nm

Height (um)

Width (um)

Figure 3.1 — Electric field intensity profile example for waveguide structure described in
[80] with 100 nm thick SiO2 gap between Si;N, and Al,O, layers. Buried Si;N, is 4 pm
wide and 100 nm thick, and the blanked deposited Al,O5 is 2 pm thick.
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As expected with glass waveguides’ low refractive index contrast, the design
shown above is sensitive to changes in the refractive index of the Al,O, layer.
Previously, a deposition process almost identical to the one described in [54]
was used, which yielded an Al,O, refractive index of 1.65 at 980 nm. However,
the process described in the previous chapter was performed in a different
sputtering tool, and was optimized under different process conditions, the
most important of which is the lower temperature. Therefore, it is natural to
expect changes in the refractive index of the resulting materials. In fact,
previous research has shown that deposition conditions influence refractive
index greatly, as indices anywhere from 1.53 to 1.80 have been recorded for
reactively-sputtered Al,O; [81, 82]. Nevertheless, such changes can be
accommodated by making slight adjustments to the waveguide design to
satisfy the confinement and overlap constraints. These are best analyzed by
the intensity distribution profiles obtained with different indices of Al,O, as
given in Figures 3.2, 3.3, and 3.4 below. For each mode profile, effective index
and mode confinement in Al,O, layer, as well as the mode overlap between the
pump and the signal profiles are noted.

980 nm TE 1550 nm TE

~-1 _
So §
z =
% 2 %
I3 I
0 5 -5 0
Width (um) Width (um)
n, =1.63815, T, =0.9491 n, =1.62353, T, =0.9399

(a) (b)

Figure 3.2 — Electric field intensity profiles with Al,O, refractive index of 1.65 for (a)
980 nm fundamental TE pump mode, and (b) 1550 nm fundamental TE signal mode.

Excellent pump and signal mode overlap: T' =0.9897

overlap

As originally designed for Al,O, refractive index of 1.65, the TE modes for
pump and signal wavelengths of 980 nm and 1550 nm are shown in Figure 3.2.

Both modes are highly confined in the 2 um thick ALO, layer, as indicated by
the confinement factors of '’ =0.9491, and T

pump signal

=0.9399. Consequently, an

excellent mode overlap of T

overlap
signal modes. This design therefore satisfies the conditions given in Section
3.1.

=0.9897 is obtained between the pump and
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Figure 3.3 — Electric field intensity profiles with lower Al,O; refractive index of (a) 1.60
for 980 nm fundamental TE pump mode, and (b) 1.58 for 1550 nm fundamental TE

signal mode. Pump and signal mode overlap is also slightly decreased: T =0.9699

overlap

With the lower refractive index of Al,O,, the mode profiles given in Figure 3.3
are obtained. With the refractive index change, the pump mode shape has
been altered significantly. The optical mode is now pulled more strongly into
the higher index Si;N, layer, as expected. This sensitivity of the pump mode
shape is the biggest setback of this design, as a laser with the mode
distributions in Figure 3.3 would have a much higher threshold pump power
compared with the one in Figure 3.2. On the other hand, the signal mode in
Figure 3.3(b) looks fairly similar to the signal mode in Figure 3.2(b). This can
be attributed to the longer wavelength of the signal, which plays an important
role in determining mode size in a given dielectric geometry. The pump and
signal mode overlap is slightly less than before, but still sufficiently high at

[, =0.9699. However, the drastic change in the pump mode profile

suggests much lower efficiencies from this laser.

980 nm TM 1550 nm TM
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Figure 3.4 — Electric field intensity profiles with lower Al,O; refractive index of (a) 1.60
for 980 nm fundamental TM pump mode, and (b) 1.58 for 1550 nm fundamental TM

signal mode. Again, excellent pump and signal mode overlap: T =0.9868

overlap
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One way to pull the pump mode back in the ALO, with the lower refractive
index is to use a TM pump. This is easily achieved by the use of a
polarization controller. By comparing Figure 3.4(a) and Figure 3.2(a), it can
be concluded that the TM pump mode with the lower Al,O, refractive index is
in fact similar to the TE pump mode with the higher Al,O, refractive index.
The TM pump mode is again highly confined in AlLO,, with a confinement

factor of T, =0.9627. For reference, the TM signal mode is also provided,

=0.9868

between the TM pump and the TM signal modes is again similar to the TE
counterpart in Figure 3.2. This indicates that with the TM pump mode, the
constraints given in Section 3.1 can again be satisfied, indicating possible laser
operation.

which is again mostly confined in Al,O,. The mode overlap of T

overlap

It is important to point out that the waveguide design presented here does not
intend to favor either one of the fundamental TE or TM signal modes over
one another. However, due to interactions of these fundamental modes with
higher order modes or other radiation modes, the fundamental TE and TM
modes will inevitably experience different losses inside the laser cavity. In
principle, one can solve for the higher order modes and calculate coupling
coefficients between the fundamental TE and TM modes to these higher order
modes, and find out if one is favored over the other. This requires a much
larger simulation window which indicates at least quadratically longer
simulation times. In practice, since the output from a laser is usually observed
on an optical spectrum analyzer, one can easily determine the lasing
wavelength. This can then be used to identify the lasing polarization mode, as
cavity gratings have different spectral responses to different polarizations of
light. This comes from the difference in the effective indices corresponding to
TE and TM signal modes. In the next section, a grating design that makes use
of the above described cavity is presented. Using fundamentals of distributed
Bragg reflectors, grating responses are simulated for a variety of design
parameters.

3.2.2 Spectral Response of Distributed Bragg Reflectors

An integrated DBR is implemented by using materials of alternating
refractive indices. Due to successive reflections through alternating dielectric
layers, the grating diffracts the forward traveling wave into the backward
traveling wave. The resonance of the grating is determined according to the
grating period. The Bragg condition for maximum reflection is satisfied when
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A= (3.1)

where A is the period of the grating, A, is the vacuum wavelength of light,
and n,, is the effective index of the medium that the light propagates in. This

effective index is calculated by a 2D mode solver where the refractive index

for the grating regions is replaced by an equivalent index n, calculated from
n =D’ +(1 —D)no2 (3.2)

where n, and n, are the alternating refractive indices used to make the

grating structure, and D is the duty cycle of the grating. Notice that Eq.
(3.1) only specifies what wavelength the maximum reflectivity condition will
be observed at, and does not provide any other spectral information [27].

The reflectivity itself is determined by the strength of the grating (or
equivalently, the coupling coefficient between the forward and backward
traveling waves), which depends on a number of factors including the index
contrast of the dielectrics that make up the grating, the mode confinement in
the grating region, and the duty cycle of the grating. According to coupled
mode theory, the coupling coefficient x is given by

k,
K =
273

(2 =, Jsin(zD)r (3.3)

where k, is the free-space wave vector of light of wavelength A,, B is the

propagation constant in the grating region, and I' is how much of the signal
mode overlaps with the grating [83]. Note that this is not the same as the
mode confinement in the gain medium, as this I' only refers to the
confinement within the part of the cross-section where the mode goes through
alternating indices.

Given these parameters, the spectral reflectivity of a uniform Bragg grating of

length L is given by
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X sinh(jyL)
r= 4 (3.4)
cosh(j;/L)+gsinh(j;/L)
4

where

2n
0=”(_€ﬁ‘_l)

Jyo A
(3.5)

yt=o |
are defined for convenience. Example grating response is given in Figure 3.5.

The design parameters described above can be used to engineer a grating’s
response in the following manner. With an increased coupling strength, the
near-flattop response shown in Figure 3.5 (a) is widened even more. This can
be used to design wider or narrower filters, as required by the specific
application of interest. The coupling strength can be adjusted by changing I",

which depends on the waveguide geometry. As a result, I' can be used as a
straightforward way of changing filter bandwidth, given that the coupling

length L is sufficient. Conversely, the coupling length L can be adjusted in
order to raise or lower the maximum reflectivity of the grating, given that the
grating has sufficient coupling strength. Examples given in Figure 3.5

demonstrate how I' and L influence the spectral characteristics of the filter
response. Specifically, the effect of reduced coupling strength shown in (b) is
compensated by the increased grating length as shown in (c).

In addition to the behavior of the spectral reflectivity around the wavelength
at which maximum reflectance is observed, one can also design the grating to
have a certain reflectance when the Bragg condition is satisfied. Resonance
reflectance can be tuned by adjusting the grating perturbation, a measure of
how much the grating differs from a straight waveguide. Although not
obviously seen from Eq. (3.4), the grating perturbation influences the mode

geometry, which in turn determines n, and I'. In the DBR lasers shown in

this section, grating reflectivity is tuned by using varying grating
perturbation. Here, grating perturbation refers to the length of each tooth of
the grating, as shown by the top-down diagram in Figure 3.6. A simulation of
grating reflectivity for different perturbation amounts is also given, where
increased perturbation strength corresponds to an increase in reflectivity, until
the perturbation is strong enough for the reflectivity to saturate around 100%.
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Figure 3.5 — Spectral response of example Bragg gratings with maximum reflectances at
around 1550 nm. Responses for (a) reference, (b) reduced coupling strength, and (c)
reduced coupling strength but increased coupling length
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Figure 3.6 — (a) Top-down schematic diagram, and (b) reflectivity as a function of

perturbation magnitude for 4 pm wide 100 nm thick Siz;N, waveguide with a 100 nm SiO,
spacing on top, as shown in Figure 3.1.

Of the two gratings on either side of the laser cavity, one of them must be
tuned to a slightly lower reflectivity than 100%. The optimal reflectivity
depends on the balance between how much light can be allowed to escape the
cavity and the intensity of the light remaining inside the laser cavity.
Although this can be determined theoretically [19], it requires characterization
of the laser cavity, which would necessarily require multiple fabrication runs
for characterization and re-optimization of the gratings. Therefore, it is easier
to design variations of the same laser with consecutively decreasing grating
reflectivities such as 99.5%, 99%, 98%, 96%, 93%, 89%, 85%, and so on. The
results given in the following section have been obtained in this manner.
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3.3 Fabrication and Measurement of On-Chip DBR Lasers

Now that the proper mode profiles are obtained, and the appropriate Bragg
reflector designs are studied, on-chip lasers can be fabricated and tested.
Except for the deposition of the gain medium described in Chapter 2, all
fabrication steps were done in a standard 300 mm CMOS foundry located in
the College of Nanoscale Science and Engineering in University at Albany,
State University of New York. The fabrication steps for the waveguide
structure shown in Figure 3.1 have been outlined in [80], and can be
summarized as follows.

On a standard, blank 300 mm Si wafer, a 6 pum thick layer of SiO, was
deposited using plasma-enhanced chemical vapor deposition (PECVD). This
creates the bottom cladding of the waveguide structure. In order to reduce the
scattering losses due to surface roughness, the SiO, layer was polished using
chemical mechanical polishing (CMP). Then, the Si;N, layer was deposited
using PECVD. The Si;N, layer was also polished with CMP in order to reduce
surface roughness and to obtain a uniform layer thickness of 100 nm. To
reduce mid-IR absorption in Si;N, due to hydrogen bonds incorporated during
the PECVD process, the wafer was annealed at 1050 °C for 72 minutes. This
plays an important role in reducing cavity losses since Si;N, is the only layer
laterally confining the mode. Then, the 100 nm thick Si;N, layer was
patterned using 193 nm immersion lithography, and etched using reactive ion

etching (RIE) into a 4 pm wide and 20 mm long ridge waveguide. The
gratings on either side of the nitride were originally tuned to 1550 nm. To this
end, the grating period was determined as A =488nm according to Eq. (3.1),

and the simulated effective index of n, =1.5881. L=1.5mm long gratings

with duty cycles of 0.5 were patterned in order to provide sufficient
reflectivity. For separate laser structures, grating perturbation was varied

from 1.29 pm to 0.45 pm to achieve reflectivities ranging from almost 100% to
approximately 85%. After the Si;N, layer has been patterned, the SiO, gap
was then deposited using PECVD, and again polished by CMP down to 100
nm for surface smoothing and thickness uniformity. Then, in order to easily
dice the wafer into individual dies without compromising coupling efficiency,
deep dicing trenches were etched using RIE. These trenches are much deeper
(at least 50 pm) than any of the nitride layers. This makes it easier to couple
light in and out of the die using cleaved fibers, as shown in Figure 3.7.

Finally, the 300 mm was diced into 20 x 25 mm dies, the 2 pm thick rare-
earth doped gain medium Er**:AlL,O, was reactively sputtered on individual
dies with an Er** concentration of 1x10* cm™, as described in Chapter 2.
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Figure 3.7 — Cross-sectional view of die where dicing saw easily clears the edges of the

RIE-etched trenches. Coupling light in and out of on-chip devices is much easier using
the smooth facets.

A standard setup was used for measuring laser output. The 20 x 25 mm die
was fixed on an optical stage. Cleaved fibers were mounted on 3-axis movable
platforms on either side of the die for coupling pump and signal light in and
out of the chip. An optical microscope was used for aligning the fibers with
the waveguides on the chip. 980 nm pump light was coupled into the laser
cavity from either side of the die. Both fibers were polarization controlled, as
this was key to the proper operation of the lasers. Signal light was collected
from the partially reflected side of the laser cavity, and passed through an
external isolator. The collected light was then fed into an optical spectrum
analyzer for characterization. The purpose of the external WDM is to isolate
the residual 980 nm pump light and only direct the signal light into the
spectrum analyzer. A schematic diagram of this setup is presented in Figure
3.8.
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Figure 3.8 — Schematic diagram of laser measurement setup using double sided,
polarization controlled 980 nm pumps, and spectrum analyzer for characterization. Laser
output is measured from the left side of the on-chip device, where the partially reflecting

grating is placed.

In order to accurately measure on-chip power, insertion loss measurements
have been carried out to compensate for chip-to-fiber losses. In the 1550 nm
range, a coupling loss of 7.3 dB was recorded using an InGaAs photodiode.
With this information, spectrum analysis results have been corrected to
display on-chip power. Figure 3.9 shows the spectrum analyzer results of a
laser output measured in this manner. This specific spectrum was obtained
with TM polarized pump light, and with a laser where the partially-reflective
DBR grating had a reflectivity of 99%. Since this partially-reflective grating
was designed to be on the left of the laser cavity, the laser output was also
measured from the left side, as in Figure 3.8.
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Figure 3.9 — Spectral distribution of on-chip power displaying lasing at 1533.4 nm

wavelength with 3.9 pW output power and over 38.9 dB side-mode suppression ratio.
Laser cavity was pumped by TM polarized 980 nm light from both sides with a total
power of 1.6 W.
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According to the optical spectrum analyzer results in Figure 3.9, a maximum

on chip power of 3.9 pW (-24.1 dBm) has been recorded at the lasing
wavelength of 1533.4 nm. This was achieved when the laser cavity was
pumped from both sides using TM polarized 980 nm light. 1.0 A of current
was supplied to both of the pump diodes via separate current controllers.
Single-mode laser operation is verified, as no other modes of significant power
are observed in the lasing spectrum. The noise floor of the spectrum analyzer
is also recorded from Figure 3.9 to be around -63 dBm. This yields a side-
mode suppression ratio (SMSR) of at least 38.9 dB, indicating the quality of
the single-mode lasing operation. This means that any modes that may be
recorded in the output of the laser are at least 38.9 dB more suppressed than
the primary lasing mode of 1533.4 nm. However, if the output power from the
laser was higher, it may have been possible to more accurately determine the
SMSR, since modes with higher power would have possibly been detected by
the analyzer.

At the beginning of this section, the grating resonance was said to be designed
at 1550 nm. One might now ask why the primary lasing output is recorded at
1533.4 nm instead of 1550 nm. This has to do with the previously mentioned
decrease in the refractive index of Al,O; from 1.65 to 1.60 in the 1550 nm
window. Qualitatively, one can easily trace this refractive index change to an
expected resonance shift. With lower refractive index of Al,O,, the effective
index of a lasing mode in the grating region also decreases. By Eq. (3.1), this
results in a blue-shifted resonance in the grating response, as confirmed by the
optical spectrum analyzer results. Quantitatively, calculating what the
expected resonance requires an iterative method. First, one needs to guess
what the new resonance wavelength might be, and solve for the effective index
of the mode in the grating region using this initial guess. Using the resultant
effective index and the period of the grating, a new resonance wavelength is
calculated. This new resonance then becomes the guess for the next iteration
of the mode solver. After a four iterations of mode solutions for different
polarizations, the resonances have been found to converge to 1532.7862 nm
and 1527.1974 nm for fundamental TE and TM modes respectively. This
corrected TE mode resonance is much closer to the measured resonance of
1533.4 nm; and the difference is small enough to attribute to fabrication
tolerances. This also indicates that the fundamental TM mode is coupled to
higher order resonance modes more strongly than the fundamental TE mode.
This is verified by plotting the minor electric field components, E, for TE
mode and E_, for TM mode, on a common scale. Although rather non-
conventional, plotting minor components clearly indicates unwanted coupling
tendencies to higher order modes. Results are shown in Figure 3.10.
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Figure 3.10 — Common scale intensity plots of minor electric field components for
different polarizations: (a) E, for TE mode, and (b) E, for TM mode.

As indicated by the plots in Figure 3.10, the fundamental TM mode’s minor
field component is much more spread out than that of the fundamental TE
mode. As a result, the TM mode is much more likely to couple into higher
order modes and lose intensity as the mode propagates through the
waveguide. This again confirms that the lasing mode shown in Figure 3.9 is in
fact TE, as also predicted by the resonance response analysis above.
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CHAPTER 4

CONCLUSIONS AND
OUTLOOK
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4.1 Summary and Conclusions

With increasing demand in high speed interconnects, the use of wavelength
division multiplexed optical communication systems has become standard in
applications with large bandwidth requirements. The field of silicon photonics
has emerged in order to realize such systems with silicon-based, CMOS-
compatible fabrication techniques. Many of the building blocks of these silicon
photonic systems like waveguides, modulators, multiplexers, and detectors
have been demonstrated multiple times. However, devices that generate light
like amplifiers or lasers have been perhaps the most difficult to affordably
fabricate.

Light generation devices using other materials than silicon or other techniques
than stimulated absorption have been summarized with their respective
advantages and disadvantages. For instance, light sources made of III-V
hybrid integrated materials or strained media such as germanium-on-silicon
cannot be fabricated using conventional CMOS fabrication methods and
require separate epitaxial growth. Raman lasers on the other hand are limited
by thermal loading of the crystals, which limit pump powers. As an
alternative to these options, rare-earth doped glasses are presented as a gain
medium for integrated active optical devices. Since use of similar technologies
like the erbium-doped fiber amplifier is well-known in long-distance fiber
based communications, the integrated use of rare-earth based gain media is
promising.

Because amorphous glass media are easily deposited using physical vapor
deposition methods, they can be reliably used as rare-earth hosts in integrated
optics. Due to the simplicity of the physical sputtering process and its
maturity in the CMOS fabrication flow, low-loss glasses can be consistently
sputtered. This consistency is further ensured with an appropriately designed
standard operating procedure for a newly purchased sputter tool. With the
control of parameters such as temperature, radio-frequency power, oxygen and
argon gas flows, and the deposition pressure, a fabrication recipe for low loss
Al,0, has been established. Optical losses as low as 0.2 dB/cm at 632 nm, and
0.1 dB/cm for at 1550 nm have been demonstrated in undoped ALQ; films
deposited at 250 °C substrate temperature, 400 W of radio-frequency power
delivered to an aluminum target, 90 W of radio-frequency power delivered to
the substrate, 3.1 sccm of oxygen and 160-110 sccm of argon flow, and 5 mT
of process pressure. With the use of substrate bias during deposition, surface
roughness of Al,O; films have been reduced from 3.31 nm to 0.35 nm over an

area of 1 pm® as measured by atomic force microscopy. As a result of the
reduced surface roughnesses, for the first time, ultra-low loss Al,O, films have
been deposited at temperatures as low as 250°C. This is significant from an
integration perspective since increasing temperatures start to compromise
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CMOS structural integrity, where significant degradations can occur at
temperatures over 500 °C [84].

After the fabrication recipe for undoped Al,O, has been developed, Er**
dopants are incorporated by means of co-sputtering. Absorption losses have
been characterized by a prism coupler setup, and Er’" concentrations on the
order 1x10* cm™ have been achieved with erbium plasma discharge voltages
around 65-70 V. The dopant concentration and absorption cross-section data
were used to calculate waveguide losses in order to design laser cavities. The
cavity was designed with an inverted Si;N, layer for lateral confinement of
both the pump and signal modes. Dielectric spacings were designed for the
overlap of the modes with the back-end deposited gain medium. With 100 nm
Si;N, and 100 nm SiO, gap thicknesses, pump and signal mode confinement as
well as their overlap with each other was achieved to more than 90%.
Although differences in fabrication equipment resulted in a slightly lower
refractive index of 1.60 for ALO, than the designed value of 1.65, the
difference was mitigated by the use of TM polarized pump, where mode
confinement and overlap factors were again over 90%.

Distributed Bragg reflectors were placed on either side of the laser cavity.
Grating resonance was modeled using the effective index of the signal mode
along with the geometrical structure of the dielectrics. With 1.5 mm long

Si;N,-Si0O, gratings, sidewall perturbation was varied from 1.29 pm to 0.45 pm
to achieve reflectivities ranging from almost 100% down to about 85%. After
the fabrication of the devices in a standard 300 mm CMOS foundry,
Er’*":AlL,O, gain medium was reactively sputtered with the 250 °C process
developed here. Laser output was measured using a standard setup with
double-sided 980 nm pump lasers and an optical spectrum analyzer. 3.9 yW of
on-chip optical power was recorded with single mode lasing at the wavelength

of 1533.4 um. Side mode suppression ratio of 38.9 dB was achieved, although
this quantity was limited by the noise floor of the optical spectrum analyzer.
This marks the first demonstration of a working on-chip C-band laser with a
rare-earth gain medium deposited as low as 250 °C.

4.2 Future Work and Outlook

In order to describe possible directions for future work, the issues with the
existing system need to be revisited. Listed below are a few outstanding
problems with proposed solutions.

Due to system losses through passive elements, most optical communication

systems need on-chip signal powers around 1 mW. Our aim here however was
to show that low temperature (250 °C) deposited Er*":Al,O, can be used as a
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potential gain medium for silicon photonics. As explained with mode profiles
in Chapter 3, the lasers were originally designed for TE polarized pumping,
where TM polarized pump had to be used since the refractive index of Al,O,
was lower than the value the laser cavity was designed for. An obvious next
step is then to change the process parameters in order to achieve a greater
refractive index, assuming that the laser design is not altered due to
fabrication costs. Another method to increase luminescence intensity is
through the use of co-dopants such as Yb*". Due to the tendency of Er’" ions
to cluster, the lasing upper state lifetime is reduced and light emission is
quenched [46]. Previous studies have shown that by efficient energy transfer
mechanisms between Yb*" and Er’" ions, luminescence quenching can be
significantly reduced [47,57]. Yb** and Er** codoping can help achieve higher
on-chip optical powers that are needed by WDM integrated systems.
Moreover, other rare-earth dopants such as neodymium (Nd**), thulium
(Tm*"), and holmium (Ho®") can be used instead of Er’" for lasing
wavelengths from near to far infrared [85]. Possible use of the whole infrared
spectrum can be extremely beneficial in non-linear optical applications such as
frequency comb generation.

The refractive index problem discussed here stems from the fact that glasses
like alumina do not provide much index contrast with the surrounding layers
of glasses. For instance, SiO,, Al,O,, and Si;N, have refractive indices of 1.45,
1.65, 1.99 respectively. Phosphate and fluoride glasses also have indices
varying between 1.4 and 1.6. In addition to low integration density, devices
designed using low index contrast materials are sensitive to slight changes in
these indices. It is also well known that slight differences in the fabrication
procedure or the transfer of the process from one tool to another can change
the refractive index of the resulting material. Therefore, potential use of

silicon can help mitigate the issue of device sensitivity due to silicon’s high
refractive index of 3.4. However, as mentioned in Chapter 3, rare-earth
dopants are not easily soluble in silicon. A possible design can make use of a
slot mode waveguide made from doped glass and surrounded by silicon
channels. Channels of appropriate width and thickness can be easily patterned
onto an SOI wafer and similarly back-end deposited with doped glasses. This
would allow for utilization of high index contrast made possible by silicon.

The process developed here does not have to be limited to active devices. A
similar sputtering recipe can be created for other oxides such as SiO, or TiO,
to be used in their undoped forms in silicon photonic circuits. For instance,
TiO, is of particular interest due to its negative thermo-optic coefficient,
which results in its refractive index to decrease with increasing temperature.
Resonators making use of this effect have already been designed in order to
achieve a resonance peak that is independent of temperature [86,87]. These

“athermal” resonators play an important role in the frequency stabilization of
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laser systems [88]. With the fabrication scheme developed here, a combination
of positive and negative thermo-optic coefficient materials like Al,O; and TiO,
can be deposited in layers, which can help not only stabilize the resonance
wavelength, but also reduce the thermal noise of an integrated resonator.

These applications show the promise of the techniques developed in this thesis
and how they can be utilized to realize a new set of low-temperature
deposited, CMOS-compatible devices. With this new set of devices and
enhanced integration capabilities, a fully integrated on-chip silicon photonics
link can be demonstrated and used as an answer to our ever-growing need for
high bandwidth information access.
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