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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. 

Figure 1-1 40 years of microprocessor data from Intel 
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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. 

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

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-

Figure 1-3 Copper interconnects in a CPU. Courtesy of IBM. 
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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 

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 

Figure 1-4: The trend of transmission distance vs. device volume for optical 

interconnects. 
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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 SiO2 (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 
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[11, 12]. Later on, active devices were also demonstrated, such as high-speed 

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

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]  

Figure 1-5 Building blocks of silicon photonic systems. 
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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 ΔL.[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 cho0se 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 HCl: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/Iso/N2 Clean 

115C 2min dehydrate 

O2 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       

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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O2 descum 30 seconds       

3.6 Strip PR in YES asher using recipe 8 10min*3 

3.7 Or using Oxford 81 O2 clean recipe, need to clean 

chamber 15 min before loading samples. 

Stripping time: 20min _______ 

3.8 Rinse in ISO\DI 

3.9 RIE RIDGE ETCH (PT770) 

Seasoning chamber with recipe DOE.rcp 

(Ar/BCl3 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 

4. 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 

5. P-metal deposition 

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

5.2 LOR 5A 

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 HCl: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 Annealing with GaAs wafer covered @400C 1min 

6. VIA 

6.1 Oxford PECVD deposit 800 nm SiO2, Low T recipe 

9min 30s______nm 

6.2 Acetone/Iso/N2 Clean 

115C 2min dehydrate 

O2 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    

6.3 Oxford81 chamber clean 10min and etch VIA using 

recipe CHF3\O2 10min*4 and clean the chamber every 

10min 

7. N-metal 

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

7.2 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___ 

7.3 Oxford 81 O2 descum 1min __ 

7.4 Remove native oxide in HCl:H20(1:10) for 15s 

7.5 Load into e-beam evaporator and deposit 

Ni\Ge\Au\Ti\Au(250\325\650\200\5000A) 

Ni:____ Ge:____Au:_____Ti:_____Au:_____ 

7.6 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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