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Summary 
Interactive and real-time multi-media services are growing fast, making the 

Compound Annual Growth Rate of traffic in data centers to be around 25%. 

Interconnecting servers require switches with large bandwidth, high radix and 

low latency, setting constraints on the switch input and output (I/Os). Electrical 

interconnections introduce high frequency-dependent loss in copper cables 

which can be compensated by signal processing techniques, albeit at the ex-

pense of power and latency. While the bandwidth per channel is increasing to 

over 10 Gb/s, electrical interconnects are facing challenges to reach the system 

requirements of power consumption and latency. Optical interconnects are 

promising because of their superior bandwidth distance product leading to 

high bandwidth density with low power consumption and low latency. Specifi-

cally, the ecosystem around 850 nm VCSELs, makes VCSEL based interconnec-

tion technology the best choice for low cost optical interconnections in data 

center applications. 

The main objective of this thesis is to develop a cost-effective integration 

method that can be used for fabricating low cost and low power optical trans-

ceiver modules supporting high bandwidth density. In this thesis, a novel 3D 

stacking approach which is based on using commercially available components. 

A process for the fabrication of such devices is described in this thesis. The 

approach is based on die-stacking opto-electrical (OE) dies on CMOS ICs using a 

thick photoresist to form “bridges” between the surface of the OE dies and the 

CMOS IC. The metallic traces between the OE dies and the CMOS ICs are de-

fined by lithography and are formed by electrical plating, eliminating the need 

for wire-bonding or flip-chip which require specially designed CMOS ICs.  

3D stacked transmitter chips and receiver chips are fabricated using this ap-

proach. Both chips show enhanced performance at 10 Gb/s per channel, and 

uniform performance among different channels. In addition, a micro-lens 

structure is also developed to improve the coupling efficiency between PD dies 

and multi-mode fibers. Furthermore, the 3D stacking approach is used for the 

demonstration of VCSEL arrays stacking on a partial CMOS IC wafer. The quality 

and yield of metal traces in this experiment exceed the results of 3D stacked 

transmitter and receiver ICs, based on stacking a single VCSEL on a single driver 

IC. This indicates that the 3D stacking approach is scalable to a wafer scale 

manufacturing scale.  
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In this thesis, an integration approach for polarity-mismatched components is 

also proposed. Instead of stacking a photodiode array on top of the TIA/LA chip, 

in this approach they are placed side-by-side, on a silicon carrier, in close prox-

imity to each other. This new method can be used for solving the interconnec-

tion and packaging challenges for other high-speed, pressure-sensitive and 

temperature-sensitive devices.  

RF simulation results comparing interconnected ICs based on wire-bonds and 

based on coupled transmission lines, show the 3D stacking approach or the 

side-by-side approach can overcome the RF limitations of wire-bonds for the 

next generation optical transceiver modules. Moreover, thermal effects for the 

3D stacking approach are evaluated as well. The primary results show that with 

proper heat sinking, the CMOS IC and the OE dies would operate at a reasona-

ble 40 oC that is well within their operation margin.  

Overall, the 3D stacking approach offers wafer scalability in terms of data rate, 

bandwidth density, and cost. It is a promising technique to fulfil the integration 

requirements of future VCSEL based optical interconnections. 
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Chapter 1 
Optical Interconnects 

The rapid evolution of information technology, from business process man-

agement to service-oriented application, accelerates the growth of data cen-

ters. With the size of data centers expanding and the communication require-

ments between servers increasing, optical interconnects has permeated from 

100s meter interconnection links to less than 10 meter interconnections. In 

this chapter, first, a general introduction of data center network system is giv-

en. Then, state-of–the-art optical interconnects are summarized in Section 1.2. 

In Section 1.3, a vision of the optical interconnects in future data center is pre-

sented together with the discussions about key requirements on the electrical 

interface between opto-electrical dies and CMOS IC. Section 1.4 is the preview 

of this thesis. In the end, the main contributions of this thesis are presented.  

1.1 Introduction  

The torrent of data, presented in all different formats (ASCIIs, texts, pictures, 

animation, sound, video, etc.) flowing in diverse media (such as social net-

works, e-commerce, e-science, Exascale computing), is growing very fast. As 

indicated in Figure 1-1 [1], annual global data center IP traffic will reach 7.7 

Zettabytes by the end of 2017, and cloud data center traffic will grow much 

faster than traditional data center traffic. It also shows most data traffic origi-

nates and terminates in data centers. Specifically, the traffic within the data 

center accounts for 76% of the global data center traffic. The significant transi-

tion of data centers (DCs) from traditional DCs to cloud DCs increases the ratio 

of workloads to non-virtualization ratio [1]. It improves the server utilization 

and increases the traffic between servers (east-west traffic) as well. In some 

cloud computing systems the traffic within the rack is up to 80% of the total 

traffic [2].  
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Figure 1-1 Data center traffic growth and the destination distributions [1] 

Data centers are highly parallel systems. A large-scale data center could host 
more than 50 000 servers. Data centers require a large amount of Capital Ex-
penses and a huge amount of Operational Expenses [3]. As the power con-
sumption of data centers increases, the spending on power and cooling grows 
at a much faster rate compared with the growth for new server spending, ac-
cording to Figure 1-2 [4]. On the other hand, the performance of such high 
parallel system relies on its network communication system. To reduce the 
data-center power and cooling cost, the energy efficiency of data center net-
works need to be further improved. In next section, a typical data center net-
work is presented.  

Figure 1-2 Worldwide spending on servers, power and cooling, and manage-
ment/administration [4] 
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1.1.1 Data center network 

A typical data center network architecture is a three-tier fat-tree design, 

shown in Figure 1-3 (a) [5]. A bunch of servers is accommodated into a rack. A 

server communicates with other servers in the same rack through a Top-of-

the-Rack Switch (ToR). The communication between racks in the same cluster 

is through aggregation switches. The aggregation switches are further con-

nected with each other through core switches. In this architecture, the connec-

tions between a ToR switch and servers are 1 Gb/s links, and a 10 Gb/s link is 

used as the uplink to the aggregation switch. If a rack is composed of 48 serv-

ers, the oversubscription ratio at rack-level is 4.8. Oversubscription could add 

latency to the traffic at the ToR when the buffer size in the ToR switch is big 

enough. Otherwise, it may cause data re-transmission or data loss.  

1 ToR 1 ToR

N racks 

Aggregate switch

1 Gb/s

10Gb/s

Aggregate 
switches

10Gb/s

Core 
switch

4 x10 Gb/s

Core 
switch

Server A
Server C

Server B

 
(a)                                               (b) 

Figure 1-3 (a) A typical three-tier fat-tree network architecture in data center [5]; (b) 
The communication route from Server A to Server B, and from server A to Server C.  

The processors performance improvement in servers together with increased 

server utilization require 10 Gb/s network interfaces, and  therefore replacing 

the previous 1 Gb/s ports in servers [6]. The trend of network convergence 

(Ethernet, Fiber channel, and Infiniband) leads to I/O consolidation in servers. 

It can reduce the number of the adapters in servers. However, it accelerates 

the bandwidth requirements between network interface cards (NIC) [7]. Some 

vendors start supplying the 40GbE NIC already [8, 9]. For a typical 48 servers 

based rack with 10GbE interface, the accumulated bandwidth is 480 Gb/s. To 

maintain the similar oversubscription as its predecessor, three 40 GbE links or 

one 100GbE uplink is required. The future 40G Ethernet interface in high per-
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formance servers, will required 100G or even higher bandwidth, for instance 

400G as the uplinks.  

In addition, the communication paths between servers are not equal. For in-

stance, if a server (Server A) wants to communicate with another server (Serv-

er B) in the same rack, the data transmits through two intra-rack links and the 

ToR switch. However, if it needs to communicate with a server in another rack, 

for example Server C, the data needs to transfer through six point-to-point 

links and five switches, as shown in Figure 1-3 (b). Long routes such as the 

communication path between Server A and Server C dominate the whole re-

sponse time of the DC network.  

In future DCs, besides the increased traffic, the low latency of DC networks is 

more and more important because of extensive interactive/real-time services. 

As seen in Figure 1-3 (b), the response time of the long transmission route 

between Server A and Server C is the sum of the transmission time of the 

point-to-point links between themselves as well as the signal processing time 

on each I/O ports, and the latency of the switches. In general, the transmission 

distance of short reach connections, such as between servers and switches, is 

less than 10m. The transmission time is negligible. The signal processing of the 

I/O ports is located on the server NICs or switch I/O sides. They could be quite 

different with respect to complexity, latency and power consumption for dif-

ferent transmission media, which will be discussed in Section 1.1.3.1. Simple, 

low-latency, low-power consumption I/O ports are desired to configure a fast 

response network. Furthermore, with the size of the server farms increasing, 

large radix switches with high bandwidth density are required to make the 

three-tier fat-tree architecture scalable and to enhance the communication 

efficiency and bandwidth throughput among servers, especially for the aggre-

gate switch and core switch. How to design such switches is another big chal-

lenge, which will be discussed in Section 1.3.  

1.1.2 Ethernet, Fiber channel and Infiniband roadmap  

To cope with exponentially increased network traffic of data centers, three 

main standards are formed to guide the development of different level inter-

connections.  

Ethernet is mainly used on local area networks (LAN). The IEEE standard for 

Ethernet gives the basic guide for Ethernet applications [10]. In current data 

centers, as mentioned in Section 1.1.1, Ethernet switches (ToR, aggregation 
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switch and core switch) and related point-to-point links (1GbE, 10GbE) develop 

very fast. Twisted pair, copper cable and fiber based solutions co-exist in cur-

rent data centers. Their performance is based on the maximum interconnect 

distance, power consumption, signal latency and forward compatibility with 

future interconnects requirements. The target applications of the integration 

approach proposed in this thesis are the Ethernet interconnections on electri-

cal switches. Fiber channel (FC) network technology is mainly used for storage 

area network (SAN) [11]. Infiniband is mainly adapted in high performance 

computing (HPC). In recent years, Infiniband starts to be used for inter-switch 

connections and cluster connections in data centers.  The roadmap in Figure 1-

4 shows that all three standards are continually moving to high data rates per 

link, which require device developments and integration technology evolution. 

 
Figure 1-4 Roadmap of Ethernet, Fiber channel and Infiniband [11-13] 

1.1.3 Point-to-point interconnections 

1.1.3.1 Outside chassis  

High-speed electrical links such as Cat 6 GbE, Cat 6A 10GbE, SFP+ passive cop-

per cable, are widely used for the intra-rack communication and some of the 

inter-rack communication. Cat 6A UTP can support 10GbE up to 100m with low 

cost [14]. However, its size is already quite bulky that the diameter of the cable 

is 9.0 mm with 23 AWG (American wire gauge) copper inside [15]. It includes 

four pair of twisted cables, and each pair of cables has a bandwidth of 500 

MHz. In order to transmit 2.5 Gb/s per pair over 100m, complex transceivers 

are used in both ends of the twisted cable. A typical dual-port transceiver ar-

chitecture for a 10G Base-T channel is shown in Figure 1-5 [16].  
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Figure 1-5 BCM 84833 Block diagram for 10G Base-T port [16] 

 Although the power consumption of the signal processing for restoring the 

electrical signal of Cat 6A is decreased with CMOS node shrinking [17], 10G 

Base-T cables still have higher power consumption than SFP+ DAC or SFP+ fiber 

(the difference is in the range of 1W~4W, depending on the reach) [18]. It may 

not be a problem on the server side if the electrical power cost is not under 

consideration, but the cumulative power consumption at the switch panel side 

could be too high to handle or become the obstacle of the bandwidth density 

increment. Furthermore, the complex signal processing also introduces large 

latency, ranging from 2 µs to 4 µs depending on packet size, which makes it 

not fit for latency sensitive applications, such as real-time financial computing. 

The comparisons on energy consumption and latency between 10G Base-T and 

SFP+ are vividly shown in the switch systems, see in Table 1-1 [19]. 10G BASE-T 

based RackSwitch requires 40% more energy than SFP+ based RackSwitch, and 

the latency of it is 3 times longer than the SFP+ based one.  
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Table 1-1 

Comparison of the IBM RackSwitch G8264 and IBM RackSwitch G8264T [19] 

 IBM RackSwitch G8264 IBM RackSwitch G8264T 

Configuration 48 x 10GbE to the rack, 4 x 40GbE QSFP as uplink 

Port types Based on SFP+ Based on 10GBase-T 

Latency 880ns 3.2µs 

Stacking Yes No 

Typical power 275W 385W 

cable length 
DAC: Up to 7m; 

MM fiber: up to 300m 
Up to 100m 

Price (USD) 29,999 24,999 

SFP+ is a module form factor. It can be configured as copper cables (SFP+ DAC) 

or optical transceivers plus fibers. The current copper cable products from 

Mellanox technologies are mapped in Figure 1-6. For passive copper cables, 

the reach distance is limited to 7m at 10 Gb/s. At 40 Gb/s, only active copper 

cables can reach the distance over 7m. The cable diameter is increasing with 

the reach distance. Copper-based interconnection links are already bulky and 

heavy, which make cabling and maintenance difficult. Furthermore, they also 

influence the airflow in data centers, especially in ToR switch panels, which 

accelerate the power dissipation problems.  

 
Figure 1-6 Cable products from Mellanox 
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In current DCs, optical interconnects are exclusively used for the part where 

electrical interconnects do not work, such as for the interconnection distance 

longer than 100m at 10 Gb/s or high bandwidth density interfaces in large 

radix switch configurations. Pluggable optical transceiver modules with at-

tached fibers and active optical cables have superior performance compared 

with their copper based counterparts at bandwidth, distance, cabling, weight, 

footprint, and bend radius [20]. However, the cost is still one of the biggest 

limiting factors to stop optical interconnects spreading in DCs. In last couple of 

years, the cost of active optical cables is decreasing rapidly, while the cost of 

the high-speed copper-based solutions is increasing primarily due to the in-

creased complexity of cables, the increased copper price and stringent imple-

mentations. Currently, the sale price of 7m 40GbE QSFP+ copper cable is simi-

lar to 20m 40GbE active optical cable [21].  

1.1.3.2 Inside the switch chassis 

Most commercial Ethernet switches and Infiniband switches are based on the 

merchant silicon [22]. The schematic of the inside of a switch module is shown 

in Figure 1-7. Fans are located on the backside of the switch chassis to supply 

the cooling air. CPU connects with ASIC by PCI express (PCIe) bus for configur-

ing the switch function. The PHY, composed of re-timer, gearbox, clock and 

data recovery (CDR), etc., is used to match the incompatible electrical interface 

between the pluggable module and the I/O interface (SerDes) of the ASIC chip. 

More importantly, it works as a repeater to relay the transmission signal be-

tween the ASIC chip I/O and QSFP+ or other form factor modules at the edge 

of the PCB. 

A state-of-the-art switching ASIC is fabricated at 40 nm node CMOS platform. It 

has 128 10Gb/s ports, offering a switch capacity of 1.28 Tb/s [23]. Each 10Gb/s 

path on the switching ASIC is a differential transmission line. Hence, 128 

10Gb/s differential pairs, comprised of 256 high-speed lines, are needed to 

route the signal from ASIC to the transceiver ports. Together with the route to 

the power supply, the communication interface to CPU, etc., the copper traces 

on the PCB motherboards show significant routing complexity within multiple 

PCB layers. To build a large radix switch, ASIC with high data rate or more I/O 

ports are under developments. According to the forecast, there will be 256 

ports of 10G on single merchant silicon chip by the year of 2015 [24], which 

will further exacerbate the layout difficult.  
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Figure 1-7 Schematic of a typical Ethernet switch 

Besides the layout complexity from the ASIC to the front panel, copper trans-

mission lines above 10 Gb/s over one-meter backplane (40’’ backplane channel 

length) are very challenging due to the high frequency-dependent loss on the 

PCB (FR-4). This frequency dependent loss comes from two parts: the skin ef-

fect of conductors and the dielectric loss from the substrate. Furthermore, 

when the data rate increases, the reach of the copper traces with proper signal 

integrity decreased very fast. Equalization circuit is used to keep signal integri-

ty at the expense of the power consumption and complexity of the circuits, 

which could result in large circuit area and extra cost [25]. The simulation re-

sults show that even with sophisticated equalization methods, the electrical 

channels still fail to achieve higher than 20 Gb/s at 17 inch backplane due to 

the high loss [26, 27], as depicted in Figure 1-8.  
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Figure 1-8 Electrical channel frequency response vs. equalization complexity [26] 

To overcome the high dielectric loss of FR-4, retimers/repeaters are usually 

included in the PHY to recover the signal, as shown in Figure 1-7. Other low-

loss PCB materials such as Megtron6 are used for higher data rate with in-

creased cost [28]. For the intense communication between two modules, such 

as between CPU and Main Memory [29], a ribbon composed of thin “micro-

twinax” cables is attached on top of the processor socket or the memory pack-

age with high-density connector to overcome the limitations from on-board 

copper traces [30]. However, the intense communications between ASIC chip 

and card-edge interfaces are required for more than two modules. Thus, a 

general interconnection approach for multi-modules on a board is required.  

The front panel of the switch chassis is filled with pluggable transceiver mod-

ules. They are widely used as the flexible interfaces in both telecom and data-

com. Table 1-2 sums up all pluggable form factor modules in current markets 

with the initial approved time by multi-source agreement (MSA), together with 

proprietary mid-board modules, i.e., MiniPOD and MicroPOD from Avago. All 

the modules are duplex (transmitter and receiver in one module) except 

MiniPOD and MicroPOD. In Figure 1-9, the bandwidth density versus power 

efficiency of the modules in the units of mW/Gb/s/end is calculated according 

to the specifications in Table 1-2. CXP connectors present the highest band-

width density (58 Gb/s/cm2) and highest power efficiency (17.5 mW/Gb/s/end) 

in the current MSA approved form factor modules. With the bandwidth 

throughput of the switch chassis increasing, a new form factor with higher 

density and lower power consumption is needed. 

http://dict.cn/proprietary


1.1  Introduction 11 

 

Table 1-2 Pluggable form factor summary 

Modules Data rate x channel 
(Gb/s) 

Power (W) Dimensions 
(mm

3
) 

MSA ap-
proved 

GBIC [31] 0.1 2 19.0x39.1x88.9 2000 

XENPAK [32] 1 8 18.0x36.0x121.0 2001 

SFP[33] 1 1 8.5x13.4x56.5 2001 

SNAP12 [34] 2.72 x 12 2.2 18.0x15.7x42.67 2002 

X2[35] 4x3.125 4 13.46x36.0x91.0 2005 

XFP[36] 10 3.5 8.5x18.35x78.0 2005 

SFP+[33] 10 1 8.5x13.4x56.5 2006 

QSFP[37] 4x10 1.5 13.5x18.4x72.4 2006 

CXP[38] 10x10 3.5 14.5x23.8x92.57 2009 

CFP[39, 40] 4x10 / 10x10 8/12, 20(LR) 13.6x82.0x144.8 2009 

MiniPOD[41] 12x10 1.5 22x18.5 2011* 

MicroPOD[41] 12x10 1.5 8.2x7.8 2011* 

CFP2 [42] 10x10 / 4x25 8(LR) 12.4x41.5x107.5 2013 

CFP4 [43]# 4x25 3.5, 5(LR) 14.0x21.5x72.65 Not yet 

* Specified design by Avago, the time is the product release year 
#  The first CFP4 report from Finisar. 

 
Figure 1-9 Form factor evolution in the past years 
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1.1.3.3 Discussions 

With the development of new applications and techniques such as server vir-

tualization technique, the data rate per channel, the number of channels, the 

channel density and the interconnection distance of the point-to-point inter-

connects are all increased. As shown in 1.1.3.1, twisted copper cables, such as 

1000Base-T, 10G Base-T are the most cost effective connections in data cen-

ters so far. With data rate increasing, the PHY for 10G Base-T is significantly 

more complex than its predecessors, shown in Figure 1-10. Although 40G Base-

T is still feasible in advanced CMOS technology according to the report [44], 

the even more complex PHY will put more pressure on power consumption 

and latency. Furthermore, its reach distance will be shrunk to 30m, which will 

decrease the flexibility in connecting devices due to the reach. 

 
Figure 1-10 Copper PHY progression [45] 

Electrical interconnections also face other challenges: the high loss from the 

PCB increases power consumption of both transceivers and PHY; the frequency 

dependent loss limits the serial data rate of copper traces; the bandwidth 

throughput at the card edges faces scaling difficulties. Optical interconnects is 

a promising candidate to solve these issues. Optical transceivers for high 

bandwidth density based on 10G parallel lanes have simple signal process, 

which lead into the advantages on both power consumption and latency. For 

example, 10 Gb/s SFP+ over MM fiber has about 0.1 µs latency. Using standard 

non-return-to-zero (NRZ) modulation, VCSEL based optical interconnects has 

already achieved a serial data rate of 64 Gb/s transmitting over 57m multi-

mode fiber [46]. Hence, optical interconnects is promising to offer large band-
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width throughput and short latency services in future data centers. In next 

section, state-of-the-art optical interconnects is discussed. 

1.2 State-of-the-art optical interconnects 

Optical interconnects have been investigated as possible solutions to over-

come the electrical interconnect bottleneck for three decades [47]. It is prom-

ising to overcome the limitations of electrical interconnects with regard to 

both bandwidth density and bandwidth distance. It is extensively used in many 

supercomputer systems, where intense communication among a large number 

of processors, memory and storage disks is highly required [48]. With the 

bandwidth and latency requirement of data center network increasing, VCSEL 

based optical interconnects, as well as silicon photonic based optical intercon-

nects are intensively investigated for data center applications.  

1.2.1 VCSEL based optical interconnects 

Historically, Vertical-Cavity Surface-Emitting Laser (VCSEL) became the choice 

for optical interconnects due to its circular output beam (easier to couple into 

optical fiber), low threshold (energy efficient and low cost driver), direct modu-

lation format (no external modulator is required), massive fabrication and wa-

fer level testability (low cost). The whole history of VCSEL-based optical inter-

connects for data-com communication has been well discussed in chapter 14 

of reference [49].  

The main components of VCSEL-based optical interconnects are opto-electrical 

(OE) dies and CMOS IC chips, which are fabricated and optimized on their own 

platform for best performance, high reliability and low cost. Only known good 

dies (KGDs) are used in the hybrid integration step. The performance of VCSEL 

based interconnects highly depends on the development of the components as 

well as integration technology.  

The first VCSEL was fabricated on GaInAsP/InP based material in 1979 [50], 

working at 77 K. Since then, a wide range of VCSEL products have been devel-

oped, from GaN based Violet emission VCSEL, GaAs based short wavelength 

VCSEL, lnP-Based long wavelength VCSEL and GaSb based mid-infrared wave-

length VCSEL. In the low-loss window of fiber, VCSELs have been demonstrated 

at 850 nm [51], 970 nm [52], 980 nm [53], 985 nm [54], 990 nm [55], 1000 nm 

[56], 1060 nm [57], 1100 nm [58], 1310 nm [59], 1490 nm [60] and 1550 nm 
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[61]. However, multimode 850 nm VCSEL is the only massive made product by 

multi vendors in today’s market due to many reasons [62-64]. 850 nm VCSELs 

are going through fast development in research labs. For example, the highest 

data rate of VCSEL using OOK modulation without equalization is above 50 

Gb/s [51]. In industry, VCSEL production currently moves from 3-inch toward 

4-inch, and the price of an 850 nm VCSEL approaches 0.10 dollar when ac-

quires in high-volumes [49]. For high-speed 850 nm photodiode, the 3 dB 

bandwidth is highly related to the aperture of the active area [65, 66]. In addi-

tion, OM3, OM4, OM4+ Multimode fibers are optimized to offer the peak per-

formance at 850 nm [67-70].  

The bandwidth density and power efficiency of optical transceivers highly de-

pend on the footprint and the power consumption of the CMOS IC, especially 

for the receiver chip [71]. VCSEL driver and TIA/LA ICs can be fabricated in dif-

ferent platforms, such as SiGe BiCMOS [72], bulk CMOS [73] and SOI CMOS 

[74]. SiGe BiCMOS featured by high speed, is widely used for VCSEL drivers and 

TIA/LA ICs design. Standard CMOS uses low-resistivity substrate to suppress 

latchup for optimizing signal processing, which is good for logic devices. How-

ever, this approach does not work well for high-speed analog circuits because 

of the high loss at high frequency. SOI CMOS can reduce power consumption 

compared with both bulk CMOS and SiGe BiCMOS. The cost of an IC depends 

on the volumes as well [75]. The commercially available high-speed VCSEL 

driver and TIA/LA ICs are based on SiGe BiCMOS platform. They are compatible 

with standard VCSEL array and photodiode array with a pitch size of 250 µm 

between channels, which is also compatible with standard Multiple-fiber Push-

On/push-Off (MPO) fiber ribbon configuration.  

Furthermore, signal processing techniques such as feed-forward equalization 

(FFE) are used to enable error free operation at the speed of beyond the in-

trinsic speed of OE dies at the cost of increasing power consumption [72, 76-

78]. For example, a serial data rate up to 64 Gb/s is reported by using 26 GHz 

3dB-bandwidth 850 nm VCSELs, 22 GHz photodiodes and two tap FFE BiCMOS 

ICs [46]. The power consumption is 26.3 pJ/bit. In this demonstration, the ac-

tive diameter of the PD is 21 µm. Lensed fiber probes are used for decent cou-

pling efficiency. The record power efficiency of VCSEL based optical intercon-

nection link is 1 pJ/bit at 25 Gb/s, achieved by using the 32 nm SOI CMOS cir-

cuits [74]. As shown in Figure 1-11, there is a tradeoff between power efficien-

cy, data rate and link margin in a specific design [74].  
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Figure 1-11 The power efficiency curve [74] 

VCSEL based optical interconnects have been extensively used in many super-

computer systems. For instance, an IBM power 775 use 60K AOC units. 

MiniPOD and MicroPOD module in Figure 1-9 are specifically designed for such 

high performance servers [79], which shows highest bandwidth density and 

lowest power consumption of current products.  

1.2.2 Silicon photonics based optical interconnects 

Comprehensive reviews of the development and future developing trend of 

silicon photonics, from waveguides, filters, couplers, to modulators and receiv-

ers are given in reference [80, 81]. The biggest attraction of silicon photonics is 

the potential possibility of exploiting the highly developed CMOS technologies 

for electronic-photonic convergence [82]. However, the lack of the light source, 

the temperature sensitive nature of the devices, as well as different require-

ments from optics and electronics on the platform, block the road for silicon 

photonics to be practical.  

As an indirect bandgap material, silicon is not capable of realizing efficient 

radiation. For instance, silicon Raman laser is fabricated on pure silicon plat-

form, but it needs optical pump and works at pulsed emission mode [83]. 

Germanium-on-silicon lasers can realize CW lasing at room temperature [84], 

but it also needs optical pump [85]. By bonding InP epitaxial layers on SOI plat-

form, compact microring lasers and micro-disk lasers are widely investigated  

for on-chip lasing [86, 87]. Although significant progresses have been achieved, 

they are still far away from practical application due to the fabrication com-

plexity and reliability issues. Hybrid integration of laser dies with waveguides 

on silicon are demonstrated [88, 89], but complex process are used to remove 
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the substrate and rebuild the contact. Off-chip lasers employ specific coupling 

design, such as holographic lens [90], which is the only practical solution in 

current silicon photonics platform but with high cost [91].  

In silicon photonics platform, silicon thermo-optical effect is widely used for 

signal modulation applications, such as Mach-Zehnder modulators and thermal 

phase modulators. Thermo-optical coefficient depends on the temperature 

[92]. Hence, the performance of the modulators is highly sensitive to the am-

bient temperature. Furthermore, resonant devices such as mirroring resona-

tors have small footprint with reduced power consumption compared with 

MZI-based modulators. However, the narrow bandwidth characteristic makes 

it very sensitive to the ambient temperature as well. In addition, DFB based 

WDM lasers require accurate temperature control within 1 oC. Overall, silicon 

photonics based chips require strict temperature control, which conflicts with 

the ambient temperature fluctuations in DCs.  

Silicon-on-Insulator (SOI) platform is used for silicon photonics since it provides 

a 1-3 µm silicon dioxide below a thin silicon top layer. This highly index con-

trast layer structure can be used to define narrow waveguides with low trans-

mission loss [80, 82]. The waveguide can be core rib SOI waveguide for low 

polarization dependence and low propagation loss, or photonic wires for 

higher density. However, unlike electrical wires, optical photonic wires or 

waveguides and waveguide based devices are more sensitive to the variations 

of SOI wafer characteristics, such as the perturbation of the thickness of the 

top silicon of an SOI wafer [93], which makes the SOI wafer for silicon photon-

ics more expensive than for electrical circuits. In addition, the roughness of the 

waveguide sidewall and the process variation cannot be neglected neither [94]. 

To avoid the tradeoff between silicon photonics based devices and CMOS ICs, 

silicon photonics chip and VLSI chip are independently optimized on different 

technology nodes. For example, the advanced 40nm process node is used for 

CMOS VLSI circuits, while photonics part is fabricated on 130 nm SOI technolo-

gy node for the adequate thickness of the silicon dioxide layer. In this case, a 

proper hybrid integration technology is needed as well [95].  

1.2.3 Optical waveguide and others 

Besides optical transceiver modules, the development of optical waveguides in 

PCB for backplane transmission and optical waveguides in silicon for on-chip 

communication also made tremendous progress in recent years. In particular, 
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multimode polymer waveguides in PCB are an attractive technology since it 

enables a cost-effective assembly due to its fully passive alignments. Optical 

waveguides in PCB have been demonstrated with waveguide propagation loss-

es <0.05 dB/cm [96]. Due to the high loss of hybrid optical PCBs, 3R regenera-

tors are proposed to overcome the very limited number of cards that non-

regenerative polymer buses allow [97]. However, hybrid optical PCBs still face 

a perceived risk of introducing new material into a complex process and have a 

big challenge on thermal stability during operation. Flexible waveguide layers 

are proposed to overcome this difficulties [98]. But it gives up the main ad-

vantages of optical waveguides on PCBs. On the other hand, OM3 and OM4 

multimode fiber are specifically designed for higher intrinsic bandwidth dis-

tance products. With a core size of 50 µm [70] , the typical loss of OM4 multi-

mode fiber is 3.0 dB/km at 850nm, with minimum bandwidth distance product 

of 4700 MHz*km. In addition, bend-insensitive OM3/OM4 fibers are devel-

oped to adapt the cabling requirements of data center, the attenuation in-

duced by 7.5mm Radius is less than 0.2 at 850 nm [67, 70]. Hence, in the short 

term, optical fibers are still the preferred choice for board level communica-

tions.  

Polymer is also used for photonic wire bonding, which is proposed for chip-

scale interconnects [99]. The advantages of such photonic wire bonds (PWB) 

are high-precision alignment with optical devices and broadband coupling. 

Polymer is also adapted for three-dimensional optical switch [100]. Overall, 

polymer based waveguide, photonics wire bonds and polymer based devices 

show big potential in future optical interconnection systems.  

1.2.4 Discussions 

As discussed in Section 1.2.2, silicon photonics based optical interconnects are 

not likely to be practical in the short term due to the lack of light sources, the 

strict constraints of temperature stabilization requirements, and the different 

requirements on CMOS wafers between optical devices and electrical devices. 

On the other hand, VCSEL-based optical interconnects have been extensively 

used in many supercomputer systems, where intense communication among a 

large number of processors and memory modules is required. With the band-

width and latency requirement of data center networks increasing, optical 

interconnection applications in supercomputer systems are quickly adopted in 

data center networks, such as embedded optics and MCM packages. In addi-
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tion, parallel VCSEL based optical interconnects offer flexibility as they can be 

configured as one trunk or aggregated links in the system, which is also im-

portant for highly parallel communication systems. Furthermore, the compari-

son between electrical backplane and VCSEL based active cable configured 

backplane shows that the Cu-based electrical solution is still limited by the 

backplane losses, while VCSEL based optical backplane has the ability to scale 

towards next generation if the transceiver shows significant evolution in terms 

of performance, power consumption and cost [101]. 

Economical affordability is one of the most important merits since the massive 

numbers of interconnects required in data center environments. The cost of 

the modules depends on many factors. Assembly cost is one of the biggest 

portions in the manufacture. Multimode alignment is much more cost-

effective compared with single mode based solutions. In addition, after many 

years of development, there is a whole ecosystem around multimode devices 

and packages. Thus, at least, in the short term, VCSEL array based, multimode 

fiber packaged transceiver modules are the mainstream in the optical trans-

ceiver markets. In next section, the possible application scenarios of optical 

interconnection for future switches I/O are discussed. 

1.3 Optical interconnects in future switch I/O scenar-
ios  

As discussed in Section 1.1.1, DCs are becoming bigger and their architectures 

are likely to be flat, with less latency and less oversubscription. An ideal data 

center is a fully flat network; each node connects to other nodes directly with 

high speed channels. A practical flat data center network requires high radix 

switches, which involve a large number of interconnection links, high band-

width density at the I/O interface, and high data rate per channel and low 

power consumptions. The requirements raise challenges to current copper-

based interconnection. Optical interconnects is poised to play a bigger role in 

future switch I/O interfaces through four possible solutions. 

1.3.1 Smaller form factor transceivers modules integration 

The pluggable optical transceivers at the edge of the switch chassis can be 
configured and replaced easily. CMOS development is resulting in switch ASICs 
supporting switches with a high radix. In many occasions multiples switch 
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ASICs are placed on a single PCB board. Together with the limited space on the 
switch faceplate means that the bandwidth density of the pluggable transceiv-
ers needs to further increase to full-fill the bandwidth requirements of the 
future.  
The bandwidth density of the pluggable transceiver modules is affected by 
many factors, such as the component development, the integration among 
components, the power dissipation requirements, connector development, 
and the whole package design. To shrink pluggable transceiver modules, the 
power consumption and the size of the transmitter or receiver chip inside 
need to be reduced, the size of the whole modules therefore could be de-
creased. If the bandwidth per channel remains unchanged, increasing the 
number of channels, for instance from a single channel SFP+, to a four chan-
nels based QSFP, or a twelve channel CXP module, also leads to higher band-
width density at I/O ports, see in Figure 1-9. Recent switch ASICs tend to em-
bed high quality PHYs inside the ASIC to replace the lower quality SerDes in the 
previous chip, which on the other hand needs external PHYs to support the 
pluggable modules [102], as shown in Figure 1-7. The integrated SerDes con-
sumes less power compared to discrete SerDes components and therefore 
saves energy. In addition, the embedded SerDes makes that less board space is 
occupied, hence pluggable transceiver modules can be placed closer to the 
ASIC chip, shown in Figure 1-12.  

Short electrical traces on the board can also make retimer or repeater and 

equalization circuits redundant since the electrical paths are relatively short 

[103]. This reduces the overall power consumption even further. In addition, 

the data rate of optical transceiver channels should match with the data rate 

of the electrical interface of switch ASICs. The performance of the switching 

ASIC (radix, SerDes data rate, power, etc.) is improved with the CMOS node 

evolution. Currently, the switch SerDes is 10 Gb/s. If 25 Gb/s based optical 

transceiver are used instead of 10 Gb/s per channel, a Gearbox is required to 

convert 10 lanes 10 Gb/s into 4 lanes 25 Gb/s [104], which adds extra cost, 

extra space requirement and power consumption into the switch. For example, 

a state-of-the-art gearbox designed for a 100G PHY/SerDes consumes around 

2.5 W, with a package of 16×16 mm2 [105].  
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Figure 1-12 Smaller form factor transceivers on switch PCB  

1.3.2 Embedded transceiver modules on the PCB boards 

High density, small form factor pluggable transceiver modules can provide 

higher bandwidth throughput at the limited chassis edge. However, the copper 

trace routing complexity on the PCB is further exacerbated in this approach. In 

addition, as the data rate per channel increases, the length of electrical trans-

mission line need to be further shortened. To cope with these issues, a promis-

ing solution is to move the I/O interfaces much closer to the ASIC chip. Fur-

thermore, instead of only using an edge surface, the peripheral of ASIC chips 

can be used as the interface. As shown in Figure 1-13 (a), transceiver modules 

on mid-boards are placed near the switch ASIC to release the card edge limita-

tion. An implementation of such a switch is shown in Figure 1-13 (b) [106]. In 

this way, the length of electrical traces on the board is further shortened. Fur-

thermore, the required I/O driving power is reduced and so is the EMI be-

tween the channels. In addition, flexible placement of the mid-board trans-

ceivers can lead to an easy fan out circuit design of the ASIC chip, which steers 

to smaller motherboards, less PCB layers and less cost (see Figure 1-13 (b)).  

An ASIC chip has a limited circumference, which will not increase much over 

time due to the reticle size and yield economics in the CMOS technology evolu-
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tion. To simplify the design of the large amount of high-speed transmission 

lines between the switch ASIC and the transceiver modules, the length of the 

transmission line needs to be as short as possible. On the other hand, the cir-

cumference of the board is decreasing when the distance between the ASIC 

and transceiver modules becomes shorter. To support the increased band-

width within the decreased board circumference, the bandwidth density of the 

transceiver modules need to be largely increased.  
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Figure 1-13 (a) Embedded optical transceiver modules around ASIC  

 
Figure 1-13 (b) Implementation of a very compact PHY-less Ethernet board with trans-

ceiver modules around the ASIC. The board support 64 upstream channels and 64 
downstream channels each operating at 10 Gb/s [106] 
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1.3.3 Integrating optical transceiver ICs with electrical switch 
IC  

To further reduce the length of electrical paths between the switch ASIC and 

the transceiver modules for high-speed signal transmission, the bandwidth 

density of the optical transceiver I/O needs to be further improved. A solution 

to dramatically reduce the optical transceivers dimension is to get rid of indi-

vidual packages for each optical transceiver modules, thus by moving the es-

sential opto-electronics ICs as well as the CMOS driver/receiver ICs into the 

same package as the switch ASIC, as indicated in Figure 1-14. The switch ASIC is 

mounted on an interposer, as well as the optical transmitter modules and re-

ceiver modules. Such Multi-Chip Module (MCM) can be explored as an efficient 

approach to improve the bandwidth throughput and lower communication 

power requirements between chips since it supports high quality communica-

tion channels on a high-density interconnection substrate. MCM also allows a 

finer pitch design of the ASICs and optical transceiver ICs, as well as a much 

simpler design for the interface between them. Therefore, the bandwidth den-

sity is increased and the cost could be reduced to below $1/Gb/s [107].  
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Figure 1-14 Schematic of MCM package to integrate the ASIC chip with optical trans-

ceivers chips on a multi-chip carrier  
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1.3.4 Stacking optical transceiver ICs on electrical switch IC 

Inspired by the 3D stacked CPU, which consists of CPU IC, memory and optical 

networking routing layer [108], an optical transceiver chip can be stacked on 

the ASIC chip to explore a much bigger area for I/O communication. In the 

design shown in Figure 1- 15, the entire top area of the ASIC chip is used as the 

I/O interface, which is quadratically scaled with the chip size. And an estimated 

50Tb/s has been computed for a chip measuring 310 mm2 [109]. There are 

many challenges to realize such design. First, the power consumption of both 

ASIC and optical transceivers needs to be largely reduced. Second, proper heat 

dissipation design is required. Third, an effective integration approach be-

tween ASIC and optical receivers is required.  
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Figure 1- 15 Schematic of 3D stacking package to integrate optical transceivers chips 

on the ASIC chip  

The Ethernet switches for DC application are evolving to become more power 

efficient, operate at higher speed per port, and to have larger radix. To cope 

with the limited interfaces at the card edge and high frequency-dependent loss 

on the PCB, smaller form factor pluggable transceiver modules, embedded 
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optical transceiver modules on the PCB, co-package transceivers together with 

the switch ASIC and ultimately 3D stacking optical transceiver chips on ASIC are 

the possible solutions. Nevertheless, independent of the protocols (Ethernet, 

Fiber Channel, Infiniband, EoFC, etc), no matter which solution is implemented 

in the system, optical transmitter and receiver chips are the core active com-

ponents inside modules. Thus, a low-cost, low power consumption, high 

bandwidth density, compact transceiver engine is essential to support such 

developing trend.  

1.3.5 Challenges for cost-effective integration 

To realize a low cost, high bandwidth density, high data rate per channel and 

high power efficiency transceiver engine,  a key technology is to integrate OE 

dies and its counterpart CMOS chip in a compacted, cost-effective manner 

[110].  

Low cost: the cost of a module depends on components cost, assembling cost 

and package cost. The components cost is highly related to the volume. Both 

VCSEL and PD are low-cost products in big volume requirements. In principle, 

the development cost and fabrication cost are closely related to the design and 

fabrication complexity. A highly complex technology usually means a long de-

veloping period and low yield. On the contrary, a simple process flow involves 

short developing time and lower fabrication cost. In addition, to fulfill the up-

coming large volume requirements, the integration method should consist of 

mechanized manufacturing instead of labor intense manufacturing.  

Impedance matching and low temperature processing: high data rate per 

channel can significantly improve the bandwidth throughput of the transceiv-

ers. Table 1-3 lists key parameters of VCSEL from commercial VCSEL foundries 

datasheets. Right now, the 8 GHz bandwidth VCSEL is the main stream compo-

nent to offer 10 Gb/s data rate per channel, which has standard resistance and 

high process temperature. The aperture of the VCSEL dies are decreasing to 

obtain higher data rate [66], leading to thermal saturation and subsequent 

output roll-over at lower bias current [111]. In addition, it also leads to non-

standard resistance and lower package temperature. Thus, to scale data rate 

from 10 Gb/s to higher data rate, impedance matched connections as well as 

low temperature processing are required. 
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 Table 1-3 VCSELs products specifications 

Product number ZL60126UBJF V25_850X V40_850CX 

3-dB bandwidth(GHz) 8 14 20 

Differential resistance 50 80 90 

Soldering temperature (oC) 350 150 150 

Thermal resistance (
o
C/mW) 1.3 2 3 

Coupling efficiency: on the receiver side, the aperture of PIN photodiode is 

decreasing as data rate is increasing because the capacitance of the PD mainly 

depends on the junction capacitance. The mismatch between the aperture of 

PD and signal output from multimode fibers will reduce the coupling efficiency 

if direct fiber coupling is implemented [66], which significantly affects the link 

budget. The poor coupling efficiency leads to high requirements of transmitter 

power or receiver sensitivity. A low-cost lens could be handy to improve the 

coupling efficiency.  

High bandwidth density: In a certain timeframe, advanced high data rate OE 

dies and CMOS ICs usually cost more than low data rate components. In addi-

tion, if the data rate of optical transceiver is higher than the electrical I/O, ad-

ditional electrical circuits (such as gearbox) are required which will increase the 

power consumption. The size of VCSEL drivers and TIA/LA ICs are much bigger 

than VCSEL and PD. In addition, the footprint of them are limited by the con-

tact pads for wire bonding [71]. A compact integration of OE dies and CMOS IC 

chips is required to increase the bandwidth density.  

Low power consumption: power efficiency is another important figure for 

data center interconnection links. As mentioned in 1.2.1, VCSEL drivers and 

TIA/LA circuits contribute most of the power consumption of transceivers. 

Hence, low-power CMOS ICs are highly desired. To make good use of low-

power CMOS ICs, the electrical interconnections between the CMOS ICs and 

OE dies need to be optimized for high data rate operation. The non-standard 

impedance of the OE devices requires impedance matched performance of the 

interconnection links to obtain low signal loss therefore improve the power 

efficiency.  

Several projects have explored the use of VCSELs and photo-detectors (PDs) 

vertically stacked on the VCSEL drivers and TIA/LA CMOS chips to form parallel 

communication modules for data transfer [88, 112, 113]. They require the 

substrate removal, bump deposition, or specific component design, which all 
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eventually result in higher cost. To carry out electrical interconnections be-

tween electro-optical components and CMOS ICs, flip chip bonding technique 

or wire bonding technique is used. Wire bonding technique is a wire-based 

process technique with limited performance at high speed, while flip-chip 

bonding technique takes place on a die-by-die basis in the demonstration and 

still involves the fabrication and preparation of an appropriate carrier for both 

driver and OE dies. The detailed discussions are in the beginning of chapter 2. 

1.4 Organization of the thesis 

In this thesis, a novel 3D stacking approach for high bandwidth density cost-

effective optical transceivers is proposed and demonstrated. The reminder in 

this thesis is organized as follows:  

In chapter 2, a novel 3D stacking approach is presented to integrate the OE 

devices with its electrical driver or amplifier chip into one module with robust 

performance. In the processing, photoresist “bridges” fabricated by thermal 

reflow of thick photoresist pattern made the process flow simple and straight-

forward.  

In chapter 3, the 3D stacking approach is used to fabricate the transmitter chip 

on a single VCSEL driver unit. The influence of the stacked chip on high-speed 

microstrip lines is simulated first for guiding the bonding process. The pre-

process steps to protect the Al pads on the VCSEL driver is used for being com-

patible with wire bonding. Finally, A 100 Gb/s 3D stacked transmitter is ob-

tained with uniform performance among different channels. 

In chapter 4, the 3D stacking approach is used to fabricate the receiver chip. 

We also explore a micro-lens structure on the PD to protect the Ohm contact 

and improve the fiber coupling efficiency at the same time. Instead of execut-

ing the standard processing, we optimize the process conditions for this single 

TIA/LA chip. A 12 channels, 10 Gb/s per channel, uniform performance with 

error free operation, 3D stacked receiver is obtained.  

 In chapter 5, the 3D stacking approach based on VCSEL arrays stacked on a 

partial CMOS IC wafer is demonstrated. The results indicate superior quality of 

interconnects compared to a single VCSEL driver shown in chapter 2. It verifies 

that the 3D stacking approach is a truly wafer scale solution.  

In chapter 6, the key principle of the 3D stacking process is adapted for a dif-

ferent application. Instead of stacking the photodiode array on the TIA/LA chip, 
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they are placed side-by-side on a silicon carrier in close proximity. Together 

with the possibility of impedance matched metal stripes, this technique is very 

promising for higher data rate applications.  

In chapter 7, the thermal effect of the 3D stacking approach is evaluated by 

thermal simulations. The primary results show that with proper heat sinking of 

the CMOS ICs the OE dies will operate at a reasonable 40o C which is well with-

in their operation margin. 

In chapter 8, the main conclusions of the thesis are summarized and an out-

look on possible further research of the 3D stacking approach is recommended. 

1.5 Contributions of this thesis 

As the main contribution of this thesis, a compact 3D stacking approach is pro-

posed and developed. The author has proposed, designed and developed the 

process flow. She has developed the process for the thick photoresist based 

lithography and reflow technique, to realize compact integration. The author 

fabricated all the devices in the thesis, except the electrical-plating step and 

removal of seedlayer steps described in chapter 3, chapter 5, and chapter 6 in 

the thesis1. He also carried out the seedlayer removal step in chapter 4. The 

author is also responsible for all the simulation results except the lens simula-

tion results which were calculated by Michiel van Rijnbach. For experimental 

results, the tests in Section 3.4.3 and Section 3.4.4 are carried out by Dr. O. Raz, 

other tests are carried out by the author.  

The proposed 3D stacking approach is fabricated with a lithographic metalliza-

tion scheme that allows wafer-scale manufacturing to tackle the problems on 

cost, impedance matching and low temperature processing, coupling efficiency, 

bandwidth density, and power consumption of future data centers. It is prom-

ising to solve all the challenges described in Section 1.3.5.  

Cost: In the 3D stacking approach, industry standard devices are used since the 

components development and fabrication cost can be shared with other cus-

tomers. The fabrication process is simple and straightforward, including only 

                                                             
1 These steps were developed by Barry Smalbrugge, one of the cleanroom technicians 
2 Based on the results published in: [114]P. Duan, O. Raz, B. Smalbrugge, J. Duis, and H. 
Dorren, "A novel 3D stacking method for Opto-electronic dies on CMOS ICs," in 
European Conference and Exhibition on Optical Communication, 2012. 
3Based on the results published in[144]P. Duan, O. Raz, B. Smalbrugge, K. van de 
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two lithographic steps and usage of a single photoresist material for both glu-

ing the OE dies on top of the CMOS chips and creating the bridge between 

bottom and top pads. In addition, by exploring wafer-scale manufacture meth-

ods, i.e., lithographic metallization, we expect a similar cost reduction trend as 

electrical CMOS IC.  

Impedance matching and low temperature processing: in the 3D stacking 

approach, the metal traces are defined by lithography and formed by electrical 

plating. The minimum constraints on the geometry (shape, length, width, 

thickness) of the metal traces, compared with wire-bonds, pave the path for 

impedance matched interconnections between CMOS IC and OE dies. In the 

process flow, the highest temperature is 150 oC, which is well in the range of 

the requirement for the components. 

Micro-lens coupling: a micro-lens is introduced to improve the coupling effi-

ciency between multimode fiber and PD as well as to protect the sensitive area 

at the connection point of pad and PD contact. There is no extra cost to obtain 

the micro-lens since the same material and same process steps are used to 

pattern and form the micro-lens and “Photoresist bridge”. 

High bandwidth density: Three-dimensional (3D) stacking OE dies on the 

CMOS IC is the most compact integration approach. It offers the highest 

bandwidth density based on the same components. Furthermore, the size 

limitation of ICs pads due to wire bonding requirements is eliminated since the 

metal traces is defined by lithography. Hence, the footprint of the IC chip can 

therefore be reduced, which could result in a higher bandwidth density. 

Low-power consumption: compact integration can lead to short electrical 

traces, together with impedance matched designs between OE dies and CMOS 

ICs, the signal reflection loss and transmission loss are largely reduced there-

fore the power consumption is reduced.  

Overall, the proposed 3D stacking approach offers a cost-effective way to con-

nect fix paths between two quite different height surfaces.  



 

 

2 Chapter 2 A Novel 3D 
Stacking Approach 

With data centers becoming bigger and flatter, a need for cost-effective optical 

transceiver modules with high bandwidth density and low power consumption 

is emerging. VCSEL-based optical interconnects are promising to fulfill the need 

in the foreseen future if the components and the integration are both scaled in 

a cost-effective manner. In this chapter2, firstly, prior-arts of VCSEL based opti-

cal transceiver modules are summarized in Section 2.1. Then, a novel 3D stack-

ing approach is proposed in Section 2.2. After walking through all the pro-

cessing steps described in Section 2.3, Section 2.4 and Section 2.5, a compari-

son between our new approach and other integration approaches is carried 

out in Section 2.6. The comparison shows that our new 3D stacking approach is 

the most cost-effective approach for 850 nm VCSEL based optical intercon-

nects.  

2.1 Background  

As discussed in Section 1.3, 850 nm VCSEL and PD dies, as well as VCSEL driver 

ICs and TIA/LA ICs are fabricated and tested at wafer level, which makes them 

low–cost. A crucial condition to maintain low cost of optical interconnection 

modules is to rely on a good integration concept of opto-electrical (OE) dies 

and CMOS ICs [115].  

Understanding the limitations of the components can help us to find a proper 

integration strategy. GaAs substrate is not transparent to 850 nm light. Hence, 

top emitting VCSEL dies and photodiode dies are the most appropriate device 

designs from the fabrication perspective. Otherwise, the GaAs substrate of OE 

dies need to be removed for backside emitting [116], which adds extra process 

steps and therefore increases the cost. Another property of the OE die is that 

                                                             
2 Based on the results published in: [114]P. Duan, O. Raz, B. Smalbrugge, J. Duis, and H. 
Dorren, "A novel 3D stacking method for Opto-electronic dies on CMOS ICs," in 
European Conference and Exhibition on Optical Communication, 2012. 
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both emitting aperture and anode are on the top, leaving the entire backside 

of the substrate to act as a common cathode. According to test results [117], 

higher crosstalk between channels is observed in the common cathode design, 

compared with separate anode and cathode components. The substrate of 

CMOS IC silicon is not transparent to 850 nm light either. All these facts highly 

influence the transceiver design.  

There are plenty of VCSEL-based transceiver products in the market and lab 

demonstrations from literature [49, 112, 113, 118-122]. In this section, we will 

not try to cover every specific design, or review the technical parameters from 

each design. Nevertheless, the design ideas and integration technologies of 

typical prototypes are discussed.  

2.1.1 Prior arts based on wire bonding technology 

Parallel placement of OE dies and CMOS IC 

A straightforward solution to integrate top emitting components is side-by-

side placement with the emitting aperture face up on a carrier. As shown in 

Figure 2-1, a 12-channel photodiode array and a TIA/LA chip are glued on a 

PCB board using epoxy [118]. Then, wire bonding is used to realize all the con-

nections between the photodiode pads and the TIA/LA pads, as well as the 

connections between the TIA/LA chip and the PCB board. In this design, the 

components are placed closely to shorten the length of gold wires, which is 

necessary to maintain signal integrity at high data rate.  

 

Figure 2-1 A wire bonded receiver demonstration [118]  
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Stacking OE dies on CMOS ICs  

Stacking an OE die directly on the top surface of a CMOS chip can minimize the 

distance between pads and obtain the smallest footprint. In reference [49], a 

photodiode die is glued on the surface of a CMOS IC chip (TIA). Wire bonding is 

used to connect the pads of the photodiode with the pads on the TIA/LA chip 

underneath, shown in Figure 2-2. This method eliminates the requirement of a 

carrier and the whole module (TIA and PD) can fit into a low-cost TO-46 pack-

age.  

 

Figure 2-2 Using bond wires in a 3D stacked structure [49] 

2.1.2 Prior arts based on flip chip bonding technology 

Flip chip bonding components on a transparent carrier 

By implementing 850 nm transparent carriers, flip chip bonding can be used 

for the electrical connections between OE dies and CMOS ICs through solder 

bumps and metal traces on the carrier. In Figure 2-3 (a), a VCSEL array, a 

photodiode array, a VCSEL driver IC and a TIA/LA IC are all bonded face down 

on a silicon carrier with physical holes in the middle to let light pass through 

[119]. In Figure 2-3 (b), a VCSEL array and a VCSEL driver are flip chip bonded 

to a glass-like transparent carrier [120]. Other transparent materials can also 

be used to configure a similar structure.  
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(a)                                                    (b) 

Figure 2-3 OE dies and CMOS ICs flip chip bonded onto (a) A silicon carrier [119]; or (b) 
A transparent interconnection substrate [120] 

Sapphire based transparent CMOS IC 

By exploiting the transparent property of Sapphire substrate, silicon on Sap-

phire CMOS IC offers the possibility to directly attach an 850 nm top emitting 

VCSEL array on the CMOS IC chip, shown in Figure 2-4 [121]. However, silicon 

on Sapphire CMOS IC needs a hetero-epitaxial process to grow a thin silicon 

layer on a Sapphire wafer. It leads to high wafer cost and significant fabrication 

complexity because of the lattice mismatch between Sapphire and silicon. 

 
Figure 2-4 A cross-sectional view of the optical module [121] 

OE dies top down to “Holey” CMOS IC 

In 2010, IBM research lab demonstrated a compact transceiver modules based 

on “Holey” CMOS ICs [112] [122]. As shown in Figure 2-5, the physical holes 

are etched through the blank center of a specially designed CMOS IC by more 
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than 20 steps of dry etch processing (RIE) to let light pass through, then flip 

chip bonding is used to integrate the OE dies and CMOS IC together. 

 
Figure 2-5 “Holey” CMOS IC based transceiver [112] 

2.1.3 Thinned OE dies stacked on a dummy CMOS wafer 

As demonstrated in Section 2.1.1 and Section 2.1.2, most of the approaches 

used either wire bonding or flip chip as the basic method for connecting OE 

dies with its counterpart CMOS ICs. There is an exception, which is shown in 

Figure 2-6. In this example, a wafer level metallization is explored for integrat-

ing the CMOS IC and OE dies. The Photodiode array and VCSEL array were both 

thinned down to 25 µm for embedding into a Novolac resin. After transplant-

ing the VCSEL array and the PD array onto the silicon wafer, the pads of the 

VCSEL array and the PD array are on the same level as electro-plated pads 

from the dummy CMOS IC wafer. Thus, wafer level metallization can be used 

for making the connections. However, in this demo, it seems that the final 

electrical connections are still realized by wire bonding. 

 
Figure 2-6 A 3D stacked wafer using thinned down devices [113] 
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 Table 2-1 shows a summary of the prior arts. There are basically two integra-

tion methods, i.e., wire bonding and flip-chip bonding. In Section 2.1.4 and 

Section 2.1.5, the history and the performance of each method will be sepa-

rately discussed.  

Table 2-1 Summary of the prior arts 

Design  Integration 
method  

Data rate 
per  chan-
nel 

Channel 
number 

Footprint 
consisted 
by 

year 

Figure 2-1 Wire bonding 10 Gb/s 12RX  OE+CMOS IC 2009 

Figure 2-2 Wire bonding No data  1Rx  CMOS IC 2002 

Figure 2-3 

(a) 

Flip-chip bonding 12.5Gb/s 24Tx+24Rx OE+CMOS IC 2008 

Figure 2-3 

(b) 

Flip-chip bonding No data 12 Rx OE+CMOS IC 2013 

Figure 2-4 Flip-chip bonding No data Tx+Rx CMOS IC 2001 

Figure 2-5 Flip-chip bonding 12.5Gb/s 24Tx+24Rx CMOS IC 2010 

Figure 2-6 Wire bonding No data 22Tx+4Rx CMOS IC 2010 

2.1.4 Wire bonding  

Wire bonding is the most popular method for obtaining electrical connections 

between dies or between a chip and the package. The history of wire bonding 

dates back to 1940s [123]. In general, it is a flexible, cost-effective method for 

low-speed electrical packages. However, major challenges arise when trying to 

use wire bonding for high data rate optical interconnects. 

Wire bonding imposes pressure and temperature burdens on the 
substrate 

 Wire bonding is based on metallic inter-diffusion between wires and contact 

pads. The rate of metallic inter-diffusion is dependent on the material of the 

pads and wires, the process temperature, force, ultrasonic power and time. 

There are two wire bonding techniques: ball bonding and wedge bonding. 

Compared with wedge bonding, ball bonding is faster and the second bond can 

be located at any direction relative to the first ball. Thus, most of electronic 
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chips make use of ball-bonding technique. Wedge bonding is a unidirectional 

process. Compared with ball bonding, it is capable of finer bond pad pitch, 

lower loop profiles, and low temperature process when using ultrasonic (U/S) 

process. In general, OE devices are temperature sensitive and fragile to pres-

sure, making wedge bonding technique a more suitable option for OE device 

packages [124].  

Bond wires have limited performance at high speed 

The parasitic inductance of bond wires mainly depends on the length, the di-

ameter and the shape of the bonding wire, the thickness of the bond pads, and 

the frequency of the signal [125]. To maintain the signal integrity at high data 

rate, a flat ribbon, which has a rectangular cross section, is used to recede the 

“skin effect” of wires since the surface area of it is much bigger compared with 

the same cross-section round wire [126]. Hence, a ribbon has high current 

carrying capability at high data rate. However, ribbon bonding is slower which 

requires a coarse pitch between bond pads, and it is less flexible due to the 

pre-deformed shape of the ribbons.  

Wire bonding has high requirements on pads surface and pads size   

To obtain reliable connections between bond wires and substrate pads, the 

size of the bond pads has to have a minimal size based on the diameter of 

bond wires and the chosen bonding techniques. A rule of thumb for bond pads 

is that the dimension of bond pads should be 2 times the diameter of bonding 

wires [124]. The physical size of the bond pads often limits how small the ICs 

can be designed, resulting in pad-limited CMOS IC design [71]. In addition, the 

test setup for OE dies and CMOS ICs is based on wafer probing to lower the 

testing cost. However, during the test, probe needles are contacted with metal 

pads on the chip by a mechanical force. It “scratches” the contact surface, 

which may adversely affect the wire bonding quality and add extra cost by 

lowering the bond and assembly speed. The effect is exacerbated for ultra-fine 

pitch bond pads since a larger percentage of the total pad area is damaged 

during probing test. 

Wire bonding is a serial process 

Wire bonding is a serial process, bonding one pad to another with a wire one 

after the other. Hence, the cost related to wire bonding as part of the packag-
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ing costs of each module does not scale with the wafer size of the CMOS ICs. 

For instance, 12-channel VCSEL driver chips are fabricated on 8’’ CMOS wafers 

with a typical unit size of 4 mm × 2 mm. There are roughly 400 units of VCSEL 

drivers on a wafer. Assuming 24 bond wires are required per unit for connect-

ing to a 12-channel VCSEL array, the number of bonding wires is 9600 when all 

the units in an 8” wafer are used. Assuming the size of the unit shrinks by 25% 

when the wafer is scaling up to a 12” CMOS wafer, the total number of bond-

ing wires will be 28800, which is three times more than the previous genera-

tion required.  

2.1.5 Flip-chip bonding  

Flip-chip bonding offers great signal integrity and higher connection density 

compared with wire bonding. Its history can be traced back to half a century 

ago [125], when it was introduced for increasing component packing density 

by using stacked substrates. According to the ITRS report (see Figure 2-7) [127], 

flip chip bonding takes a 20% share among all the IC package production. 

While flip chip bonding is gradually adopted in high bandwidth density applica-

tions, it has several obstacles for 850nm VCSEL based optical interconnects.  

 
Figure 2-7  The package value ratio of different package technologies [127]  

Flip chip bonding is a face-to-face technology  

Flip chip, which literally means one chip faces down to make connections with 

another chip, does not allow integrating more chips at the same footprint (Be-

cause the electrical bond pads on two devices are facing each other). As de-

picted in Section 2.1.2, specially designed ICs or transparent carriers are re-

quired when using top emitting 850 nm VCSEL and PD array in combination 
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with flip chip assembly, which leads to larger footprint of the CMOS ICs and 

higher cost.  

Flip chip bonding requires underfill for robust connections  

Flip chip, also known as “controlled collapse chip connection” or “C4”, indi-

cates that the connections between two chips need to be carefully designed, 

fabricated and aligned to prevent connections from collapsing. The connec-

tions have three functions—electrical connection, mechanical support and 

heat transfer. In general, underfill is required between two chips mainly for the 

last two functions.  

As mentioned in Section 1.3.5 chapter 1, high data rate per channel, high 

bandwidth density and low cost are the key requirements for optical intercon-

nect transceivers. High data rate performance is difficult to achieve for wire 

bonding applications. The trend towards high bandwidth density in intercon-

nects requires specifically designed CMOS IC if flip chip is used, which increases 

the cost. In summary, both wire bonding and flip chip bonding face challenges 

to offer a cost-effective approach for 850 nm VCSEL based optical transceiver 

fabrication. A new integration technique with a wafer level scalability at cost, 

data rate, and bandwidth density is needed.  

2.2 A novel 3D stacking approach 

In this section, a novel 3D stacking solution is demonstrated [114], an artist’s 

impression of which is shown in Figure 2-8. The basic idea is to use a pick and 

place machine to position the E/O dies on top of the CMOS wafer containing 

the complementary ICs (TIA chips for a photo detector array and laser drivers 

for a VCSEL array) without grinding OE dies [113] or drilling hole in the CMOS 

IC [112]. The electrical connections between OE dies and CMOS drivers are 

realized by a plating process with the support of smooth photoresist (PR) 

“bridges”. It can be used widely as an efficient way to connect any fix paths of 

two quite different height surfaces on a wafer scale process. 

The key requirements and process details of each step are discussed in the 

following sections, including: placing the OE array die on the CMOS IC, using a 

thick PR pattern to create a continuous ramp between the pads on CMOS IC 

and OE array and finally an electrical-plating process to form the desired metal 

traces, which connect top and bottom pads on both ends of the PR ramp. The 
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process is fully CMOS compatible, uses low temperature processes and can be 

applied on a wafer scale using low cost pick and place technology.  

 
Figure 2-8 Schematic drawing of the 3D stacking approach 

2.3 Die to wafer bonding 

The first step of the 3D stacking approach is to bond OE dies on top of the 

CMOS IC wafer. For the transmitter fabrication, it means a VCSEL array needs 

to be bonded on the right spot of the VCSEL driver so that the anode and cath-

ode pads of each VCSEL channel are aligned with data output pads (DON) and 

ground pads (GND) on the VCSEL driver correspondingly. The typical dimension 

of an OE die is 3250 µm × 500 µm × 200 µm. The typical width of the pads on 

the OE die is 100 µm, while it is 60 µm for the CMOS IC pads. As depicted in 

Figure 2-9, the alignment offset could be as big as 20 µm while the pads of the 

VCSEL array are still perfectly align with the pads on VCSEL drivers. The place-

ment accuracy of state-of-the-art pick and place machines is better than ± 10 

µm [128-130], which is sufficient for our alignment requirements.  

The quality of the bonding layer determines the subsequent PR bridge for-

mation between OE dies and CMOS IC pads. Overall, the die to wafer bonding 

should fulfill the following requirements: 

(1) It should deliver a void free bonding layer; 

(2) The thickness of the bonding layer should be uniform; 

(3) The temperature during the bonding process should not be higher 

than 150 oC to avoid possible damage to CMOS ICs or OE chips; 

(4) The bonding layer should be able to withstand the chemicals used in 

the subsequent processing steps; 
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(5) High co-efficient of thermal dissipation bonding material is preferable. 

 
Figure 2-9 Schematic of the alignment accuracy requirement 

2.3.1 Bonding technology  

There are four known bonding techniques: anodic wafer bonding [131], direct-

ly wafer bonding [132], metallic wafer bonding [133] and adhesive bonding 

[134]. In general, adhesive bonding has the most relaxed requirements on 

surface cleanliness and surface roughness combined with better planarization 

ability. Furthermore it greatly simplifies surface preparation and it can be a low 

temperature process, which helps to maintain the individual die’s performance 

and reduce the intra-layer stress from thermal effect. Thus, adhesive bonding 

technology is chosen for the 3D stacking approach.  

2.3.2 Bonding materials  

Liquid state bonding materials have better cover ability and planarization per-

formance. For instance, Divinylsiloxane-bis-benzocyclobutene (DVS-BCB) is 

extensively used as a bonding material due to its excellent planarization prop-

erties, sufficient post-processing thermal budget, low shrinkage and no by-

products. However, the curing temperature is about 400 oC, which is above the 

glass transition temperature of DVS-BCB 350 oC [86]. Such temperature is too 

high for the CMOS IC chips. PR and dry PR have also been used as bonding 

materials recently [135, 136]. Compared with dry PR, normal PR has several 

advantages. Firstly, it can act as a compliant layer to accommodate the imper-

fections in the flatness of the CMOS IC surface. Secondly, it can be spun on a 

wafer scale. Thirdly, the thickness of PR can be controlled quite easily by set-
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ting the spinning rate and spinning time. Finally, the unwanted PR can be re-

moved easily after bonding.  

AZ 40 XT-11D is a positive chemically amplified PR. It is a clear, pale yellow 

liquid at room temperature. It is chosen to be the bonding layer as well as the 

“bridge” material in our work since:  

 The alignment is greatly facilitated by the fact that the patterns on the 

substrate can be observed through the thick PR film due to its transpar-

ency; 

 The PR layer has good adhesion with substrates and can be easily pat-

terned, which makes it a good choice for bonding and mechanical sup-

port;  

 The insulating property of the PR layer is adequate for the bonding layer 

and metal paths deposition; 

 The thickness of PR layer that can be produced, from 10 µm to 1 mm 

(multi-layers), is well within the required range of our 3D stacking ap-

proach;  

 The softening temperature of the PR is quite low, approximate 110 oC. 

The thermal budget during its processing is not higher than 150 oC, fit-

ting for the requirement of the CMOS ICs; 

 After hard-bake process, outgassing from PR pattern is limited. 

2.3.3 OE die placement  

After HMDS treatment on the sample, AZ 40 XT is spun on the surface. The 

thickness of a PR layer is determined by its spinning speed and spinning time. 

Before pick and place, a prebake procedure is used to dissipate solvent and 

form a hardened surface for easy handling.  

Fineplacer@Lambda is used for OE dies placement. It is a flexible sub-micron 

bonding system, which includes a beam splitter to offer an overlay vision for 

alignment. In the experiment, this feature is used to align the OE die on the 

pick arm with the CMOS IC on the substrate. Since the PR layer is transparent, 

the zero level on the substrate is the CMOS IC surface instead of the PR layer 

surface. Thus, the required thickness of the bonding layer can be controlled by 

using the micrometers in the bonding machine to change the relative height of 

the top CMOS IC. The substrate is heated up to 100 oC at which point the PR 

layer is not a solid layer any more. The arm is lowered down to place the OE 

die on the CMOS IC while applying a force of 1N through the arm. After the OE 
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die is released from the arm, the sample is cooled to room temperature. The 

redundant PR surrounding the OE die is removed by flood exposure. A uniform 

bonding layer is formed between the OE die and the CMOS IC, scanning elec-

tron microscope shown in Figure 2-10.  

  
Figure 2-10 SEM picture of a sample after an OE die placement 

The spinning speed and spinning time define the original thickness of the 

bonding layer. The final thickness of the PR bonding layer is controlled by the 

vertical alignment. Hence, the thickness of the bonding layer is affected by the 

accuracy of visual focus. It is a time consuming and experience-dependent 

process if a bonding layer requires micrometer accuracy. However, as de-

scribed in chapter 3, the micrometer accuracy is not needed for the applica-

tions in this thesis, which leads to a fast bonding process. 

2.3.4 Fixing the OE die placement (hard-bake process) 

After the OE dies are bonded on the CMOS IC wafer by the PR layer, post-bake 

process is used to insure that the OE die remains in its place. Otherwise, the 

OE die may tilt or move away from the original place in the subsequent step, 

shown in Figure 2-11 (a). In order to fix the OE die on the CMOS IC chip, the 

key is that the solvent must be fully evaporated from the entire bonding layer 

in a proper way. The PR bonding layer is positioned under the OE die, which 

means the solvent can only be exhausted through the perimeter of the bond-

ing layer. Thus, the heating process needs to be controlled carefully. Otherwise, 

it could destroy the bonding layer (Figure 2-11 (b)) or the OE die could end up 

tilted (the similar situation as shown in Figure 2-11 (a)). The eventual pro-

12 ch. VCSEL array 

12 ch. VCSEL driver 

PR bonding layer 
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cessing parameters are chosen to avoid air bubbles and OE dies movement at 

the same time. 

 
 (a)                                                            (b) 

Figure 2-11 (a) A tilted OE die on the CMOS IC when the OE die does not fix on place 
properly (b) The bonding layer is destroyed after an improper hard-bake process 

The bake process consists of four stages:  

(1) Ramp up hotplate temperature slowly to 100 oC;  

(2) Stay at 100 oC for a long time to transport the solvent from the middle of 

the bonding layer to outside; 

(3)  Continue increasing the temperature to the highest bake temperature 

150 oC, which is higher than the solvent evaporation temperature (145 
oC) and higher than the maximum temperature used in the subsequent 

steps; 

(4) After baking, the sample is left on the plate to naturally cool down. 

After fixing the OE die on the CMOS IC, the sample is shown in Figure 2-12. In 

the experiment, we found that a thick PR layer has higher inter-stress than a 

thin bonding layer does. The high stress in the bonding layer requires a slow 

ramp up of the temperature at each stage. Thus, unless a thick PR bonding 

layer is necessary for the design, a thin PR layer is preferred for the bonding 

process.  
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Figure 2-12 SEM picture of the OE die is bonded on the CMOS IC after hard-bake pro-
cess 

2.4 Photoresist ramp formation  

When processing full wafers, lithography has been a key enabler for decades. 

In our approach, it is used to form PR blocks on the wafer, as well as to define 

the plating patterns. Different from normal CMOS IC substrates, the surface of 

the 3D stacked chip has height differences higher than 200 µm (the thickness 

of OE die plus the thickness of the bonding layer). Hence, the processing condi-

tions for our approach are considerably different from the conditions for flat IC 

substrates. In the following subsections, the details of the processing parame-

ters are described and discussed.  

2.4.1 Photoresist layer coating 

Spin coating is the most mature technology to deposit a PR layer on wafers in 

semiconductor manufacturing. Before spinning, HMDS is applied on samples as 

the adhesion promoter between the PR layer and the sample surface. The PR 

distribution after spin coating is an equilibration state between centrifugal 

force and solvent evaporation. In our work we used GRYSET which is a closed 

lid coating spinner. Compared with open lid coating, the closed chamber can 

create a small solvent rich atmosphere above the wafer surface, which de-

creases the solvent evaporation rate and allows PR to spread better towards 

the edges of the sample. AZ 40XT has a lower concentration of solvent, com-

pared with normal thin PRs. To obtain a relatively uniform PR layer on a high-

topological surface, over dose of PR is dispensed on sample surfaces. Together 
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with closed lid processing, a solvent saturated atmosphere is reached during 

the spinning process.  

The PR film thickness is approximately decreased with the reciprocal square-

root of the spinning speed [137]. The slower the spinning speed is, the thicker 

the PR layer will be. However, slow spinning speed leads to small centrifugal 

force. PR cannot travel a long distance from the place where it was dispensed 

due to its high viscosity. Together with the large interface between PR and air, 

the PR tends to pile up near the edge of samples, which is also known as edge 

bead effect. To reach the desired thickness of a PR layer with minimum edge 

bead effect, two-layer PR coating method is used. After each spinning step, the 

sample is left at room temperature for at least 20 minutes in a flat position. 

This relaxation procedure after PR coating can release the inter-stress in PR 

layers and improve planarization of PR layers on rough surfaces. In addition, an 

inter-layer bake procedure is employed between coating steps to prevent the 

second coating from partially or completely dissolving the first PR film, other-

wise it could lead to strong in-homogeneity of the PR layer. Most solvent in the 

PR layer have been evaporated and the adhesion between PR and substrate 

are further improved after a soft-bake process. 

Air bubbles are the most common problem when applying thick PR. An essen-

tial requirement for a successful thick PR coating process is: avoid introducing 

or trapping air in the PR layer. Besides supplying enough amount of PR on the 

sample during coating process, more tips are listed below:  

 Before starting the process, PR bottles should be moved slowly and 

steadily from the storage draw to spinning bench. Then loosen the 

bottle lid a bit to facilitate pressure equalization between the inside 

and outside of the bottle. 

 When sucking PR into a pipette, the pressure of dispenser should be 

released slowly in order to keep pace with the sucking-in speed of the 

sticky PR. Otherwise, air will leak into the pipette due to the unbal-

anced pressure. 

 Slow movement is also recommended in dispensing step. The free flow 

of PR improves the PR layer planarization on the topological surface. 

 In this way, an air-free PR layer is formed on the high topological surface after 

spinning. Now, the sample is ready for next step.  
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2.4.2 Lithography process  

Lithography on 3D stacked samples differs from on normal flat surfaces mainly 

in two ways: (1) the PR layer is on a topological surface instead of on a flat 

surface. Thus, a deeper focus length is needed for the pattern alignment; (2) 

the thickness of the PR layer on 3D stacked samples is not so uniform as it is on 

the flat surface. Hence, proper over-exposure and over-development are re-

quired. If the exposure time is too short, redundant PR will be left near OE dies; 

if too long, the PR layer on the edge of OE dies will be destroyed. After expo-

sure, the sample is put onto a hotplate for post-bake step. Post-bake process 

accelerates the catalytic performance of photogenerated acid, which is essen-

tial for chemically amplified PR.  

TMAH (Tetramethyl ammonium hydroxide) based developer, such as AZ 326 

MIF, AZ 726 MIF and AZ 826 MIF can be used for PR development. AZ 826 MIF 

is used in the experiments since it shows faster development rate and higher 

pattern resolution than other developers. After around 6 minutes, the PR pat-

terns are clearly formed between the OE dies and the CMOS IC pads on sam-

ples. However, a side effect of using TMAH based developer is the erosion of 

the Aluminum layer. A protection layer is required to protect Aluminum layers 

from the developer corrosion, which will be further discussed in chapter 3. 

2.4.3 Reflow process  

To make perfect “bridges” between OE dies and CMOS IC pads, smooth PR 

ramps with the right slopes are required. There are two ways to form a smooth 

PR slope. The first method is using Grayscale lithography, which can be ob-

tained by high energy beam sensitive glass as an optical mask or utilizing pro-

jection lithography to introduce diffraction patterns [138]. The second ap-

proach is based on the softening character of non-crosslink PR patterns. Ther-

mal treatment could cause rounding or reshaping of PR patterns, which is 

normally not wanted in most lithographical applications. Nevertheless, this 

phenomenon is explored for low-cost applications, such as micro-lenses fabri-

cation [139-142], due to the processing simplicity. In general, the first ap-

proach offers higher resolution than the second approach does, but it is more 

complex, expensive and time consuming. Since the size of the PR “bridge” is 

hundreds of micrometres, the second approach is used for the PR ramp forma-

tion.  
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For AZ 40XT PR patterns, when samples are heated above the softening point, 

the original PR pattern will become liquid and the pattern shape will start 

changing. In Appendix of this thesis, the thermal reflow simulation is used to 

predict the final PR shape after reflow. Due to the high viscosity and the large 

thickness of the PR layer, higher final temperature (150 oC) and longer heating 

time (20 mins) are used in the reflow process. In order to prevent cracks and 

air bubbles, the sample is left on the hotplate to naturally cool down after 

turning off the heat. It helps the PR pattern to slowly adapt to the ambient 

temperature. Figure 2-13 (a) shows the PR pattern before reflow process and 

Figure 2-13 (b) shows the PR pattern after the process. The straight vertical 

sidewall in Figure 2-13 (a) is turned into a smooth slope between the VCSEL 

array and the pads of the VCSEL driver chip in Figure 2-13 (b), which is con-

sistent with the simulation results in Appendix of this thesis.  

   
(a)                                                            (b) 

Figure 2-13 SEM pictures of (a) The PR pattern before reflow process and (b) The PR 
pattern after the process  

2.5 Metal traces deposition 

Electrical plating is based on electrochemical reaction, which is widely used for 

selectively depositing thick metal layers on the substrate in many fields [143]. 

In order to implement an electrical deposition, a conductive seed layer is re-

quired. Electrical sputtering has better stage coverage than electrical beam 

evaporation does, and is therefore chosen for sputtering a seed layer on the 

sample. The seed layer consists of a 50 nm titanium (Ti) layer and a 100nm 

gold (Au) layer. The Ti layer acts as the adhesion layer between the PR layer 

and the gold layer. After sputtering the seed layer, lithography is used to de-

fine the regions that will be plated over. Afterwards, the sample goes through 
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a polymer reactive-ion etching (RIE) step to change the surface property from 

hydrophobic to hydrophilic.  

In the plating process, the sample is dipped into the plating solution, which 

contains dissolved gold ions. The sample is kept rotating during the plating 

process to improve the thickness uniformity of the plated gold layer on the 

wafer. The thickness of the plated metal traces can be controlled by the num-

ber of current cycles. Control over the final thickness can be part of the design 

for impedance matching. 

After plating, polymer RIE is used to remove the top PR layer. Then flood expo-

sure and over-development are used to remove the remaining PR. The seed 

layer is subsequently etched away with Degussa solution and Ti etching solu-

tion. Although other options are available for removing the PR layer and the 

seed layer, such as only dry etching, or acetone rinse, or a combination of dif-

ferent dry etching and wet etching recipes, the current etching recipe provides 

the most reliable way of removing the PR definition layer and the seed layer.  

In summary, full control over the geometry of the metal traces is achieved by 

combining the plating process with the lithographic definition process of metal 

traces. The gold traces can be designed as the impedance matched transmis-

sion lines between CMOS ICs and OE dies to insure signal integrity. This will be 

further discussed in later chapters.  

2.6 Discussion and conclusions 

In this chapter, we proposed and demonstrated a novel 3D stacking approach. 

As mentioned in 1.3.5, it is almost impossible to give an objective value for the 

cost of each approach. However, the proprietary requirements on the devices, 

module design complexity, the numbers of processing steps, and process con-

trol difficulties can reflect the cost. To compare the proposed approach with 

other solutions [113, 122], which are depicted in Figure 2-5 and Figure 2-6, we 

summarize the process flow of those three technologies in Figure 2-14.  

Figure 2-14 (a) shows the process flow for the “Holey” CMOS IC based trans-

ceiver. It starts with a specifically designed CMOS IC, which has no circuits in 

the center of the ICs, leading to a relatively complex high-speed circuits routing 

inside the CMOS IC and bigger footprint of the chip. Except for that, many pro-

cessing steps are added to form the through-wafer holes including 20 reactive-

ion etching (RIE) steps to physically drill holes through the circuit of the CMOS 
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IC and a grinding process to thin down the “Holey” CMOS IC down to 150 µm. 

The large, thin CMOS IC chip with many physical holes requires delicate han-

dling skills and accurate pressure control in the flip chip bonding process. Fur-

thermore, In order to use flip chip bonding, metal bumps on both the OE dies 

and “Holey” CMOS IC are required.  

Figure 2-14 (b) details the process flow of the design in Figure 2-6. In order to 

embed into the resin, the OE dies are thinned down to 25 µm. The thinning 

down process involves electrical-plating copper studs as grinding stoppers, pick 

and place OE dies on the right spot, and a temporary glass carrier serving as 

substrate during the OE dies transfer. Beside the complexity of these process 

steps, the reliability of such thin OE dies could be a big issue. In addition, the 

approach also includes the electrical plating process, the glass transfer process, 

the CMOS substrate alignment and bonding, as well as carrier lamination. In 

Summary, the complex process steps in this approach increases the developing 

cycles and the cost. 

Figure 2-14 (c) shows the process flow of the approach detailed in this thesis. 

Unlike the specifically designed CMOS ICs in Figure 2-14 (a), all the compo-

nents are commercially produced, which mean we can share the components 

development costs, fabrication costs and testing costs with other customers. 

Instead of grinding down the ICs as explained in Figure 2-14 (b), we directly 

stack OE dies on the CMOS IC chip, which avoids any possible grinding damage 

to the dies as well as eliminates the handling difficulties.  

Above all, the process flow is carried out on a wafer scale after pick and place 

step. Using the same example as before, the connections on all the units from 

an 8” wafer can be realized by running the process on the entire wafer instead 

of wire bonding 9600 times. Since the interconnection method of the pro-

posed approach can be applied on a full wafer, the fabrication cost on 12 ’’ 

wafers could be similar as on 8” wafers, thus, the assembling cost per unit 

scales down while the process cost based on wire bonding technique does not.  

Furthermore, the electrical paths between the OE dies and CMOS ICs can be 

designed to be impedance-matched connections for high-speed transmission, 

and the required pad dimensions on CMOS ICs and OE dies can be reduced 

compared with wire bonding. Therefore, the footprint of the device could be 

shrunk and the bandwidth density could be dramatically improved due to the 

smaller footprint and high data rate per channel. Hence, our approach is a 

scalable approach in terms of both data rate and bandwidth density. Although 
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the plated bridges are sufficiently stable, the PR ramp underneath the plated 

gold paths is kept there after fabrication. If an unwanted force is applied on 

the metal waveguides, for instance by a closely placed fiber tip, the PR ramp 

can act as a robust mechanical support. Last but not least, the proposed solu-

tion is highly tolerant to any pad scratching during single die testing. 

In summary, a key value preposition for the new approach presented in this 

chapter is the ability to realize high data rate, high bandwidth density and low 

cost transceiver chips by eliminating the high bandwidth limitation of discrete-

ly bond wires or special designed CMOS ICs in flip chip bonding design. The 

wafer level process based technology has fixed cost per wafer (independent of 

how many metal paths or driver ICs are there per wafer) which is at the heart 

of our new technology. Together with 3D stacking architecture, our approach 

can be widely used as an efficient way to connect any fix paths between any 

two or more dies. 
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OE wafer  Specially design CMOS IC wafer

20 RIE steps to expose Silicon substrate

Bosch Si etch process to form 150 µm vias

Electrical plating Ni-Au on bond pads

CMOS IC Wafer bond to glass handling wafer

Backside grind CMOS IC to 150 µm 

Release from glass handling wafer

Deposit 4-5 µm Au-Sn on the bond pads 

Test and dice

KGD

Test and dice

KGD

Flip chip bonding

Test

 Figure 2-14 (a) The process flow of “Holey” CMOS IC based transceiver 
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Dummy CMOS substrate OE waferGlass carrier

 Etch aligning mark into the glass

Deposit 5 µm polyimide

Electro-plating Cu studs

4 µm adhesive layer deposition
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KGD
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Novolac resin protection
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Remove protective polymide layer
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Figure 2-14 (b) The process flow of thinned OE dies integrated on CMOS 
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CMOS IC wafer OE wafer

Test Test and Dice

KGD

Pick and Place OE dies

Spin PR layer

Remove redundant PR 

Bake through PR glass-transfer point

 lithography to form PR Patterns 

Reflow PR patterns

Electro-plating to form metal traces

Test and dice

Figure 2-14 (c) The process flow Of our approach

 
Figure 2-14 (a) The process flow of the prototype in reference[122], (b) The process 

flow of the approach in reference [113] and (c) The process flow of our method



 

 

3 Chapter 3 3D Stacked 
Transmitter Chips 

High bandwidth density and cost-effective transmitters are key building blocks 

for optical interconnection links. In this chapter3, a 3D stacked transmitter 

based on a commercial VCSEL array and a VCSEL driver IC is demonstrated. 

Specifically, the characteristics of the components to be integrated are dis-

cussed in Section 3.1, followed by the analysis of the bonding layer thickness in 

Section 3.2. Section 3.3 describes the fabrication process of the proposed 

transmitter. The test results of the 3D stacked transmitter in Section 3.4 show 

that the performance of VCSEL array and VCSEL driver performance is not af-

fected by the process and that high-speed operation is maintained. The pro-

posed transmitter achieves state-of–the-art bandwidth density of 13.3 

Gb/s/mm2. 

3.1 VCSEL array and VCSEL driver  

In order to obtain a low-cost transmitter, commercially available components 

are used in the fabrication. An 850nm VCSEL array die from Zarlink is chosen as 

the light source because it has a fully passivated top layer that enables non-

hermetic packaging. The array has 12 channels, each working at 10 Gb/s. Fig-

ure 3-1 shows the VCSEL array with an expanded view of one part of the array 

shown at the right. The anode pads, the cathode pads and the emitting aper-

ture are on top, so coupling from the top is possible for both the optic and 

                                                             
3
Based on the results published in[144]P. Duan, O. Raz, B. Smalbrugge, K. van de 

Plassche, S. Dorrestein, J. Duis, and H. J. Dorren, "3D stacked transmitter and receiver 
chips for high bandwidth density optical interconnects," in Optical Communication 
(ECOC 2013), 39th European Conference and Exhibition on, 2013, [145]O. Raz, P. Duan, 
S. Dorrestein, K. Williams, D. Molin, P. Sillard, F. Kræmer, B. Smalbrugge, G. Kuyt, and 
S. Christensen, "A compact 10× 10 Gbps transmitter module based on a low cost 3D 
stacking solution," in Optical Interconnects Conference, 2013 IEEE, 2013, pp. 11-12. 
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electronic signals. The size (length   width   thickness) of a VCSEL array die is 

3250 μm   500 μm   200 μm. The pitch between channels is 250 μm. The pad 

size is 100 μm   120 μm.  

 
Figure 3-1 The VCSEL array from Zarlink 

VCSEL drivers supply the bias current and modulation signal to VCSEL array 

dies. The VCSEL driver IC used in this thesis is IPVD 12 12 from IPtronics (now 

Mellanox) [146]. It is a 12-channel, low power driver for direct modulation of 

VCSEL arrays at bit rates up to 12.5 Gb/s. The dimensions (length   width   

thickness) of a single VCSEL driver is 4277 μm   1777 μm   280 μm, with a 

pitch of 250 µm between channels that is compatible with the VCSEL array. As 

shown in Figure 3-2, the bond pads are located around the periphery of the 

driver chip, making it convenient for interfacing with other chips. The VCSEL 

driver has an aluminum (Al) layer covering the final copper pads to protect the 

copper layer from oxidization and to make the pads convenient for wire bond-

ing. To meet the wire bonding requirements, the diameter of each pad is 60 

μm.  

 
Figure 3-2 The VCSEL driver from Mellanox 

The pads on the top long edge of the VCSEL driver provide the differential RF 

input for each channel, the pads on the bottom edge give single current output 
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to each channel, and other pads are for power supply and control signals. To 

keep RF signal transmission lines short, a VCSEL array is placed on a VCSEL 

Driver chip, closely to the bottom edge with anode pads on the VCSEL array 

aligned with bias current output pads on the VCSEL driver.  

3.2 Bonding layer consideration 

As shown in Figure 3-3, the VCSEL driver IC has 10 Gb/s transmission lines in 

the top metal layer which can be considered as individual microstrip lines. 

Since the VCSEL array is directly placed on the driver IC and the dielectric con-

stant of GaAs is quite different from that of air, the impedance of these trans-

mission lines may differ from the original design. This section evaluates how 

the bonding layer influences the RF transmission lines by calculating the S pa-

rameters of a microstrip line for different scenarios.  

 
Figure 3-3 View of the transmission line(s) on the top layer of the VCSEL driver IC 

(Courtesy of Finn Kræmer from Mellanox) 

Momentum in ADS is used to compute S-parameters for microstrip lines. A 

model of the top microstrip line in the original VCSEL driver is depicted in Fig-

ure 3-4.  

 
Figure 3-4 The original top metal layer confingration 
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50-Ohm terminations are placed on each end of the transmission line to match 

the impedance. Because of the symmetric configuration, S11 equals S22, and S21 

equals S12. The results in Figure 3-5 show the reflection loss S11 is smaller than -

17.4 dB at 10 GHz (Figure 3-5 (a)), and transmission coefficient S21 is around -

1.5 dB at 10 GHz (see Figure 3-5 (b)).  

    
(a)                                                                    (b) 

Figure 3-5 Simulation results of the model in Figure 3-4. (a) The calculation results of 
S11 versus frenquency and (b) The simulation results of S21 versus frenquency  

In the 3D stacked transmitter, a VCSEL array is bonded on top of the VCSEL 

driver chip. The model of the top transmission line is illustrated in Figure 3-6. 

The two components are glued by a 20 µm photoresist (PR) layer. The VCSEL 

array is considered as a 200 µm GaAs layer because the majority of it is the 

GaAs substrate. The termination configuration is the same as before. Figure 3-

7 (a) and Figure 3-7 (b) show the simulation results of S11 and S21 of the model 

respectively. Compared with the results in Figure 3-5, the microstrip line shows 

negligible performance degradation in the 3D stacked transmitter.  

 
Figure 3-6 The model of a microstrip line on the VCSEL driver when a VCSEL array is 

bonded on it by a 20 µm PR layer 
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(a)                                                                    (b) 

Figure 3-7 Simulation results of Figure 3-6, (a) The calculation results of S11 versus 
frenquency and (b) The simulation results of S21 versus frenquency  

We also simulate an extreme case in the 3D stacking approach, when only a 1 
µm PR layer is used as the bonding layer. Figure 3-8 depicts the simulation 
results. Compared with the results in Figure 3-5 and Figure 3-7, it shows less 
than 5% performance degradation at 10 GHz at this extreme case.  

   
(a)                                                                  (b) 

Figure 3-8 Simulation results of a microstrip line on the VCSEL driver when a VCSEL 
array is bonded on it by a 1 µm PR layer (a) The calculation results of S11 versus 

frenquency and (b) The simulation results of S21 versus frequency  

As described in chapter 2, the thickness of the bonding layer is affected by the 

accuracy of visual focus, which highly depends on the operator’s experience 

and the amount of time invested in the alignment. The fact that the thickness 

of the bonding layer does not play a significant role in the performance of 

microstrip lines gives us considerable flexibility in the bonding process, result-

ing in a faster pick and place process. The simulation results and conclusions 

are only valid for CMOS ICs with the same top layer structure as depicted in 

Figure 3-3. In general, a thick bonding layer is recommended if the design of 

the transmission layer on CMOS IC is not available.  
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3.3 Fabrication  

In this section, the specific fabrication details of a 3D stacked transmitter are 

discussed. As mentioned in Section 3.1, a VCSEL driver is a small CMOS IC chip 

with rectangular shape, which is too small to be processed on its own. Addi-

tionally an Al layer is used as the final metallization layer of the pads, which is 

easily eroded by the developer and Ti etching solution used in the 3D stacking 

approach. Thus, a pre-process step in Section 3.3.1 is used before the 3D stack-

ing fabrication to tackle the issue. After that, the 3D stacking approach de-

scribed in chapter 2 is employed for integrating the VCSEL array on the VCSEL 

driver in Section 3.3.2. The effect from the three-level arrangement (where a 

single CMOS chip is glued onto a carrier and the VCSEL array is further bonded 

on top of the CMOS IC) on the process step is mainly discussed in this section.  

3.3.1 Pre-processing 

In order to use the 3D stacking process described in chapter 2, a single VCSEL 

driver unit needs to be glued to a carrier wafer for handling. Dummy silicon 

wafers have the same thermal expansion coefficient and high thermal conduc-

tivity as the VCSEL driver ICs. In the experiment, a quarter of a 2-inch silicon 

wafer is chosen as the carrier for its low cost. H20E silver epoxy has low cure 

temperature and can withstand most chemical and thermal treatments. It is 

used to glue the VCSEL driver on the carrier. The bond is permanent. Tempo-

rary bonding solution described in [147] can be adopted in this step. Further-

more, the pre-bonding process described here is not required any more if a 

VCSEL driver wafer or a big part of the wafer is available for the 3D stacking 

approach.  

Most PR developers as well as titanium (Ti) etching solution easily erode the Al 

layer on the VCSEL driver pads, including the AZ 826 MIF developer. A SiNx 

layer can act as a hard mask layer against etching of the Al layer during PR de-

velopment as well as in the titanium etching stage. According to the datasheet, 

the VCSEL driver cannot be exposed to temperatures above 150 oC during the 

process. Hence, a 100 nm SiNx layer is deposited on the VCSEL driver surface at 

100 oC for protection.  

Depending on when the SiNx layer is removed, there are two processing alter-

natives. In the first option, the 100nm SiNx layer deposited on the sample sur-

face is removed after the PR ramp formation. Then, the seed layer is sputtered 
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on the sample, which protects the Al layer from developer etching in the li-

thography step for plating pattern definition. The advantage of this approach is 

that the process flow is very simple; the drawback is that the Al layer is ex-

posed to Ti etching solution. Hence, the final condition of the Al layer is critical-

ly dependent on the processing accuracy of the Ti etching step. The second 

approach delays of the removal of most of the SiNx layer to after the seed 

layer etching. An extra lithography step followed by RIE etching is employed to 

selectively remove the SiNx layer on current output pads after depositing the 

SiNx layer. In this design, the “nude” pads are slightly etched by the developer 

during the PR ramp fabrication step. However, the plated gold layer on them 

protects the pads during the Ti etching step. In the worst case, the copper lay-

er underneath the Al layer is still capable of making good connections with the 

plated gold layer. Moreover, the Al layer on the other pads is protected by the 

SiNx layer until the 3D stacking process is complete. Between these two ap-

proaches, the second one shows more relaxed processing requirements. 

Moreover, the pads are well protected by either the SiNx layer or the plated 

gold layer. Therefore in this work the second approach is chosen. 

3.3.2 3D stacking process 

After pre-processing and spinning the PR layer, a VCSEL array is picked and 

placed on the VCSEL driver. Then, the VCSEL array itself works as the mask for 

the exposure and development of the PR bonding layer leaving the desired 

thickness of bonding layer between the chips. The PR bonding layer is fixed 

after baking the chip again following the hard-bake recipe, shown in Figure 3-9.  

  

Figure 3-9 A VCSEL array bonding on the CMOS  

VCSEL array 

Bonding layer 

VCSEL driver 
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In Figure 3-9, the color of the current output pads is white because the elec-

trons in the SEM interact with the Al layer instead of the SiNx layer on the oth-

er pads. It also vividly depicts the three-level arrangement where a single 

CMOS chip is glued onto a carrier and the VCSEL array is further bonded on top 

of the CMOS IC. Unlike the original concept in Chapter 2, the extra pre-process 

introduced an extra 280 μm height difference between the carrier and the 

CMOS chip, which resulted in an unwanted, very high topological structure.  

To check the tolerances and the limitations of the proposed approach on the 

high topological structure some of the process details are described below. 

After HMDS treatment and lithography, an area of undeveloped PR that can be 

roughly described as an elongated rectangle PR block was formed between the 

VCSEL array and VCSEL driver pads, shown in Figure 3-10 (left). It also shows 

the horizontal distance from the edge of VCSEL driver IC to the VCSEL array die 

is asymmetrical. The distance is longer from the left edge than from the right 

edge. Figure 3-10 (right, top) and Figure 3-10 (right, bottom) show the blow up 

pictures on the two ends of the VCSEL driver chip.  

  

Figure 3-10 The PR pattern between the VCSEL array and CMOS IC pads (left); Blow up 
pictures of the PR pattern in the left side of the VCSEL driver (right, top) and right side 

of the VCSEL driver (right, bottom) respectively 

Clearly, the coverage of the PR pattern on the left side is much better than the 

performance on the right side where the PR pattern tears at the VCSEL edge. 

The reason is that the single VCSEL driver stands far above the flat silicon carri-

Edge effect 
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er (above 280 µm). The uniformity of the PR layer is more seriously disturbed 

near the edge or the corner of the driver chip (indicated with a white circle), 

which is the result of the spin dynamics, gravity, the surface tension, etc. [148-

150].  

After lithography and development, the sample is directly put onto a hotplate 

for reflow process. SEM pictures (see Figure 3-11) show the PR pattern forms a 

smooth slope between the VCSEL array and VCSEL driver pads, except a crack 

in the right edge of the PR ramp inherited from the last step (picked out with a 

white circle). The pictures are taken after sputtering a seed layer on the chip to 

eliminate the charge effect on image quality.  

 

Figure 3-11 SEM pictures of the sample after reflow and seed layer (left); the blow up 
picture in the left side of the VCSEL driver chip (right, top); the blow up picture in the 

right side of the VCSEL driver chip (right, bottom) 

After sputtering the seed layer, a lithography step is used to define the plating 

area (Figure 3-12). The PR pattern smoothly covers the topology of the chip 

from the top VCSEL array pads to the bottom driver pads, which is verified by 

the zoom in pictures in Figure 3-12 (right, top) and Figure 3-12 (right, bottom). 

In this step, the length and the width of plating traces are defined by the litho-

graphic mask. 

VCSEL array 

PR ramp 

VCSEL driver 

Edge effect 
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Figure 3-12 SEM images of the lithography between VCSELs and CMOS driver IC (left); 

the lithography performance near the VCSEL array (right, top) or near VCSEL driver 
pads (right, bottom) respectively. 

Figure 3-13 shows the lithography patterns in the both sides of the transmitter 

chip. The crack in Figure 3-11 caused a broken PR pattern in Figure 3-13 (b). 

Another two broken PR patterns (picked up with green circles) are caused by 

the newly emerged cracks, which could be eliminated with process optimiza-

tion discussed in chapter 4.  

          
(a)                                                          (b) 

Figure 3-13 Blow up pictures on both sides of the chip: (a) On the left side of the VCSEL 
driver; (b) On the right side of the VCSEL driver 

Electrical plating process selectively deposits gold on the exposed seed layer. 

The amount of cycles controls the thickness of the gold paths. Combining this 

VCSEL array 
Seed layer 

PR pattern 

VCSEL driver 

Edge effect 
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process with the lithographic definition of metal traces’ length and width, full 

control over the metal traces geometry is achieved in our process. These gold 

paths can be designed as Co-Planar Waveguides (CPW) to improve the imped-

ance matching between the driver circuit and the VCSELs. In this demonstra-

tion, we used simple straight bars with relatively thick gold layer (around 4 µm) 

to reduce the resistance and inductance. Figure 3-14 shows the metal traces 

after plating. The uniform metal traces are smoothly formed between VCSEL 

array pads and VCSEL driver pads.  

 

Figure 3-14 SEM images of the plating metal traces (left); the plating performance near 

the VCSEL array (right, top) or near VCSEL driver pads (right, bottom) respectively. 

After removing the top PR layer and the seed layer, the plated metal traces 

formed all the continuous connections between VCSEL array pads and driver 

pads, shown in Figure 3-15. In Figure 3-15 (right, top) and Figure 3-15 (right 

bottom), the quality and coverage of the plating metal traces on both top and 

bottom surfaces of the integrated transmitter chip are shown side by side. The 

alignment on the driver pads is perfect. The alignment of the metal traces to 

the pads on the VCSEL array is slightly off (~15 µm), which is due to VCSEL ar-

ray placement process. On the other hand, this demonstrates the tolerance of 

the 3D stacking method to placement errors, which are in the order of magni-

tude of state-of-the-art pick and place machines. In Figure 3-15 (left), a plated 

metal line between the current output path and GND path of channel 0 is high-

lighted with a green circle. It is from the exposed line in the broken PR patterns 

Plating metal paths 

VCSEL driver pads 

VCSEL array 

PR pattern 
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in Figure 3-13 (a). The last channel on the right side of the VCSEL driver (chan-

nel 11) is also a short circuit due to the broken PR pattern in Figure 3-13 (b).  

Figure 3-15 SEM images of the electrical path between VCSELs and CMOS driver IC 
(left); the alignment performance near the VCSEL array (right, top) or near VCSEL driv-

er pads (right, bottom) respectively. 

Finally the 100 nm SiNx layer on the VCSEL driver is removed using nitride RIE 

process.  

3.4 Test results 

3.4.1 DC test 

Since both the laser aperture and the electrical pads are facing in the same 

direction, a wafer probing method is employed for testing. The test setup is 

shown in Figure 3-16. 12 pins offer the power supply indicated on the right 

hand side of the CMOS chip. The 5 pins on the left side are used to communi-

cate with the control software through an SPI interface, while another pair of 

pins on the left supplies the power to the SPI interface. The output light is cou-

pled in a 62.5/125 μm cleaved Multi Mode fiber which is connected to an 

850nm power meter. The standalone supply to the VDD (power supply for the 

chip) and VDS (power supply for the serial peripheral interface) are both 3.3 V. 

VCSEL array 

Metal traces 

VCSEL driver 
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Figure 3-16 Test setup for the 3D stacked transmitter  

A channel can be turned on or off through GUI interface. When all channels of 

the transmitter are turned off, the static current is 0.025 A. When all channels 

are turned on, the total current is increased to 0.150 A. The overall power con-

sumption of the 3D stacked transmitter chip is around 0.5 W. As shown in Sec-

tion 3.3, the channel 0 and channel 11 of the 3D stacked transmitter are short-

circuited. By turning on the channel one-by-one, the operation current (includ-

ing the static current) and the output signal of each channel are tested. The 

test results are obtained at the same bias conditions. All 10 channels show 

relatively uniform performance, as illuminated in Figure 3-17.  

  
Figure 3-17 Current and output power of the 3D stacked transmitter chip  
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3.4.2 High-speed test 

The schematic for high speed testing is shown in Figure 3-18. A differential RF 

probe provides differential modulated signals to the input pads of the CMOS IC. 

Instead of using a power meter, the output light is connected to a photo re-

ceiver model (New Focus 1580) through a power attenuator. The receiver 

model has a nominal transimpedance gain of -1000 V/A. The eye diagram is 

measured by a sampling oscilloscope (Lecroy Wave Expert 100H) and the bit 

error rate is tested by an error detector (Anritsu MP1764C). A picture of the 

test setup in Figure 3- 19 shows how the chip is powered up. 
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Figure 3-18 Schematic for high-speed testing  

 
Figure 3- 19 A photograph of the test setup for the 3D stacked transmitter 
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The VCSEL driver supports separate equalization and pre-emphasis function for 

all 12 channels. The “0-level” and “1-level” modulation currents can also be set 

separately. Performance of each channel can be optimized by tuning these 

parameters at the cost of operation time and power consumption increment. 

According to the datasheet, the range of the differential input signal should be 

between 60 mVpp and 800 mVpp to avoid jitter. Table 3-1 summaries all the 

eye diagrams of different channels at 10 Gb/s. Each channel of the VCSEL array 

is biased with 3 mA DC current and 5 mA amplitude of the modulated signal. 

The modulation signal is a pair of differential signals at 10 Gb/s with 231-1 NRZ 

PRBS format. The coupling loss between VCSEL and fiber is around 3 dB. 

Measured extinction ratio was 4.4 dB or better for all 10 channels. The 3D 

stacked transmitter chip offers 100 Gb/s bandwidth on an area of 7.5 mm2. 

The open-eye performance is also achieved at a speed of 12.5 Gb/s for all 10 

channels, the typical eye diagram is shown in Figure 3-20. 

Table 3-1 Eye patterns summary 

Ch1 Ch2 Ch3 Ch4 Ch5 

   
  

Ch6 Ch7 Ch8 Ch9 Ch10 

     

 

Figure 3-20 Eye diagrams at 12.5 Gb/s 

As a reference transmission link, a commercial VCSEL transmitter (New Focus 

Model 1780) is used. New focus 1780 model is an 850nm, 10 Gb/s, directly 

modulated, multimode VCSEL with 50 µm output fiber. The bit error rate (BER) 

vs. received power for 10 channels of the 3D stacked transmitter chip together 

with the result of reference transmission link are depicted in Figure 3-21 [144]. 
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The sensitivity of the receiver is almost not affected by the change of the 

transmitting channel or by the switch to the commercial transmitter. The pow-

er consumption of each transmitter channel is around 60 mW at the test con-

dition (around 80% is from CMOS driver, 20% is from VCSEL chip), which is 

comparable with other reports [151]. 

 
Figure 3-21 The error bit rate test results  

3.4.3 Transmission penalty 

The transmission penalty is tested on Chromatic Dispersion Compensating 

OM4+ fiber from Prysmian Group. OM4+ fiber, a new class of 50µm GI-MMF, 

partially compensate the chromatic dispersion by the introduction of an ade-

quate amount of modal dispersion [152]. It offers high effective modal band-

width (>4,700MHz-km) and a high-EB (>5,000MHz-km) for chromatic disper-

sion compensation [152]. After transmission through the 500m of OM4+ lower 

extinction ratio was measured which led eventually to a receiver sensitivity 

penalty. The measured BER curve for a VCSEL channel is given in Figure 3-22 

[145]. The transmission penalty is around 1dB for error free transmission. The 

receiver sensitivity is limited by transimpedance gain of the receiver model 

itself.  
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Figure 3-22 Measured BER curve for transmission penalty 

3.4.4 RF test 

Probe needles are used to test resistance and isolation of the plated metal 

traces on the finished stacked device. The resistance of a single metal path 

from the driver pad to the VCSEL pad is smaller than 1 Ohm. The isolation be-

tween metal paths is over 105 Ohm. To compare the performance of a 3D 

stacked transmitter with a wire bonding based transmitter, a same type of 

VCSEL array is bonded at the same place on a CMOS IC driver, realizing the 

electrical connection between VCSEL array and CMOS driver by standard 

wedge bonding (see Figure 3-23). The diameter of gold bonding wires is 25 μm.  

 
Figure 3-23 Wire bonding to connect the VCSEL array and CMOS IC 
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Ground-Signal-Ground (GSG) RF probe is used to test RF performance for both 

connection options. Figure 3-24 shows the test results of S11 input reflection 

coefficient of the new 3D stacking solution and wire bonding solution [114]. 

Both the wire bonded chip and the new 3D stacked chip have input reflection 

coefficient lower than -9 dB at low frequencies, which is almost as low as di-

rectly testing the VCSEL chip itself (around -11 dB). However, the S11 of the 

wire bonded chip is increasing above 12 GHz, while the S11 of the 3D stacking 

solution does not. The 3D stacking approach with its lower power reflection 

above 12 GHz shows therefore great potential for next generation VCSEL based 

interconnects which are projected to work at 20 Gb/s and beyond.  

 

Figure 3-24 S11 testing results 

3.5 Discussion and conclusions 

In this chapter, a 3D stacked transmitter chip based on the proposed 3D stack-

ing approach and commercial VCSEL array and VCSEL driver is demonstrated. 

Two extra pre-process steps are introduced before the 3D stacking approach in 

this chapter. One is the use of low-temperature SiNx layer to protect the Al 

layer on the CMOS pads. The other is the gluing of the sample on a carrier for 

handling, which not only increased the number of process step, but also re-

sulted in very high topological structure, which introduced extra process diffi-

culties. Nevertheless, using the proposed technique we obtain a 10 × 10 

transmitter chip on a footprint of 7.6 mm2.  

Open eye patterns and uniform BER performance among all 10 channels at 10 

Gb/s are demonstrated and potential for scaling the chip to 150 Gb/s by shift-
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ing to 12.5 Gb/s line rate and operating all 12 channels had been indicated by 

operating channels at 12.5 Gb/s. The power consumption of the 3D stacked 

transmitter is 6 pJ/bit and the bandwidth density is 13.3 Gb/s/mm2, which is 

comparable to the results from other publications [151]. The power consump-

tion and bandwidth density are limited by the components themselves, which 

could be further improved in future generations of VCSELs and VCSEL drivers. 

In addition, the comparison of RF performance between the 3D stacked 

transmitter and the wire bond modules shows that the 3D stacking approach 

outperforms standard wire bonding at frequencies above 12 GHz which is ex-

pected to be needed in next-generation transceiver modules using 25 Gb/s per 

channels or even higher. 
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4 Chapter 4                               
3D Stacked Receiver Chips 

As another key building block of an optical link, a 3D stacked receiver chip is 

fabricated with the proposed 3D stacking approach in this chapter4. The com-

ponents used for integration are introduced in Section 4.1. The fabrication 

challenges in the 3D stacking process for receivers are discussed in Section 4.2. 

Then the optimized fabrication process including micro-lenses formation is 

described in Section 4.3. Test results of the 3D stacked receiver chip in Section 

4.4 show a state of the art bandwidth density of 17 Gb/s/mm2. 

4.1 PD and TIA/LA  

High sensitivity receiver chips are strongly desired in large data centers be-

cause they can provide a large power margin in optical links. To fabricate a 

robust hybrid integrated receiver chip, the 3D stacking approach needs to be 

specifically optimized according to the characteristics of the components.  

The photodiode (PD) array used in the thesis is a 12 channels PD array, shown 

in Figure 4-1 with an expanded view of the PD array at right side. Its typical 3-

dB bandwidth is 10 GHz. PD array is based on GaAs and fabricated by Zarlink. 

The typical size of a PD array is 3250 µm × 500 µm × 200 µm with 250 µm pitch 

between channels. Both anode and cathode pads are on the top side of the die, 

which is on the same side as the detector aperture. The pad size is 100 µm × 

120 µm, and the diameter of the detector aperture is 70 µm. 

                                                             
4
 Based on the results published in: [153]P. Duan, O. Raz, B. Smalbrugge, J. Duis, and H. 

J. Dorren, "Fully assembled 120Gb/s transceiver chips for high bandwidth density 
optical interconnects," in Symposium conducted at Proceedings of the 17th Annual 
Symposium of the IEEE Photonics Benelux Chapter, Eindhoven, The Netherland, 2012, 
pp. 155-158, [154]P. Duan, O. Raz, B. Smalbrugge, and H. J. Dorren, "Demonstration of 
Wafer Scale Fabrication of 3-D Stacked Transmitter and Receiver Modules for Optical 
Interconnects," Journal of lightwave technology, vol. 31, pp. 4073-4079, 2013. 
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Figure 4-1 A PD array 

Transimpedance Amplifier/Limited Amplifier (TIA/LA) chips are available as 

single units in the market, similar as VCSEL driver chips. We chose 12 × 10 Gb/s 

TIA/LA ICs from Zarlink because it has flexible polarity configuration. Figure 4-2 

shows the top view of the TIA/LA chip. Its dimensions are 3870 µm × 2245 µm 

× 280 µm, and the pitch between channels is compatible with PD array, i.e. 250 

µm. The top layer of the electrical pads is an aluminum layer, and the dimen-

sion of the pads is 114 µm × 114 µm.  

The TIA/LA chip provides many features, including polarity configuration, 

channel enable or disable, output pre-emphasis, output amplitude control, etc. 

However, to realize these control function, an external microcontroller is re-

quired to configure the digital control logic through a two-wire serial interface 

on the chip. In our experiment, an Arduino Leonardo board and the test soft-

ware is used to configure the operation conditions.  

 
Figure 4-2 A TIA/LA chip  

The fact that a microcontroller is not included in the TIA/LA ICs is more of a 

design choice rather than a fundamental limitation. TIA/LA chips from some 
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companies include a microcontroller inside the chip. For instance, the TIA/LA 

chip from IPtronics (now Mellanox) [155] includes control logic function inside 

the chip and enables stand-alone operation. However, the polarity of the 

channels is fixed, which is reverse to the polarity of the PD in a 3D stacking 

configuration. In Chapter 6, another configuration will be demonstrated to 

enable the use of the ICs, which do not support polarity reversal.  

4.2 Issues in the 3D stacked receiver process 

4.2.1 Fabrication issues and testing results 

4.2.1.1 Fabrication issues 

By using the standard 3D stacking process flow described in chapter 2, “wave” 

like cracks appeared on the PR ramp after the reflow process (see Figure 4-3 

(a)). As depicted in Figure 4-3 (b), most of these cracks became wider and 

longer after defining the plating area step. These “wave” cracks can lead to 

non-uniform impedance of transmission lines after electrical plating process 

and even open or short circuits if the cracks are too big to be covered. It 

caused more than half of the channels to become short circuits at the end of 

the process.  

  
(a)                                                                 (b) 

Figure 4-3 (a) After sputtering the seed layer, (b) After defining the plating area 

4.2.1.2 Test results 

Another issue is that the performance of the receiver has degraded after fabri-

cation. Some of well-connected receiver channels only have open eye patterns 
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within the range of 1~8 Gb/s and the eye patterns are closed at 10 Gb/s, as 

shown in Figure 4-4 (a) and Figure 4-4 (b) respectively. The other channels do 

not have any response regardless of what output amplitude and pre-emphasis 

of the TIA/LA chip is.  

                    
(a)                                                                          (b) 

Figure 4-4 Eye patterns of a 3D stacked receiver chip (a) At 4 Gb/s; (b) At 10 Gb/s. 

4.2.2 Issues analysis and solutions 

4.2.2.1 Origin of “wave cracks” and solution 

The coefficient of thermal expansion (CTE) of the thick PR layer is different 

from the CTE of the ICs. Furthermore, the ICs have certain topographical fea-

tures from previous fabrication steps as shown in Figure 4-2. Complex surface 

irregularities made micrometer scale uniform coating difficult. The TIA/LA 

chips have bigger surface roughness compared with VCSEL driver chips (The 

roughness height on the TIA/LA chip is up to 5 µm, while it is only 2 µm on the 

VCSEL driver IC). The rough CMOS IC surface slows down the release of stress 

between the PR layer and ICs. That is why the “wave” cracks emerges around 

the roughest area on the TIA/LA chip after the reflow process.  

The “wave” cracks are mainly from the thermal stress accumulated in the PR 

films. As discussed in Section 2.4.1, chapter 2, a relaxation procedure at room 

temperature for the coating layer can help to improve the PR coverage of the 

micro-scale features and reduce the coating layer stress. Due to the larger 

topological variations on the TIA/LA chip, a longer relaxation time before soft-

bake, hard-bake and reflow process can be used to reduce the stress in the PR 

films. In addition, a slower temperature ramp up and dwelling on each tem-

perature point for a certain time is utilized. Finally, several ramp down steps 

with dwelling on each step for a short time are inserted in the cooling proce-

dure to further reduce the stress of the PR layer.  
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4.2.2.2 Test results analysis and solutions 

Results analysis 

To exclude the influence from the TIA/LA chip, the I-V (current-voltage) curve 

of each PD channel was tested by supplying external reverse voltage directly to 

the PD array through needles. Three PD channels still showed a diode like be-

havior. However, the responsivity (Re) is around one third of the original Re of 

the PD at the typical operational bias (Vbias = -2V). The Re is increasing when 

the bias voltage is increased. A voltage up to -30V is needed for the PDs to 

reach the same Re as that of a non-processed PD. Other channels that deliv-

ered no eye patterns were found to be open circuits. The testing results of the 

PD array indicated that all the channels of the PD array have high or infinite 

resistance after processing.  

In general, the resistance of a PD consists of junction resistance, contact re-

sistance, and substrate resistance [65]. The junction resistance and substrate 

resistance are unlikely to have changed in our process due to the modest pro-

cessing temperature and materials usage. Contact resistance is an Ohmic re-

sistance under normal condition, and it could become very big if the Ohmic 

contact between metal layers is degraded. From the zoom in pictures in Figure 

4-1 and Figure 4-5 (a), the active area of a PD die connects to its extended 

bond pads through the overlap between the plated gold trace and the metal 

ring around the PD aperture. In the processed receiver chip, a smaller overlap 

area is still present in the low-speed operation channels (see Figure 4-5 (b)), 

while the connection is completely lost in the non-responsive channels (see 

Figure 4-5 (c)).  



78 4.2  Issues in the 3D stacked receiver process 

 

 

 
(a) 

     
(b)                                                                    (c) 

Figure 4-5 SEM pictures of the interface between the active area and extended pads of 
(a) A new PD; (b) Low-speed working channels on the processed chip; (c) No 

responsivity channels on the processed chip 

To check if there is a real gap between the plated gold pattern and the evapo-

rated gold ring, a focused ion beam system (FIB) is used for further analysis. 

The ion beam cuts the critical area slice by slice both on an original PD and on 

the processed PD. The cross section image of the original PD is shown in Figure 

4-6. The layer structure is very clear and the plated gold layer is fully attached 

to the metal layer through a seed layer in between. Figure 4-6 (b) depicts the 

cross section of the processed PD in Figure 4-5 (c). A platinum layer has been 

deposited on the top to protect the chip layer from potential damage of ion 

beam cutting. It clearly shows that the plated gold layer lost its connection 

with the metal layer underneath and an air gap is formed with a height of 

roughly 0.4 µm. In addition, the plated gold layer seems to have been delami-

nated from the substrate. The delamination may be caused by a side effect of 

over etching and air bubbles (many air bubbles are generated in the Titanium 
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etching solution due to H202 decomposition). The delamination effect can ac-

celerate the etch rate through the increased contact area, which in return 

leads to stronger detachment and vice versa.  

   
(a)                                                       (b) 

Figure 4-6 Cross section of (a) An original PD; (b) The processed PD 

The performance of the processed CMOS IC is tested by wire bonding an un-

processed PD array on top of it, shown in Figure 4-7 (a). Clear open eye pattern 

is obtained at 10 Gb/s, shown in Figure 4-7 (b). It indicates that the TIA/LA chip 

is not degraded after the 3D stacking process.  

        
 (a)                                                                   (b) 

Figure 4-7 (a) A top view of the receiver chip based on a new PD array and a processed 
TIA/LA chip; (b) Typical channel eye patterns at 10 Gb/s  

Two options have been explored to protect the fragile metal connections be-

tween pads and PDs. The first option is to increase the cover ability of the 

Titanium (Ti) layer. Although sputtering process offers good step coverage, the 

thickness of a sputtered layer on the straight sidewall is much thinner than the 

Seed layer Metal layer 

Plated gold layer Air gap 

Platinum layer 

http://dict.cn/titanium%20%28Ti%29
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thickness on the flat surface. Hence, to increase the film coverage on the side-

wall, the thickness of the Ti layer should be increased. In the experiment, a 

75nm Titanium layer is used in the seed layer instead of the 50 nm layer [144]. 

The photocurrent of each PD on the 3D stacked receiver is tested after process, 

which shows the same results as the photocurrent of the original PDs. It indi-

cates that the thicker seed layer can help to protect the contact area.  

The second approach is protecting the fragile areas with other materials used 

in the process, such as PR. Since the fragile conjunction is in the active area of 

PD dies, a PR lens can be used to protect the fragile spot and improve the cou-

pling efficiency between PD and fiber as well. 

In order to compute the focusing strength of the lenses we assume that they 

are ideal semi-spherical and that the volume of the PR remains constant after 

reflow. Project partners in TE connectivity carry out the Zemax simulation of 

micro-lenses. The reflective index of AZ 40 XT PR at 850 nm is 1.57. Assuming 

50 µm encircled flux source with maximum half angle 12.5o is used at a dis-

tance of 0.1 mm from micro-lenses, the beam focusing effect is shown in Fig-

ure 4-8.  

  
Figure 4-8 Micro-lens simulation  

(Courtesy of Michiel van Rijnbach from TE connectivity) 

The focus spot size is calculated as the diameter where irradiance goes to zero. 

The relationship between the diameter of the PR curvature and the spot size is 

shown in Table 4-1. The diameter of micro-lens within the range of 90 µm to 
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190 µm has a spot size smaller than 70 µm. Hence, For the PD array used in 

this thesis, where the active area diameter is 70 µm, the size of micro-lenses is 

quite flexible.  

Table 4-1 The relationship between radius of micro-lenses and spot size 

(Courtesy of Michiel van Rijnbach from TE connectivity) 

diameter of curvature (µm) Spot size (µm) 

90 51.6 

110 53.4 

130 55.0 

150 56.6 

170 59.0 

190 61.2 

In Section 4.3, an optimized process for the 3D stacked receiver approach will 

be described in details. 

4.3 Process optimization for the 3D stacked receiver 

For the 3D stacked receiver, the PR lenses are used to protect the fragile junc-

tions between pads and PD metal layers. PR cylinders are developed on the 

active area of PDs at the same time that the PR ramp is patterned between the 

PD array and TIA/LA pads (see Figure 4-9 (a) and Figure 4-9 (b)). The typical 

radius of the cylinder is 40 µm. The expected shape of the PR patterns after 

thermal reflow is calculated, see in Appendix of this thesis. Because of the 

short distance between the edge of the PD die and the edge of the CMOS IC, 

the PR film shows “tear effect” on both sides of the PD array die, see Figure 4-9 

(c) and Figure 4-9 (d). This is similar to what has been observed of the PR cov-

erage on the right side of the VCSEL array die in Figure 3-11, chapter 3.  
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(a)                                                            (b) 

    

(c)                                                             (d) 

Figure 4-9 (a) A view of the sample after lithography; (b) A blow up picture of (a), 
showing the cylinder block; The edge coverage of the PR film (c) On the left side and (d) 

On the right side 

The SEM pictures of the sample after reflow process and sputtering coating 

process are shown in Figure 4-10. The PR ramp becomes the PR “bridge” and 

the PR cylinders are reshaped into semi-spherical lenses on the PD aperture 

area in agreement with simulation results in Appendix Section of this thesis. 

The zoom-in view in Figure 4-10 (b) shows the smooth connection between the 

PR film and PD pads, as well as the shape of the micro-lenses. The close up 

images of the PR “bridge” on both edges of the CMOS IC are given in Figure 4-

10 (c) and Figure 4-10 (d). There are no “wave” cracks, or any cracks on the PR 

“bridge” and PR lenses. The break in the PR ramp near the PD IC edge is inher-

ited from the PR pattern coverage after lithography in Figure 4-9. The typical 

diameter of the micro-lenses is 90 µm. According to the calculation, the ex-

pected spot size is 51.6 µm under the simulation conditions. If there is no mi-

cro-lens, assuming the 50 µm encircled flux source with maximum half angle 
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12.5o is used at a distance of 0.1 mm from the PD, the spot size will be 94 µm. 

Around 44% of the light will be located outside the PD aperture.  

     

(a)                                                            (b) 

     

(c)                                                            (d) 

Figure 4-10 (a) An SEM picture of the chip after reflow process and sputtering process; 
(b) The reflow performance of the micro-lenses; (c) The reflow performance on the left 

side of the sample; (d) The reflow performance on the right side of the sample  

To avoid PR pattern breaking near the edge of the PD array, we use a thicker 

PR layer to define the plating patterns. In addition longer relaxation times, as 

well as a slower temperature ramp up and ramp down steps are used to avoid 

introducing cracks. After processing, the sample is shown in Figure 4-11. All PR 

patterns are clearly formed, and no defect is observed. Furthermore, a wider 

opening area is defined near the TIA/LA pads to enhance the connections be-

tween plated traces and TIA/LA pads, seen Figure 4-11 (right, bottom).  
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Figure 4-11 SEM pictures after defining the plating area (left); the lithography perfor-
mance near the PD array (right, top) or near TIA/LA pads (right, bottom). 

After 50 cycles (30 minutes) of electrical plating process, around 2 µm plated 

gold layer is formed on the plating area, shown in Figure 4-12. As seen from 

zoom-in picture (Figure 4-12 (right, top) and Figure 4-12 (right, bottom)), the 

plated gold traces are smoothly formed.  

 

 

 Figure 4-12 SEM images of the plating metal traces (left); the plating performance 
near the PD array (right, top) or near the TIA/LA pads (right, bottom) respectively. 

Figure 4-13 presents the final look of the receiver chip after removing the PR 

layer and the seed layer. All 24 metal traces are well formed between the PD 

array and the TIA/LA pads, and the resistance of each metal traces is smaller 

than 1 Ohm. The PR micro-lenses are strongly attached on the active area of 

the PD. 
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Figure 4-13 SEM pictures of the final shape of the receiver chip (left); the plating per-

formance near the PD array (right, top) or near the TIA/LA pads (right, bottom) respec-
tively. 

4.4 Test setting and results 

Test set up of the receiver chip is shown in Figure 4-14. The power supplies of 

TIA, LA and CML output are separately delivered by pairs of pins. An external 

microcontroller configures the status of the chip through a two-wire interface 

(DATA and CLK). The optical signal is coupled into the 3D stacked receiver chip 

through a 62.5/125 μm cleaved fiber. A differential probe is used to connect 

the output of the receiver to the measurement instruments, in the test, one 

output of the probe is terminated with a 50 Ohm termination, and another 

output signal is connected to an oscilloscope or Bit Error Rate detector instru-

ment. In a 3D stacked receiver, the anode and the cathode of the Channel [N] 

in the PD array are connected to Channel [N]th TIA input and [N+1]th photo 

diode bias of the TIA/LA receiver chip respectively. Correspondingly, the PD 

polarity control register need to be de-asserted by the software in the testing 

configuration.  
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Figure 4-14 Test set-up for the 3D stacked receiver chip 

In chapter 3, we reached a conclusion that the 3D stacked transmitter presents 

a comparable performance as the commercial transmitter model (New focus 

1780) at 10 Gb/s. In the receiver test, the exact transmitter model is used as 

the light source to mimic the 3D stacked transmitter. The power of the input 

signal is -4.5 dBm, the modulation format is 10 Gb/s 231-1 NRZ PRBS with the 

amplitude of 0.08 Vpp. The output amplitude of the TIA/LA is 300 mV and no 

pre-emphasis is used. After coupling the light into the 3D stacked receiver chip 

through a 62.5/125 μm cleaved fiber, the measured eye diagrams for all 12 

channels of the receiver chip are shown in Table 4-2. All 12 channels have clear 

open eyes and demonstrate robust performance, compared with the eye pat-

terns of the 3D stacked receiver based on wire bonded connection in Figure 4-

7 (b). 
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Table 4-2 Eye pattern of receiver chip at 10 Gb/s 

Figure 4-15 shows the bit error rate (BER) vs. received power for all 12 chan-

nels of the 3D stacked receiver chip from one output branch of a differential 

output pair. The performance of all 12 channels shows similar sensitivity. All 

channels show error free operation with BER smaller than 1X10-12 when the 

received power is above -10 dBm. The required power is reduced to around -

12 dBm when the BER is equal to 1x10-9, with the spread in sensitivity of less 

than 1 dB. The sensitivity of each channel did not change regardless of its 

neighboring channels state (on or off) or how many channels in the receiver 

are turned on in total. The power consumption of each receiver channel is 

around 90 mW at the test condition (when the output amplitude of the receiv-

er is set to 300 mV). 

Ch. 0 Ch. 1 Ch. 2 Ch. 3 Ch. 4 Ch. 5

Ch. 6 Ch. 7 Ch. 9 Ch. 10 Ch. 11Ch. 9

100 ps

150 mV
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Figure 4-15 Bit-Error-Rate test results at 10 Gb/s 

All 12 channels of the 3D stacked receiver also show clear open eye patterns 

for 12.5 Gb/s (see Table 4-3) taking into account that the transmitter used, a 

New focus 1780 model, has a nominal data rate of 10 Gb/s. It indicates that 

the 3D stacked receiver chip could offer 150 Gb/s bandwidth on an area of 

8.688 mm2. 

Table 4-3 Eye pattern of receiver chip at 12.5 Gb/s 
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4.5 Conclusions 

In this chapter, the 3D stacked receiver chip based on commercially available 

components has been demonstrated.  

Due to the more pronounced features on the TIA/LA chip surface and narrower 

dimension, the processing parameters for the 3D stacked receiver has been 

optimized in three aspects. First, we introduced a micro-lens to protect the 

sensitive area at the connection point of pad and PD contact. In the foreseen 

future, the micro-lenses will be required for improving the coupling efficiency 

between multimode fiber and the PD. Second, we optimized the thermal pro-

cedures for the lithography step and reflow process. Slower ramp up steps and 

ramp down steps are used to reduce the thermal stress in the process. Third, a 

thicker PR layer is used in the plating pattern definition step. It gives a better 

film coverage at both ends of the PD array, where the PR ramp is torn due to 

the non-uniformity. Together with the accurate process control in each step, a 

12-channel, well integrated 3D stacked receiver chip is obtained.  

The testing results of the 3D stacked receiver chip shows clear open eye pat-

terns both at 10 Gb/s and 12.5 Gb/s for all the channels indicating that good 

impedance matching can be maintained after fabrication. In addition, the BER 

curves of the receiver indicated that the performance is uniform among differ-

ent channels and the receiver sensitivity of one output from differential output 

pair is around -12 dBm.  

The power consumption of a 3D stacked receiver in units of mW/Gb/s is 9 

mW/Gb/s at 10 Gb/s/channel. The bandwidth density is 13.8 Gb/s/mm2 or 17.3 

Gb/s/mm2 at 10 Gb/s or at 12.5 Gb/s respectively. Together with the power 

consumption from the 3D stacked transmitter, the whole link based on 3D 

stacked transmitter and receiver consumes around 15 mW/Gb/s with a band-

width density above 13 Gb/s/mm2 per module, which is comparable with state 

of the art demonstrations shown in Section 2.1. 
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5 Chapter 5 A Wafer Scale 
Demonstration  

In chapter 3 and chapter 4, the 3D stacking approach is used to fabricate 3D 

stacked transmitters and receivers based on single CMOS ICs. The pre-process 

step of gluing single IC unit on a carrier, results in a very high topological struc-

ture for processing. To check whether the proposed technique is indeed suita-

ble for wafer-scale fabrication, in this chapter5, firstly we give a short discus-

sion of the non-uniformity from the high topology structure in Section 5.1. 

Then, a wafer scale demonstration on a partial dummy CMOS wafer is de-

scribed in Section 5.2. In the discussion in Section 5.3, we draw the conclusions 

which verify that the 3D stacking approach is suitable for wafer-scale pro-

cessing. 

5.1 Introduction 

In chapter 2, we proposed the 3D stacking approach as a wafer-scale fabrica-

tion method. However, since only a single CMOS IC unit is used in chapter 3 

and chapter 4, which has a typical size of 2000 μm × 4000 μm × 280 μm, the 

CMOS IC unit was glued onto a carrier wafer for handling during processing. 

After an OE array was bonded on top of a CMOS IC unit, the sample becomes a 

very high topological structure with an extra 280 μm height difference be-

tween the carrier and the CMOS chip that would not exist if the technique is 

applied on a CMOS wafer. In this section, the coating uniformity on a surface 

with large topological variations is discussed.  

Typically, the thickness profile of a PR film over a rough surface is asymmetric 

and non-planar [148, 156, 157]. In the spinning process, the isolated block, a 

VCSEL driver or a TIA/LA chip, having a rectangular shape, can introduce geo-

                                                             
5
 Based on the results published in: [154]P. Duan, O. Raz, B. Smalbrugge, and H. J. 

Dorren, "Demonstration of Wafer Scale Fabrication of 3-D Stacked Transmitter and 
Receiver Modules for Optical Interconnects," Journal of lightwave technology, vol. 31, 
pp. 4073-4079, 2013. 
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metrical effect [158]. In Figure 5-1, a TIA/LA chip is bonded on a silicon carrier, 

a long PR block is patterned on the center of it. Hence, the non-uniform per-

formance demonstrated here is only from the horizontal side of a single CMOS 

IC unit. The thickness difference of PR pattern between the edge and the cen-

ter of the chip is tremendous (see Figure 5-1 (a)). Close to the edge of the 

CMOS IC almost no PR coverage remains (see Figure 5-1 (b)). Therefore, the 

uniformity of the PR layer on a single CMOS IC chip, which is placed on a carri-

er, is very poor. 

   
Figure 5-1 (a) Edge bead effect on TIA/LA chip; (b) Bare edge on TIA/LA chip 

This non-uniform effect plays a significant role in the processing of the 3D 

stacked transmitter and 3D stacked receiver. For example, to pattern on these 

non-uniform PR layers, a certain level of over-exposure and over-develop is 

necessary. In addition, the 3D stacking process needs to be optimized sepa-

rately according to the physical specification of the CMOS IC. Utilizing the 3D 

stacking approach on a big flat wafer instead of on a small unit could ease the 

control difficulties of over-expose and over-development. Hence it is expected 

that better results could be obtained on a wafer when compared to a single 

unit demonstration.  

5.2 A wafer level demonstration 

To check whether the proposed technique is indeed suitable for wafer scale 

fabrication, we investigate a wafer scale demonstration on a partial dummy 

CMOS wafer [154].  

The basic idea of the wafer level fabrication is shown in Figure 5-2. After plac-

ing OE arrays one by one on the top of a CMOS IC wafer, the smooth PR ramps 

between all OE dies and CMOS IC pads are produced by lithography and ther-
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mal reflow process on the entire wafer. Then all the electrical connections 

from each pad of OE arrays to the corresponding pad on the CMOS IC wafer 

are electro-deposited on top of the PR bridges by electrical plating process at 

the same time.  

 
Figure 5-2 An artificial drawing of the 3D stacking approach on a wafer 

In the experiment, we pattern a dummy 2” silicon wafer to mimic the pad lay-

out of a partial VCSEL driver wafer. The size of pads and the pitch between 

pads are designed to be the same as the size on the VCSEL driver IC used in 

chapter 3 [146]. The distance between the ICs on a wafer is compatible with 

IPtronics IC arrangement as well. Figure 5-3 shows the appearance of the wa-

fer after processing.  

 
Figure 5-3 After forming the CMOS IC layout on the wafer 

Secondly, VCSEL arrays are placed on top of the partial CMOS wafer and bond-

ed using a PR layer. Because of the sample’ size, around 0.4 ml PR is carefully 

dispensed on the wafer for spinning the bonding layer (this is 4 times as much 
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as was used for the single die on a quarter of a 2” wafer described in chapters 

3 &4). We place VCSEL array dies one by one with a short baking step after 

each placement until placing the last die with a normal heating sequence 

shown in chapter 2. This arrangement helps to save the bonding process time, 

and ensure the bonding adhesion between VCSEL arrays and the dummy 

CMOS wafer at the same time. The bonding layer becomes stable after hard-

bake procedure, shown in Figure 5-4.  

 
Figure 5-4 SEM picture of the wafer after VCSEL array placement 

Thirdly, the PR blocks are fabricated using the same procedure as shown in 

chapter 2. Again, the amount of PR should be sufficient for the whole wafer. 

The PR layer is exposed with an appropriate mask and then is developed to 

leave the areas of PR connecting the pads on the wafer and those on the 

VCSEL arrays but with sharp slopes (see Figure 5-5). The thickness profile of the 

PR block showed in Figure 5-5 (b), is much more uniform than the pattern 

shown in Figure 5-1. In addition, the edge of the VCSEL array is perfectly cov-

ered by the PR layer without tear effect. 
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Figure 5-5 (a) SEM picture after lithography to make PR patterns; (b) The zoom-in view 
of (a), shown the cover ability on the edge of a VCSEL array 

After that we heat up the PR to initiate the PR reflow during which the PR pat-

tern reshapes itself providing a hard PR bridge between the pads on the VCSEL 

array and dummy CMOS pads. Figure 5-6 (a) is a SEM picture of the sample 

after seed layer. There are no cracks on the PR ramp on either ends of the 

VCSEL array dies (see Figure 5-6 (b)), which indicates that the wafer scale fabri-

cation has improved PR cover ability compared with a single VCSEL driver unit 

assembly. It verifies that the edge bead effect due to the single CMOS IC units 

in the former transmitter fabrication induced extra problems.  

(a) 

(b) 
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Figure 5-6 (a) SEM picture of the wafer after reflow process to reshape patterns; (b) 

the zoom-in view of (a) 

Figure 5-7 shows how the sample looks like after the plating process. All the 

connections between VCSEL array pads and respective CMOS pads are well 

formed and the typical fabrication issues that arise from the added level, ob-

served in the case of single CMOS/OE chip integration, are eliminated.  

 
Figure 5-7 SEM picture of final shape 

(a) 

(b) 
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The sample is tested by employing a LD controller to supply the power through 

the RF probe and metal traces, shown in Figure 5-8. VCSEL arrays with 12 

working channels are obtained throughout the entire processed wafer far ex-

ceeding the yield of the interconnection obtained in the single 3D stacked 

transmitter/receiver chip demonstrations. This verifies that the 3D stacking 

approach is truly suited for wafer-scale processing.  

 
Figure 5-8 VCSEL arrays test 

5.3 Discussion and conclusions 

In this chapter, we explored the applicability of the 3D stacking approach for 

wafer scale integration. This was done by 3D stacking VCSEL arrays on a partial 

dummy CMOS IC wafer. Utilizing the 3D stacking approach on a big flat wafer 

instead of on a small VCSEL driver unit simplified many issues, such as over-

exposure and over-development encountered when processing a single die. 

The result of the demonstration based on the CMOS wafer far exceed the re-

sults obtained for a single VCSEL driver shown in chapter 2 and is in agreement 

with the discussions in Section 5.1. The 3D stacking approach is a truly wafer 

scale solution, which is essential for obtaining cost-effective, high bandwidth 

density and scalable transceiver modules. 
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6 Chapter 6 
A Side-by-Side Prototype 

In chapter 4, the 3D stacking approach is used to fabricate high-speed receiver 

chips. The 3D stacked chip has the highest bandwidth density based on com-

mercially available components. If a TIA/LA chip which is designed for wire 

bonding assembly, polarity mismatch exist. For such configurations, we adapt 

the technique used for 3D stacking to make another design prototype, which is 

described in this chapter6. In addition, the RF performance of bond wires and 

plated metal traces are evaluated in Section 6.3, which shows that the plated 

metal traces have superior performance compared with bond wires.  

6.1 Introduction 

In chapter 4, a TIA/LA chip with polarity flexibility is chosen to configure a high 

bandwidth density receiver chip based on the 3D stacking approach. In chapter 

5 this concept is further verified to be suitable for wafer scale processing. 

However, many of the more commonly available TIA/LA and PD chips support 

a fixed polarity configuration. These ICs are designed for side-by-side place-

ment and assume the use of either wire bonding or flip chip bonding on a 

shared substrate for assembly purposes. This means that if try to stack stand-

ard PD arrays on such TIA/LA chips there will be a polarity misalignment. To 

eliminate the RF limitations of wire bonding for such components, we investi-

gate a new zero-level packaging technology [159]. Instead of stacking the PD 

array on the TIA/LA chip, we placed them side-by-side on a silicon carrier in 

close proximity. Then, the electrical connections between the PD array and the 

TIA/LA IC are made based on the same key fabrication steps used for the 3D 

                                                             
6
 Based on the results published in: [159]P. Duan, O. Raz, B. Smalbrugge, and H. J. 

Dorren, "A new zero-level package approach for receiver modules," in Symposium 
conducted at Proceedings of the 18th Annual Symposium of the IEEE Photonics Benelux 
Chapter, Eindhoven, The Netherland, 2013, pp. 199-202. 
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stacking approach, i.e., PR reflow and electrical plating. The details of fabrica-

tion are described in Section 6.2.  

6.2 Process flow  

As mentioned in chapter 4, TIA/LA ICs from IPtronics have reverse polarity and 

are therefore chosen for this demonstration. The photodiode array is from 

Zarlink, same as the one used in Chapter 4. In the experiment, a 2-inch silicon 

quarter is used as a carrier since silicon has high thermal conductivity, which 

matches the thermal expansion of the CMOS IC chips.  

To speed up the pick and place process, a 50 nm silicon nitride layer is deposit-

ed on the silicon quarter, and lithography is used together with dry etching to 

define the locations of the photodiode and TIA arrays in the silicon nitride lay-

er. After the PR bonding layer preparation, the photodiode array and TIA/LA 

array are successively placed on the carrier. Figure 6-1 shows an image of the 

sample after the redundant PR around the bonding layer is removed. The pho-

todiode array is juxtaposed to a TIA/LA chip. The narrower the distance be-

tween PD and TIA/LA IC is, the more difficult it is to remove the redundant PR 

in between. In addition, the thickness of the bonding layer needs to be uniform 

to avoid any movement force during the hard-bake process. To reach this tar-

get, an increased placement force (1.5 N) is employed, together with a thinner 

bonding layer. A thinner bonding layer has smaller internal stress and it can 

also help in eliminating the accumulation of PR residues. 

 
Figure 6-1 An image of the sample after placement 

The same hard-bake process is implemented to make the PR bonding layer 

stable. Because both components are bonded with PR, they are floating on the 
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surface when the temperature is higher than the PR glass-transfer tempera-

ture. Hence, the surface of the hotplate needs to be absolutely horizontal and 

the backside of the carrier needs to be completely clean. A small angle on the 

hotplate or even a little leftover resist on the backside of the carrier can intro-

duce an angle that could lead to the components moving during the hard-bake 

process.  

The PR pattern is formed in a similar way as in Section 2.4, chapter 2. After 

lithography, the chip is shown in Figure 6-2 (a). The PR pattern covers the edge 

of the TIA/LA chip as well as the edge of the photodiode array very well with 

sharp sidewalls (see Figure 6-2 (b), (c)). In the process, cylinder patterns are 

also implemented on the aperture of PDs for the same purposes described in 

Section 4.2, chapter 4. 

 
(a) 

  

(b)                                                                   (c) 

Figure 6-2 (a) The sample after lithography; the zoom-in pictures to show the edge 
coverage of the PR patterns (b) On the PD side, and (c) On the TIA/LA chip side 
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The next step is to reflow the PR patterns. The same rules are implemented as 

for hard-bake process, i.e., the sample need to be placed on the absolutely 

horizontal level. After PR reflow, the sharp sidewalls in Figure 6-2 turn into the 

smooth PR ramp between the CMOS IC pads and the photodiode array, and 

the cylinder PR patterns turn into semi-spheres, shown in Figure 6-3.  

 
Figure 6-3 The sample after reflow 

After sputtering a seed layer on the sample, lithography is used to define the 

plating area. Since the PD and the TIA/LA chip are placed side by side, the 

height difference between the photodiode array surface and the TIA/LA sur-

face is greatly decreased compared with the 3D stacking approach. Corre-

spondingly, less over-development is needed in the process. The sample with a 

pattern of rectangular opening on the seed layer is shown in Figure 6-4. Due to 

the decreased height difference on the processed surface, the critical dimen-

sion of the lithography process is improved, leading to a more accurate defini-

tion of the RF traces after lithography.  

 

Figure 6-4 The sample after lithography to define the plating area  
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Similar to 3D stacking approach the plating process determines the thickness 

of the metal paths. After plating, the PR layer and the seed layer are removed. 

The final shape of the chip is depicted in Figure 6-5 (a) and Figure 6-5 (b).  

 
(a)                                                                     (b) 

Figure 6-5 (a) The final shape of the side-by-side placed receiver chip, (b) The zoom-in 
picture of micro-lenses and the plating metal paths 

All 24 plated gold paths show good connections between the photodiode pads 

and the TIA/LA pads, and all lenses are strongly attached on the aperture of 

the photodiode array, shown in Figure 6-5 (b). The resistance of each metal 

trace is negligible. The dark current and I-V curve of each photodiode remain 

the same as the original die’s. Furthermore, the photocurrent of each photodi-

ode channels is double of the original photocurrent at the same intensity of 

the flood light, thanks to the focusing effect of the lenses. 

In addition, the metal paths are considerably shorter, measuring less than 300 

µm if photodiode array is pushed to almost touch the TIA/LA chip. Together 

with the design possibility of impedance matching metal stripes, this technique 

is very promising for higher data rate transmitter and receiver modules. Com-

pared with the 3D stacking approach, the process itself is simpler due to the 

small height difference between the devices on the carrier. Some of the re-

maining challenges include the high requirements on the bonding layer uni-

formity and the need to keep the sample strictly horizontal during thermal 

treatments.  



104 6.3  RF simulations 

 

 

6.3 RF simulations 

As discussed in Section 2.1.4, Chapter 2, bonding wires have high impedance, 

which could cause impedance mismatch and unwanted reflections. The analyt-

ic computations and numerical modeling results of bonding wires [125, 160, 

161] show two ways to decrease the inductance of bond wires and therefore 

decrease the impedance of bonding wires. A straightforward way is decreasing 

the wire length, which is implemented in most of the high speed, wire bonding 

applications [72]. A second way is using wires with a large radius. The simula-

tion results of the bond wire configuration with wire radius of 62.5 µm shows 

improved signal transmission properties compared with 12.5 µm bond wire 

[125]. However, both methods do not fundamentally solve the problem.  

The 3D stacking approach as well as the side-by-side prototype can realize 

impedance matched metal traces between the OE dies and the CMOS IC for 

high-speed data transmission. To estimate the performance of bonding wires 

and plated metal traces at high data rates, the coupled bond wires model [161] 

and coupled transmission lines model [162] in ADS are used.  

The wire bonding model in ADS is based on K. Mouthaan’s work [160]. Each 

wire is constructed by 5 line segments, defined by the BONDW_shape model. 

The diameter of the wire is 25 µm. As described in the datasheet [146, 155], 

the pitch between pads is 125 µm, and RF signal is transmitted in a single 

wire/line, only DC current is transferred in the adjacent lines. Hence, we con-

struct the coupled bond wires model with 125 µm as the wire pitch, and im-

plement 50 Ohm terminations in both ends of each RF wires, shown in Figure 

6-6.  

 
Figure 6-6 Coupled bond wires model 
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 (a)                                                                  (b) 

                                                                    

Figure 6-7 Simulation results of Figure 6-6: (a) S11 parameter; (b) S21 parameter; (c) S31 
parameter. 

The simulation results are shown in Figure 6-7. Figure 6-7 (a) shows the reflec-

tion coefficient on terminal 1 (S11) for increasing frequency and for several 

lengths of wire bonds. To realize a reflection coefficient smaller than -10 dB, 

the interconnection distance should be smaller than 300 µm when the fre-

quency is 20 GHz. The transmission coefficient from terminal 1 to terminal 2, 

i.e., S21, is dropping as the distance and frequency are increased (Figure 6-7 (b)). 

The transmission coefficient from terminal 1 to terminal 3, representing the 

crosstalk between channel and channel, is smaller than -35 dB (Figure 6-7 (c)).  

A coupled transmission lines model, including both skin effect and dielectric 

loss, is shown in Figure 6-8. The model is calculated by solving a numerical 

Maxwell’s Equations. The dimension of the transmission line used in this mod-

el is designed by LineCalc tool in ADS and the impedance of which is 50 Ohm at 

10GHz. Since a perfect conduction plane is assumed as the ground in the bond 

wires model, the perfect conduction ground plane is implemented in this 

model as well.  

(c) 
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Figure 6-8 Coupled transmission lines model  

  
(a)                                                                       (b) 

                                                                       

Figure 6-9 Simulation results of Figure 6-8: (a) S11 parameter; (b) S21 parameter; (c) S31 
parameter. 

Figure 6-9 depicts the simulation results of the model in Figure 6-8. Compared 

with the results in Figure 6-7, the reflection coefficient from termination 1, S11, 

is much smaller by using the impedance matched transmission line, and the 

transmission loss from terminal 1 to terminal 2 S21 is negligible. The crosstalk 

between RF channels S31 remains smaller than 35 dB as well.  

(c) 
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As mentioned in Section 3.4.4, the S11 parameter from the VCSEL die itself is 

around -11 dB. The S11 on the differential input of VCSEL driver and output of 

TIA/LA chip is around -10 dB [146, 155]. Therefore, for wire bonding approach, 

the reflection from the CMOS ICs is the main contributor to the total reflection 

coefficient for frequencies greater than 12 GHz and the pads distance longer 

than 500 µm. The limitation of wire bonding becomes more and more appar-

ent as the data rate increases and the bonding distance becomes larger. The 

large transmission loss from wire bonding leads to larger power consumption. 

The total S11 remains limited by reflections from the components regardless of 

the optimized design of the plated gold traces. The transmission loss is negligi-

ble compared with wire bonding solution. The channel-to-channel crosstalk on 

the TIA/LA chip from IPtronics is around -35 dB according to the datasheet, 

which is bigger than the results from Figure 6-9 under all simulation conditions, 

and comparable with the results from Figure 6-7. In summary, the plated metal 

traces show superior RF performance compared with wire bonding. This is 

especially true for frequencies above 10 GHz and wire lengths exceeding 500 

µm. 

In addition, the results in Figure 6-9 show that minimizing the distance be-

tween OE dies and CMOS ICs can further reduce the reflection coefficient and 

the transmission loss, which is the main reason of putting the PD die extremely 

close to the TIA/LA chip in the side-by-side demonstration in Section 6.2. 

6.4 Discussion and conclusions 

In this chapter, a new integration approach is demonstrated. Instead of stack-

ing a photodiode array on the TIA/LA chip, we placed them side-by-side on a 

silicon carrier in close proximity. The primary test results show robust perfor-

mance is achieved and the micro-lenses included in the fabrication process 

improve coupling. This new method can also be used for other high-speed, 

pressure-sensitive and temperature-sensitive device interconnections and 

packaging challenges.  

The RF simulation results of coupled bond wires and coupled transmission lines 

show that the plated metal traces based solutions, i.e., 3D stacking approach 

and side-by-side approach can tackle the RF limitations of bond wires in next 

generation optical transceiver modules. 
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7 Chapter 7 
Thermal Simulations 

As the number of transistors in an IC grows exponentially (Moore’s Law), 

thermal dissipation becomes a growing concern for packaging ICs. 3D stacked 

chips add another dimension to increase capacity or functionality for a given 

footprint (higher bandwidth density), which in general aggravates the heat 

dissipation problem. In this chapter7, after first testing the VCSEL performance 

at high temperatures, we use MSC Marc/Mentat to simulate the thermal dissi-

pation of the 3D stacked transmitter chip. The results of the thermal simula-

tion show that with proper heat sinking of the CMOS IC the OE dies will oper-

ate at a reasonable 40 oC that is well within their operation margins. 

7.1 VCSEL thermal effect 

The temperature in 3D stacked transmitters can be monitored by measuring 

the shift of a VCSEL’s central wavelength [49]. As shown in Figure 3-16 in chap-

ter 3, the 3D stacked transmitter chip was tested in a 6-inch probe station with 

several metals probes, all of which offered excellent heat dissipation routes for 

the tested chip. As a result, we did not detect any shift of the central wave-

length of the VCSEL array regardless of whether all channels were turned on or 

only one channel was lasing. In reference [163], 985 nm OE dies are flip bond-

ed to a CMOS IC chip. The bare optochip (without a heat sink and forced air-

flow) reaches a temperature of 58 oC on its backside. Assuming the tempera-

ture difference between the OE die and the backside of IC is ~ 10 oC, and in-

cluding another 10 oC margin, we evaluated the influence of temperature vari-

ations on the VCSEL performance by testing the I-P curve (bias current versus 

output power) when the temperature of the VCSEL backside is increased from 

                                                             
7
 Based on the results published in: [154]P. Duan, O. Raz, B. Smalbrugge, and H. J. 

Dorren, "Demonstration of Wafer Scale Fabrication of 3-D Stacked Transmitter and 
Receiver Modules for Optical Interconnects," Journal of lightwave technology, vol. 31, 
pp. 4073-4079, 2013. 
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27 oC to 78 oC. The light of VCSEL output is coupled into the fiber though butt 

coupling and measured using a power meter. As the temperature increases, 

the threshold current of the VCSEL is increasing and the output power is grad-

ually decreasing. However, an output power above -3 dBm at bias current of 3 

mA is still maintained for the entire temperature range (see Figure 7-1). At 

higher currents, the degradation of output power as a function of temperature 

is more noticeable but even there output powers exceeding 2 dBm can be 

obtained and the impact on link budget is limited to 1-2 dB.  

 
Figure 7-1 The current-power vs. temperature relationship 

7.2 Thermal simulation 

MSC Marc/Mentat software is used to find out the thermal behavior of the 3D 

stacked chip with an aim to improve the thermal design of the eventual pack-

age [154]. Marc/Mentat executes a finite element method (FEM) calculation 

through a graphical interface, which is often used to model the thermal behav-

ior of complex electronic systems [164].  

The dimension of the VCSEL driver is 1777 µm x 4277 µm x 280 µm and it dissi-

pates 0.588 W to mimic the operating condition when all 12 channels are 

turned on simultaneously. The CMOS chip is predominantly composed of sili-

con with a metal stack layer (copper), and SiO2 passivation layer on top. To 

simplify the simulation, it was assumed that the entire IC is made of silicon, 
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since silicon substrate is the biggest part of CMOS chip, and the thermal pa-

rameters of silicon are conveniently placed between those of copper and SiO2. 

The size of the VCSEL chip is 3250 μm  500 μm  200 μm with a typical power 

consumption of 12 mW per channel. Similarly, the GaAs parameters are used 

to represent the entire VCSEL chip. The thermal conductivity of each material 

is listed in Table 7-1. 

Table 7-1 

 The thermal parameters used in the thermal simulation 

Material Thermal conductivity(W/m/K) 

Silicon substrate 149 [165] 

Copper 390 [166] 

Silicon dioxide 1.06 [167] 

Silver epoxy 29 [168] 

Photoresist 0.31 [167] 

GaAs 55 [169] 
 

In general, the heat that the VCSEL driver generates is mostly located at the 

top side of the chip. However, it is difficult to know exactly the thermal distri-

bution within the CMOS chip. In the simulation, we assume that most of the 

heat is dissipated from twelve “hot traces” on the top of the VCSEL driver chip. 

We further assumed an ambient temperature of 22 oC, with free air convection 

of 10 W/m2/oC. In the simulation, the 3D stacked chip is further mounted on a 

heatsink. The heatsink is made of copper with a size of 3 cm  2 cm  0.2 cm 

with fins on the backside measuring 0.8 cm in height and having an aspect 

ratio of 4 and a gap between fins of 0.2 cm. First we simulate only a VCSEL 

driver chip bonded to the heatsink by silver epoxy. When all channels are 

turned on, we obtain the temperature contours as shown in Figure 7-2. The 

highest temperature on the VCSEL driver is lower than 34 oC.  



112 7.2  Thermal simulation 

 

 

 

Figure 7-2 Thermal simulation results of VCSEL driver only 

Then we stack a VCSEL array chip on the CMOS IC with 20 μm PR layer. Same 

as in the driver-only simulation, we assume that a 12-channel VCSEL array 

spreads heat through 12 emitting areas, and that all 12 channels are turned on. 

In the worst case, all the power consumed by VCSEL array is dissipate out as 

heat, which is 12 mW per channel for typical working conditions. The actual 

heat dissipation is always smaller than that, some of the power is converted 

into the light and transferred to the receiver through a fiber. The result of the 

thermal simulation of the 3D stacked transmitter is shown in Figure 7-3. The 

highest temperature of a 3D stacked module is on the VCSEL array and 

measures 39 oC. 

 

 Figure 7-3 Thermal contour of 3D stacked transmitter 
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In most computer and switching systems forced air-cooling is used (fans are 

built into the chassis of the switching/computing units). We therefore repeat 

the simulations under different force convection conditions, 70 W/m2/oC (4.8 

m/s, which is in the “gentle breeze” class) and 100 W/m2/oC (10 m/s, which is 

in the “fresh breeze” class) [170, 171]. In both cases, a small flat copper plate 

(1.5 cm  1.5 cm  0.2 cm) is attached to the sample by a 20 µm silver epoxy 

layer. In the first case (70 W/m2/oC), the highest temperature is below 38 oC for 

the VCSEL driver alone (see Figure 7-4(a)) and below 43 oC for the VCSEL array 

on top of the VCSEL driver (see Figure 7-4(b)). In the second case, the tempera-

ture is further decreased to 33 oC (see Figure 7-4 (c)) and 38 oC (see Figure 7-4 

(d)) respectively.  

   
(a)                                                                   (b) 

    
(c)                                                                          (d) 

Figure 7-4 (a) Thermal contour of the VCSEL driver-only configuration in the first case; 
(b) Thermal contour of the 3D stacked transmitter in the first case; (c) Thermal contour 
of VCSEL driver-only in the second case; (d) Thermal contour of the 3D stacked trans-

mitter in the second case.  
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Comparing the temperature distributions of Figure 7-2, Figure 7-4 (a), and Fig-

ure 7-4 (c) with Figure 7-3, Figure 7-4 (b) and Figure 7-4 (d) correspondingly, 

we can see that a 5oC temperature gradient exist between the operation of the 

standalone CMOS IC chip and that of the 3D stacked device using the same 

heatsink. Since the CMOS IC will require proper heat sinking for operation in 

any case, it appears that stacking the OE IC on top of it will have very limited 

impact on its performance. Furthermore, it is clear that if care is taken to in-

sure proper thermal management of the CMOS IC, the OE IC can also be kept 

at a reasonable operating temperature suitable for GaAs devices. 

 We also simulate the thermal distribution of the side-by-side placement ap-

proach. The dimension of the components and carrier, thermal parameters 

and power consumption are exactly the same as for the 3D stacked transmitter. 

The simulation results of the side-by-side placement transmitter at case 1 and 

case 2 are shown in Figure 7-5. The highest temperature is lower than 40 oC for 

both cases, although no additional heat sink is implemented. This also indi-

cates that the silicon carrier itself is a good thermal heatsink.  

    
(a)                                                                  (b) 

Figure 7-5 Thermal contour of parallel placement of the VCSEL array and VCSEL driver 
in the first case (a); in the second case (b)  

To make a simulation reference, we also simulate the thermal dispassion at 

test condition. The graphical model of the 3D stacked transmitter is shown in 

Figure 7-6. 
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Figure 7-6 3D stacked transmitter model  

We assume the thickness of the silver epoxy layer between VCSEL driver and a 

quarter of 2” silicon wafer carrier is 20 µm. The test setup includes the wafer 

chuck, wafer chuck support, and several metals probes. We only include the 

wafer chuck that is directly under the chip in the simulation model. The mate-

rial of the wafer chuck is stainless steel, the thermal conductivity coefficient of 

which is 16 W/m/K, The dimension of the chuck is 15 cm x 15 cm x 1 cm. The 

simulation result is shown in Figure 7-7.  

 
Figure 7-7 Thermal simulation results of the test condition 

The temperature distribution on the chip is higher in the simulation results 

than in the real test, which is quite reasonable since we did not include the 
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metal probes, wafer chuck support, and most importantly, the metal traces 

between the VCSEL array and the VCSEL driver. The metal traces were not in-

cluded in the previous simulation either, which means that the 3D stacked 

transmitter chip would have lower temperature distribution than the simula-

tion suggests. 

As showed in the simulations of the 3D stacked transmitter at all different 

conditions, the highest temperature is always located on the VCSEL array. 

Thermal crosstalk heavily depends on the channel pitch of the array and the 

numbers of channels [172], [173]. The VCSEL array consists of 12 channels in 

one line, and the channel pitch is 250 μm. A lasing channel of the VCSEL array 

with this pitch has less than 1℃ temperature rise when its nearest neighbor 

channel dissipates 10 mW of power [173].  

7.3 Conclusions 

One of the biggest concerns when stacking chips on top of each other is heat 

dissipation. Through characterization of the VCSEL die performance at differ-

ent temperatures we show that the output of the VCSEL at temperatures be-

tween 23 oC and 78 oC is well inside the transmitter power needed and only 

degrades by a couple of dBs. Furthermore, the thermal simulation results show 

that the 3D stacked chip can operate at a reasonable temperature with a 

proper heat sinking and that the OE device can be kept at an operating tem-

perature below 40 oC even when it is placed on top of a fully working CMOS IC 

dissipating around 0.5 Watts.  



 

 

8 Chapter 8  
   Conclusions and Outlook 

8.1 Conclusions 

The endless appetite of data centers for bandwidth and high-speed connectivi-

ty leads to big challenges in the deployment of data center network mainly 

driven by the desire to limit capital expenditure and lower power consumption. 

Advanced techniques, such as server virtualization and I/O consolidation, are 

explored to improve the server utilization and to reduce the number of I/O 

cards. They increase the traffic between servers and increase the bandwidth 

density requirements on NICs as they aggregate the traffic demands on many 

virtual servers co-located in the same physical server HW. Together with the 

growth in size of server farms, electrical interconnects are struggling to fulfill 

the requirements even for intra-rack communications. Optical interconnects 

which offered improved bandwidth distance product and bandwidth density 

are expected to move from rack to rack connectivity downwards in the inter-

connection tree. 

The main objective of my PhD project is to develop a cost-effective integration 

method that can be used for fabricating low cost, high bandwidth density and 

low power consumption optical transceiver modules. The ecosystem around 

850nm VCSEL development, which includes multi-vendor components suppli-

ers, multimode fibers optimized for 850 nm, low cost passive alignment meth-

ods and high-density multimode-based connectors, makes VCSEL based inter-

connection technology the best choice for low cost optical interconnections in 

data center applications. One of the challenges to achieve the required cost 

and power reductions is the solution to the question: how to integrate OE dies 

with their counterpart CMOS ICs in a cost effective manner? 

We proposed a novel 3D stacking approach. It utilized commercial available 

components, which are all very cheap if required in large volume. It offered a 

straightforward method to form high bandwidth density and low cost interfac-

es between OE dies and CMOS IC chips by eliminating the need to discretely 

wire bond or flip chip with specially designed CMOS ICs. Wafer level processing 
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has fixed cost per wafer, independent of how many metal traces or driver ICs 

are there per wafer. Hence, the cost per transceiver chip can follow a similar 

cost reduction slope as the CMOS IC does. The comparison among the “Holey” 

CMOS IC based approach, the thinned OE die based approach and our ap-

proach, showed that our technology is the most simple and straightforward 

method to realize high bandwidth density, wafer scalable transceiver chips.  

Using our 3D stacking approach, we introduce minimal constraints on the met-

al traces geometry (shape, length, width, thickness) which paved the path for 

impedance-matched interconnections. Such impedance matched metallic in-

terconnects are essential for high data rate transmission, as was clearly shown 

in the comparison of RF performance between the 3D stacked transmitter and 

the wire bonded chip in chapter 3, as well as in the RF simulation results of 

bond wires and plated metal traces in chapter 6. Both results also showed that 

the plated metal traces can continue providing the low reflection and low 

transmission loss performance above 20 Gb/s with flexible distance between 

components, while bond wires could not. In addition, some high-speed (above 

25 Gb/s) OE dies can only be exposed to low post-processing temperature, as 

discussed in chapter 1. The highest temperature used in the 3D stacking meth-

od was 150 oC, which is lower than normal flip-chip bonding temperature.  

The 3D stacking approach provides the most compact package. For polarity-

mismatched components, a side-by-side prototype was demonstrated based 

on similar technology in chapter 6. Furthermore, the plated metal traces were 

extra short since a photodiode array was pushed to almost touch the TIA/LA 

chip. In both cases, the required pad dimension on CMOS ICs and OE dies is 

significant smaller than the requirement of wire bonding. Therefore, the foot-

print of the “pad-limited” CMOS ICs, could be shrunk and the bandwidth densi-

ty could be dramatically improved. This suggests that our approach can enable 

further scaling in bandwidth density unlike solutions based on wire bonding. 

Based on the proposed 3D stacking approach, we fabricated the transmitter 

chip and the receiver chip. Both modules showed enhanced performance at 10 

Gb/s per channel, and uniform performance among different channels. To 

verify that the technique is suitable for wafer-level fabrication, the 3D stacking 

approach was used for the demonstration of VCSEL arrays stacking on a partial 

CMOS IC wafer. All 12 channels of a VCSEL array could be operated normally by 

driving them through the CMOS pads. The quality and yield of the metal traces 

in this demonstration exceed that obtained in a single 3D stacked transmitter 
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based on a single VCSEL driver IC, as shown in chapter 2. This was further dis-

cussed in chapter 5 concluding that the 3D stacking approach is truly a wafer 

scale solution.  

The thermal effect of the 3D stacking approach was evaluated as well. The 

primary results showed that with proper heat sinking of the CMOS IC the opto-

electronic ICs would operate at a reasonable 40o C which was well within their 

operation margin. 

Overall, the 3D stacking approach offered wafer scalability in terms of data 

rate, bandwidth density, and cost. It can be widely used as an efficient way to 

connect any fix paths and any combination of ICs (electronic or optical).  

8.2 Outlook 

The novel 3D stacking approach, which has been successfully demonstrated by 

the 3D stacked transmitter, 3D stacked receiver, as well as wafer level demon-

stration, offers a new integration option for pressure sensitive, processing 

temperature sensitive and high-speed devices where traditional wire bonding 

or flip-chip bonding is either difficult or expensive to implement. As other 

emerging technologies, many improvements and explorations can be made 

based on current development status. 

(1) In this work, gold electrical plating was used to form the electrical 

traces between OE dies and CMOS ICs. This choice was driven by the 

infrastructure in our cleanroom facility, rather than an optimal choice 

from the economical aspect. For instance, copper can supply higher 

conductivity than gold at lower cost. With a proper seedlayer, in prin-

ciple, we can implement copper instead of gold plating in the approach.  

(2) In this work, coating with PR was done using a closed lid spinner which 

is difficult to obtain a uniform coating layer on high topology surface. 

Other coating methods can be explored to obtain a more uniform PR 

layer on the 3D stacked topology. For example, spray coating is used to 

coat PR on high topography surfaces for MEMS application [174], 

which could be a possible solution to tackle the non-uniformity issue.  

(3) The parameters used in the process flow are open for optimization. AZ 

40XT is a new type of PR which is still under development. Unlike more 

developed types of PR, very limited application data for AZ 40XT is 

available. The processing conditions used in each lithography step can 
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be considered as a local optimum achieved during the project duration. 

More experiments are required for obtaining the most suitable pro-

cessing conditions. 

(4) Furthermore, even the choice of the PR itself is not immune to chang-

es. For example, other advanced bonding material can be used to form 

the bonding layer as long as it can offer seamless bonding perfor-

mance at low temperature with low cost. In addition, the low accuracy 

requirement in the pick and place step together with low-resolution 

demand in the lithography step offer a potential possibility to move 

the process out of cleanroom. The cost will be reduced dramatically if 

we can transfer the process into a “PCB manufacture-like” fabrication 

line environment.  

(5) Comparing the results of the 3D stacked transmitter on a single CMOS 

IC unit with the results on a partial CMOS wafer, we can see that the 

3D stacking approach worked better on a wafer. Comparing the results 

of the 3D stacked receiver with the side-by-side receiver demonstra-

tion, we find that the “PR Bridge” and plated metal traces have better 

performance when the height and the distance between the two tar-

get surfaces were smaller and shorter. Closely collaborating with com-

ponents providers could leverage the chip performance to a higher 

level. 

(6) The 3D stacking approach can be further explored for integrating the 

components, which are located on more than two levels. As depicted 

in Figure 8-1, the connections between the silicon carrier and the 

CMOS IC as well as between the CMOS IC and the OE die on one sam-

ple can be connected at once by the 3D stacking approach if the thick-

ness of the CMOS IC is similar to OE’s. 

 
Figure 8-1 Schematic for a multilevel integration 

In summary, we have preliminarily demonstrated that the 3D stacking ap-

proach has its unique advantages for 850 nm VCSEL-based optical intercon-

Dummy silicon chip (carrier) 

    CMOS IC   

OE  
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nects in terms of cost, bandwidth density and wafer-scale ability. It opens 

many opportunities for the inclusion of photonics in electronic boards where 

traditional high-speed metal traces over PCB are expensive and hard to imple-

ment. Such chips can be very handy when placed in close proximity to band-

width hungry ICs such as large radix switch ASICs. In addition, the hybrid inte-

gration using 3D stacking technology can be further explored for other applica-

tions. 
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Appendix: Thermal Reflow Simulation 

Thermal reflow process is used to reshape PR patterns into the PR “bridge” 

and micro-lens in the proposed 3D stacking approach. Thermal reflow involves 

complex physical and chemical reaction. The PR viscosity, adhesion effect, 

surface tension, internal stress of the PR layer, gravity, reflow temperature, 

and reflow time all influence the final shape of PR patterns [140, 175, 176]. 

Both Analytic and numerical models have been studied to simulate the reflow 

phenomenon [139, 142, 177]. Compared with an analytic model, a numerical 

model is more accurate and straightforward to apply. In this appendix, 

COMSOL multiphysics and specifically computational fluid dynamics (CFD) 

module, which packages all types of analysis tools for fluid flow in single or 

multiple phases, is used to simulate the thermal reflow process [177, 178]. In 

the 3D stacking approach, after the temperature reaches the glass transition 

temperature of the PR, the PR pattern can be considered as an impressible 

fluid neglecting the solvent evaporation. The impressible Navier-Stokes equa-

tion that includes the surface tension and gravity is: 

  
  

  
                                

Where u is fluid velocity, µ is the dynamic viscosity of fluid,   is the fluid densi-

ty,   is the surface tension coefficient,   is a Dirac delta function, p is the pres-

sure and k is the interface curvature. In our model, the fluids are air and PR AZ 

40XT, the density and viscosity of which are shown in Table A-1.  

Table A-1 the property of fluids 

 Air AZ 40XT 

Density (kg/m3) 1.225 1050 

Dynamic Viscosity (Pa·S) 1.79×10-5 2.1 

Two-phase flow, level set method [179] is used to simulate the thermal re-

flow of PR profiles. The basic idea of the level-set method is smoothing the 

jump of density and viscosity at the interface between two fluids using level 

set functions, those are: 
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Where   is the level set function, and its value is varied from 0 (air) to 1 (PR), 

and the fluid interface is represented as the contour of      . The contact 

angle 30o measured from experimental results is used as the boundary condi-

tion between the PR pattern and the substrate [180]. 

 A lens formation model is built to mimic the reflow performance of the pre-

defined ultra-thick PR pattern, shown in Figure A-1 (a). The dimension of the 

PR cylinder is the same as the cylinder size in chapter 4, that is, the diameter is 

80 µm and the height is 40 µm. In the simulation, the symmetric character of 

the cylinder is applied to save the computation time. After reflow, the stabi-

lized shape of the PR lens is shown in Figure A-1 (b). The cylinder is an ideal 

semi-sphere, as we see in Figure 4-16, in chapter 4. From the cross section of 

the lens (see in Figure A-1 (c)), we can see the footprint of the PR pattern is 

expanded, which was also observed during the experiment in chapter 4. 

 
(a)                                                                           (b) 

 
(c) 

Figure A-1 A cylinder reflow model in COMSOL: (a) The model before reflow; (b) The 
model after reflow; (c) A quarter of the lens’ cross section  
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Similarly, a PR “bridge” formation model is built in COMSOL. As discussed in 

chapter 3, 4, 5, the profile of the PR layer after spinning is not uniform due to 

the topology effect during the spinning process. An approximate cross section 

of the PR block is shown in Figure A-2 (a), which is filled in color red and sur-

rounded by air (in color blue). The “rainbow” in between depicts the interface 

between Air and AZ 40XT. After reflow, the final shape of the cross section is 

depicted in Figure A-2 (b). The edges on both sides of the PR pattern are 

smoothed. 

 
(a) 

 
(b) 

Figure A-2 A simplified PR block model in COMSOL: (a) The model before reflow; (b) 
The model after reflow 

The simulation models primarily show how the PR pattern changes its shape 

during the reflow process. It could be used for PR pattern shape prediction 

based on the 3D stacking approach when integrating different components.  
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Acronyms 

3D three-dimensional 

Al aluminum 

ASIC application-Specific Integrated circuit 

AWG American wire gauge 

BER bit error rate 

CAGR compound annual growth rate 

CDR clock and data recovery  

CFD computational fluid dynamics 

CMOS complementary metal-oxide semiconductor 

CPU central processing unit 

DC data center 

DAC direct attached copper 

EB effective bandwidth 

EoFC  Ethernet over Fiber Channel 

FEM Finite element method 

 FIB focus ion beam 

IC integrated circuit 

I/O input/output 

GI-MMF graded-index multimode fiber  

GSG ground-signal-ground 

IP internet protocol 

KGD Known good die 
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MIF metal ion free 

NIC network interface card 

NRZ non-return-to-zero  

OE opto-electrical 

PCB printed circuit board 

PD photodiode 

PR photoresist 

RF radio Frequency 

RIE reactive ion etching 

SEM scanning electron microscope 

Ti titanium 

TIA/LA transimpedance amplifier/ limiting amplifier 

TMAH tetramethyl ammonium hydroxide  

ToR top of rack 

VCSEL vertical-cavity surface-emitting laser  
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