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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree: Doctor of Philosophy Program: Microsystems Engineering

Name of Candidate: Zihao Wang

Name of Advisor: Stefan F. Preble

Degree: Doctor of Philosophy Program: Microsystems Engineering

Title: CMOS Integration of High Performance Quantum Dot Lasers for Silicon Photonics

Integration of I11-V components on Si substrates is required for realizing the promise of
Silicon Photonic systems. Specifically, the direct bandgap of many I11-V materials is required for
light sources, efficient modulators and photodetectors. Several different approaches have been
taken to integrate 111-V lasers into the silicon photonic platform, such as wafer bonding, direct
growth, butt coupling, etc. Here, we have devised a novel laser design that overcomes the above
limitations. In our approach, we use InAs quantum dot (QD) lasers monolithically integrated with
silicon waveguides and other Si photonic passive components. Due to their unique structures, the
QD lasers have been proven by several groups to have the combination of high temperature
stability, large modulation bandwidth and low power consumption compared with their quantum
well counterparts, which makes it an ideal candidate for Si photonic applications. The first section
of this dissertation introduces the theory and novelty of QD lasers, the DC and RF characterization
methods of QD lasers are also discussed. The second section is focused on the growth of QD gain
chip which a broadband gain chip based on QD inhomogeneous broadening properties was
demonstrated. In third section, the lasers devices are built on Si substrate by Pd wafer bonding
technology. Firstly, a ridge waveguide QD laser is demonstrated in this section which have better
heat dissipation and lower threshold current compared to the unbonded lasers. In section four, a
on Si comb laser is also developed. Due to inhomogeneous broadening and ultrafast carrier
dynamics, InAs quantum dots have key advantages that make them well suited for Mode-locked
lasers (MLLs). In section five, a passively mode-locked InAs quantum dots laser on Si is achieved
at a repetition rate of ~7.3 GHz under appropriate bias conditions. In section six, a butt-joint
integration configuration based on QD lasers and silicon photonics ring resonator is tested by using
to translation stage. In order to achieve the on chip butt-joint integration, an on chip laser facet
was created in section seven. A novel facet etching method is developed by using Br-ion beam
assist etching (Br-IBAE). In section eight, a Pd-GaAs butt-joint integration platform was
proposed, a hybrid tunable QD laser which consist of a QD SOA gain chip butt joint coupled with
a passive SisN. photonic integrated circuit is proof of concept by using an external booster SOA
coupled with a SisN4 ring reflector feedback circuit. The final section summarized the work
discussed in this thesis and also discussed some future approaches by using QD lasers integrated
with silicon photonics integrated circuits based on the Pd-GaAs wafer bonding butt-joint coupled
platform.
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1 INTRODUCTION

1.1 The challenge of Moore’s Law

We are now living in what is known as the ‘information age’ which evolved from
the industrial age. One of the most significant inventions of this era was that of the
transistor by Bell Laboratories in 1947; an innovation that opened the door to the digital
world. It was this innovation that led to the rapid development of semiconductor
technologies over the half-century that followed. The trend in development is often
described by the number of transistors in a microprocessor via Moore’s law, “The
complexity for minimum component costs has increased at a rate of roughly a factor of two
per year”.[7] This law was later simplified to be the number of components per integrated

circuit doubling every 18-24 months.

7
10 ! ! ! H Transistors
TS IS R N A it (pousands
5 : NPV Yaus ‘
P\ S S S YA e Single-Thread
: : LaadhA ® Performance
[ v )
SOV IS R S T LL L | (SpeciNT x'10%)
AL "ﬁ .
et l*‘“ﬂ Frequency (MHz)
103 = AA, h‘, . o kK '.,|l LIS R——
: a Y ol g Typical Power
T i‘ ......e...!v_.....,..:..?';;-v%;“'...v,&‘i?...........- (Watts)
’ “ - = 'v:'i y .:.’.'? 7777777777 | Number of
10 T S oy + :'3 hd Logical Cores
0 i m v v v ¥ vvy .
10 - ‘ oo . - "‘. B P —
i i I 1
1970 1980 1990 2000 2010 2020
Year
Original data up 1o the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. K. Olukotun, L. H and C. Batten

New plot and data collected for 2010-2015 by K. Rupp
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While Moore’s law is still valid today ,as shown in Figure 1-1, other performance
metrics such as clock frequency, power consumption, and single thread performance have
seen minimal change since 2005. To assist Moore’s Law, the electronics industry has
moved to larger wafers to minimize processing costs, pushed to smaller technology nodes,
and increased the number logical cores per processor. However, there are some serious

problems that need to be solved in order to continue following the trend of Moore’s Law.

The first bottleneck is with power dissipation. The power dissipation of a
microprocessor is proportional to its clock frequency and device density of each core. As
shown in Figure 1-2, the power density of a CPU has reached levels comparable to those
of a nuclear reactor. This is the primary reason why the clock frequency of CPUs has been
unchanged for so many years. In order to continue seeing performace gains, additional
logical cores have been implemented to operate in parallel. As a result, there is a growing
need for an efficient inter\intra chip interconnects to wire up the increasing numbers of

cores within microprocessors.
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Figure 1-2 Power density trend of CPUs. Courtesy of Intel.



The second major problem is the limited space for electrical interconnects that has resulted

from the dramatic increase in the number of transistors. Figure 2-3 shows the copper wire

RS A

Figure 1-3 Copper interconnects in a CPU. Courtesy of IBM.
interconnects inside a microprocessor from IBM. As the dimensions of these electrical

interconnects are decreased, both resistance (loss) and RC signal delay (bandwidth)
increase, limiting the performance gain. Also, as can be seen in Figure 1-3, there is almost
no room to add more wires in current processors. As a result, an interconnect solution

having higher bandwidth is needed to overcome this limitation.

Another area of high demand for low power consumption interconnects is in data centers.
The rapid development of the internet and internet of things (IOTs) generates a huge
amount of data to the cloud which is the so-called data center to store and process all of the
data. However, traditional data centers are still using electrical interconnects which
consume 15%-30% more power when compared to optical interconnects.[8] Among these
data centers, a large number of them have been built in the northern parts of the country to

take advantage of the cold weather. It is also argued that the annual costs of power-



supplying and cooling high-performance switches in data centers have reached the annual

cost of purchasing new ones from the business point of view. [9]
1.2 Optical Interconnects

As we discussed above, either in chip level or in a large scale data center, a high
speed, large bandwidth, low power consumption interconnect solution is required to
maintain the fast development of the information age. Light, as a transfer medium,
perfectly meets all of the criteria due its high speed, large bandwidth and ultra-low
transmission loss. As a result, the so-called optical interconnect is defined by using light to
transfer data. In fact, we have used optical interconnects in the form of optical fiber for

long-haul networks since early 1980’s. Figure 1-4 shows the current development of optical
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Figure 1-4: The trend of transmission distance vs. device volume for optical
interconnects.
interconnects. As one of the major inventions of the 20th century, low loss optical fiber has

successfully taken over the electrical interconnection in long-haul telecommunication



down to fiber-to-the-home (FTTH). In order to solve the problems discussed in the first
section, the electrical interconnects needs to be further replaced from board-to-board (as in
data centers) to chip-to-chip scale, and eventuallyon-chip optical interconnection as in
photonic integrated circuits (PICs). However, as shown in Figure 1-4, the volume of
devices dramatically increased as you move to a smaller transition distance which will also
simultaneously increase the cost and complexity of the optical interconnect system. The
challenge we are facing right now is to find a cost-effective solution to build up a highly

integrated photonic circuit.
1.3 Silicon Photonics

The traditional complementary metal oxide semiconductor (CMOS) infrastructure
has been built up up with silicon as the primary material for over 40 years, leading to a
mature and cost effective solution for electronic integrated circuits. Along with the maturity
of the processing techniques, silicon is transparent at the standard telecom bands making it
an ideal material system for photonics. The base material for silicon photonics is not simply
silicon wafers but high quality silicon-on-insulator wafers which can provide strong optical
confinement from huge index differences between Si (n=3.45) and SiO; (n=1.45). By using
SOI as a platform, as shown in Figure 1-5, individual silicon photonic devices are
demonstrated. At the beginning, the low loss waveguide [10] and passive components such

as Mach-Zehnder interferometer and Multi/Demultiplexer were developed in the 1990’s



[11, 12]. Later on, active devices were also demonstrated, such as high-speed

modulators[13, 14] and detectors [15].

Channel
Grating Germanium waveguide
coupler photodetector

Figure 1-5 Building blocks of silicon photonic systems.

1.4 Laser Integration with Silicon Photonics

As one key component for integration, the laser source needs to be considered.[16]
Due to the silicon’s indirect bandgap, the injection current will primarily generate phonons
(heat) instead of photons. By using unique nanotechnologies such as porous Si[17, 18], Si
nanocrystals[19], SOI superlattice[20] and photonic crystal-like nanopatterns[21], people
have tried to break the crystal-symmetry to localize phonon and get quantum confinement
of the excitons in a nanometer scale crystalline structure[21]. However, it is still difficult
to achieve room temperature continuous-wave laser operation. While silicon Raman laser
have also been investigated, devices that operate at room temperature are optically pumped
and required a complicated process for decreasing waveguide loss ( free carrier absorption

as well as two photon absorption).[22]



A breakthrough came in 2006 when the Optoelectronics Research Group from
UCSB demonstrated a hybrid laser which used a 111-V quantum well structure as a gain
material and evanescent coupling to a Si waveguide to achieve an electrically pump state
of the art laser working at telecom wavelengths. [2] Currently, this hybrid laser innovation
is commercially available in Intel’s 100G silicon photonic transceivers. Based on this
evanescently coupled hybrid laser, an adiabatic laser was later developed with enhanced
laser efficiency by coupling light into silicon waveguide only at two end edges of the gain
material.[23] However, these lasers used either oxide or benzocyclobutene (BCB) as
bonding layers resulting in poor heat dissipation. Also, the laser coupling efficiency to the
silicon waveguide still has room for improvement when compared to the fiber coupled
systems. In recent years, researchers made a lot of progress towards direct growth of IHI\V
materials on silicon substrates. In order to eliminate the large lattice mismatch between the
I11\V and silicon, several technologies are applied such as using a tilted off-cut substrate,
submicron trenches patterned into the substrate, and growing thicker superlattice buffer to
decrease the dislocation density at the interface between silicon and 111\ materials. [24-
26] Also, quantum dot (QD) lasers are used to grow through these optimization
technologies because QD lasers have more tolerance with dislocations compared to QW
lasers. The downside of direct growth lasers for photonic integration is that lasers need
selective area growth (SAG) on standard CMOS silicon substrates which is still under

development.

In this proposal, we are trying to solve these above problems in three ways. First,

we use metal mediated bonding technology to increase heat dissipation. Second, instead of



using the quantum well structure as the gain material, we grow QDs for the gain medium
which is a good candidate for photonic integration applications as we will discuss in
following sections. At the end of this thesis, a heterogeneous butt-coupled laser is proposed

based on the Pd-GaAs wafer bonding technology we investigated through the thesis.
1.5 Quantum Dot Lasers

The history of semiconductor lasers started with a proposal based on p-n junction
bulk material and experimentally realized in 1961.[27] However, both optical and quantum
confinement were inefficient in the bulk material. Later on, Alferov and Herbert
demonstrated the heterostructure laser by inserting a lower bandgap material between
higher bandgap materials which enhanced the laser performance by improving both the
optical confinement as well as the quantum efficiency. [28] During the 1960s, molecular
beam epitaxy (MBE) was developed which enabled semiconductor heterostructures to be
grown with high crystal quality. By using this MBE technology, the laser structure could
be designed and grown with decreased dimension (on the order of the de Broglie
wavelength of an electron), which resulted in higher order confinement of electrons. As
shown in Figure 1-6, when the semiconductor structure is confined in 1-D, the so-called
quantum well structure, the corresponding density of states (DOS) starts showing
discontinuity. As the electrons are confined in 3-D, the energy-momentum (E-k)
relationship shows a delta-function-like DOS, which means the charge carriers can only
occupy a restricted set of energy levels similar to electrons in an atom. This 3-D quantum
confinement structure can be experimentally achieved by growing quantum dot structure

with molecular beam epitaxy (MBE). Using this quantum dot structure as the active region
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of a laser makes both population inversion and transparency easier to achieve. This means
that, in theory, quantum dot lasers can have lower threshold current density when compared
to quantum well lasers. In addition, the 3-D quantum confinement structure also leads QD

lasers having a temperature insensitive threshold current.

The first theoretical prediction of QD (called 3-D QW at that time) laser was by
Arakawa in 1982 in which both the enhanced quantum confinement and temperature

insensitive properties were discussed.[29] Later on, the first edge-emitting current injection
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Figure 1-6 Schematic structures and corresponding density of states of a) bulk; b) quantum
well, ¢) quantum wire and d) quantum dot.

QD lasers were experimentally achieved by InAs QDs embedded in an AlGaAs/GaAs
GRIN-SCH structure in 1994.[30] It wasn’t until 1999 that the threshold of a QD laser was
demonstrated to be lower than QW lasers [31]. In 2004, using p-doped quantum dots,
Fathpour et. al achieved temperature insensitive performance (T0=c) for laser operation

from 5 to 75°C. [32]

The high performance QD lasers can be grown by either Molecular Beam Epitaxy

(MBE) or Metal Organic Chemical Vapor Deposition (MOCVD) with a method known as
9



Stranski-Krastanov (S-K) growth.[33] In this growth technique, the film is initially grown
layer by layer to form a strained wetting layer. After the wetting layer reaches a critical
thickness, the strain inside film tends to relax and form three-dimensional islands which
are the so-called quantum dots. Specifically, the InAs film lattice constant is 6.06 A which
has 7% misfit from GaAs film (5.64 A). In order to achieve a high performance
semiconductor laser, a high modal gain is needed from the QDs. In other words, the QDs
in the active region are required to have high density as well as high uniformity. Also, the
QDs need to be grown in stacks which enable even higher modal gain without increasing

the internal optical mode loss.[34]

To achieve high density and uniform QDs, several technologies were used in our
growth process. First, the seeds layer of QDs was grown with a fast growth rate for ~2ML
in order to get a high density of dots as well as eliminate the formation of coalescent QDs.
After that, the growth interruption (GR) method was used to let indium atoms migrate to
the QD seed layer and form more uniform and larger QDs. After that, another 0.6ML of
InAs was deposited and then capped with a 5 nm IngsGao.gsAs strain reducing layer to
achieve emission at 1300nm. The V\III ratio of InAs QDs was also optimized since it
related to the size and uniformity of the QDs. A higher ratio may cause coalescent dots
while a relatively low ratio may let indium atom migrate better during growth, resulting in
a more uniform distribution of dots. To characterize the QDs film quality, atomic force
microscopy and photoluminescence were used to measure the density and uniformity of

the dots, respectively. The optimum growth conditions were achieved with a V\III ratio of
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15, interval time of 10 sec and growth rate of 0.1ML/s. As a result, the state of the art

7x10% cm dot density was achieved.
1.6 Characterization of the semiconductor laser

For semiconductor lasers, the light-current (L-1) characterization is the most
commonly used method to test DC properties. Here, we introduce different characteristic

parameters by fitting the L-1 curves of different cavity lengths or temperatures.

1.6.1 Threshold current Ji and transparent current density Jir (Jth,)

The gain-current for a semiconductor laser can be described by the functions

(Mcllroy et al., 1985; Coldren and Corzine, 1995, p. 173):
- L
Gpear = Ger (ln L 1) .......... .1

When the injection current reaches threshold:

Gen = @; + =In (=) = Goln (f) + Gy oo (2.2)

R1R;

Then the transparent current can be extracted by fitting the curve of (1/L) v.s. In(Jt ).
The intercept of the fit describes the transparent current which gets rid of the mirror loss

impact while the slope of the curve is proportional to the mirror loss.

1.6.2 Differential quantum efficiency 14, internal quantum efficiency niand

internal loss ai

The differential quantum efficiency is defined by:
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Where mirror l0ss «,, = %lnﬁlm , R1 and R2 are the reflectivity of front and back

facet of the laser, respectively.

Then we have:

- _ iL
Na b =17 1+ =) (2.4)

1 (R1R2)

By fitting the curve of cavity length v.s. inverse differential quantum efficiency, the

internal loss and internal quantum efficiency can be extracted.

1.6.3 Temperature dependence of threshold current

One drawback of semiconductor lasers is the fact that their threshold current is
influenced by operation temperature. However, quantum dots devices have less
temperature sensitivity due to the delta function like DOS. The characteristic of
temperature dependency can be defined by a parameter To, J, is the threshold current

density extrapolated to T=0K.
Jen = Jo €xp (Tlo) .......... (2.5)
orInJy =1Inj, +T1 .......... (2.6)
0

Thus, the characteristic temperature can be fitted by temperature dependence L-V
characterization. The lower number of To indicates a lager temperature dependence. For

guantum dots lasers, the characteristic temperature has been demonstrated as infinite at
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room temperature which shows the good potential to use QD lasers as a thermally

insensitive light source.

1.7 Dissertation overview

This dissertation focuses on the development of high performance quantum dot
hybrid lasers integrated with silicon photonics. Chapter 2 investigated the quantum dot
material growth and a broadband InAs quantum dot gain chip was demonstrated. Chapter
3 describes the Pd-GaAs wafer bonding technology and the realization of electrically
pumped continuous wave operation ridge waveguide (RWG) InAs quantum dot lasers
bonded to Si substrates. Both DC and RF characteristics of these lasers were measured.
Chapter 4 presents the comb laser source which was the material developed in Chapter 2
bonded to a Si substrate. Chapter 5 demonstrates a passively mode-locked InAs quantum
dot laser bonded to silicon. Fourier transform limited pulses were successfully generated
and two other passively mode-locked configurations: single cavity mode-locking and
colliding pulse mode-locking are also presented. Chapter 6 presents the butt-joint
integration platform by using a QD SOA coupled to a Si SOl waveguide chip. An AR
coating was applied on the SOA facet to stabilize the laser power from the silicon
waveguide. Chapter 7 investigates a dry etched facet approach which was fabricated by
bromine ion beam-assisted etching (IBAE). The dry-etched facet results show the
reasonable reflectivity which provided an approach to define the laser facet for monolithic
integration without a cleaving step. Chapter 8 presents the design of the butt-joint
heterogeneous integration platform by using Pd-GaAs wafer bonding. A proof of concept

hybrid SisN4 tunable laser was demonstrated by an externally coupled SOA to the SizNa
13



photonic integrated chip. Chapter 9 concludes this dissertation with a discussion of the
future development based on the InAs quantum dots wafer bonding technology and butt-

joint heterogenous integration platform.
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2 DIP-FREE BROADBAND INAS QUANTUM DOT
SUPERLUMINESCENCE LIGHT EMITTING
DIODES

Broadband InAs quantum dot (QD) super-luminescence light emitting diodes (SLEDS)
have been grown by molecular beam epitaxy (MBE) system, fabricated and characterized.
In order to eliminate the spectrum dip between the ground and excited states and achieve
the broadband and uniform emission, the InAs quantum dots active regions with different
strain reducing layers (SRLs) have been utilized and mixed in the design of the QD SLED
active regions. In addition, a post-growth annealing process is employed to further
smoothen the emission spectra. Room temperature photoluminescence measurements were
used to characterize the emission spectra of the QDs. Finally, the electroluminescence
spectra of the QD SLEDs were characterized under the continuous-wave (c-w) operation.
At injection current level of 100 mA, a broad and uniform spectrum with a linewidth of
100 nm and 218 nm at 3 dB and 10 dB, respectively, was obtained and no significant

spectrum dip is observed under the injection currents ranging from 50 pA to 100 mA.
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2.1 Introduction

It has drawn great interests recently that the development of broadband light source
and superluminescence light emitting diodes (SLEDs) in the near infrared (NIR)
wavelength range in the applications of optical coherence tomography (OCT) biomedical
imaging systems.[35-46] Due to the unique three dimensional confinement and the
Stranski-Krastanov (S-K) self-assemble growth mechanism, the self-assembled InAs
quantum dots (QDs) have been largely investigated as the active region in the broadband
SLED devices and are considered to be beneficial to the broad gain applications.[47-52]
Despite of be a promising candidate, there still remains challenges to achieve high
performance QD SLEDs.[53-58] In particular, in order to achieve broadband and high
output power, the QD SLEDs have to be operated at high injection levels, where the gain
spectra usually exhibit a dip between the ground state and excited state due to the finite
number of density-of-states in the QD heterostructures. In this respect, several techniques
have been developed, such as post-growth annealing and mixed quantum dot structures, to
alleviate the spectrum dip in QD broadband sources. However, in the mixed QD structures,
the excited state emission of the QDs with longer ground state emission wavelengths will
usually be interference with the ground state emission with other dots, and due to the
complicated carrier dynamics in the QDs, it is very difficult to control the carrier
distribution between the ground and excited states. This often results in non-uniform
emission spectra across different injection currents in the QD broadband SLEDs,[59]
which can be potential detrimental to their OCT applications.[60, 61] As a result, it is

desirable to design the QD broadband structures without mixing the excited state
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emissions. It is argued that, by using the large bandgap InAlAs strain reducing layers
(SRLs), the QDs emission will exhibit enlarged ground and excited state separation,[62,
63] which can potentially accommodate ground state emission from other QDs and enable
broadband mixed QDs with separated ground and excited state emissions. In this section,
we demonstrated the growth, and characterization of InAs QD broadband heterostructures
achieved by mixing QDs with different InAlAs SRLs, and post-growth annealing technique
is also studied to further smoothen the emission spectra. Finlay, broadband QD SLEDs

were fabricated and characterized to show broad and uniform emission spectra.

2.2 Experiment

The InAs quantum dot (QD) heterostructures were grown on (001) GaAs substrates
in a Veeco GEN Il molecular beam epitaxy (MBE) system. In the calibration experiments,
one layer of InAs QD active region consisting of 2.6 monolayer (ML) of InAs QDs was
grown at 500 °C at the growth rate of 0.1 ML/s, and the QDs were capped with Ing2AlogAs
and Ino2AlogAs /Ing.15Gao7sAs SRLs with different thickness. Following the calibration
runs, the broadband QD heterostructures with 10 stacks of InAs QD layers were
investigated, where the 10-stack QD layers were divided into 3 groups, containing 4, 3,
and 3 stacks of InAs QDs with the strain reducing layer of 0 nm, 1 nm Ing2AlosAs and
Inm/2nm nm Ino.2Alo8As /Ino.15Gao.gsAs, respectively. The total number of each type QD
stacks was chosen to compensate the intensity difference. P-type modulation doping of the
QDs in each layer is carried out with beryllium at the doping concentration of 1x10*® cm
as well, as it has been reported that the p-type doped QDs exhibit broader gain spectrum

due to the many body effect of the charged dopant ions. [64] In addition, in order to achieve
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a uniform and flat gain spectrum, the as-grown QDs were also annealed in a rapid thermal
annealing (RTA) process at 750 °C for 30 sec. The annealing process can effectively
enhance the inter-diffusion between the InAs QD and surrounding capping layers and
further increase the emission linewidth. This annealing method has been reported by

several groups to obtain broadband InAs QD based gain chip devices.[65, 66]

In order to characterize the gain property of the InAs QD active regions, InAs QD
SLED device heterostructures were epitaxially grown, where the 10 stack mixed QD
structures were grown between the AlosGaoeAs cladding layers. The devices were
fabricated by standard photolithography, dry etching, contact metallization, and cleaving
techniques, where the ridge waveguide width and the cavity length were varied from 5 to
9 pum and 1000 — 2000 pm, respectively. All of the measurements reported here were
performed with the SLED waveguide facets un-coated (as-cleaved). To prevent the SLED
devices from lasing and the ridge waveguide is designed to be 7° tilted from the facets at

both ends to reduce the reflection at the facets and enhance the facet mirror loss.
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Figure 2-1. (a) AFM image of the InAs QDs with the average base diameter and
height of 45 and 8 nm, respectively. (b) PL spectra of the InAs QDs capped with
different strain-reducing layer thickness and combinations.

The structural and optical properties of the InAs QDs are investigated by atomic
force microscope (AFM) and photoluminescence (PL) measurements, respectively. As
shown in Figure 2-1a, the InAs QDs have an areal density of ~7 x 10'° cm and average
size and height of 45 nm and 8 nm, respectively. Figure 2-1b illustrate the room
temperature PL characteristics of the InAs QDs with different strain reducing layer
thickness and combinations. It is found that the, by changing the strain reducing layer
thickness, the ground state emission can be effectively tuned in a range from 1230 to 1310
nm and, more importantly, with the 2 nm InAlAs strain reducing layer, the QD exhibit a
ground state and excited state separation of 113meV. This is at least 20 meV larger than
ground and excited state energy separation of InAs QDs with InGaAs SRLs.[67] As a
result, it is possible to insert the other ground state emission in the final mixed spectra

without interfering with the excited state emissions. It is worthy noting that, due to the
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increased dot density, the QDs with SRLs usually exhibit stronger PL emission intensity

compared to the QDs without SRLs.

2.3 Characterization and Discussion

Furthermore, Figure 2-2a illustrates the power dependent PL spectra of the 10 stack
InAs QDs heterostructures including 4, 3 and 3 stack of InAs QDs with strain reducing
layer thickness of 0 nm, 1 nm Ing2AlogAs and 1nm/2nm nm Ing2AlogAs /Ing.15Gao.75AS,
respectively. Two distinguish emission peaks at 1235 nm and 1142 nm are observed in the
emission spectrum, where the broad Gaussian emission at 1235 nm is from the combination
of the ground state emission of the three different type of QDs and the emission at 1142
nm is the emission of the excited state of the QDs with the 1nm/2nm nm Ing2AlosAs
/Ino.15Gao.gsAs SRLS. The excited state emissions from other QDs with shorter ground state
emission wavelength is not seen in this measurement due to the limited pumping power.
The square and diamond symbols in Figure2-2b show the relation of the PL intensity and
3 dB bandwidth vs. pumping power. It is found that, by using the InAlAs SRLs in the QDs,
the ground and excited state emission of the QDs are clearly separated in the mixed QD
structures and the 3 dB bandwidth of 197 nm from the ground state emissions is

successfully achieved at the pump power of 50 mW.
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Figure 2-2(a) Power-dependent PL spectra of the ten stack InAs QD heterostructures
before annealing, including four, three, and three stacks of InAs QDs with strain-
reducing layer thickness of 0 nm, 1 nm Ino2AlosAs, and 1 nm/2 nm
Ino.2AlosAs/Ino1sGao.7sAs, respectively. (b) Spectrum 3-dB bandwidth versus
pumping power.

Finally, in order to further alleviate the gap between the ground and excited states,
post-growth annealing process was performed. Figure 2-3 illustrates the power dependent
PL spectra of the 10-stack QD samples after the annealing process, it is found that both the
ground and excited state emissions are broadened due to the enhanced intermixing and the
spectrum dip is reduced, where the 3dB bandwidth of 205 nm is achieved at the 50 mW
pumping power by combining the ground and excited state emissions. Finally, for
comparison, the dash curve in Fig. 3 shows the PL spectrum of the 10 stack mixed QDs
after annealing. With our optimized annealing process, relative small PL intensity
degradation in the post-growth annealing is obtained. Figure 2-3(b) shows the evolution of

3 dB bandwidth (black square symbols) and spectrum intensity dip (blue round symbols)

vs. pumping power, where the 3 dB bandwidth of 205 nm is achieved at the 50 mW
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pumping power by combining the ground and excited state emissions and a minimum

spectrum dip ~0.6 dB is obtained as well.
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Figure 2-3(a) Power-dependent PL spectra of the ten stack InAs QD
heterostructures after annealing at 750 °C for 30 s. (Inset) Comparison of PL spectra
before (solid) and after annealing (dashed). (b) Spectrum 3-dB bandwidth (black
square symbols) and spectrum intensity dip (blue round symbols) versus pumping
power after annealing at 750 °C for 30 s.

The electrical characteristics of the SLED devices are measured with a customized
probe station, where the samples were loaded with p-side up on a thermoelectric cooler
(TEC) stage and device temperature was maintained at 10 °C during the measurements.
Figure 2-4a shows the light-current-voltage (L-1) characteristics of a SLED with the cavity
length and waveguide width of 1.5 mm and 9 um, respectively. The ridge waveguide of
the SLED was 7° tilted to the horizontal edges as the diagram as illustrated in the inset of
Figure 2-4a. Figure 2-4b illustrates the electroluminescence (EL) spectra under varied
injection current levels. It is found that the EL spectra of the InAs QD SLEDs exhibit a
uniform broadening in the injection current ranging from 50 pA to 100 mA, which
corresponds to a current density from 371 mA/cm? to 741 Alcm?, respectively. At 100 mA

injection current, the InAs QD SLEDs exhibit a broad and uniform spectrum with a
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linewidth of 100 nm and 218 nm at 3 dB and 10 dB, respectively. The emission spectrum
covers the wavelengths ranging from 1.1 to 1.3 pm. In addition, there is no obvious
spectrum dip between the ground and excited states observed in the SLED emission spectra
across the entire pumping current window. The linewidth broadening indicates the
systematic filling of overlapping quantized states in the InAs QDs, which shifts the overall
spectra toward the shorter wavelength regime (blue-shift). It is worth noting that in the

SLEDs devices, only the ground state emissions is measured to contribute to the output

spectra shown in Figure 2-4b.
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Figure 2-4 (a) Light—current (L-I) characteristics of a SLED with the diagram of
device dimensions, i.e.,the cavity length and waveguide width of 1.5 mm and 9 _m,
respectively; the superlinear L-I dependence is a signature characteristic of SLED
devices. (Inset) Diagram of the titled waveguide design. (b) EL spectra of InAs QD
SLEDs at the injection current levels from 50 mA to 100 mA, where the EL spectra
exhibit a uniform broadening in the injection current from 50 mA to 100 mA.
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2.4 Conclusion

In conclusion, we report the MBE growth and characterization of the broadband
InAs QD heterostructures and their SLED devices. The InAs QDs with different SRLs were
utilized to achieve the broad emission. The post-growth annealing process can effectively
broaden the emission bandwidth and reduce the energy gaps between the ground and
excited states in the InAs QDs, which is beneficial to the OCT applications requiring
uniform and broadband gain. The InAs QD SLED device exhibited an emission spectrum
with power and 3 dB linewidth of 1.5 mW and 100 nm, respectively for a 100 mA injection
current level. Further work is under way to optimize the device efficiencies and reduce the
device Joule heating. Nonetheless, the characteristics reported here indicate that the InAs
QD SLED after some improvement in growth and fabrication can become serious

contenders in various broadband applications such as OCT biomedical imaging.
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3 HIGH PERFORMANCE INAS QUANTUM DOT
LLASERS ON SILICON SUBSTRATES BY Low
TEMPERATURE PD-GAAS WAFER BONDING

InAs quantum dot (QD) laser heterostructures have been grown by molecular beam epitaxy
(MBE) system on GaAs substrates, and then transferred to Silicon substrates by a low
temperature (250 "C) Pd-mediated wafer bonding process. A low interfacial resistivity of
only 0.2 Qcm? formed during the bonding process is characterized by the current-voltage
(1-V) measurements. The InAs QD lasers on Si exhibit comparable characteristics to state-
of-the-art QD lasers on silicon substrates, where the threshold current density Jin and
differential quantum efficiency ng of 240 A/cm? and 23.9%, respectively, at room
temperature are obtained with laser bars of cavity length and waveguide ridge of 1.5 mm
and 5 um, respectively. The InAs QD lasers also show operation up to 100 °C with a
threshold current density Jin and differential quantum efficiency ng of 950 A/cm? and
9.3 %, respectively. The temperature coefficient To of 69 K from 60 to 100 °C is

characterized from the temperature dependent Ji measurements.
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3.1 Introduction

Silicon photonics is one of the most promising alternatives to electronic
interconnects and nearly all of the components of silicon photonic interconnects have been
individually demonstrated.[14, 68-71] However, there still remain significant challenges
to the realization of complete optical interconnects that are low-cost and have high
performance. One of the biggest challenges is the monolithic integration of robust and low-
powered lasers with silicon photonic devices. Specifically, current approaches are highly
inefficient (<1% efficiency) and are not robust against temperature variations (requires
T<40-60 °C for operation). [2, 72] In this context, InAs quantum dot (QD) lasers are
attractive candidates due to their suitability for high temperature operation.[73-75]
Recently, InAs QD lasers were monolithically grown on silicon substrates. [76-78]
However, this required the use of Silicon (110) substrates offcut 4-6° toward [110] or [111]
planes and various buffer layers were employed to reduce the lattice mismatch effects
between I11-V and silicon, both of which limit CMOS compatibility. Besides these direct
growth techniques, wafer bonding technologies have also been used to integrate high
performance InAs quantum dots lasers on silicon substrates. [79-81] The performance of
such bonded InAs QD lasers is often degraded by the high temperature of the bonding
process (> 300 °C for at least a few hours)[79-86], which intermixes the InAs QDs and
their GaAs capping and spacer layers. On the other hand, it has been demonstrated that
Palladium can form a solid alloy with [11-V materials, such as PdsGaAs or PdxInP, by a
solid-phase topotaxial reaction at room temperature. This Pd/I11-V reaction has previously

been used to bond I11-V wafers on foreign substrates by E. Yablonovitch et. al. and Bowers
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et. al. for electronic transistor applications, [87, 88] and demonstrated that the resulting
metallurgical Pd/GaAs bond is an Ohmic contact, a thermal contact and a robust,
permanent, adherent contact. However, the application of Pd/IlI-V low temperature
bonding beyond the original electronic applications has not been investigated. In this
section, we present the growth, fabrication and characterization of high performance InAs
QD lasers on silicon substrates achieved by a low-temperature Pd/111-V bonding process.
The advantages of using the Pd-mediated bonding process are also demonstrated and

discussed.

3.2 Experiment

Figure 3-1 illustrates the InAs quantum dot laser heterostructures grown on (001)
GaAs substrates in a molecular beam epitaxy (MBE) system. The active region contains 7
stacks of InAs QD layers. Each QD layer consists of 2.6 monolayer (ML) InAs grown at
500 °C under the growth rate of 0.1 ML/s and capped with 5 nm Ing.15GaAs. In our dot
growth, compared to others,[89] we employed larger dots and small Ing.1sGaAs capping
layer to achieve optimized QD density as well as uniformity and high photoluminescence
intensity. In order to increase the temperature performance of the QD lasers, the InAs QDs
were modulation doped by beryllium at the concentration of 2x10'® cm™. In the laser
heterostructures, the p-type and n-type doped Alo.4GaoeAs cladding layers are designed to
confine the QD emission in the 111-V waveguide. Finally, an AlogsGaAs etch stop layer
with a thickness of 30 nm was inserted between the GaAs substrate and InAs QD laser

heterostructure. After epitaxial growth, the QD laser heterostructure is bonded to a silicon
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substrate in a Karl Suss SB8e substrate bonder by the Pd-mediated bonding process. In this
process Ti/Pd with a thickness of 50/250 nm is deposited on a Si substrate by e-beam
evaporation. The Ti serves as an adhesion promoter and the Pd is used to form the
permanent bond to the GaAs. The IlI-V wafer is then put in contact with the Pd coated
Silicon wafer and several bonding condition combinations were tested (200~350 °C,
1000~1500 mbar, 1~4 hour). It was found that permanent bonding can be achieved at a
low temperature and time of 250 °C and 1.5 hours, respectively, at 1000 mbar pressure
which is at least 50 °C and 50% less than previously described metal-mediated bonding
techniques [79-81]. After bonding, the GaAs substrate is removed by a combination of
mechanical polishing and wet chemical etching, where the 30 nm AlogsGaAs in the
heterostructure acts as an etch stop layer. After removing the AlossGaAs (HF for 30 s), the
ridge waveguide lasers are fabricated by standard process where the waveguide width of

5 um was fixed and the cavity lengths were varied from 1000 — 2000 pm, respectively. All
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Figure 3-1 Schematic of the InAs QD Laser diode heterostructure.
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the laser devices reported in this article are measured with the waveguide facets un-coated

(as-cleaved).

The structural properties of the InAs QDs are characterized by atomic force
microscope (AFM) and transmission electron microscope (TEM) measurements. In order
to perform the AFM measurements, InAs quantum dots without the GaAs capping layers
were grown in a separate experiment under the same growth conditions as the ones in the
QD laser active regions. Figure 3-1a illustrates the AFM image of the InAs QDs in the area
of 1 x 1 um?, and it shows that the InAs QDs have density of ~7 x 10*° cm™ and average
base diameter and height of 45 nm and 8 nm, respectively. The cross-sectional TEM
image (Figure 3-2), taken under [110] zone axis illumination, shows that the quantum dots
have a dome shape. The dot dimensions appeared to be smaller compared to the ones

obtained from AFM measurements due to small strain contrast at the edge of the dots.

3.3 Characterization and Discussion

The electrical characteristics of the InAs QD lasers on Silicon are measured with a
customized probe station, where the samples are loaded with n-side up on a thermoelectric
cooler (TEC) stage, and, consequently, the device temperature was controlled by the TEC
during the measurements. In order to characterize the series resistance at the Pd/IlI-V
bonding interface, a highly doped p-type GaAs substrate was bonded to a low resistance
p-type doped silicon substrates with the bonding recipe described above, and a mesa in the
GaAs with a size of 0.4 cm? was etched to the Pd bonding interface. The top Ohmic metals

to the p-type GaAs and bottom Ohmic metals to the Si consisted of Ti/Pt/Ti/Au with the
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thickness of 20/20/20/300 nm and 200 nm of Aluminum, respectively. As shown in Figure
3-2b, the I-V characteristics between the top GaAs and bottom Si contacts exhibit a linear
behavior and shows that the Ti/Pd contact is ohmic to both the Si and GaAs substrates.
Specifically, the low temperature Pd-mediated bonding shows a very low interfacial
resistivity of only 0.2 Qcm?, which is comparable to direct fusion bonding and other metal
bonding results with the resistivity varying from 0.1-1.3 Qcm?.[81] Moreover, the solid
line in Figure 3-2b shows the I-V characteristics between the top GaAs contacts and Pd
contact, where it exhibits nearly the same electrical characteristics with slightly lower
interfacial resistivity compared to the one obtained from the top/bottom contacts which is
0.24 Qcm? (dotted line). The inset diagram in Figure 3-2b illustrates the current path in the
measurements. The low contact resistance of the back contact is a unique advantage of this
Pd-mediated bonding approach as it allows for convenient backside electrical contact to

the 111-V devices bonded to the Silicon substrate.
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The optical characteristics of the InAs QD lasers are seen in Figure 3-3a. The solid
curve shows the continuous-wave (cw) light-current (L-I) characteristics of the bonded
InAs QD lasers with a cavity length and waveguide width of 1.5 mm and 5 um,
respectively, where a threshold current density Ji and differential quantum efficiency ngq
of 240 Alcm? and 23.9%, respectively, is obtained at room temperature operation. In
addition, an output power of ~5 mW is obtained (from both facets) at an injection current
of 45 mA. The lasing spectrum of the hybrid InAs QD lasers is shown in the inset of Figure
3-3a and measured at room temperature with the injection current of 27 mA (1.51x). The
lasing emission is around 1.24 um, close to the O-band communication wavelength. The
relatively large blueshift between the gain peak and lasing peak is due to the minimized

heating effect and band filling effect in QDs.[90] Overall, the laser properties shown here
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Figure 3-2(a) HR-TEM images of the InAs QDs; (b) I-V characteristics of the bonding
structure with top contact and bottom contact method,respectively. The inset shows
a schematic of the bonding structure.

are comparable to state-of-the-art self-assembled InAs quantum dots lasers on silicon

substrates, where threshold current densities from 163 A/cm? to 900 A/cm? have been
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reported with varied cavity length (0.6~3.5 mm) and ridge width (4~30 um).[76, 77, 91-

93]

In order to study the influence of the wafer bonding process, identical ridge

waveguide laser devices were made on a native GaAs substrate. The results are seen in the
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Figure 3-3(a) Light current (L-1) characteristics of the bonded laser (solid line) and
the unbonded laser (dashed line). The inset shows the electroluminescence (EL)
spectrum of the bonded laser. Both the bonded and unbonded lasers have a cavity
length and waveguide width of 1.5 mm and 5 pum, respectively. (b) Measured
threshold current density of the bonded and unbonded (circled) lasers of different
reciprocal cavity lengths. (c) emission spectra of the bonded and unbonded lasers
below threshold (0.91)

dotted line in Figure 3-3a and an overall comparison is shown in Figure 3-3b. It is clear
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that the bonded laser has better performance as it exhibits a lower threshold current density
and improved slope efficiency (240 A/cm? and 23.9% for the bonded compared to 280
Alcm? and 10.4% for the unbonded). In addition, as seen in Figure 3-3b, this improved
performance is consistently observed for multiple lasers of different cavity lengths. We do
note that there is some variation in the unbonded lasers that we believe is due to un-
optimized cleaving of the facets across the entire chip but even with this the improvement
from bonding is clear._It is believed that the improved performance of the bonded laser can
be attributed to the low temperature wafer bonding process and better heat dissipation
through the Si substrates compared with the original GaAs substrates,[94, 95] where the
thermal conductivity of silicon is three times larger than the one of GaAs (156 W/(m-K))
compared to 46 W/(m-K)). Finally, Figure 3-3c shows the emission spectra of the bonded
and unbonded lasers below threshold (0.91), where it is seen that both the spectrum shape
and peak position were preserved after the bonding process. Thus, this observation also
implies that the low temperature bonding process has negligible effect on the QD
properties. This p-side down bonding configuration were simulated by using Lumerical
Device Heat Transport (HT) to further investigate the heat transfer profile between bonded
and unbonded lasers. The heat sources were defined in active regions of lasers, and the
temperature were increased to 373K within 1 ps. The simulation heat transport profiles are
shown in Figure 3-4, and Figure 3-4b shows the results of heated transformed at 1 ps which
clearly illustrated the bonded laser could spread heat more efficient than the unbonded

laser.
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Figure 3-4 Heat transfer simulation thermal profile of bonded and unbonded lasers at
temperature of (a) Ok and (b)373K.

This is also seen in Figure 3-5a which illustrates the L-1 characteristics of the bonded InAs
QD lasers at high temperatures from 60 to 100 °C, where a threshold current density, Jt,
and efficiency, 1, of 950 A/cm? and 9.3%, are achieved at 100 °C operation. We believe

the power fluctuations are due to the high current density through the electrical probes used
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Figure 3-5 (a) Light-current (L-1) characteristics of bonded laser under the different
operation temperature from 50°C to 100°C with the laser cavity length and waveguide width
of 1.5 mm and 5 um, respectively. (b) Natural logarithm of the threshold current versus stage
temperature for the bonded laser with the same device in Figure 3-3a.

to contact the lasers. The measured temperature dependence of threshold current is shown

in Figure 3-5b for a laser with a cavity length of 1.5 mm. The corresponding temperature

coefficient To of 69 K is obtained which is higher than other state of art hybrid lasers (~50
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K),[76, 77, 96, 97] and the To could be improved further by optimizing the p-type

modulation doping of the quantum dots. [98, 99]

Some high-speed laser characterizations are also tested for this bonded laser. The
test set up was shown in Figure 3-6a which consisted of two DC probes to operate laser
beyond threshold current and a GSG RF probe to direct modulate laser. Figure 3-6b shows
the eye diagrams characterizations by modulating the bonded laser directly from 1GHz to
5 GHz, the Pseudorandom Bit Streams (PRBS) rate is 2e7-1 and the RF signal Vpp is
300mV. As shown in Figure 3-6b, the distinction ratio was getting worse and the eye
patterning became blurred at 5GHz modulation rate. Figure 3-6 ¢ shows the small-signal
modulation characteristics with different DC injection current. At 145mA, the 3dB-down
modulation bandwidth reached 2 GHz. Since we haven’t applied any design for high-speed
laser operation for our boned QD laser epitaxy structure, the bonded laser can be only
modulated up to 5GHz. However, we believe by introduced the design such us p-
modulation doping, narrower barrier height and tunneling injection structure of epitaxy

design, the modulation rate could be dramatically increased.
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Figure 3-6 (a) High-speed laser characterization setup. (b)Eye diagram characterization of
bonded InAs quantum dot lasers. (c) Small signal modulation characteristics of InAs
bonded lasers.

3.4 Conclusion

In conclusion, a low interfacial resistivity, low-temperature Pd-mediated wafer
bonding technique has been used to realize high quality InAs QD lasers on silicon
substrates. The bonded lasers exhibited better performance than their unbonded
counterparts, with a threshold current density and slope efficiency of 240 A/cm? and
23.9%, respectively, at room temperature. The InAs QD lasers on Si also yielded operation

at up to 100 °C with no significant performance degradation. In addition, high-speed
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modulation characteristics such as eye diagram and small signal modulation were also
investigated which indicated the bonded laser can be operated up to 5 GHZ. After further
optimization of the device efficiency and epitaxial process, the present hybrid InAs QD
lasers can be made to operate at 1.3 um, which will play a significant role for future silicon

photonic integration.
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4 INAS QUANTUM DOT ComB LASERS ON
SILICON SUBSTRATES BY WAFER BONDING

InAs quantum dot (QD) comb lasers have been grown by molecular beam epitaxy (MBE)
system, and integrated on silicon substrates by a low-temperature Pd-mediate wafer
bonding process. A post-growth annealing process is employed to achieve the broad and
uniform gain spectrum for the multi-wavelength comb lasers. The InAs QD comb lasers
have a threshold current density Ji, and slope efficiency, ni of 320 A/cm2 and 23.8%,
respectively. Under the injection current of 4.37Jw, the QD comb lasers exhibit multiple
broad and uniform longitudinal modes with the 3 dB bandwidth of 20 nm. Further study
has shown that the InAs comb lasers exhibit a continuous bandwidth broadening under
increased injection currents, which is ideal for the multi-channel optical interconnection

designs.
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4.1 Introduction

In the research of silicon photonics, nearly all of the silicon photonics interconnect
components have been individually demonstrated, such as, lasers, modulators and detectors
with the performance competitive with the electronic-only counterparts.[14, 92, 100-102]
One of the biggest challenges is the seamless integration of robust and low-powered lasers
with other silicon photonics devices, where the lasers need to be operated at relatively high
ambient temperatures (70-80°C) and the emission wavelengths need to be varied to achieve
a multichannel laser array with large transmission bandwidth. The large lattice and thermal
mismatch between Si and 111-V materials limits the performance and reliability of I11-V
lasers monolithically grown on Si.[103, 104] In this context, 111-V heterostructures bonded
on substrate have accentuated the Si photonics research, where the 111-V active materials
are usually bonded on the Si platform and the emissions are evanescently coupled with the
underneath silicon waveguides. Due to the 3D confinement and delta-function like density-
of-states (DOS) in quantum dots, it is well understood that the QD lasers, compared to their
QW counterparts, are advantageous in temperature stability and power consumption. In
addition, due to the size inhomogeneity of QDs, QD lasers usually exhibit broad gain
spectrum, and QD comb lasers with uniform and broad emission spectrum have been
demonstrated.[105-107] Such unique broadband laser sources have the potential to replace
a laser array with a single comb laser, and to enhance the total power consumption
efficiency (power/bits). However, integrated QD comb lasers have not yet been

demonstrated on Si substrates to take the advantage of the broad gain spectrum of QD
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heterostructures. In this section, we present the growth and characterization of InAs comb

lasers on Si substrates by low temperature metal-mediate wafer bonding techniques.

4.2 Experiment

Figure 4-1 illustrates the InAs quantum dot laser heterostructures grown on (001)
GaAs substrates in a Veeco GEN Il molecular beam epitaxy (MBE) system. The active
region contains 7 stack of InAs QD layers. Each layer consists of 2.6 monolayer (ML) InAs
QDs grown at 500 °C at the growth rate of 0.01 ML/s. The p-type and n-type doped
AlosGaosAs cladding layers are designed to confine the QD emissions in the IlI-V
waveguides. Finally, an AlAs etch stop layer with the thickness of 20 nm was inserted
between the GaAs substrates and InAs QD laser heterostructures. In order to achieve the
broadband gain emission, each InAs QD active region was tuned by carefully changing the
QD growth conditions. In-situ annealing under As2 overpressure before and after QD
formation was also performed to enhance QD size inhomogeneity. In addition, the as-
grown QD heterostructures were annealed ex-situly in a rapid thermal annealing (RTA)
process at 700 °C for 60 sec, which can effectively enhance the inter-diffusion between the
InAs QD and the affinity GaAs capping regions and further increase the gain linewidth.
This annealing method has been employed by several groups to obtain broadband InAs QD
based gain devices.[65] After the epitaxy growth, the QD laser heterostructures were
bonded to silicon substrates in a Karl Suss substrate bonder. The bonding process was
carried out at 250°C and 1000 mbar pressure for 1.5 hours. The detail of the Pd-mediate
bonding process has been previously reported and the low temperature bonding process is

beneficial to the QD laser applications. After the wafer bonding process, the GaAs
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substrates were removed by the combination of mechanical polishing and wet chemical
etching, where the AlAs layer in the heterostructures act as the etch stop layer, and then
the AlAs etch stop layers were removed by dipping in HF solution for 30 sec. In the end,
the broad area QD lasers were fabricated by standard photolithography, wet chemical
etching, contact metallization, and cleaving techniques, where the waveguide width and
the cavity length were varied from 5 to 9 um and 1000 — 2000 mm, respectively. All the
QD laser characterization results reported here were performed with the waveguide facets

un-coated (as-cleaved).

Figure 4-1 Schematic of the InAs QD superluminescence light emitting diode

heterostructures
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The structural properties of the InAs QDs were investigated by atomic force
microscope (AFM) and high transmission electron microscope (HR-TEM) measurements.
As illustrated in AFM image in Figure 4-2 inset, the InAs QDs have an areal density of ~8
x 101° cm and average size and height of 30 nm and 6 nm, respectively. It is also found
that our optimized dot growth conditions and in-situ annealing techniques can effectively
reduce the number of the coalesced QDs, which have previously been reported to behave
as the dislocation and non-radiative recombination centers and play detrimental roles in the
QD device applications. The cross-sectional TEM images in Figure 4-2 shows the 7 stack
quantum dots with a dome shape. The TEM images were taken under [110] zone axis

illumination with a FEI F20 TEM system.

Figure 4-2 HR-TEM images of 7 stacks layers of the InAs QDs. Inset: AFM images
of QDs.
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4.3 Characterization and Discussion
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Figure 4-3(a) Light-current-voltage (L-1-V) characteristics of a SLED with the cavity
and waveguide width of 1 mm and 50 pm, respectively; (b) EL spectra of InAs QD
SLED:s at the injection current of 1400 A/cm?, the emission spectrum has a linewidth
of 20 nm and 30 nm at 3 dB and 10 dB, respectively.

The electrical characteristics of the QD lasers on silicon substrates were measured
with a modified Cascade Microtech Alessi 3200 probe station, where the samples were
loaded with n-side up on a thermoelectric cooler (TEC) stage and the sample temperature
was precisely controlled and varied from 10 to 100 °C during the measurements. Figure 4-
3a shows the light-current (L-1) characteristics of a QD comb laser with the cavity length
and waveguide width of 1 mm and 50 pm, respectively. The threshold current density, J,
and slope efficiency, 1, of 23.81% and 320 A/cm?, respectively, are obtained from the L-I
characteristics. Figure 4-3b illustrates the comb laser electroluminescence (EL) spectra
under injection current 1400A/cm?2. The continuous broadening of the EL spectra can
particularly benefit the silicon integration designs, where only 4 to 8 independent
transmission channels are needed for current generation. It also provides the capability to

extend to the design requiring more channels in the future without pursuing a different
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comb sources. The insert Figure 4-3b shows a high-resolution spectrum at injection current
of 4.3Jth measured at 300K, and each longitudinal mode can be clearly distinguished with
the mode spacing of 0.1 nm. The measured mode spacing agreed very well with the
theoretically predications. For the laser with a 1 mm cavity length, there are 200
simultaneously emitted longitudinal modes in the spectral range of 1217-1237nm with a

non-uniformity of the peak intensity of less than ~0.5 dB.
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Figure 4-4 Injection current vs. peak wavelength position, where the continuous
blue-shift of peak emission indicates the quasi-continuous interband transition
characteristics in QDs

Finally, Figure 4-4 shows the bandwidth (dotted line) of the QD comb sources vs.
injection currents. The bandwidth broadening effects started to saturate at injection current
higher than 800A/cm2, which may due to the Joule heating effects and could be improved
by the better packaging such as using heat sink submount and wire bonding. It is worth

noting that, although the bandwidth of the reported QD comb laser sources on silicon
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substrates is at least three time narrower than the state-of-the-art QD comb lasers on the
native GaAs substrates, the 20 nm bandwidth is more than adequate for the current 4
channels design standards for both the dense wavelength-division multiplexing (DWDM)

and 2 channel coarse wavelength-division multiplexing (CWDM) arrays.

4.4 Conclusion

In conclusion, we report the MBE growth and characteristics of the InAs comb
lasers sources on silicon substrates. The post-growth annealing process can effectively
enhance the InAs gain spectrum. The emission spectrum with the 3dB and 10 dB linewidth
of 20nm and 30 nm, respectively, are obtained at the injection current of 1400A/cm?.
Further work is under way to optimize the device efficiencies and reduce the device Joule
heating. Nonetheless, the characteristics reported here indicate that the InAs QD comb
lasers after some improvement in growth and fabrication can become serious contenders

in silicon photonics integrations.
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5 PASSIVE MODE-LOCKED INAS QUANTUM DOT
LASERS ON SILICON SUBSTRATE BY PD-GAAS
WAFER BONDING

We demonstrate an electrically pumped InAs quantum dot (QD) two-section passively
mode-locked laser (MLL) on a silicon substrate by low temperature (250 °C) Pd-GaAs
wafer bonding technology. The saturable absorber of the QD-MLL is electrically isolated
by a 15 um wide dry-etching gap which resulted in ~30 kQ resistance from the gain regions
of the MLL. At room temperature the laser operates in the O-band (1.3 um)
telecommunication wavelength regime with threshold current of 94 mA, laser bar cavity
and absorber lengths of 6 mm and 300 um, respectively. The optimum mode-locked
conditions are observed under injection current and reverse bias voltage of 124 mA and -7
V, which generates pulses at a repetition rate of 7.3 GHz, an optical bandwidth of 0.97 nm,
and a nearly transform limited pulse width of 2 ps (sech2 pulse profile). These results
enable QD-MLLs to be integrated with silicon photonic integrated circuits (PICs), such as

optical time division multiplexing (OTDM) and optical clocks.
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5.1 Introduction

Silicon photonics is one of the most promising solutions to achieve low cost
CMOS-compatible photonic integrated circuits (PICs) and nearly all the components of
silicon photonics interconnections have been individually demonstrated.[14, 71, 108-110]
However, a proper way to monolithically integrate robust and efficient lasers into silicon
photonics platform is still under investigation. Specifically, current approaches are highly
inefficient (<1% ) and not robust against temperature variations (requires T<40-60°C for
operation).[2, 111] An attractive solution to these problems is the use of InAs quantum dot
(QD) lasers due to their capability for high temperature operation. [73-75] Recently, InAs
QD lasers were monolithically grown on silicon substrates.[25, 112, 113] However, these
novel direct growth technologies require 4-6° off-cut or pre-patterned silicon substrates and
thick buffer layers to eliminate threading dislocations (TDs) between Si and GaAs, both of
which limit CMOS compatibility. Alternatively, QD lasers on Si have been demonstrated
using wafer bonding technologies where the performance is influenced by the high
temperature during the bonding process.[79, 81] Recently we have demonstrated a metal
wafer bonding platform using Palladium (Pd) to integrate InAs QD lasers on silicon
substrates with a very low bonding temperature (<250 °C). [114] This metal mediated
bonding process provides ohmic contact to Silicon and excellent thermal conductivity,
resulting in p-side down bonded lasers with enhanced performance over counterparts on
native GaAs substrates.[114] Here, we experimentally demonstrated a mode-locked QD

laser on Si at a repetition rate of 7 GHz by using this Pd wafer bonding platform.
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Mode-locked lasers generate ultrashort pulses from durations ranging from
femtoseconds to tens of picoseconds with applications in optical clock generation, OTDM,
WDM (Wavelength-Division-Multiplexing), and high speed electro-optic sampling
systems. In addition to using bulky Ti:sapphire lasers or other vibronic lasers to generate
pulses of light, semiconductor mode-locked lasers (MLLs) and hybrid quantum well MLLs
have been demonstrated in the near infrared, which provide opportunities for photonic
integration.[115-117] Compared to quantum well lasers, QD lasers are well suited for
mode-locked applications due to their inhomogeneous gain spectrum and ultrafast carrier
dynamics.t® Currently, ultrafast, high repetition rate, low-jitter, temperature insensitive
quantum dot mode-locked lasers (QD-MLLs) have been realized.[118-120] To further
integrate QD-MLLs into an on-chip system, we have demonstrated an OTDM system using
a QD-MLL which produces a 5 Gb/s clock signal externally coupled into a silicon
photonics chip, generating a 40 Gb/s signal.[121] In order to integrate the QD-MLLs on
chip, we have developed hybrid QD-MLLs on Si using the Pd-GaAs bonding technology.
In this section the growth design, fabrication, and characterization of the bonded QD-MLLs

will be discussed.

5.2 Experiment

The structure of the hybrid QD-MLL is shown in Figure 5-1(a). The active region
was grown by molecular beam epitaxy (MBE) on an n-type GaAs (100) substrate,
containing 10 stacks of self-assembled InAs QD layers (grown by Innolume Gmbh,
Dortmund, Germany). In this laser heterostructure, the p-type and n-type doped

Alo35GaosAs claddings are designed to confine the QD emission in the 111-V waveguide.
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A 200 nm Alo.7GaAs etch stop layer is grown between the laser structure and GaAs buffer

layer for epitaxy membrane transfer. The low temperature Pd-GaAs wafer bonding

technology used to fabricate QD- MLLs has been previously developed to make ridge

n+GaAs Substrate

200nm Al ;GaAs Etch Stop Layer
n+GaAs
n+ Alg 35Gaj ¢sAs Cladding

p+Aly15Gag gsAs Cladding
p+GaAs

Figure 5-1(a) Heterostructure schematic and (b) diagram of the InAs QD mode-locked laser
diode on silicon.
waveguide Fabry-Perot lasers.[114] Additionally, this p-side down low temperature wafer

bonding technology shows the potential to enhance heat dissipation properties which lower
the threshold current of bonded lasers compared to unbonded ones. The schematic of the
passive QD-MLL is shown in Figure 5-1(b), where the MLL has a 6 mm gain section and
a 300 um saturable absorber section separated by a 15 pm wide electric isolation gap. The
QD-MLLs are fabricated with waveguide and mesa widths of 5 um and 25 um, respectively
(Figure 5-2a inset).[114] Electric isolation gaps are made together with the laser ridges by
dry etching to a depth of 2 [Im (Figure 5-2b). The resistance between the two laser sections
is characterized by I-V measurements (Figure 5-2b inset). The measured resistance is ~30

kQ which allows the sections to be independently biased. After fabricating the QD-MLLs
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on Si, the silicon substrate is mechanically polished to a thickness of ~100 um before
cleaving in order to realize a high quality facet (Figure 5-2a). Though the facets could be

highreflectivity (HR) coated, for this study the facets were left as cleaved.

5.3 Characterization and Discussion
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B

Si Substrate

P-Metal Saturable
Absorber

Figure 5-2 (a) Magnified cross-section SEM image of the laser facet with a 70° tilted angle
and (inset) unmagnified SEM image of the same region. (b) Top view SEM image and I-V
characteristics (inset) of dry etched electrical isolation gap between the gain and saturable
absorber sections.

The DC characteristics of bonded QD-MLLs are tested with current injection (lg)
and a constant reverse bias voltage (Va) applied to the saturable absorber section. The
devices are mounted on an aluminum oxide submount using Indium-Tin solder (ribbonin-
10809) on top of a thermoelectric cooler (TEC) to maintain room temperature (RT)
operation during measurement. The continue wave (CW) light-current (L-1) characteristics
of bonded QD-MLLs with forward and backward sweeping of the injection current under
zero bias (0 V) and 4 V reverse bias conditions are shown Figure 5-3. When the absorber
is short circuited (Va=0V), the QD-MLL shows a threshold current () of 94mA, and a
single facet output power of ~2 mW at an injection current of 130 mA. At a reverse bias of

Va=-4V, the threshold current is increased to 100 mA due to the higher cavity losses
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generated from the reverse biased saturable absorber. It is seen that the reverse biased QD-
MLL exhibits bistability near the point of threshold. This effect has been observed in
unbonded QD-MLLs and is attributed to the nonlinear saturation of the QD absorption and
the electro-absorption induced by the quantum confined Stark effect (QCSE). [122]

The RF properties are characterized using a high index single mode fiber (Nufern
UHNA) directly coupled from the saturable absorber facet. The coupled light is then sent

through an O-band semiconductor optical amplifier (SOA) (Thorlab S9FC1132P) to boost
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Figure 5-3 Light current (L-1) characteristics of the bonded mode-locked laser under reverse
bias voltages of 0V and -4V with forward and backward sweep current. Upper right inset:
close-in L-1 around threshold current. Lower left inset: electroluminescence (EL) of bonded
mode-locked laser with a reverse bias voltage of OV with injection current of 150 mA.
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the power intensity and is followed by an optical splitter for simultaneous characterization
of the RF spectrum, optical spectrum, pulse train, and pulse width. In order to characterize
the mode-locking dynamics of the bonded QD-MLL, optical and RF spectra 2D evolutions
are generated from OSA (optical spectrum analyzer) and RF spectrum analyzer
measurements simultaneously. These 2D optical and RF spectra evolutions are
characterized over reverse bias voltages from 0 V to -7 V with -1 V steps. Figure 5-4 shows
the evolution of the optical and RF spectra at reverse biases of -7V and 0V, respectively,
which are selected to indicate the typical differences of bonded MLLs functioning at the
two ends of the bias conditions. The RF spectra exhibits mode-locking under high or low
reverse bias conditions, however, higher reverse bias voltages result in locking over larger
conditions as well as a stronger RF signal due to the faster absorption recovery in the
saturable absorber. It is worth noting that the laser operates at a higher RF frequency at
higher reverse bias conditions since the elevated bias voltage induces more loss, essentially
shortening the cavity length of the laser. In addition, under both reverse bias conditions,
the bonded MLL shows a stable narrow RF spectrum around the threshold current, and the
linewidth broadens as the optical spectrum transitions from single to dual band with
increased injection current. This dual band phenomenon was also observed in InAs/InP QD
lasers[123], the band splitting may due to internal optical power, AC stark effect or the
pumping effects from another group of QDs. The gap between dual spectral bands results
in refractive index differences, leading to two competing groups of pulses in the cavity,

which destabilizes operation. Optimum mode-locking conditions are achieved under high
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reverse bias with an injection current set below the bifurcation of the optical spectrum. This

set of conditions usually occurs around the threshold current (Va=-7 V and 1g=124 mA).
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Figure 5-4 (a) Optical and (b) RF spectra evolutions with injection current from 100 mA to
240 mA at OV bias. (c) Optical and (d) RF spectra evolutions with injection current from 100
mA to 240 mA at -7V bias. Inset: RF spectra at optimized injection (I,=125 mA) and at
bifurcated spectrum operation (I,=215 mA). The RF signal degrades significantly at higher
injection currents where the optical spectrum splits.

Under these optimized MLL conditions we have characterized the temporal and
spectral characteristics of the laser. In Figure 5-5a inset, a pulse train is observed by using
a digital sampling oscilloscope with an optical detection module and triggered with an
amplified RF signal. The pulse period is approximately 136 ps, in agreement with the 7.3

GHz RF spectrum shown in Figure 5-5a, and corresponding to the fundamental cavity
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repetition rate. The side peaks and broadened pulse width observed in each pulse are due
to the non-ideal response of the photodetector. In order to measure the actual pulse width,
the SOA amplified pulse train is sent into a Femtochrome autocorrelator (FR-130HS).
Figure 5-5b inset shows the autocorrelation trace with a Full-Width-Half-Maximum
(FWHM) of 2.96 ps, which corresponds to a deconvolved 1.9 ps pulse using a sech?fitting.
The corresponding optical spectrum is measured to have a FWHM of 0.97 nm [~172 GHz]
(Figure 5-5b). The resulting time-bandwidth product is 0.326 which is comparable to the
sech? shape Fourier transfer limited theoretical value of 0.315, i.e. 1.029X the transform
limit or within 5% of our experimental value. The asymmetric pulse shape is attributed to

gain clipping in the SOA, or chirp effects inside the bonded MLL. [124, 125]
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Figure 5-5 (a) RF spectrum and pulse train (inset); (b) optical spectrum and temporal
pulse width (inset) of bonded mode-locked QD laser under the optimized bias condition
of 1;,=124 mA and V.=-7 V, respectively.
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Other than two-section mode-locked laser configurations, a single cavity mode-

locked laser and colliding pulse mode locked laser are also investigated. The schematic

device structures of these three configurations are shown in Figure 5-6.
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Figure 5-6 Schematic drawing of three configurations for passive mode-locked laser: a) two
section mode-locked laser, b) single cavity mode-locked laser, and c) colliding pulse mode-
locked laser.

For the single cavity mode-locked laser, the physics modeling still haven’t fully

modeled yet. One qualitied explanation is as laser turning on, the self-focusing effect made

the middle region of laser having lower loss caused by the smaller mode profile reduced

the interaction with surface of laser waveguide. As a result, the middle part become to be

the saturable absorber of the single laser cavity and eventually mode-locked the whole

cavity. Since there was no electro isolation in this configuration, which means lower loss

and higher efficiency compared to the two section mode-locked laser. However, this
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configuration cannot apply bias on the saturable absorber and the pulse may not be
suppressed to very narrow pulse width in time domain. Figure 5-7 b shows the RF spectrum
of a single cavity MLL bonded on Si substrate.

For the colliding pulse mode-locked (CPM) laser configuration, the mechanism is
quite similar to the two section MLL, however, the saturable absorber is designed in the
middle of the cavity. As a result, the two colliding pulses generated from the gain section
on each end of laser cavity will transport against each other can be bleached out more easily
in the middle SA section compared to the two section one. This process are supposed to
generate in shorter and more stable pulses. Figure 5-7a shows the RF spectrum of InAs QD
CPM lasers on Si by Pd-GaAs wafer bonding. As it configuration defines, the second
harmonic of fundamental frequency were generated. As a tradeoff, these CPM
configuration need the laser cavity to be designed two times longer than the two section

one.
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Figure 5-7 a)RF spectrum of colliding pulse QD mode-locked laser and b) RF spectrum of a
single cavity mode locked laser bonded on Si.

5.4 Conclusion

In conclusion, we have demonstrated for the first time nearly transform limited
guantum dot mode-locked lasers on silicon by low temperature Pd-GaAs wafer bonding
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technology. The optimized mode-locked lasers operate near 1.3 um with a 7 GHz repetition
rate and 2 ps pulse width. In addition, mode-locking was investigated over a wide range of
operating conditions by adjusting gain injection currents and reverse bias voltages of the
saturable absorber. In addition, the single cavity mode-locked laser and colliding pulse
mode-locked InAs QD laser are also demonstrated on Si with the preliminary results. These
hybrid InAs QD MLLs are a promising solution to integrating laser sources together with

silicon photonic integrated circuits (PICs).
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6 CHARACTERIZATIONS OF OPTICAL
FEEDBACK EFFECTS IN INAS QUANTUM DOT
LLASERS BUTT-JOINT COUPLED WITH
SiLICON PHOTONICS WAVEGUIDES

InAs quantum dot (QD) laser heterostructures have been grown by molecular beam epitaxy
(MBE) system on GaAs substrates. The InAs QD lasers exhibit comparable properties of
the state-of-the-art QD lasers on silicon substrates with the threshold current density Ji and
efficiency n of 475A/cm? and 72.6%, respectively, at room temperature. The quantum dot
laser emission was butt-joint coupled into silicon photonics waveguides by aligning the
laser and silicon photonics chips with two translation stages. Due to the optical feedback
from the air/Si interface to the laser cavity, the laser power self-pulsation and reduced
threshold current density were observed. And the effective facet reflectivity, Resr, of 62.7%
is fitted. Furthermore, the silicon photonics waveguides interface was coated with the
SiO./TiO; antireflection (AR) coating layers, and no laser performance interference is

observed owing the reduced optical feedback.
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6.1 Introduction

As one of the most promising alternatives to electronic interconnects, silicon
photonics have been studied intensively, and nearly all of the components of silicon
photonic interconnects have been individually demonstrated.[14, 68-71] While the
performance of these devices are now competitive with electronic-only interconnects and
almost reach their theoretical limits, there still remain significant challenges to the
realization of a complete integration of 111-V lasers with silicon photonics components
Several different approaches have been taken to integrate 111-V lasers into the silicon
photonic platform.[2, 126-130] Among them, butt-joint coupling between the active I11-V
lasers and gain chips with passive silicon photonics components have drawn large attention
recently due to the simplicity and high coupling efficiency, thus, it has been demonstrated
that the silicon photonics integration can be effectively achieved by the butt-joint coupling
of I11-V quantum well (QW) and (quantum dot) gain chips and lasers with silicon photonics
distributed Bragg reflectors (DBRs), modulators and waveguides and they have shown
promising results to achieve the optical interconnections.[129-135] However, in the butt-
joint coupling schematics, due to the presence of air gap between the laser output facet and
waveguide input, there will be optical reflection at the laser facet/air and waveguide/air
interface to provide optical feedbacks to the laser cavities, which can significantly affect
the laser stability and performances. [136-139]These issues have been intensively
investigated in the telecommunication industries when coupling laser devices with other
optoelectronics components, however, little attentions in this regards have yet been made

in the silicon photonics integrations. Thus, in the section, we present experimental and
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theoretical investigation of the effect of the laser performance due to the additional optical

feedbacks.

6.2 Experiments

In our experiments, high performance InAs quantum dot (QD) lasers were butt-
joint coupled with silicon photonics waveguides and the QD lasers were characterized by
light-current (L-1) and electroluminescence (EL) measurements. Furthermore, the
Si02/Ti02 antireflection (AR) coating structures at the silicon photonics import facet were
deposit to reduce the optical feedback and the laser characteristics were systematically
measured and compared. We employed InAs QD lasers as our active components due to
their high temperature stability, which make it ideal candidate for silicon photonics
integrations. In addition, a transfer matrix method (TMM) model was developed to model
the optical feedback in Fabry-Pérot laser cavities and the corresponding effect on the laser

characteristics.

6.2.1 InAs Quantum dot (QD) Laser

InAs quantum dot (QD) laser heterostructures were grown on (001) GaAs
substrates in a Veeco GEN Il molecular beam epitaxy (MBE) system. The active region
contains 7 stacks of InAs QD layers. The details of the InAs QD laser growth and
characterization have been reported elsewhere.[107] Ridge waveguide lasers were
fabricated by standard photolithography, inductively coupled plasma-reactive ion etching

(ICP-RIE), contact metallization, and cleaving techniques, where the waveguide width and
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the cavity length were 5 pm and 1500 mm, respectively. All the laser devices reported in

this article were measured with the waveguide facets un-coated (as-cleaved).

6.2.2 SOl silicon waveguide

A silicon single mode waveguide was fabricated on silicon-on-insulator (SOI)
wafers by electron beam lithography and reactive ion etching. The silicon photonics
waveguide has the width and height of 400 nm and 250 nm, respectively, to maintain single
mode propagation for the 1.3 um laser emission. The waveguide length of 4 mm was
defined by cleaving, after which the waveguide facets were mechanically polished to
reduce the facet scattering loss. In order to further reduce waveguide propagation loss, the
SOl waveguide was cover with 1.2 um SiO; top cladding layers deposit by plasma
enhanced chemical vapor deposition (PECVD) techniques. Finally, at the input port of the
silicon waveguide, an inverted taper structure was designed and fabricated as the mode
converter to enhance the coupling efficiency, where the waveguide was inverted tapered

from 150 nm to 400 nm in a distance of 300 um.

6.2.3 Butt-joint coupling

After the device fabrication, the QD laser bars were mount on a thermoelectric
cooler (TEC) with p-side up to keep the laser device temperature at 25 °C during operation,
and the silicon photonics chips were placed on a 6-axis translation stage for active
alignment. Figure 6-1 and inset illustrate the schematics and micrograph image of the
experimental setup, respectively, where, the micrograph image shows the section of the

butt-joint coupling between QD lasers and silicon photonics waveguides. The anode and
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cathode electrodes of the QD lasers were probed by high precision Cascade Microtech
probe micro-positioners to supply the bias current. The alignment procedure was monitored
by a near InGaAs Infrared (NIR) camera and Ge power meter. During the alignment
process, the QD laser was biased at a fixed current of 80 mA at continuous-wave (c-w)
operation, and the bias current is corresponding to 2 Jw, where the Ji (40 mA) is obtained
from a separate light-current (L-1) measurement with the same standalone QD lasers. Two
identical Ge integrating sphere power meters were placed at the output port of the silicon
photonics waveguide and rear facet of the QD lasers to measure the optical power. During
the alignment process, the Si waveguide output power was maximized by adjusting the
position of the silicon photonics waveguides. The entire coupling process was monitored
by an InGaAs camera as well. After successfully coupling the QD laser into the silicon
photonics waveguides, the laser light current (L-I) characterizations were measured from

the laser rear facet.

Figure 6-1 Schematics and micrograph image (inset) of the Si waveguide and QD laser butt
joint couple experimental setup
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6.3 Butt-joint couple characterization

Figure 6-2a illustrates the L-1 characteristics, measured from the laser rear facet, of
the QD laser coupled with silicon photonics waveguides. In this measurement, a QD laser
with the cavity length and ridge waveguide width of 2 mm and 5 um, respectively, was
employed. In comparison, the dotted line in Fig.7-2a shows the L-1 curve of the same laser
diode without butt-joint coupled silicon photonics waveguides. The inset of Figure 6-2a
shows a NIR micrograph image of the silicon photonics waveguide coupled with the QD
laser emission, where a bright line in the Si waveguide was observed. It is found that the
butt-joint coupling between the QD lasers and Si waveguide is playing a significant role in
the laser performances. The threshold current density is reduced from 455 A/cm? to 435
Alcm? compared to uncoupled QD lasers, in addition, when the laser is coupled with silicon
photonics waveguide the output power oscillation is also observed. Figure 6- 2b illustrates
the power self-pulsing vs. time, this is a signature feature when a Fabry-Perot diode lasers
are exposed to optical feedback to the laser cavity. [139, 140]Despite of small threshold
current density change, the inherit power self-pulsing and laser instability can be
potentially detrimental. Finally, in order to reduce the Si/Air reflectance and optical
feedback in the laser cavity, the silicon waveguide input facets was deposited with an
antireflection coating (ARC) consisting of one pair of SiO2/Ti02 with the thickness of 215
nm and 125 nm, respectively. The reflectivity is reduced to < 2% in the wavelength window
from 1.1 pm to 1.3 um. As a results, when the Si/air reflection is reduced, almost identical
L-1 characteristics is obtained implying the unaltered laser characteristics coupled with Si

waveguides.
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Figure 6-2: (a) L-I characteristics of butt-joint coupled (solid line) and uncoupled
(dashed line) QD lasers, where a reduced threshold current from 455 A/cm2 to 435
A/cm2 compared to uncoupled QD lasers is observed; (b) Laser output power vs. time
characteristics of uncoupled (red) and coupled (black) lasers, where a laser output
power self-pulsing is measured from the coupled QD lasers.

66



6.4 Optical feedback by transfer matrix method

Furthermore, a one dimensional three-mirror cavity is developed by transfer matrix
method (TMM) to describe the QD laser cavity with optical feedback from silicon
photonics interface. Figure 6-3 illustrate the equivalent cavity model, where the ry, r2 and
rext are the electric field reflectivity at the diode laser, rear face, coupling front facet and
silicon waveguide import facet, respectively, and L and d are the diode laser cavity length
and spacing between the laser output facet and silicon waveguide interface. The res

represents the equivalent electric field reflectivity by considering both the r> and rex:.

From the TMM, the 7 = |reff| ce I =15 (1 4 Koyt OS(2MVTorr)) -
L d
< > < i
ry 72 Fext

ry Fesr

Figure 6-3 The schematic model of optical feedback from the silicon photonics interface and
equivalent cavity model, which considered all the reflections on butt joint, coupled side as
one effective reflectivity.

e~/ (I kextsin(2mvText) \where v is the emission frequency, Koy = %(1 —12), Toye IS the
2

light traveling time in the air space between r, and r,,; Where r,,; = % and c the speed
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of light. In a laser diode, the threshold gain g;, = «; + % ln(ﬁ), where the «; is the
172

internal loss, L is the cavity length and r1 and r; are electric field reflectivity. Thus, after

introducing the external feedback and refr, the threshold gain change can be

described, Ag, = % ln(ril). It is found that the laser threshold current and threshold gain
2

are modulated by with the external cavity, which agrees well with our experimental

observation as shown in Figure 6-2. In addition, the laser threshold current density is

written as following

L S ( ! ) 1
]th—]tr A ZALn R1R2 ()

where the Jtr is the transparency threshold current density, A is a material constant and R
is the facet reflectivity, R=r2. Since Jtr and A are materials and structure constants and
independent of cavity optical feedback. Figure 6-4b illustrates the laser threshold current
density Jth and differential quantum efficiency nd vs. cavity length, where the same laser

diodes without optical feedback are utilized for simplicity. In addition, the internal loss «;

(ZiL

1
In(zza)

can be fitted by n;1 =7n;1(1+ ), where n,; and n; are differential quantum

efficiency and internal quantum efficiency, respectively. As a result, Jtr of 446.8 A/cm2
and a; of 1.37 cm-1 are obtained from the fitting. Finally, the Reff of 62.7% is calculated

after plug the fitted Jtr and A (0.092) and measured Jw into equation 1.
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Figure 6-4 (a) Reciprocal differential efficiency n - vs. cavity length L; (b) Laser
threshold current density Jin and vs. Reciprocal of cavity length

6.5 Conclusion

In conclusion, InAs QD lasers have successfully butt-joint coupled with silicon
photonics waveguides by aligning the two chip by high precision translation stages. The
optical feedback from the silicon photonics interface has been investigated both
theoretically and experimentally, the laser threshold current density reduction and emission
power self-pulsing were observed. Finally, the ARC layers were applied at the silicon
photonics interface, and the laser characteristics stabilization was measured. It is argued

that this work can provide valuable information for future silicon photonics integration.
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7 INAS QUANTUM DOT LASERS WITH DRY
ETCHED FACET BY BR-ION BEAM-ASSISTED
ETCHING

The etching conditions of the AlGaAs materials in bromine ion beam-assisted etching (Br-
IBAE) process have been determined. The etching rates can be varied from several nm/min
to ~300 nm/min through controlling the bromine pressure and the substrate temperature.
High-performance InAs quantum dot (QD) lasers have been grown by molecular beam
epitaxy system. The broad area QD lasers are fabricated by standard photolithography and
metallization processes, while the laser facets are formed by Br-IBAE dry etching process.
With the dry-etched facets, the InAs QD lasers have a threshold current density Ji, and
slope efficiency, ;i of 480 A/cm? and 34%, respectively. The Br-IBAE dry etched facet

reflectivity of 0.28 is obtained from fitting the Jw versus reciprocal cavity length curves.
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7.1 Introduction

Semiconductor laser diodes with dry-etched facets are of long interests for photonic
integrated circuits (PICs) [141, 142]. With the recent development of silicon photonics
research, such laser devices are ideal candidates for on-chip silicon photonics integrations
as well [143]. In addition, the laser diodes fabricated with dry-etched facets also exhibit
the ability to precisely control the laser position and dimension and are also of significance
for fast and on-chip device testing to improve the photonics devices manufacturing
throughput [144]. In this section, in addition to the traditional induce coupled plasma (ICP)
dry-etching process which still can’t provide reliable etching results for I11-V lasers, both
Bromine and Chlorine based ion beam assisted etching (IBAE) processes have shown
success to be a versatile tool for etching laser facets in the GaAs and InP material
systems [144]. However, due to the high aluminum contents in the AlGaAs materials, the
etching conditions of AlGaAs materials are expected to be different compared to their
GaAs counterparts and there have been lack of study of the IBAE etching conditions
for AlGaAs materials [145]. Furthermore, in the applications of Silicon photonics
integrations, it is important to have lasers that are robust against temperature variations. In
this context, the InAs quantum dot (QD) lasers are attractive candidates due to their
suitability for high temperature operation [26, 114, 146]. However, the high performance
InAs QD lasers with dry etched facets have not been widely investigated [143, 147]. In this
context, we report the investigation of the Br-IBAE etching process for the Alo.sGaosAs
materials and high performance InAs QD lasers with dry-etched facets. In this study, we

choose to employ the Bromine as the etching chemicals in the IBAE etching process
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instead of the Chlorine. This arises from its inability to etch vertical sidewalls in GaAs

heterostructures with Cl>-IBAE [148, 149].
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Figure 7-1 Etching rate vs. substrate temperature and Bromine pressure.

7.2 Br-IBAE Etching of Alx Gai-x As

The AlosGaoeAs etching calibration samples with the thickness of 1.8 um are
grown by a Veeco molecular beam epitaxy (MBE) system on (100) GaAs substrates and a
10 nm GaAs capping layer is grown to prevent the oxidation of Aluminum contents when
exposed to air. Here the Al content of 40% and 1.8 um thickness of AlGaAs film is chosen
to be identical to ones in the QD laser cladding layers. In this study, the SPR220-3.0
photoresist is used as the etching mask. The etching process is performed in a customized

Br-IBAE system. The system has a load lock chamber and background pressure of 6 x 10~/
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Torr in the process chamber. Once the sample is loaded in the process chamber, the ion
gauge is shut off, Ar flow rate of 3 sccm is established. The beam voltage is set and the
beam current is adjusted until the current, measured by a Faraday cup, is at the proper
value. The Faraday cup also serves as a shutter for the Ar and Br, beams. Once the Ar beam
current is established and then neutralized, the sample is in-situ cleaned at room
temperature using a 5 min, 40 A/lcm?, 600 V Ar beam sputter conditions. The substrate
temperatures between 20 and 220 °C can be achieved in the customized Br-IBAE system.
Figure 7-1 illustrates the etching rate vs. sub-strate temperature and bromine pressure, it is
the found that, unlike etching GaAs [148], the Alo.4Gao.sAs etching process can only exhibit
reasonable etching rate at elevated substrate temperatures and, at the substrate temperature
of 80 °C, an etching rate of 100 nm/min can be obtained with the Bromine pressure of 2.8

mTorr.

7.3 Quantum dot lasers with dry-etched facets

The InAs quantum dot laser heterostruc-tures grown on (100) GaAs substrates in
the Veeco MBE system. The active region contains 7 stacks of InAs QD layers. Each layer
consists of 2.6 monolayer (ML) InAs QDs grown at 500 °C at the growth rate of 0.1 ML/s.
The p-type and n-type doped Alo4GaosAs cladding layers are designed to confine the QD
emissions in the I111-V waveguides. The broad area QD lasers are fabricated by standard
photolithography, wet chemical etching, and contact metallization processes, where the
waveguide width is 30 um and the cavity length is varied from 1000 — 2000 mm. In the
broad area lasers, one facet is achieved by the Br-IBAE etching process with the SPR220-

3.0 photoresist as the etching mask and the laser output emission is measured from the
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other un-coated as-cleaved facet. In the IBAE facet etching process, the substrate
temperature and Bromine pressure of 80 °C and 2.8 mTorr are employed, respectively,
which have resulted in the best laser performance among other combination in this study.
In comparison, the QD lasers with both as-cleaved facets are fabricated with the same
epitaxy wafers and device dimensions. The electrical characteristics of the QD lasers are
measured with a modified probe station, where the samples are loaded with n-side up on a
thermoelectric cooler (TEC) stage and the device temperature is precisely controlled and

can be varied from 10 to 100 °C during the measurements.
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Figure 7-2 Light-current (L-1) characteristics of a QD laser with the cavity length and
waveguide width of 1.2 mm and 30 g#m, respectively, and dry-etched/as-cleaved facets (solid)
and as-cleaved/as-cleaved facets (dash); inset: electroluminescent spectrum of QD laser.
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Figure 7-2 shows the light-current (L-1) characteristic of a QD laser with the dry-
etched/as-cleaved facets and cavity length and waveguide width of 1.2 mm and 30 um,
respectively. To eliminate the Joule heating effects, the L-1 characteristics are measured
under pulsed current injection conditions with the pulse width and duty cycle of 10 us and
1%, respectively. The threshold current density, Ji, and slope efficiency, 54, of 480 A/cm?
and 34%, respectively, are obtained from the L-I characteristics. In comparison, the dashed
gray curve in Figure 7-3b illustrates the L-1 characteristic of a QD laser with the same
dimensions and both as-cleaved facets. In the lasers with both as-cleaved facets, the
threshold current density, Juw, and slope efficiency, #, of 320 A/cm? and 38%, respectively,
are measured. Most notably, the QDs lasers exhibit state-of-the-art threshold current
density and output power characteristics and the lasers with dry-etched facets shows
limited performance degradation due to the larger mirror loss compared to the QD lasers
with as-cleaved mirrors. The reflectivity of the dry-etched laser facet is estimated by using

the equation [9]:

C |
J Ly=J >0 — In
th (L) th( )+2L (R]Rg)
where Ji is the threshold current density, L is laser cavity length, R: and Rz are the
mirror reflectivity, and C and Jw(e0) are constants extracted from laser diodes with cleaved

facets.

Figure 7-3a illustrates the plot of Ji vs. reciprocal cavity length (1/L), and the mirror
reflectivity R of the dry-etched facet of 0.28 is obtained from the fitting, given that the

reflectivity R of the other as-cleaved facet is 0.32. The IBAE etched mirror reflectivity R
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is comparable with the one measured from other dry etching techniques, in the range of
0.28 to 0.33, such as focus ion beam (FIB) and inductively coupled plasma (ICP) dry
etching techniques for InP and GaAs based materials [150-153]. It is worth noting that,
even though the IBAE etching technique doesn’t offer significant advantage of the mirror
reflectivity, it is still of great interests for photonics integration due to its versatile
capability for device fabrica-tions [4]. The fitted Jin(0) of 140 A/cm? of the dry-etched
lasers agrees well with the one fitted from the as-cleaved laser devices, 108 A/cm?,
implying that the device characteristics disparity between the ones with as-cleaved and dry-
etched facets is majorly due to the different mirror loss. Finally, Figure 7-3b shows the
measured temperature dependence of threshold current density, Ji, and slope efficiency,
nd , of a typical laser with cleaved/dry-etched facets under pulsed bias emitting at 4 = 1.23
um (inset). The threshold current density of the lasers is slightly high due to the dry-etched
facet and p-doping, which can increase Auger recombination [154]. The value of Ty is fitted
from Jin (T) = Jin (0) - exp(T/To) [155], which is 110 K in the range 60 °C < T < 100 °C.
The high value of To measured in this temperature range shows that QD lasers with dry-
etched facets are ideal candidates for high temperature operations [156]. Similarly, the
value of Ty, given by 54 (T) = 54 (0) - exp(—T/T1) where 54 is the differential efficiency

[155], is 105 K in the range of 60 °C < T <100 °C.
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Figure 7-3(a) Plot of threshold current density (Jw) vs. reciprocal cavity length (1/L), and the
mirror reflectivity R of the dry-etched fact of 0.28 is obtained; (b) Temperature dependence
of threshold current density, Jin, (solid) and slope efficiency, nq4 (dash) of a typical QD laser
with cleaved/dry-etched facets under pulsed bias operation.

We have demonstrated the Br-IBAE etching conditions of MBE grown

AlosGaosAs materials that are suitable for GaAs based dry-etched laser fabrications. The
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etching rate of 100 nm/min for Alo4GaoeAs is obtained at 80 °C. Furthermore, we have
shown the fabrication and performance characteristics of a high performance 1.3 um QD
laser with dry-etched laser facet. A high degree of temperature stability is exhibited by the

QD lasers.
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8 BUTT-JOINT HETEROGENEOUS INTEGRATION
PLATFORM BY PD-GAAS WAFER BONDING

As discussed in the above section, we have demonstrated a hybrid InAs QD
laser by GaAs-Si wafer bonding technology. However, to further hybrid integration of
the laser source with a silicon photonic integrated circuit (PIC), a CMOS compatible,
high tolerance, high coupling efficiency, temperature insensitive platform needs to be
developed. Here, a review of other integrated platforms will be discussed and a new
platform will be proposed in which the low temperature Pd-GaAs bonding technology
can be used to realize a butt-joint hybrid integration configuration. As an example, a
hybrid tunable laser is proposed based on this platform. The details of simulation and
layout are discussed and a proof of concept experiment was demonstrated by using a
booster optical amplifier (BOA) externally fiber coupled to a silicon nitride ring
resonator photonic integrated chip. A tunable laser is achieved with a 50mA threshold
current, 35dB side mode suppression ratio (SMSR) and a 0.023nm/°C thermal tuning

coefficient.
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8.1 Introduction

Currently, laser source integration platforms can be categorized in three
regimes, fiber-to-chip integration, hybrid flip-chip integration, and hybrid monolithic
integration as shown in Figure 8-1(a)-(c). The first solution could be treated as an
advanced compact packaging approach (Figure 8-1a). A triangular groove or a U-
shaped groove is created in the silicon photonic chip aligned with waveguide taper such
that fiber can be effectively coupled to the waveguide by either passive or active
alignment. IBM is one of leaders developing this platform, demonstrating fiber arrays
successfully coupled to waveguide arrays with high efficiency (<1.3dB) [5]. IBM has
also demonstrated mechanically compliant polymer waveguides coupled to silicon
photonic chips under this regime. Quite different from the directly butt-coupled fiber
arrays, the polymer waveguides are adiabatically coupled to the silicon waveguide,

enabling mechanical coupling between the fiber connector and the chip.
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Figure 8-1 Three methods to integrate laser source to a photonic integrated circuit on silicon
to form a hybrid laser: (a) fiber-to-chip integration, (b) flip-chip bonding, and (c) hybrid
monolithic integration.[6]

The second approach is achieved by flip-chip bonding in which a prefabricated
diode laser was aligned with the silicon waveguide during the bonding process. The state
of the art results of the flip-chip bonding platform have been demonstrated by two different
methods: backside alignment and self-aligned bump bonding [4, 5, 157]. As shown in
Figure 8-2 a, this hybrid flip-chip bonded QD laser source was demonstrated by Arakawa
el al. [4]. In this configuration, the laser arrays, as well as silicon photonic chip with etched
trenches, were prefabricated and a flip-chip bonding process was later applied by using IR
backside alignment with the pre-deposited alignment marks on each side. The other
approach was demonstrate by IBM and Johnathan’s group by using self-aligned bump
bonding technology which has been used in traditional IC packaging for decades and has
the potential to achieve sub-micron alignment accuracy. Compared to the first approach,

this flip-chip bonding integration method shrinks the footprint of integrated lasers while
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increaseing the complexity of alignment and the prefabricated workflow, limiting the

fabrication flexibility when compared to the bottom-up integration platform.
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Figure 8-2 Flip-chip bonding laser source sehmatics of a)back side alignment and b) self-
aligned bump bonding.[4, 5]

The third approach uses the 111-V material as a gain medium that is evanescently
coupled to the silicon substrate (Figure 8-3a). The laser cavity is formed by creating
reflection gratings or rings on the silicon photonic circuit. This approach was first
demonstrated by John Bower’s group, and several PICs were later demonstrated based on
this platform, such as mode-locked evanescent lasers, hybrid tunable lasers and uncooled
datacom WDM hybrid laser arrays [158, 159]. This evanescent hybrid laser was further
optimized by using adiabatic coupling as shown in Figure 8-3b. Different from the
evanescently coupled laser, the spontaneous emission optical mode was completely
confined within the HI\V (quantum well) layer in this configuration. The optical mode was
coupled to the silicon waveguide only at the two ends of the I11\V gain region, enhancing
the quantum efficiency due to the higher confinement factor in the gain region when

compared with the evanescently coupled lasers[5, 160]. This laser integration approach has
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a small foot-print and is very promising for silicon photonic integration as it is without the
difficult alignment steps of the other two approaches discussed above. The direct bonding
process is quite critical as a single particle on either side of the wafer may lead to
unsuccessful bonding. In addition, both I11\V-oxide bonding and BCB adhesive bonding
have poor heat dissipation which influences laser performance during high temperature
(80°C) operation. To optimize the thermal performance of these oxide bonded lasers,
further processing was needed to add thermal shunts via deep etching and thick metal

plating, increasing the cost and complexity of devices.
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Figure 8-3 Shematic of a) a silicon evanescent laser and b) a adiabatic 111-V/Si laser integration

platform.[1-3]

8.2 Butt-joint heterogeneous integration platform by Pd-GaAs wafer bonding

In section 8.1, three laser source integration platforms were introduced. The fiber-
to-chip coupling scheme has higher tolerance but also has a larger footprint compared to
the others. The flip-chip bonding approach requires precise backside alignment during the

integration process and also has limited flexibility in the laser design after bonding to the
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PICs. The last approach, the evanescently coupled wafer bonding platform has a small

footprint as well as CMOS compatible bottom-up fabrication flow. However, it may suffer
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Figure 8-4 Fabrication flow of butt-joint heterogeneous integration platform by Pd-GaAs

warfer bonding
from low coupling efficiency and poor thermal dissipation properties.

Here, we propose an integration platform based on the demonstrated low
temperature Pd-GaAs wafer bonding technology. The process flow is shown in Figure 8-
4. Before bonding, the InAs quantum dot epitaxial wafer and silicon photonic integrated
circuits are individually prepared. The InAs QD laser epitaxial wafer is grown by MBE
with a sacrificial etching stop layer underneath the generic QD laser structure. The wafer
is then mechanically polished down to ~120 um for cleaving. One side of laser facet is

cleaved and an anti-reflection coating is applied by using E-beam evaporation to reduce

84



the feedback reflection from the silicon photonic waveguide taper. The silicon photonic
integrated circuit (SIPIC) chip is made by standard processing techniques, such as e-beam
lithography, dry etching and oxide cladding on an SOI wafer. After that, the silicon
waveguides on the side to be coupled to the integrated lasers are etched down to the silicon
substrate. The etched area is then coated with a Pd film for low temperature wafer bonding,
specifically, the cleaved facet side of laser epitaxy wafer is pushed against the etched SiP
waveguide. In the end, the GaAs substrate of the InAs laser epitaxy is removed, and laser
devices are made by standard laser fabrication techniques. The flip-chip bonding process
is similar to the second approach discussed in section 8.1, however, no active alignment is
required during the bonding process. To control the thickness of the bonding metal, a two-
step oxide etching method can be used. The first etched trench in the oxide defines the
height to align the laser’s active region with silicon waveguide tapers while the second etch
will remove the whole cladding oxide with the exception of some height control pedestals
that have been masked by photoresist. The Pd bonding film will be deposited in the middle
of the pedestals and exceed the thickness of pedestal by a small amount. As a result, the
active region of QD lasers could be passively aligned and well controlled by these pedestals.
A schematic drawing of a butt-joint heterogeneous QD laser chip integrated by Pd-GaAs

wafer bonding is shown in Figure 8-5.
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Figure 8-5 Butt-joint heterogeneous integration platform by Pd-GaAs wafer bonding

In table 8.1, different laser source integration configurations are compared from
perspectives of integration density, fabrication complexity, and coupling efficiency. Since
the mode size can be well controlled on both the laser and the silicon waveguide, the butt-
coupled integration regime is supposed to have a higher coupling efficiency compared with
the evanescent and adiabatic coupling schemes. Due to the post fabrication of the laser or
other active I11/V devices, there are no limitations to large volume integration of high-

density components into this platform, one of the problems faced by the flip-chip bonding

Table 8-1 Comparisons of different intearation approaches

Integration Configuration Complexity Coupling efficiency
den5|ty

Fiber to chip 1) . . .
Flip-chip (810 . . . . . '
Hybrid Integration (&) . . . . . . .

Butt-joint heterogeneous integration (65 . . . . . . ‘ .
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configuration. The complexity of the proposed configuration is similar to that of the flip-
chip configuration since the butt-joint coupling relies on high precision flip-chip bonding.
However, it should be easier to achieve the void free bonding compare to the evanescent
oxide bonding. Although the fiber coupled configuration is the simplest method of
integration, the low density may limit its applications. Furthermore, this metal bonding
process, with p-side down laser mounting and QD gain medium, results in an integration

platform with good heat dissipation properties and temperature insensitivity.

8.3 Detailed design and simulation of butt-joint heterogeneous integration

In section 8.2, we proposed a fabrication process to achieve a high efficiency,
temperature insensitive butt-joint heterogeneous integration platform by using Pd-GaAs
low temperature bonding technology. However, there are several key technical approaches

that need to be well investigated and will be discussed in this section.

In this butt-joint heterogeneous integration platform, the most critical specification
is the coupling efficiency between the bonded laser and silicon photonic waveguide. More
specifically, a highly efficient coupler on the silicon photonic chip need to be designed and
simulated along with the offset distances between bonded laser and SiP waveguide before
real devices can be fabricated. For the silicon photonic waveguide design, an inverse taper
structure may be used as a first approach while a more advanced spot-size converter (SSC)
making use of tapers in both the I11\V and SOI parts is developed to realize higher coupling

efficiency.
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Figure 8-6 Schematic illustration of laser diode chip integrated on Si waveguide with the
spot-size converter.[161]

Figure 8-6 shows the schematic of the flip-chip bonded laser integration platform
demonstrated by Toshiba Corporation [161]. Although the laser made use of a quantum
well and was prefabricated before bonding, the model of the SSC design is well suited to
our bonding platform design. Similar simulation methods will be used to design the SSC
for the Pd-Gas bonding platform according to our QD laser heterostructures. It is important
to note that the Z direction alignment of the laser coupling can be well controlled by
adjusting the thickness of the bonding metal while the X-Y alignment can be well defined
by lithography, a more accurate alignment and cost-effective method than the flip-chip

backside alignment bonding process. With this SSC design, a theoretical coupling
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efficiency could of 85% can be achieved which is promising for monolithic laser source

integration.

A proof of concept device is designed by using a silicon nitride on silicon structure
both for the SSC and the photonic integrated circuit to leverage the fabrication complexity.
A comparison of the integration specifications between Si and silicon nitride systems are
listed in Table 8.2. The SiN waveguide should have lower loss and relaxed fabrication

tolerance when compared to the Si waveguide. It can also transmit more power than silicon

Table 8-2 Specification of Si vs. SiN waveguide platform

Spectral transparency: shortest A (um) 1.1 Si\SiN bandgap

Spectral transparency: longest A (um) 4 4 SiO, absorption

Power limitation (mW) 10’s 100's Two-photon absorption

Loss (dB/cm) 1 2-3 SiN has lower fabrication tolerance
Layer stack flexibility limited good SOl made by bonding

Footprint small large  SiN lower An

High speed modulator/detector Easy Hard  SiN need co-integration with SOI

since two-photon absorption is less of an issue. The thickness of SisN4 can be customized
by using low pressure chemical vapor deposition (LPCVD), which is cheaper than silicon
SOI wafers. The main downsides of the nitride waveguide are that its footprint is
significantly larger than silicon due to its lower refractive index and that high speed
modulators (>1GHz) cannot be achieved by the large bandgap (5 eV) passive nitride
dielectric. To solve this problem, a tri-layer silicon nitride on silicon waveguide could be
used to make a low loss (<2.1dB) transition between the silicon nitride and the silicon
which could be co-integrated with a standard Si SOI platform as a low loss interconnect
waveguide[162].
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8.4 Hybrid tunable InAs QD lasers butt-joint heterogeneously integrated on a Si
substrate

A heterogeneous butt-coupled integration platform is proposed above. However,
the laser itself is multimode in the transverse direction. For most telecommunication and
data center applications, it is more useful to build up a single mode operation laser
integrated on this platform. An alternative to DFB or DBR lasers, which require submicron
gratings as well as complex re-growth techniques, a silicon photonic ring reflector can be
used to define the single mode operation. Several groups have demonstrated tunable lasers
on silicon using external butt-coupled, flip-chip bonding and evanescently coupled
platforms. [163-167] Based on their designs, we propose a hybrid tunable InAs QD laser
butt-joint coupled to a silicon chip with integration enabled by our Pd-GaAs wafer bonding
technology. As shown in Figure 8-7, the gain chip is a QD-RSOA instead of an FP laser
such that the ring reflector can select a mode throughout a large flat optical gain. Otherwise,
the ring reflector resonance needs to be thermally tuned to match up with the narrow
longitudinal lasing modes, increasing power consumption. An SSC will be used in this
design to minimize coupling loss and a directional coupler is included to allow for
characterization of the laser performance. The ring reflector may use two different designs.
Since ring resonators typically have a relatively small FSR compared to the broadband
light source, the first design makes use of both a ring reflector and a distributed Bragg
reflector (DBR). As is shown in Figure 8-7, the DBR can be designed to filter out a single
resonant mode from the ring reflector, limiting the cavity to single mode operation. The

second design uses a special ring configuration known as an adiabatic microring resonator
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(AMR) which has a large FSR enabling single mode selection from the broadband gain

chip without further filtering.[131]
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Figure 8-7 Top: Schematic of tunable QD lasers monolithically integrated on silicon by Pd-
GaAs wafer bonding platform. Bottom right: the broad band QD-SLD optical spectrum.
Bottom left: simulation reflection spectrum of traditional ring resonator and DBR.

8.5 Proof of concept demonstration of the hybrid tunable lasers

8.5.1 Design and simulation

A proof of concept demonstration is made by using an external booster optical
amplifier (BOA) coupled to the Silicon photonic PIC as shown in Figure 8-7. The
individual components including the directional coupler and multi-mode interferometer
(MMI) are simulated by Lumerical Finite-Difference Time-Domain (FDTD) software. As
shown in Figure 8-8a, the directional coupler is designed with a 15 um long coupling
length, 800 nm gap and 150 um bend radius, respectively. Figure 8-8b shows the resulting
wavelength dependent transmission response where the two output port power
transmissions are 90% and 8% at wavelength of 1.3 um. In the hybrid tunable laser circuit,
the majority of the power will be going through the ring reflector and laser output would
be coupled out he 8% port. Figure 8-8c shows the power distribution profile of a designed
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1x2 MMI which is 26.5 um long and 5.6 um wide. Figure 8-8d shows the transmission of
input and two output ports which are 99%, 45.4% and 45.4% for each.
The high reflection (HR) and anti-reflection (AR) coatings of the SOA are also

y(micr

(€ (@

128 129 13 13 12 138 1M 1% 1%
lambda(microns)

Figure 8-8 3D FDTD simulation results: (a) power distribution and (b) wavelength
dependent response of directional coupler for TE mode; (¢) power distribution and (d)
wavelength dependent response of 1x2 multi-mode interferometer (MMI) for TE mode

simulated using the transfer matrix method (TMM). Figure 8-9 shows the resulting
transmission of the HR and AR coatings which are 99% and 0.1%, respectively. The
simulated HR coating structure consists of 6 pairs of SiO2 and TiOz layers with thicknesses
of 215nm and 126nm, respectively. The simulated AR coating structure consists of 125nm
TiO2 and 215nm SiOa.
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Figure 8-9 Simulation results of HR and AR SOA facet coating

The layout was designed in Tanner L-Edit with the above simulated dimensions.
Although the QD gain chips are not bonded in the proof of concept experiment, the layout
of the QD gain chip is designed as shown in Figure 8-10. The QD gain part has 7 degree
tilted semiconductor optical amplifiers (SOA) to minimize the back reflection from the
interface between QD gain and SisN4 PIC. The width of SOAs are varied from 3um to 5
um. Ridge waveguide lasers are also designed to measure the coupling loss from the QD
laser to straight silicon nitride waveguides with varied taper dimensions. The inverse tapers
are designed with front tip sizes from 300nm to 500nm. The normal tapers front tip sizes
are varied from 6um to 4um. All the taper lengths are 200um to the Lum wide silicon nitride
waveguides. In addition, a GSG design is also applied to the ridge waveguide laser in order

to test the high speed characteristics of the hybrid QD laser.
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Figure 8-10 Layout designs of QD gain chip (SOA and LD) and silicon nitride passive
devices (straight waveguide and ring reflectors).

8.5.2 Experiment

The silicon nitride PIC chips were fabricated by standard processes such as LPCVD
of the silicon nitride film, thermal annealing, DUV photolithography, PECVD oxide
cladding and deep etching of trenches for fiber coupling. An optical microscope image of
a fabricated SisN4 ring reflector PIC is shown in the inset of Figure 8-11. The chip is then
tested by external coupling from an SOA source (Thorlab BOA1017P). To mimic the
proposed design, the HR coating function is included in the setup by using a sagnac loop
fiber circuit or a fiber retroreflector (Thorlab P1-SMF28-P01-1). A polarization controller
is also used to optimize the polarization of the external cavity since the final integrated

configuration is optimized for TE polarization both inside the QD laser cavity and the
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silicon nitride waveguide. Ultra-high numerical aperture (UHNA) fibers are used for

silicon nitride chip coupling to achieve coupling efficiencies of ~45%.
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Figure 8-11 Schematic diagram of the experimental setup to characterize the hybrid
tunable laser SisN4 PICs. Inset is the optical microscope picture of a SizsN4 ring
reflector PIC.
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8.5.3 Characterization and discussion

With the setup introduced in section 8.5.2, the light-intensity (L-1) characterization
was measured by coupling the output light off-chip to a calibrated infrared InGaAs
photodetector (Newport 818-IR/DB). The threshold current of this external cavity laser
was found to be ~50mA. Figure 8-13a shows the optical spectrum of the external laser
before threshold current with an injection current of 50 mA which only exhibits
spontaneous emission. It also shows the spectrum of the laser just starting to lase at a 53mA
operation current. Since the SisN4 rings are designed with a 150um ring, the FSR is not
large enough to provide single mode optical feedback inside the external cavity. As a result,
when increasing the injection current up to 210mA, as shown in Figure 8-13b, other

longitudinal modes arise. These additional longitudinal modes can be suppressed by adding

L) L
wmome ECL power (uW)

0 50 100 150 200

SOA current (mA)

Figure 8-12 L-I characterization of external-cavity laser. Inset shows the infrared picture of
silicon nitride ring in resonance.

a DBR design either on the SisN4 chip or on the SOA gain chip. By optimizing the injection
current, a stable single mode laser with the optimum power can be achieved at an injection
current of 60mA at an emission wavelength of 1343.5nm as shown in Figure 8-13c. The
side mode suppression ratio (SMSR) and full width half maximum (FWHM) linewidth of
the laser were measured to be 35dB and 0.3nm, respectively. The linewidth of the laser can
be even narrower with the use of a SisN4 ring resonator with a higher quality factor. The
SizN4 chips used in this experiment were not annealed to remove the dangling bond in the
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SiasN4 films, and as a result, the highest Q-factor of the rings was only ~80k. Also, as shown
in the inset of Figure 8-13b, the overlapping laser peaks indicate that the OSA has a limited
resolution. The actual laser linewidth may smaller than 0.3nm. The two close peaks are
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Figure 8-13 Optical spectrum of the external cavity laser with the injection currents
at a) 50mA, 53mA, b) 210mA and c¢) 60mA (inset: zoom in optical spectrum
at 60mA injection current).

introduced as a result of the counter-propagating waves within the ring reflector.

The thermal tuning properties were tested by external heating of the chip using a
thermo-electric cooler (TEC) mounted underneath the copper stage as shown in the inset
of Figure 8-14b. The external laser was operated at 60mA, so as to only allow emission in
a single longitudinal mode during the thermal tuning characterization. In Figure 8-14a, the
external laser is shown to operate at 1345.88nm at 22.8°C. As the temperature was

increased to 27.5°C, the operating wavelength of laser shifted to 1345.99nm due to the

97



thermo-optic effect of the nitride ring resonator. Figure 8-13b shows a fit of the thermo-

optic coefficient which is ~0.23nm/ °C. The off-chip TEC cannot heat the chip to high
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Figure 8-14 (a) Laser tuning optical spectra with temperatures ranging from 22.8 to 27.5 °C.
(b) Linear fitting of the thermal tuning coefficient of SisN. feedback ring

resonator. Inset: picture of external laser set up.

temperatures due to its poor heating efficiency. A more efficient on-chip heater can be

designed in the future, enabling localized heating of the nitride ring so that the ring

resonance can be tuned over a broader range.
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At higher temperatures, a mode hopping effect is observed as shown in Figure 8-
15. When the temperature is changed from 27.8 to 28.2 °C, the operating wavelength of
the laser jumps from 1346.02 to 1348.36nm. This mode hopping effect is mainly caused
by the mode mismatch between the external gain and the nitride waveguide which is
induced by the thermal drift of the nitride chip. This problem can be solved by designing a
feedback loop to monitor the wavelength drift and control the injection current of the gain

chip such that the mode can be matched between the gain and nitride PIC chip.
8.6 Conclusion

In this chapter, we have proposed a butt-joint coupled heterogenous integration
platform that uses Pd-GaAs wafer bonding. The details of the fabrication steps are
discussed, and the design of the platform is simulated. By using the proposed platform, a
hybrid tunable laser device is investigated. A proof of concept tunable laser is demonstrated
by externally coupling light from a BOA to a SizN4 PIC chip. The external-cavity tunable

laser could operate with a single mode at O-band with a SMSR of 35dB at 60mA. The
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Figure 8-15 Optical spectrum of external laser with temperature tuned from 27.8 to 28.2°C

thermal tuning coefficient of the laser is measured to be ~0.023nm/ °C. From the results of
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the external cavity tunable laser, it is promising to achieve an SOA QD gain chip butt-joint

heterogeneously integrated with a SizN4 PIC chip.
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9 SUMMARY AND FUTURE WORK

The purpose of the work discussed in this dissertation is to solve one of the key
challenges faced by silicon photonic integrated circuits: laser integration. The major
contribution of this dissertation is the development of hybrid InAs quantum dot lasers
integrated on silicon by Pd-GaAs wafer bonding technology. The key to our approach is
the Pd-GaAs wafer bonding that provides both decent electric and heat dissipation
properties between the I11/V epitaxial material and the silicon substrate. This wafer bonding
platform avoids the lattice mismatch problems between the 111\ and the silicon substrate,
resulting in a simpler bonding process compared with oxide plasma enhanced bonding. In
addition, the QD laser has unique properties such as high temperature stability, large
modulation bandwidth and low power consumption which make it a good candidate as a
laser source for hybrid integration to a silicon photonic PIC. The major achievements of
this work include: 1) Design and fabrication of a broadband QD gain chip by taking
advantage of the homogeneous broadening properties of QDs to provide the base material
for integrated comb lasers and MLLs; 2) Developed a Pd-GaAs low temperature bonding
process that was used to demonstrate several types of lasers on Si: hybrid ridge waveguide
lasers, broadband comb lasers and mode-locked lasers; 3) Investigated two key steps to
build up the integration platform: chip to chip butt-joint coupling between a QD laser and
a silicon photonic waveguide and a smooth surface etch profile induced by a bromine ion

beam-assisted etching (Br-IBAE) process; 4) Proposed butt-joint heterogeneous
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integration platform by Pd-GaAs wafer bonding and demonstrate a proof of concept

external cavity SisN4 tunable laser based on the same platform.

9.1 InAs QD broadband gain chip

As discussed in Chapter 2, a dip-free broadband InAs QD gain chip was
demonstrated. Due to the inhomogeneous broadening effect of QDs, three groups of InAs
QDs were designed and intermixed by a combination of in-situ and ex-situ annealing to
achieve a broadband electronic light emission spectrum. With current injection of 100
mA, a broad and uniform spectrum with linewidths of 100 nm and 218 nm at 3 dB
and 10 dB, respectively, was obtained. In addition, no significant dip was observed
in the spectrum with injection currents ranging from 50 pA to 100 mA. This broadband
QD gain chip laid the ground work to develop the comb laser and mode-locked QD laser

to integrate with Si.

9.2 Hybrid QD Laser on Silicon by Pd-GaAs wafer bonding

Presented in Chapters 3,4 and 5, different types of InAs QD lasers were investigated
using the Pd-GaAs wafer bonding platform. The focuse of Chapter 3 was the Pd-GaAs
bonding process between an epitaxially grown InAs QD laser and a Si substrate. A uniform
void-free bonding interface was achieved at temperatures low enough (250°C) to
maintain the quality of the 111/V materials. The low interfacial resistivity of 0.2 Qcm?
was formed during the bonding which gives fabrication flexibilities to make the
bottom contacts on either the top or bottom of the Si substrate. Based on the low

temperature bonding process, a hybrid InAs QD ridge waveguide laser was demonstrated
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with continuous wave (CW) operation at up to 100°C with a ~2mW output. Due to the
p-side down bonding configuration and enhanced thermal dissipation of the silicon

substrate, the bonded laser showed a lower threshold current than the unbonded laser.

Chapter 4 demonstrated a bonded broadband comb laser that made use of the gain
chip material developed in Chapter 2. An InAs QD comb laser was realized with a 3dB
linewidth of 20 nm, measured with electroluminescence. The comb spectrum

exhibited uniform power with less than 1 dB variation.

An InAs quantum dot mode-locked laser was demonstrated in Chapter 5. Due to
inhomogeneous broadening and ultrafast carrier dynamics, InAs quantum dots have key
advantages that make them well suited for Mode-locked lasers (MLLs). A passively mode-
locked InAs quantum dot laser on Si was first demonstrated at a repetition rate of
~7.3 GHz under appropriate bias conditions. A nearly transfer limited pulse was
achieved with a pulse width and optical bandwidth of 2 ps and 0.97 nm, respectively.
In addition, the single cavity mode-locked laser and colliding pulse mode-locked laser

were also demonstrated on Si by Pd-GaAs bonding.

9.3 Preparation of InAs QD Laser integration to PICs

The optical feedback effect observed in the chip to chip butt-joint integration
configuration was investigated in Chapter 6. Light was successfully coupled from a QD
laser to a Si waveguide. An anti-reflection (AR) coating was used on the Si photonic chip

to minimize the feedback from the interface between the QD chip and the SOI chip.

103



Stabilization of the laser by use of the AR coating provided valuable information for further

development of the butt-joint heterogeneous integrated configuration.

Chapter 7 explored the use of a bromine ion beam-assisted etching (Br-IBAE)
process for realizing etched facet lasers. For integrated photonic circuits, the laser cavity
defined by cleaving may limit the design. An inter-chip laser design could solve this
problem by creating laser facet by dry etching technology. By using a Br-IBAE process, a
dry-etched facet laser was achieved with a threshold current density Jw, and slope
efficiency, #i of 480 A/lcm? and 34%, respectively. The etched facet reflectively is ~0.28
which is an improvement over the cleaved facet (0.32). We believe the reflectivity can
be further optimized by tuning the etching recipe or by replacing the etch through facet

configuration with a DBR design to control the reflectivity.

9.4 Butt-joint heterogeneous integration platform by Pd-GaAs wafer bonding

Chapter 8 proposed a butt-joint heterogeneous integration platform by Pd-GaAs
wafer bonding. Compared with other laser integration platforms, this platform is a good
compromise between integration density, fabrication complexity and coupling efficiency.
Details of the design, simulation and fabrication of the platform were also discussed. A
proof of concept external tunable laser was demonstrated with an externally coupled BOA
source to a SisNs PIC. The laser exhibited single mode operation at O-band with a
SMSR of 35dB at 60mA. The thermal tuning coefficient of the laser was measured to

be ~0.023nm/ °C.
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9.5 Future work

The work presented in this dissertation is focused on the integration of QD laser
sources with silicon photonic integrated circuits. There is certainly a huge scope for further
development in several aspects of the work. Continued research in the QD laser integration

platform can be divided in the following areas:

1) Fully integrated hybrid tunable laser based on a butt-joint heterogeneous integration

platform

The platform demonstrated in Chapter 8 has not been fully integrated yet. The quantum
dot gain chip needs to be bonded onto a silicon PIC chip as proposed. The AR coating
deposition is required before the precise flip-chip bonding step (also requiring further
investigation). Currently, the heterogeneous butt-joint coupling integration platform is
designed for coupling from the laser from only one side, it also can be extended to butt-
joint coupling from both sides of the gain chip. In that configuration, both sides of the
laser cavity can be defined on a passive PIC chip, such as DBR gratings, ring resonator
etc. A more advanced narrow linewidth tunable laser can also be designed by inserting

two microring reflectors with the Vernier effect.
2) Optimization of bonded QD lasers

In Chapter 3, the bonded InAs QD lasers were successfully demonstrated with a state
of the art threshold current of 240 A/cm? and high operation temperature of up to 100°C.
However, the high-speed specifications are not well investigated. Currently, the laser

can only be directly modulated at 5GHz because of the lack of high speed design of the
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epitaxy structure and device layout. In order to increase the high-speed performance of
InAs QD laser, a narrower barrier height, P-doped modulation barrier and a tunneling
injection structure design could be used as reported in [168-170] . In addition, the
bonded InAs QD laser chips can be designed with an impedance matching circuit to

further enhance the modulation speed.[171]
3) QD modulator on Si

Not only are InAs QDs well suited for making lasers but also as a novel material for
fabricating electrooptic (EO) modulators due to their high EO coefficient (>20 pm/V)
caused by the quantum confined stark effect. [172] Since both a laser source and an EO
modulator could be fabricated with same epitaxial structure, an integrated design
consisting of a QD laser and a modulator can be on the I1I\V part and further integrated
with the passive Arrayed Waveguide Grating (AWG) silicon nitride or SOI PIC by using

the butt-joint heterogenous integration platform as proposed in Chapter 8.
4) Hybrid TOSA for OTDM system

In Chapter 5, a passive InAs QD mode-locked laser was demonstrated. We have also
demonstrated a high-speed optical-time-division-multiplexing (OTDM) system by
externally coupling a mode-locked laser into a silicon photonics OTDM PIC chip as
shown in Figure 9-1. The next step is to fully integrate this OTDM system by using the

butt-joint heterogenous integration platform demonstrated in Chapter 8.
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Figure 9-1 OTDM takes in short optical pulses operating at 5Gb/s (left) and multiplexes them
to 5N Gbit/s (right) by splitting the original pulses into N separate channels and then
recombining them after they go through bit-rate determined delays AL.[173]

In addition to the future work listed above, I believe the Pd-GaAs wafer bonded
hybrid QD lasers and versatile butt-joint heterogenous integration platform can be
leveraged to realize hybrid PICs for a variety of applications such as fully integrated

coherent transceivers and LIDAR systems.
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11 APPENDICES

Electrically Pumped bonded QD-MLL Process Follower

1. Wafer bonding and film transfer
1.1 RCA clean the Si wafer.

1.2 Evaporate 500nm Pd by odd hour e-beam evaporator

1.3 Ultrasonic clean GaAs pieces by Acetone, IPA, Ethanol

and DI water in sequence, 5 min each step.

1.4 Bonding GaAs to Si by Pd using Suss SB8e wafer bonder

1.4.1 Cleave the Si wafer and GaAs sample in same size and
align the edges from each other.

1.4.2 Arrange 3 piece of GaAs/Si in equilateral triangle
shape and left a 1cm diameter circle space in the
center.

1.4.3 Cut the graphite paper in right size the cover the GaAs
pieces. Before covering, clean the graphite paper
edges with IPA by cleanroom. Cover the GaAs pieces
with graphite paper by using injector with adhesive
rubber disc.

1.4.4 Use a 1um thick Si wafer cover on top of the graphite
paper and clip the sandwich structure with holder.

1.4.5 Put the holder into bonder and choOse the right
bonding recipe. The temperature in recipe is 260C and
steady hold for 90mins. Top pressure is 1000mbar for
three 0.5*0.5cm”2 pieces.

1.5 After bonding, use wax protect the GaAs piece, then
polish the GaAs piece to 100um. Use citric
acide(50%w/w) to hydrogenperoxide with ratio 5:1 and
heated up to 60C to wet etching the GaAs. It takes around
two hour etching to the stop layer.

1.6 Remove AlGaAs etching stop layer by BOE (1:6)
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2. Alignment mark metal deposition

2.1 DI Rinse & Dehydration Bake (115C 2 min)

2.2 LOR 3A 3000RPM 3000Ramp 60s, 5min 180C
620 7i 2000RPM 1000Ramp 60s, 1min 90C
Auto step 0.4s_ (Jobname:MLLONSI\1)
1min 115C PEB__
MIF726 70-75s

2.3 Oxford 81 O2 descum 30s___

2.4 Remove native oxide in HCI:H20(1:10) for 10s

2.5 Load into e-beam evaporator and deposit
Ti:Au(200A;400A)
Ti: Au:

2.6 Lift off in 1165 80C. Rinse in ISO, DI. O2 desucum in
necessary to remove resist residue.

3. Ridge etching

3.1 Oxford PECVD SiO2 Deposition
Clean Chamber 10min
SiO2 thickness: 500nm__

3.2 PATTERN SiO2 For RIDGE ETCH
Acetone/lso/N2 Clean
115C 2min dehydrate
02 descum 30 seconds
Spin P20 3000RPM 1000RMP 60s
Spin SPR220 3.0 3000RPM 1000RMP 60s
Softbake115C 90s
AS200 Stepper exposure 0.30sec
PEB 115C 2min
Develop in MIF726 90sec
02 descum 30 seconds

3.3 P2 measure resist Height

3.4 Oxford 81 etch oxide

3.5 Receipe: CHF3/Ar ER=24nm/min
Need O2 clean chamber 10min every 10min etching
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02 descum 30 seconds
3.6 Strip PR in YES asher using recipe 8 10min*3
3.7 Orusing Oxford 81 O2 clean recipe, need to clean
chamber 15 min before loading samples.
Stripping time: 20min
3.8 Rinsein ISO\DI
3.9 RIERIDGE ETCH (PT770)
Seasoning chamber with recipe DOE.rcp
(Ar/BCI3 5/15; RF1:100W, RF2:200W)
ER(GaAs)=81.2nm/min ER(Innolume)=81.4-87.4nm/min
ER(oxide)=11nm/min
Run Laser sample with GaAs control wafer with same
patterns and same size
. Mesa etching
4.1  Strip Oxide hard mask (option)
4.2 Deposit low rate oxide 500nm by Oxford PECVD
4.3 Same process flow as 3
. P-metal deposition
5.1 DI Rinse & Dehydration Bake (115C 2 min)
52 LORDS5A
500RPM 100 5sec
3000RPM 1000Ramp 60s, 5min 180C

SPR 3.0 3000RPM 1000Ramp 60s, 1min 90C__
Auto step 0.4s_ (Jobname:MLLONSI\4)
1min 115C PEB____
MIF726 70-75s
5.3 Oxford 81 O2 descum 1min
5.4 Remove native oxide in HCI:H20(1:10) for 15s
5.5 Load into e-beam evaporator and deposit
Ti\Pt\Ti\Au(200\200\200\5000A)
Ti: Pt: Ti: Au:
5.6 Lift off in 1165 80C. Rinse in ISO, DI. O2 desucum in
necessary to remove resist residue.
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5.7
. VIA
6.1

6.2

6.3

Annealing with GaAs wafer covered @400C 1min

Oxford PECVD deposit 800 nm SiO2, Low T recipe
9min 30s nm

Acetone/Iso/N2 Clean

115C 2min dehydrate

02 descum 30 seconds

Spin P20 3000RPM 1000RMP 60s

Spin SPR220 3.0 3000RPM 1000RMP 60s
Softbake115C 90s

AS200 Stepper exposure 0.30sec

PEB 115C 2min

Develop in MIF726 90sec

O2 descum 30 seconds

Oxford81 chamber clean 10min and etch VIA using
recipe CHF3\02 10min*4 and clean the chamber every
10min

. N-metal

7.1
1.2

7.3
7.4
7.5

7.6

DI Rinse & Dehydration Bake (115C 2 min)
LOR 5A
500RPM 100 5sec

3000RPM 1000Ramp 60s, 5min 180C

SPR 3.0 3000RPM 1000Ramp 60s, 1min 90C__
Auto step 0.45s  (Jobname:MLLONSI\4)
1min 115C PEB____

MIF726 120s

Oxford 81 O2 descum 1min

Remove native oxide in HCI:H20(1:10) for 15s
Load into e-beam evaporator and deposit
NINGe\Au\Ti\Au(250\325\650\200\5000A)

Ni: Ge: Au: Ti: Au:

Lift off in 1165 80C. Rinse in ISO, DI. O2 desucum in
necessary to remove resist residue.
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7.7 Annealing with GaAs wafer covered @385C 1min
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