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Abstract 

 

 
ITH the ever increasing rate of data generation, the demand for data 

communication is growing accordingly. To meet this demand, data centers 

are scaling up, with a considerable portion of data traffic taking place within the 

data center. Optical interconnects have been proposed to replace copper wires for 

data transport, because electrical connections cannot scale to meet the demand of 

multiple tens of Gigabits per second (Gb/s) over distances larger than several 

meters. As the typical capacities for even the inter-rack links scale to 100 Gb/s 

and beyond, more and more optical interconnects are needed to support ever 

shorter connections. These short optical interconnects traditionally make use of 

vertical-cavity surface-emitting lasers (VCSEL) and multimode fibers, offering 

the lowest cost option. 

Transceivers, converting electrical signal into the optical domain and back, 

are essential building blocks in these interconnects. As the production of 

transceivers continues to grow, manufacturers of such modules are under constant 

pressure to deliver low cost, small form factor and high bandwidth solutions. 

Most of the commercially available pluggable transceivers employ wire bonding 

technique in their packaging process, which limits radio-frequency (RF) 

performance. State-of-art platforms are exploring flip-chip bonding technique on 

multiple carriers such as flexible printed circuit boards, glass substrates and 

silicon substrates, where bonding wires are replaced by imprinted metallic traces. 

Flip-chip technology shortens the traces between electronics and optics, enabling 

better RF performance and higher density at the same time. Among these 

platforms, silicon carrier is a good candidate for integrating transceivers because 

of its compatibility with the mature CMOS technology and its high heat 

conductance. However, through silicon vias (TSV), fabricated to allow for optical 

access to/from the opto-electronic dies, require complicated and expensive 

processing. In this research, we focus on 850 nm VCSEL based transceivers, and 

develop cost-effective transceiver integration methods based on 3D patterning of 

high-resistivity silicon wafers and embedding of BiCMOS and opto-electronic 

chips on these wafers.  

W 
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In order to create the suitable integration platform for high density optical 

interconnects, several challenges have been solved. The 3D structures are created 

by a low cost method, namely anisotropic wet etching of silicon, making use of 

etching along silicon crystal facets. For the purpose of lithographic patterning, an 

extra wet etching is performed to round the corners, which are formed by the 

remained crystal facets. The resulting smooth edges allow uniform spin coating 

of photoresist on the 3D topological wafer, as well as the formation of metallic 

traces using electro-plating along the slanted sidewalls to connect different height 

levels. Gold bumps are also created in the electro-plating process for the 

connections with opto-electronics dies. In addition, vertically opened TSVs are 

created by a double-sided wet etching process. 

With the developed techniques, firstly, a 12-channel 10 Gb/s optical 

transmitter and receiver are packaged separately, offering 120 Gb/s data capacity 

within an area of 50 mm2. In addition, a duplex 4 × 25 Gb/s optical transceiver is 

packaged, using four separate dies on a single silicon interposer, fabricated using 

the same process flow. Secondly, to further increase bandwidth density, a wet 

etched three-level silicon interposer concept for 3D embedding the opto-

electronic and BiCMOS chips is conceived. Two dies are placed on the top of 

each other (but not in contact), assisted by the silicon interposer, and the form 

factor is scaled down to a half of the previous module, to measure as little as 24 

mm2. In this 3D demonstration, thermal crosstalk is creatively solved by creating 

an isolating air-gap between the dies, by creating 3 different levels in the 

interposer. After full characterization, the packaged modules exhibit uniform 

performances and extend operation up to 20 Gb/s, which is twice the chip’s 

design spec.  

For further increase of port counts, 2D optical interconnects are a logical 

extension of the work, but 2D-array chips are not commercially available. To 

conclude the research work, we also propose a packaging approach to achieve 2D 

optical inputs/outputs for terabits-class assembly. In order to have full optical 

access to the module, a compact low cost optical interface (OI) is designed with 

up to 64 lanes. A 48-channel demo is made using four commercial 1D arrays of 

12 VCSELs, flip-chip bonded on the silicon interposer and coupled with the OI 

through the wet etched optical vias. The assembled 4 × 12-channel optical 

transmitter module offers a maximum data rate of 0.72 Tb/s. Following that 

demonstration and using improved chip placement and chip specs (running at 25 

Gb/s per lane) a 4 × 4-channel receiver and transceiver offering 0.44 Tb/s data 

rate were also demonstrated. In addition, 4 × 12-channel optical transceiver using 

the same novel approach while exploiting 25 Gb/s devices can be applied to 

demonstrate 1.2 Tb/s sub-systems. 
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To summarize, based on lithographically patterned silicon interposer, we 

propose three packaging approaches for opto-electronic integration for optical 

interconnects. In these packaging approaches, electrical connections, optical 

access and thermal dissipation are holistically optimized by means of the 

proposed silicon interposers. The compact novel fabricated sub-modules and the 

excellent test results underline the high potential of designed silicon interposers 

for applications in future optical interconnect modules, of which the data capacity 

will eventually reach 1 Tb/s. 
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Chapter 1  

 

Introduction 

 

 

1.1 Data Centers  

In the past decades, Internet has already drastically changed every aspect of our 

lives. Nowadays, based on the evolution of the Internet, emerging smart devices 

are starting to “talk” to each other bringing great benefits. A simple example can 

be you driving home, while the heating system of your house turning the heating 

system on automatically. Such scenarios bring comfort as well as energy savings 

without human involvement. This scenario is in fact easy to realize: through the 

Internet, your smart phone shares your GPS information with the temperature 

sensor of the heating system which in turn switches the heating system. This 

concept is sometimes referred to as the Internet of Things (IoT), in which 

autonomous devices communicate with each other to achieve simple added 

comfort [1]. In other words, without the involvement of humans, the generated 

data of smart devices can be shared and processed between “things”, leading not 

only to the creation of data but leading also to appropriate and efficient actions, 

hence a new era of the Internet [2]. Smart cars improve safety and traffic flow on 

the road; smart hospitals save critical time for patients. IoT can result in a higher 

standard of living and will rely for a large part on the availability of high 

throughput communication networks.  

IoT creates thousands of terabytes of data (1012 bytes) every minute [3]. This 

huge amount of data needs to be exchanged and processed within cloud storage 

and computers to support the desired IoT like functionality. The connectivity, 

speed, and reliability of communications are crucial for the IoT. Apart from IoT, 

multimedia streaming, social networking services and big data analysis are all 
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relying on cloud services, and connectivity together with cloud services, have 

become a significant part of our modern lives.  

In order to exchange the unprecedented amounts of data, being generated not 

only by people but also by things, cloud services are exponentially growing. The 

cloud, whose physical embodiment are Data Centers (DCs), is a large scale 

infrastructure where networked computers are installed. Hyper scale DCs consist 

of a multitude of servers as computing nodes, storage subsystems and 

interconnections with the appropriate networking cablings, accompanied by 

highly engineered power and cooling systems [4]. Besides, DCs require high 

capacity and high speed connections for improved networking within and 

between DCs. Big cloud services providers, such as Google, Facebook, Microsoft 

and Amazon are already rolling out their hyper scale DCs to support the 

unprecedented data growth [5]–[7].  

1.1.1 Increasing Data Traffic 

Economies of scale have pushed the design of DCs into what is often referred to 

as hyper scale DCs. As shown in Figure 1.1, Cisco’s global cloud index predicts 

that the amount of global traffic crossing the Internet and IP wide area networks 

(WAN) will reach 20.6 ZB (1021 bytes) by 2021 [8]. This represents a 25% 

Compound Annual Growth Rate (CAGR). According to this projection, a 

continuous pressure for the development of higher speed communications can be 

foreseen. 

 

Figure 1.1: Prediction of data traffic growth [8]. 

In addition, only a small portion of data moves between DCs and users. This is 

clearly evident from Figure 1.2 which splits the traffic according to its 

destination. East-west traffic (traffic within the DC and traffic between DCs) will 

represent more than 85% of total data traffic by 2021 and as much as 71.5% of 
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the network capacity is used to transfer data between computing nodes inside a 

DC. Moving information stored in different servers becomes more difficult, as a 

result of the increasing number of servers in the DCs. The required data has to 

pass more switching nodes to reach the end user/server. The network architecture, 

which interconnects all of the data center resources together, steadily gains in 

importance and receives more and more attention in the design process of future 

data center deployments. 

 

Figure 1.2: Global data center traffic by destination in 2021. The portion of traffic 

residing within the data center will be 71.5% [8]. 

1.1.2 Data Center Network  

In the DC, servers are housed in individual racks and are interconnected to each 

other through the top-of-the-rack (ToR) switches. A data center network (DCN) 

is a system of switches and servers and the interconnections between them, which 

should be scalable and efficient to connect tens or even hundreds of thousands of 

servers to handle the growing demands of the cloud service provider [9]. Many 

types of architectures have been designed to offer flat, flexible and fast DCNs.  

 

Figure 1.3: Folded-clos data center network architecture, implemented with two layers 

of 8-port switches provides four different paths between any pair of servers [10]. 
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Nowadays, the traditional tree like topology is evolving to a three-layer 

architecture with the aim of alleviating some of the bottlenecks in latency and 

bandwidth, which are plaguing mutli-tier (>3) architectures [11]. The three layers 

includes: the access layer, where ToR switches usually connects 40-80 servers 

placed in a rack; the aggregation layer, where traffic is aggregated from the ToRs 

and redundancy is guaranteed so that each ToR is connected with at least two 

aggregation switches through multiple high speed links; and finally the core 

switches, at the top of the hierarchy, where aggregation switches interconnect to 

each other and to the network outside of the data center [12].  

As shown in Figure 1.3, a Fat-Tree architecture can be one specific 

manifestation of a three-layer topology, offering fast and easy virtual machine 

mobility within the data center [10], [11]. Fat-Tree architecture consists of k pods, 

each of which consisting of k/2 edge switches and k/2 aggregation switches. Edge 

and aggregation switches are connected as a clos topology and guarantee full 

bisectional bandwidth in each pod. Also, issues with oversubscription, costly 

aggregation and core switches, fault tolerance, and scalability are resolved.  

However, data traffic across the internet has grown by about a factor of 100 

over the past 10 years, and if predictions are true this exponential rate is set to 

continue in the coming years. To cope with that growth, improvement of 

performance of DCN needs to meet a factor of 100-1,000 every decade [13]. The 

projected advancement in computation power and associated networking 

capacity imposes a set of stringent requirements on the underlying DCN and DCN 

equipment [14].  

Capacity 

An increasing fraction of data centers are migrating to warehouse scale 

computing, mostly thanks to the continuous growth of major players such as 

Google, Amazon, Facebook and Microsoft. As the vast majority of the data 

communication is taking place within the DC, the DCN is required to continue to 

provide connectivity at ever higher capacity. For instance, a data center hosting 

over 100,000 servers, each capable of 10 Gb/s bandwidth, would require an 

internal Pb/s (1015 bit/second) capacity to support full-bisectional bandwidth 

communication among the servers.  

Being a centralized network, the robustness and scalability of core and 

aggregation switches is critical for high performance DCNs. Besides, there will 

be a huge demand for capacity on the connections between switches and servers 

in case of multicast or large payloads traffic. With the increased focus on massive 

data transfer and near-instantaneous data migration in the network, capacity 

bottleneck of connections between access-layer switches becomes critical. 
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Cost/Power-efficiency 

A hyper scale DC, hosting over 100,000 servers, represents a significant 

investment in the hardware, such as infrastructure, servers and network. Cost-

efficiency is the first requirement for all levels of components in the DC. Aside 

from the high costs of building and populating a DC with the required hardware 

and software, the main expenditure for keeping a DC operational is the cost of 

energy [15]. Power-efficiency is another key requirement for reducing the 

energy-related costs, and efficient power use may help scaling the bandwidth 

performance of the DCN as more energy is made available for networking. 

Assuming a growth of performance of a factor of 100-1000 every ten years, and 

observing current DCs requiring >100 MW of power, it is clear that the power 

demand cannot keep on scaling with the computing power. Therefore, all sub-

systems in the DC are required to reduce their power consumption while 

improving their performance. Data transport, for example, if scaled up using 

today’s typical energy consumption of 20 pJ/bit will consume up to 20 MW in 

2020 [13]. As this is only a fraction of the total energy consumption of the DC, it 

is clear that radical reduction of energy consumption of networking needs to take 

place. In this sense, power and operational cost efficiencies are linked and 

demand significant engineering efforts [16].  

High radix/port counts 

In order to enable full-bisectional bandwidth DCNs, while keeping the number 

of tiers to a minimum (preferable 3 or less), high radix switches are required. 

Such switches will also reduce the latency and the number of switching racks 

[17]. Further scaling of DCNs can only be supported as long as the physical hosts 

can be interconnected. The larger the number of servers the wider the network 

needs to be to accommodate them. While the application specific integrated 

circuits (ASICs), at the heart of DCN switches, may be able to follow Moore’s 

scaling rule, the interconnecting of the switches to each other and to the servers 

may hit the front-plate bottleneck [18]. Future architectures of switching systems 

will therefore need to come up with denser interconnect solutions to solve this 

bottleneck. 

Bandwidth density 

DCNs will also encounter more significant cabling problems, when trying to 

connect ever higher radix switches. Besides, the number of cables required 

between layers will also increase with the addition of switches. The wider the 

switches, the more interconnects are required. The DCN must insure that cabling 

plants have sufficient interconnections. This in turn can be solved by scaling 

down the size of the switches and accompanying interconnection modules. In 
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addition, the losses and distortion on the links will be smaller, when data is sent 

over shorter distances, which will in turn reduce the power consumption. Another 

benefit is cost reduction, since smaller space always requires less resources in 

both ToR switches and DCs. 

 

In summary, in order to achieve the required performance enhancements of 

DCs and DCNs, when faced with the exponential growth in the number of servers 

and bandwidth, major innovation in all segments of the DC are needed. Since the 

importance of the network increases, novel solutions for interconnecting 

switching nodes and servers are needed to deliver the projected performance.  

1.2 Optical Interconnects 

 

Figure 1.4: Penetration of optical interconnections. Commercial electrical and optical 

links in bandwidth-distance products [19]. 

Optical interconnects offer a higher bandwidth-distance product when compared 

with electrical links [20]–[22]. It is a promising way to propagate high speed 

signals with limited distortions. It is therefore not surprising that optical 

interconnects have taken over most if not all of the communication links for 

distances exceeding several kilometers. Additionally, low attenuations and 

reduced crosstalk are critical features when the bit rate increases, which represent 

big challenges for electrical links. Because of these advantages, optical 

interconnects have been employed for the DCN interconnections on a large scale. 
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As the requirement of bandwidth increase, the optical interconnects may also start 

to take the place of the existing electrical routes between chips. In Figure 1.4, 

commercial optical and electrical links are shown as a function of bandwidth and 

distance. Optical technology is chosen when bandwidth-distance product is larger 

than 100 Gb/s·m [19]. While optical interconnect may offer higher capacity at 

improved performance the eventual choice between using optical or electrical is 

driven by cost. When the cost of optical interconnects goes down, the boundary 

may move to the left, and more optical links may find their way into systems at 

even lower bandwidth-distance product values. 

During the last decade, optical interconnects have established their dominance 

for rack-to-rack (machine-to-machine) communications [18]. Scientists devote 

themselves to seeking ways to adapt optical interconnects to shorter electrical 

interconnects, in order to meet the requirements of DCNs.  

The optical interconnections are in fact relying on electro-optical transceivers, 

which convert electrical signals from an ASIC to optical signals for transmitting 

data, and back to the electrical domain for processing. The basic elements of a 

transceiver includes a transmitter unit, composed of laser driver (LD) and a laser 

diode, and a receiver unit, composed of a photodiode (PD) and a trans-impedance 

amplifier and limiting amplifier (TIA/LA). A schematic drawing is shown in 

Figure 1.5. For different transmission distances, depending often on the type of 

fiber used, transceivers are classified as multi-mode (MM) short reach (up to 

hundreds of meters) transceivers and single-mode (SM) long reach transceivers 

for distances beyond 500m.   

 

Figure 1.5: Schematic drawing of parallel optical transceiver, including transmitter unit 

(LD and VCSEL) and receiver unit (PD and TIA/LA). The blue arrows represent 

electrical signal transmission, while red arrows represent optical paths. 

Because large portion of data traffic stays within the DC, often implying that 

the required connections are within hundreds of meters, this thesis will focus on 

MM short reach transceivers, and in particular on the use of MM vertical-cavity 

surface-emitting lasers (VCSELs) in the 850 nm wavelength range. This kind of 

transceivers is by far the dominant technology of choice, because they are much 
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cheaper on component level (VCSEL and PD) [23]. The state of art research on 

VCSEL based transceivers will be further illustrated in the next chapter.  

According to the requirements of DCN summarized above, a transceiver 

should firstly support high data rate. In addition, exploiting parallel optical 

channels is a good way to achieve higher radix/port count. As the bandwidth and 

channels counts increase, the transceivers should also scale down in size, energy 

consumption and cost to allow for large scale deployment of optical 

interconnections. 

1.3 Roadmap of Photonics in ToR Switches 

As discussed above, with the increasing capacity of links within the DCN, optical 

interconnects will eventually replace the traditional copper-based connections. 

This may eventually lead to optical interconnects becoming closely integrated 

within switching systems, offering more cost-effective solutions and higher data 

rates. As shown in Figure 1.6, a roadmap of photonics in ToR switches has been 

proposed [24], [25]. In this roadmap, current pluggable transceivers will migrate 

to on board transceivers with higher bandwidth and smaller form factor. The next 

steps will be moving into the ASIC package and even integration with the ASIC 

chip. 

 

Figure 1.6: The road map of photonic integration [24]. Optical interconnects for rack-to-

rack, board-to-board (on-board), chip-to-chip and finally intra-chip (on chip) data 

communications. 

1.3.1 Pluggable Transceivers 

Currently, the pluggable transceivers are implemented at the edge of the ToR 

board, for electrical and optical data conversion, and optical interconnects are 
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realized between racks. Various electro-optical transceivers have been used for 

data center application at the front panel of the switches [25]. A standard 

electrical interfaces is used for easy replacement of transceiver module in case of 

failure. Popular form factors are small form factor pluggable (SFP) [26], Quad 

SFP (QSFP) and 12-SFP (CXP) [27] for 10 Gb/s interfaces. A cost-effective 25 

Gb/s interface is called QSFP28 which currently supports 4 × 25 Gb/s links, and 

emerging QSFP double density (QSFP-DD) and Octal SFP (OSFP) will support 

in the near term future 200 Gb/s and 400 Gb/s Ethernet [28], [29].  

The use of pluggable transceivers is well-established in current DCNs. 

However, the use of pluggable transceivers means that the electrical signals have 

to propagate from the switching ASICs, along the switch board to the card’s edge. 

Power consumption and electrical distortion become apparent when reaching 

higher data rate. Besides, in a single rack, the available space in the front panel 

limits the scaling of electrical interface and heat dissipation of pluggable 

transceiver, referred to as the front-panel bottleneck [18]. As a result, the 

possibility to connect all the channels available in the ASIC to the outside world 

will not meet the demands of bandwidth scaling. A recent example of a state-of-

the-art switch, the Edgecore Networks AS7816-64X, has been forced to occupy 

2 rack units, in order to accommodate the 64 QSFP28 modules, since the ASIC 

silicon was designed to support up to 64 ports 100 GbE at 6.4 Tb/s [30].  

1.3.2 On Board Optics 

An alternative to pluggable transceivers is to place the transceiver on the printed 

circuit board (PCB) of the ToR. This kind of packaging solution is often referred 

to as on board optics. In this way, most of area of the PCB can be saved and 

electrical traces carrying high speed data signal to and from the ASIC can be 

made an order of magnitude shorter (<10 cm). A switch with dimensions of 20 

cm × 20 cm, which only occupies a quarter of the space of a typical switch (using 

pluggable transceivers), has been developed in TU/e within the COSIGN project 

[31]. In this design, the on board transceivers are placed as close as possible to 

the ASIC, and the rack unit can support a total of 4 × 128 × 10 Gb/s ports or 4 

times that of a standard switch [32].  

When using on board optics, larger port-count and bandwidth density are 

achieved without the limitation of area in the front panel. From the cost point of 

view, more energy-efficient electrical interfaces and smaller PCB boards are used 

to reduce the total cost.  

There are several mid-board transceiver modules available in the market. 

Among those, we identify the TE Connectivity mid-board optical module relying 

on 25 Gb/s components [33]. In an effort to further increase data rates, Finisar 
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has already presented mid-board transceivers operating at 28 Gb/s using multi-

mode with 12 channels VCSEL transmission [34]. Avago has released the 

products MicroPod and MiniPod [35], [36]. The standards and the specifications 

of an on board optics is still being developed by the consortium for on-board 

optics (COBO) [37], and the adoption of on board optics for DCs is still pending. 

1.3.3 Optics on Package/Processor 

Driven by Moore’s law, the performance of integrated circuits (IC) is doubling 

every 18 months [38]. This “law” can also be applied to the switching ASICs. 

The ASIC may require high speed/high current signals connections, as well as 

numerous ground and power distribution connections, which are all provided by 

a ball grid array (BGA) package. The number of solder balls on a chip is projected 

to grow slowly comparing with the requirement of interconnects. Specifically, it 

is foreseen that there will be more than 10,000 connections needed for a 

semiconductor chip to realize the trends of terabits scale interconnections [39]. 

BGA package will eventually reach its limit in terms of supported off package 

interconnects [18], [40]. Until now, the International Technology Roadmap for 

Semiconductors (ITRS) has no solution for pin counts greater than 6500 [41]. In 

the future, the number of pads on the bare die will meet the same problem in off 

chip interconnects, when more I/O bandwidth is needed. There are two possible 

ways to increase the bandwidth of a switch ASIC package/die: either increasing 

the bit-rate per single channel, or taking I/O pins from the top of the package/die. 

Employing the surface area of ASIC package/die for optical interconnects can be 

a solution as demonstrated several years ago [42]. However using the silicon for 

making the front end analog driver and trans-impedance amplifiers consumes 

valuable Silicon area. A packaging solution for optical transceivers with an ever 

smaller footprint is needed, so that they can be integrated on the surface of the 

ASIC die or in the ASIC package. 

1.4 Challenges for Opto-Electronic Integration 

Following the optical interconnection roadmap and replacing the existing 

electrical interconnects by integrating the transceivers closer to ASICs is very 

challenging. Researchers and manufacturers of transceiver modules are under 

constant pressure to deliver lower cost, smaller form factor and higher bandwidth 

solutions. In general, the cost of a complete optical transceiver module is still 

high, compared to electronic variants. This is mainly due to the high cost of 

packaging the electronics and optics, especially for small form factor packaged 
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module [43]. During packaging, both electrical and optical connections should be 

holistically considered for improved testability and assembly. Proper thermal 

design and heat dissipation solutions are also essential for the transceivers to 

operate under optimum conditions.  

Electrical connections 

Electrical connection is the first challenge for opto-electronic integration, in 

order to have lower propagation losses (better power consumption) and improved 

data signal transmission. Especially, for high data rates, electrical interfaces have 

to be designed to support high bandwidth. Therefore, impedance matched 

transmission lines (TML) are required to reduce reflections and propagation 

losses. The geometry and the choice of materials need to be taken into 

consideration, in order to control the impedance. In addition, crosstalk between 

channels has to be kept low, when designing parallel interconnects. In most 

current assemblies, wire bonding interconnecting techniques are used [44]. At the 

high frequencies, the high inductance of wires lead to high reflections and losses. 

In this case, some additional integrated circuits such as clock and data recovery 

(CDR) and feed forward equalization (FFE) have to be placed to recover the 

signal shape, which will result in additional assembly cost and power 

consumption. 

Optical interfaces 

Apart from electrical consideration, the coupling to the outside world - optical 

access, is a crucial aspect of the opto-electronic packaging. The alignment 

between optical ports and fibers requires precise coupling techniques. Any 

mismatch will impair the coupling efficiency and the performance of the optical 

module. This is even more challenging, when alignment is needed between arrays 

of emitters/detectors and parallel fibers. Some standard optical interfaces only 

support up to 12 channels, but for high radix interconnects, more connections are 

needed in parallel, and there is not a low cost solution for that. Developing an 

optical interface for multiple I/Os, while considering low loss and cost, is clearly 

another challenge.  

Thermal management 

Temperature and specifically elevated temperatures affect the performance and 

reliability of chips, especially for optoelectronic components. From their 

manufacturing through to their effective use, components are exposed to various 

thermal conditions. Optimizing the heat transfer between the components and the 

package will improve the reliability of the packaged photonic component within 

the given system. Thermal conductivity and the coefficient of thermal expansion 

(CTE) are fundamental thermal properties when designing the package [45]. For 
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packaging photonic components a special heat conduction path needs to be 

designed, because often the space is taken by the required optical interface, which 

is different from traditional electronic packages. 

 

As discussed above, the final decision on whether to use an optical or an 

electrical interconnect for data communication is made depending on the cost. 

The total cost of a module is a combination of many factors. From the 

manufacturing/assembly point of view, mass production should avoid point-to-

point assembly steps such as wire bonding. Flip chip bonding, which overcomes 

the need for wire bonding, cannot be easily performed on a standard PCB because 

of the small pitch between pads on the chips. However, not all alternative 

interposer solution will offer adequate heat conduction. Fiber alignment and 

placement are another challenge in optical packaging, especially for parallel fiber 

channels. The arrangement of different components, such as chips, optical fibers 

and heatsinks, in a module is a complex process, which will increase the cost 

when a small form factor is needed. 

1.5 Scope of the Thesis 

1.5.1 COSIGN Project 

The research work in thesis is based on European Union’s Seventh Framework 

Programme for Research (EU FP7) - Combing Optics and SDN In next 

Generation data centre Networks (COSIGN) [46]. FP7-COSIGN is positioned at 

the forefront of DC research worldwide by proposing a vertical approach that 

addresses DC architectural as well as control plane and data plane issues to 

accommodate future ultra-high bandwidth intra- DC applications.  

In the context of COSIGN, this work is a part of work package 2 (WP2) - High 

performance optical subsystems & devices, and exploits the latest research on 

opto-electronic integration for the demanding DC applications. Since, short reach 

interconnects are by far the more popular type of interconnections, this work 

focuses on the assembly of 850 nm MM VCSEL based transceivers using passive 

silicon interposers. 

1.5.2 Novel Contributions to the Field 

The main contributions of this thesis include: 

 Wet etching of the silicon interposer has been introduced to enable a low 

cost wafer level packaging approach for opto-electronic integration. The 
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etching steps are developed to realize well defined and metal patterned 

silicon recessed areas for the positioning of the chips, and optical through 

silicon vias (TSV) for vertical light coupling. 

 The impedance matched electrical connections are designed and 

fabricated by lithographic processes on non-flat surfaces. 

 The process flows for silicon interposers are designed for different 

integration schemes.  

 The optical transmitter, receiver and transceiver sub-assemblies have 

been packaged using the 2.5D packaging approach on a wet etched 

silicon interposer. 

 Ultra-compact optical transmitter and receiver are demonstrated in 3D 

packaging approach based on a 3-level etched silicon interposer. An air 

gap for thermal isolation is introduced, which creatively solves the heat 

coupling between electronics and optics. 

 A low cost optical interface (OI) is designed and assembled for 2D 

optical matrix ports. The developed OI offers vertical coupling between 

a fiber ribbon and the VCSEL/PD on top of the silicon interposer, 

benefitting from expanded light beams created by the lenses at the end 

face of the connectors. This high potential platform will support up to 64 

lanes, with 16-fiber ribbons in 4 rows. 

 Terabit/s class 2D optical module have been demonstrated with 4 pairs 

of electronic and photonic dies on silicon interposers in different matrix 

types. 

1.5.3 Organization of the Thesis 

In Chapter 2, the state-of-art in optical transceivers will be reviewed. After that, 

the packaging approaches based on silicon will be proposed, and the general 

process flow will be demonstrated. The main steps of process will be also 

illustrated.  

In Chapter 3, silicon interposers are designed for 2.5D assembly of 120 Gb/s 

transmitter and receiver, as well as a 100 Gb/s duplex transceiver. Impedance 

matched traces, for the high speed signals of the BiCMOS and opto-electronic 

dies, are designed and patterned on the silicon interposer. The process flow of the 

silicon interposer patterning is demonstrated. Assembled transmitter receiver and 

transceiver sub-assemblies are characterized.  

In Chapter 4, a packaging scheme based upon 3D embedding is proposed for 

120 Gb/s transmitter and receiver assemblies. Using three steps of wet etching of 

silicon, a multi-level cavity is formed for 3D embedding and flip-chipping optical 

and electrical dies, and opening optical TSVs. The process flow is detailed. A 50 
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μm thermal isolation air gap is formed between dies as part of the assembly 

concept without any additional process steps. Thermal simulation and experiment 

are carried to validate its effectiveness. 

In Chapter 5, 2D optical inputs/outputs (I/Os) are proposed using a pre-

processed passive silicon interposer. 4 × 12-channel optical modules are designed, 

assembled and tested for terabits class data communication. A single optical 

connector is proposed and fabricated, and the alignment tolerance of this 

suggested optical connector is tested. The electrical interface, for the connection 

of BiCMOS ICs and opto-electronic dies, is designed and patterned on the silicon 

interposer. The process and assembly of the silicon interposer is also detailed. 

The performance of the packaged modules are also characterized.  

In Chapter 6, the 2D optical I/O scheme of Chapter 5 is employed for 25 Gb/s 

chip sets, with improved placement. The wafer level process produces silicon 

interposers for 4 × 4-channel and 2 × 8-channel transceiver configurations. Ultra-

compact receiver and transceiver are demonstrated, which are compatible with 

emerging QSFP-DD, offering >10 Gb/s/mm2 bandwidth density. 

Finally, in Chapter 7, the main results are summarized and possible future 

research work directions are discussed. 

 



 

 

 

Chapter 2  

 

Fabrication and Assembly Technology 

 

2.1 State-of-Art of Optical Interconnects 

In Chapter 1, the roadmap for optical interconnects in data center switches is 

presented, along with the demands for high capacity, high speed and reliable data 

communication. Optical interconnects, a key component in the DCN, have been 

developed and deployed by using different approaches. In this chapter, firstly, 

state-of-art research will be reviewed. After that, the concept and fabrication 

process steps for the proposed novel opto-electronic assembly will be presented 

and discussed. 

2.1.1 Silicon Photonics 

Massive researches focus on the use of silicon photonic ICs [47], which are 

mostly fabricated on silicon on insulator (SOI) platforms. SOI wafers are 

composed of a high quality crystalline silicon layer over a buried silicon dioxide 

(SiO2) layer and a bulk silicon support layer. The top silicon layer can be used to 

fabricate optical waveguides and devices, because the buried SiO2 enables light 

propagation on the basis of total internal reflection on the top Si layer [48]. Due 

to the high refraction index contrast between silicon (~3.45) and SiO2 (~1.46) at 

telecommunications wavelengths (1550 nm), the light can be confined in small 

size waveguides. Therefore, compact photonic devices can be designed and 

fabricated. Moreover, another great advantage of silicon photonics is CMOS 

compatibility, for that it can share the standard machines and resources used in 

CMOS industry for the chip fabrication and performance testing.  

Silicon photonics has been used in commercial transceiver products for DC 

applications. Luxtera has announced 100 Gb/s transceivers with links up to 4 km 

[49]. Cisco CPAK® [50] modules offer a selection of coarse wavelength division 
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multiplexing (WDM) based 100 Gb/s connectivity solutions. Utilizing CMOS 

technology, these devices are mass manufactured at a lower cost [51]. However, 

because silicon is an indirect bandgap material, light emitting is difficult to realize 

on the silicon platform. Lack of light sources becomes a big challenge for silicon 

photonics. External light source is then needed, which requires additional 

bonding and coupling processes, which inevitably increase the cost of the 

modules. 

2.1.2 VCSEL Based Optical Interconnects 

A popular type of semiconductor laser source is vertical-cavity surface-emitting 

lasers (VCSEL), which is a laser diode with laser beam emission perpendicular 

to the chip surface. VCSELs are today the most efficient, lowest cost, and most 

widely used laser source for interconnects due to their low threshold current, 

small size, direct modulation and wafer level testing capabilities, as well as their 

ability to be integrated in multi-component arrays [52]. VCSELs have prevailed 

in short reach (up to hundreds of meters) interconnects using MM fiber and 

operating at 850 nm [53], [54]. Besides, VCSELs operating at long wavelengths 

have also been developed for long reach optical interconnects [55], [56]. High 

speed VCSELs at 1550 nm have been reported, enabling data transmission at bit 

rates up to 35 Gb/s in data communication applications [57] . 

Because the data traffic inside DC accounts for most of the traffic, short reach 

interconnects, which are constrained to distances below 300 meters are 

dominating the optical interconnect market. Extensive research has focused on 

850 nm VCSELs together with their BiCMOS driver design for high bandwidth 

short reach optical interconnects in data center applications. In [58], IBM 

demonstrated single channel data capability at 71 Gb/s NRZ modulation through 

co-design of BiCMOS driver and VCSEL. In addition, other modulation 

techniques such as multilevel pulse amplitude modulation (PAM) has been 

explored. 8-PAM and 4-PAM have been demonstrated in a short-link using an 

850 nm VCSEL [59]. Since not only faster single channel operation is needed but 

also an increase in the number of channels, multi-lane solutions using arrays of 

VCSELs are also under investigation. VCSEL based parallel optical 

interconnects are also summarized in [53], [60], [61]. The main challenge for 

parallel optical transceiver design is the packaging of the components.  

As discussed in section 1.4, electrical interconnection between dies is one of 

the challenges in opto-electrical integration. Traditional wire bonding is not a 

suitable technology in opto-electrical packaging, because the high inductance of 

bond wires limits their RF performance. In addition, bonding wires will take up 

significant package space, so it is difficult to achieve small form factor for high 
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bandwidth density applications. Therefore, state-of-art optical transceiver 

assemblies are exploiting flip chip bonding technology on different carriers. A 

non-exhaustive summary of these will be discussed in the next section, together 

with the introduction of flip chip bonding techniques. 

Flexible printed circuits 

Printed Circuit Board (PCB) is a standard electrical packaging platform, which 

offers multi-layer interconnections. However, the resolution of printed circuits is 

not sufficient for flip-chipping of opto-electronic dies. Alternatively, PCB based 

on flexible printed circuits (FPC) offers higher resolution, and polymer 

waveguides and lenses can be fabricated at same time. Fujitsu proposed FPC 

based optical transceivers packaging, where the dies were directly assembled on 

the designed layout [62]. As shown in Figure 2.1, flip chip bonded VCSEL/PD 

coupled with special design polymer waveguide at the bottom side of FPC have 

been realized. High speed up to 40 Gb/s performance is achieved [63]. Besides, 

48-channel transmitter and receiver with a standard 1 mm pitch pin grid array 

(PGA) compatible connector were also developed in [64]. 

 

Figure 2.1: QSFP compatible FPC based transceiver module [65]. Left: schematic 

drawing of cross section, showing the assembly approach; right: the photo of assembled 

module. 

However, the mismatch of coefficient of thermal expansion (CTE) between the 

chip and these carriers represents a major issue. Besides, in order to create the 

necessary optical path for light in/out coupling precise openings also need to be 

fabricated (often using laser ablation) which is not a standard PCB technology 

and hence results in significant increase in cost and complexity.  

Glass interposer 

An alternative way to create an optical path is using a transparent carrier. Glass 

interposers represent another packaging platform, where lithographic technology 

can be further performed on a wafer level to achieve the desired resolution. Glass 

is an isolator which has the benefit of reduced losses of RF transmissions. As 
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shown in Figure 2.2, transceiver sub-modules, which are QSFP (left) and CXP 

(right) compatible, have been fabricated. Glass wafers are compatible with 

lithographic processes, and glass wafers with similar properties, such as low warp, 

and CMOS like CTE, are also available in [66], [67]. 

Yet there are some drawbacks to glass interposer. The low thermal conductivity 

is a big problem for heat dissipation. In addition, although it is a transparent 

material, light reflection between the surface of optical devices and glass 

substrate is an unavoidable problem, which can introduce extra power loss and 

impair the performance. Anti-reflection coating needs to be designed for the 

specific operation wavelength additionally. 

 

Figure 2.2: Transceivers based on glass interposer. Left: QSFP compatible packaging 

from CEA Leti [68]; right: CXP compatible package from TE connectivity [33]. 

Silicon interposer 

Silicon may prove to be a better candidate for an interposer since it is 

compatible with standard BiCMOS technology. Besides, the silicon interposer 

will of course share the CTE of the electronic and opto-electronic chips [45], 

which will simplify the assembly process.  

The CTE of different materials is shown in Table 2.1 for comparison. Silicon 

also features excellent heat conductance. With very high thermal conductivity, 

the silicon interposer itself becomes a heatsink, and offers flexibility in 

connection to an eventual heat sink in the package device. The thermal 

conductivity of different materials are listed in Table 2.2, and they will be used 

in the following chapters for heat transfer simulation. 
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Table 2.1. Coefficient of thermal expansion of different materials [69], [70] 

 

Table 2.2. Thermal conductivity of different materials [71]–[73] 

  

 

Figure 2.3: VCSEL and PD are integrated on a holy active silicon chip, and the CoreEZ 

carrier are designed for flip-chip bonding [74]. 

One of the challenges of using silicon as an integration platform is to couple 

the light in and out for the flip-chipped opto-electronic dies: deep through holes, 

made using long duration reactive-ion etching of silicon, can provide path for the 

Material  Linear Coefficient 10-6 K-1 

Silicon 2.56 

Indium phosphide (InP) 4.6 

Gallium arsenide (GaAs) 5.8 

Boro-float (glass)  3.3 

Quartz  0.59 

FCB (Polyimide) 20 

PCB (FR4) 12-14 

 

Material   
Thermal Conductivity 

W·m-1K-1 

Silicon 149 

Gold 310 

Gallium arsenide (GaAs) 55 

Boro-float (glass)  1.2 

SiO2 1.38 

FCB (Polyimide) 0.2-0.4 

PCB (FR4) 0.3-0.4 

Copper 401 

Air  0.026 
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light through the carrier. Silicon interposers can be classified as either active 

silicon interposer or passive silicon interposer, depending on whether active 

components or circuits are included [75]. 

Active silicon interposer have received a lot of attention, and 2D optical arrays, 

arranged as a 4 × 12 matrix, have been co-packaged on an active CMOS 

driver/router chip [76], [77]: The whole packaged scheme required fully 

dedicated 2D optical arrays and ASIC die designs, which are shown in Figure 2.3. 

Since the silicon carrier comes with integrated fully functional CMOS circuitry, 

we distinguish such a solution as an active interposer.   

Similarly, based on active silicon interposers, 2D optical transceivers, which 

are coupling light in and out from the top of the ASIC, have been proposed by 

Compass-EOS with as many as 168 channels [42], [78]. In this optoelectronic 

assembly, a specially designed back emitting 168 channel VCSEL array [79], [80] 

is flip chip bonded on a specially designed switch ASIC die. The silicon die 

included, apart from a fully functional digital logic circuits, the analog circuits 

that enable the data transfer between opto-electronics and the ASIC logic circuits. 

High bandwidth density and radix are demonstrated in this assembly. 

However, in these schemes, the opto-electronics was assembled on the active 

CMOS chips, which will increase the size of the expensive CMOS die, and 

inevitably increase the associated costs. In addition, a complex special optical 

fibre-bundle assembly was developed for the fully packaged demonstration [78].  

 

Figure 2.4: LDD, VCSEL, RX and PD are integrated on a silicon carrier, which can be 

flip-chip bonded on O-PCB [81]. 

Different from active silicon interposers, passive silicon interposers can be 

fabricated through back-end-of-line (BEOL) processing, providing electrical 

connections between active CMOS chips. For example, Xilinx employs this 

technology for CMOS chips stacking, through well designed channels [82] . The 

silicon interposer acts as an interconnect vehicle and fabricated in the 65 nm 

technology, while CMOS use a more advanced and expensive 28 nm process. 
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Compared to organic or ceramic substrates, silicon interposers offer much finer 

interconnect geometries to provide device-scale interconnecting hierarchy [83]. 

A passive silicon interposer based transceiver was also demonstrated to support 

terabits capacity [84]. As shown in Figure 2.4, both optical and electrical TSVs 

are fabricated to enable the optical coupling with a waveguide embedded in a 

PCB while supporting also the required electrical connection. However, the TSVs 

require a deep reactive ion etch (DRIE) process, delaying its introduction into 

high volume manufacturing [85]. Besides, the TSVs together with the 

redistribution layer require careful design to guarantee signal integrity for the 

high speed channels [86]. In order to integrate 2D optical ports, proprietary offset 

optical arrays and CMOS ICs were used to realize the connection between them. 

The offset optical waveguides were also specially designed for light coupling in 

this scheme. 

2.2 Opto-Electronic Integration on a Wet Etched Silicon 

Interposer 

In this thesis, we focus on 850 nm VCSEL based transceivers, and develop novel 

cost-effective transceiver integration methods based on passive silicon 

interposers. The novel assembly concept developed in this thesis for the 

transmitter/receiver modules is shown in Figure 2.5. Both sides of the silicon 

interposer are utilized for electrical connections, optical connections and heat 

dissipation. Chips are embedded into the silicon interposer, placed side by side 

and connect to the designed circuits on the top surface of the silicon interposer, 

in order to make the module more compact, flexible and robust. As a result, the 

module can be further flip bonded onto a normal carrier, such as a low cost PCB. 

 

Figure 2.5: The 2.5D scheme of packaging of the optics and its electronic part on the 

lithographically patterned silicon interposer. 
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The silicon interposer is patterned using low resolution lithographic steps. In 

total three low cost anisotropic wet etching steps are carried out to create the 

cavities. The wet etching and metallization steps are intertwined to deliver the 

complete interposer. The optical TSVs are fabricated by wet etching to provide 

the optical path to each channel of the optics array. The fully etched vias are 

preferred as they will not interfere with light coupling.  

2.3 Process Flow Demonstration 

The designed silicon interposer is processed on a high resistivity (>1000 ohm cm) 

wafer, to reduce the RF signal loss in the TML, as will be discussed in Chapter 

3. The process has been developed on a cleaved 1 inch (100) sample, but scaling 

to full wafer size processing does not require any changes to the process itself.   

 

Figure 2.6: Process flow of silicon interposer for transmitter and receiver, including (a) 

PECVD SiNx; (b) wet etching of silicon; (c) lithography on etched topology; (d) electro-

plating; etching of optical TSV for VCSEL (e) and PD (f). 

The process is sketched in Figure 2.6. It begins with a double side polished 

silicon wafer, with (100) surface orientation and 280 μm thickness. Both sides of 
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the wafer are covered with 300 nm thick silicon nitride (SiNx) using PECVD 

(Figure 2.6a). After the 1st lithography step, openings in the hard mask are created 

on the wafer top-side. Wet etching is then used to create the recessed area for 

placing the dies in (Figure 2.6b). The recessed area is formed with a depth 

controlled to 230 μm, with sidewalls’ slope of 54.7°. An additional Tetramethyl 

ammonium hydroxide (TMAH) wet etching is carried out to smooth the steep 

corners. This improves photoresist coverage during the spin coating phase needed 

for the definition of the metal lines over the recessed area. After sputtering a gold 

seed layer for plating, a 2nd lithography is done to define the traces (Figure 2.6c). 

Afterwards, electro-plating is performed to deposit 2 μm thick gold layer for 

interconnects and bumps. Finally, a wet etching step is performed at the 

backside/double sides, creating through-silicon-openings: the remaining thin 

silicon layer is locally completely removed and optical windows are opened for 

the VCSEL/PD channels to help confine and guide the light through (Figure 2.6d, 

e). After the silicon interposer processing is complete, the optoelectronic die and 

CMOS die can be flip-chip bonded.  

 

Figure 2.7: SEM photos of improvement of processing results without (left) and with 

(right) the additional cleaning steps. 

During the process flow, samples should be carefully cleaned by oxygen 

plasma and buffered hydrofluoric (BHF) acid, especially before depositing of 

silicon nitride, since a uniform coverage (without any pinholes) is required in the 

following wet etching steps. If there are some defects of the hard mask layer 

(SiNx), the exposed silicon will be etched in the following steps. As an example, 

two process results of lithographically patterned silicon interposers are compared 

in Figure 2.7. In the left panel, SEM photo shows etched defects both on the 

bottom and the slant because of cleaning problem. SEM photo in right panel 
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shows the improved results after using the oxygen plasma and BHF cleaning 

steps.  

In the following sections, the key steps, such as wet etching of silicon, electro-

plating and flip-chip bonding, will be described in detail. 

2.4 Principle of Isotropic Wet Etching of Silicon 

A chemical wet etching process is always a low cost process, compared with the 

dry etching that requires high quality mask and special plasma-etching equipment 

(vacuum chamber with an RF-generator and a gas system). In a wet etching 

process, samples selectively react with a chemical solutions by defining openings 

in a pre-defined hard mask using lithography. However, most wet chemical 

etching processes are isotropic in nature, which means that the etched materiel 

will be removed with equal etching rates in all directions. In this case, the size of 

etched openings should be much larger than the etched depth, and only works in 

shallow etching. However, for the crystalline silicon, wet etching is an 

anisotropic process, because the bonding energy is different for each of the crystal 

planes [87], and this can be beneficial for our specific application as well as for 

possible other applications. For instance, many micro-electronic-mechanical 

systems (MEMS) devices rely on anisotropic wet etching of silicon [88]. In 

addition, wet etching of silicon has also been applied to through silicon 

connections, with the traces routed on etched surface [89]. 

Table 2.3. Orientation dependent etching rate for KOH and TMAH 

 

Orientation 
KOH (34.0 wt.%, 70.9 °C) TMAH (20.0 wt.%, 79.8 °C) 

Etching rate μm/min  Etching rate μm/min  

100 0.629 0.603 

110 1.292 1.114 

210 1.237 1.154 

211 0.983 1.132 

221 0.586 1.142 

310 1.079 1.184 

311 1.065 1.223 

320 1.285 1.211 

331 0.845 1.099 

530 1.273 1.097 

540 1.283 1.135 

111 0.009 0.017 
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Alkaline etching solutions containing potassium hydroxide (KOH) are 

extensively used for silicon etching [87]. Since KOH contaminates the process 

line of CMOS fabrication, another type of etching solution, the TMAH, 

(CH3)4NOH, solution, can be used as a silicon etchant in the CMOS process line. 

The etching rates of different orientations of crystalline silicon are measured and 

summarized in Table 2.3 for the KOH solution and TMAH solution [90]–[92]. 

2.4.1 Etching of Cavity  

Since the etching rate in KOH solution is fast, the cavity and through vias are 

etched in the 35% (by weight) KOH solution at 80.0 °C. At this processing 

temperature, the measured etching rate of (100) face is 1.1 μm/min in KOH 

solution, and 0.603 μm/min in TMAH solution (in Table 2.3). SiNx layers are 

deposited by PECVD on both sides of wafer, acting as a standard hard mask for 

the wet etching of silicon.   

 

Figure 2.8: The schematic and results of etching process. Left: in the (110) wafer 

etching, vertical sidewalls (111) faces are formed in parallel together with two slant 

(111) faces; right: funnel shape is formed by (111) faces. 

To demonstrate the differences in wet etching between two crystal orientations 

two types of wafers with different surface orientations, (100) and (110) wafers 

are etched in KOH solution at 80.0 °C, with one side of the wafers having 

openings precisely aligned with the cleaving line of wafers. The schematic and 

results of (110) wafer and (100) wafer are shown in Figure 2.8 left and right panel, 
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respectively. The different shapes are mainly determined by the etching “stop” 

faces (111). Besides, a rougher surface is obtained, shown in SEM photos in 

Figure 2.8. 

As mentioned above, when etching is performed on (100) wafer, the (111) 

faces will act as the etching “stop” plane, because of its extremely low etching 

rate. To realize this, the sides of each openings should be accurately aligned with 

the cleaving lines, which are in <110> directions and indicated by the wafer flat 

edge [87]. This can be achieved by alignment during lithography. After 

lithography, the deposited SiNx can be selectively etched by reactive-ion etching 

(RIE). In 80 °C KOH solution, a smooth and well defined cavity with a depth of 

250 μm can be formed after 230 minutes etching, with an etching rate of about 

1.1 μm/min. 

2.4.2 TMAH Etching for Corner Rounding 

To allow for metallization on the deeply etched wafer, a TMAH wet etching 

process is used to round the convex corners which are formed by the (100) and 

(111) faces of the anisotropic etched silicon. This technology has been developed 

in [93], [94]. The SiNx hard mask on the top side is firstly removed, and then the 

wafer is etched in a 20 % TMAH solution at 75 °C. During wet etching, the 

different crystal faces (100) and (111) etch at a different rate. As can be seen from 

Figure 2.9, left panel, new planes with a faster etching rate will appear. The final 

profile after 30 minutes TMAH etching will be a combination of different faces 

between the (100) and (111) planes. A sketch of the etching principle is shown 

Figure 2.9, right panel, and a rounded corner is formed. 

 

Figure 2.9: Left: etching rate of faces between (100) and (111). Right: Principle of the 

convex corner etching process. Etching rate vectors indicate the different etching rate, 

planes with faster etching rates appear [94]. 
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Figure 2.10: SEM photo shows the cross section after rounding off etching. 

After the rounding off process, the samples are cleaved across the etched cavity 

to check the etching results. The SEM photo of cross section is shown with a 

small tilt in Figure 2.10. It is clearly visible that the second wet etching process 

has “smoothed” the edge of the recess, facilitating the following lithography 

steps.  

 

Figure 2.11: Photoresist pattern on convex corner before (left) and after (right) TMAH 

etching. 

The following lithography step makes use of thick chemical amplified positive 

photoresist AZ® 40XT [95]. The results of lithographically pattering on two 

samples (without and with TMAH etching) are compared. The photoresist is used 

with the same spinning speed, exposure and development times. In Figure 2.11, 

the SEM photos depict the same photoresist patterns for comparison. The 
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lithography results are different before and after TMAH etching, and the 

photoresist covers continuously the wafer step after rounding off the sharp 

corners. 

2.4.3 Surfactant  

Since the lithography process will be performed on the etched structure, a smooth 

surface is required. To improve the resulting surface quality, a surfactant can be 

added. Isopropyl alcohol (IPA) has been known as a very effective additive to 

increase the smoothness of silicon, etched in KOH solution [96]. 

 

Figure 2.12: The different etching results in terms of the roughness, without (left) and 

with (right) IPA addition. 

In the etching process, IPA is added until the solution is saturated. To insure 

the solution remains saturated throughout the etching cycle an extra layer of IPA, 

0.75 to 1 inch in height, is added on top of the etch solution. The difference in 

smoothness due to inclusion of IPA is clear from watching Figure 2.12, with the 

sample etched in KOH-IPA solution showing a much smoother surface. 

Therefore, in the stable process, KOH-IPA solution is used to ensure uniform 

silicon etching. 

2.4.4 Etching of Optical Through Silicon Vias  

The optical TSVs can be also opened by wet etching [97], which will significantly 

reduce the cost of interposer fabrication compared to the use of DRIE process. A 

funnel shape opening can be formed by one side etching, while vertical openings 

results from double-sided etching by controlling etching time. The principle of 

etching is shown in Figure 2.13. The relationship between the minimum opening 

size of the double-sided etched and single-sided vias are  
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W 1= T·cot (54.7°), 

and W 2= 2T·cot (54.7°), 

 

where W is the width of openings and T is the thickness of the wafer. When the 

wafer is 200 µm thick, the calculated width will be 142 µm in double-sided 

etching, while 284 µm in single-sided etching. 

In the double-sided via etching on (100) wafer, first the openings are patterned 

along with the cleaving line on both sides, and then, during etching, funnel shaped 

openings are forming on both sides. When etching openings from both sides meet, 

the convex corners will have different crystal orientations and this corner will be 

subsequently etched. The etching time needs to be precisely controlled to form 

vertical TSVs. In summary, comparing with DRIE, this method offers low cost, 

high aspect ratio vias. 

 

 

Figure 2.13: Schematic cross section of TSV in different side walls formation during the 

etching process: vertical (left: openings on both sides)/slant (right: opening on one side). 

2.5 Electro-plating Process 

Electro-plating process is another low cost process utilized in the process flow, 

when comparing with other nonselective techniques such as evaporation and 

sputtering, especially for noble metal deposition. Plating techniques are widely 

used in industry [98]. In the plating process, the metal can be selectively 

deposited, and thicker patterns, which are required in high speed interconnections 

to reduce the ohmic losses, can be fabricated at low cost. 



30    Electro-plating Process 

 

 

 

In order to deposit metal uniformly, a thin layer of electro-plating base, also 

called seed layer, is needed, which in this case for Au plating consists of 50 nm 

Ti and 100 nm Au. The thin Ti layer is an adhesive layer for the Au deposition. 

Magnetron sputtering is employed for seed layer deposition, since it shows a 

better coverage on topological surfaces. The definition of the desired metallic 

structures is achieved by lithography on the etched structures using AZ® 40XT 

photoresist. The photoresist is exposed to create the openings in which the 

additional gold will be plated. Following that, an oxygen plasma treatment is 

required to make the surface hydrophilic, so that the gold surface has improved 

adhesion in the plating bath, and a uniform layer can be deposited. 

Traces plating 

The metal traces are plated on the patterned silicon interposer to provide the 

required electrical connections between the dies and from the dies to the edge of 

the interposer in a single process step. The eventual plating thickness is chosen 

to insure impedance matching of the deposited traces. Normally, patterns with 

thickness of 2.5 μm are plated, including 0.5 μm sacrificial layer which will be 

removed during seed layer etching. 

Bumps plating 

Gold bumps or gold/tin bumps can also be plated following the plating of the 

traces, by using the same seed layer. In this process, the gold bumps are plated 

on the silicon interposer, in order to create electrical connections with opto-

electronics by following gold-gold thermal compression bonding. The small area 

of the bumps, with diameter of 60 μm will also enable higher pressure between 

the gold-gold surfaces. Besides, based on the known surface topology of the opto-

electronics, 5 μm thickness for the bumps is sufficient to support the chip bonding. 

The photoresist thickness is also adjusted so that the thickness of electroplated 

bumps does not exceed that of the photoresist pattern.  

As mentioned above, oxygen plasma treatment is required for better adhesion. 

However, the duration of this process step needs to be accurately controlled. 

Longer plasma treatments (>2 minutes) will lead to the creation of a sputtered 

layer (re-deposition) on the sidewalls of the photoresist patterns (in the openings). 

During plating, the redeposited layer will also act as a conducting layer, and gold 

will be plated both at the bottom and on the side walls. SEM photos are shown in 

Figure 2.14, left, after removing the photoresist. By reducing the treatment time, 

normal bumps can be formed after plating, shown in Figure 2.14, right panel. 
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Figure 2.14: Impact of long time oxygen plasma treatment on the same photoresist 

pattern. SEM photos were taken after removing photoresist in a tilting degree. Left: 

electroplating at bottom and sidewall of openings; right: electroplating only at bottom. 

2.6 Flip-chip Bonding Techniques 

As mentioned above, different from traditional point-to-point wire bonding for 

the die-to-die interconnection, impedance matched high speed transmission 

traces are designed and lithographically defined, which also reduces the assembly 

costs when processing the interposer at a wafer scale. In order to connect the dies 

with the designed circuits, flip chip bonding technology is required for this face 

down connection. Flip chip bonding is a packaging method for IC chips 

interconnecting with other chip circuitry through solder bumps, which are usually 

deposited on IC chips, as originally developed by IBM [99]. 

The resulting assembly will be much more compact than the wire bonded 

package, and a near chip size form factor package can be achieved. There are few 

additional fabrication steps for solder bumps, and it is usually a wafer level 

process. Since flip-chip bonding offers better signal integrity, high speed chips 

are often supplied with solder bumps [100]. The superior flip chip bonding 

features which are manifested in improved RF performance, in terms of 

reflections and losses, have been used in many RF applications [101], [102].  
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Figure 2.15: Flip chip bonding process. (a) Micro photo of chip aligning with silicon 

interposer; (b) magnified photo of pads-pads alignment; (c) side micro photo during 

reflow process. 

Flip chip bonding on a PCB always encounters problems related to CTE 

mismatch, and under filling is required. These issues can be completely avoided 

when using a silicon interposer.  

A test process is shown in Figure 2.15, which is performed on a manual flip 

chip bonder FINEPLACER® lambda [103]. The alignment is achieved manually 

by overlapping the microscope images shown in Figure 2.15(a), and high 

alignment accuracy can be obtained when using higher magnification (b). The 

side camera can be used to check the eventual attachment between device and 

carrier, in Figure 2.15(c).  

In this thesis, all chips are packaged using the flip chip technology on the 

designed circuits, and two processes are developed: The soldering reflow process, 

for the BiCMOS IC, which are supplied with solder bumps and the gold-gold 

thermal compression bonding for opto-electronics which have pads with a top 

gold finish. In addition, stud bumps can be applied to the BiCMOS IC with 

aluminum pads, enabling the use of thermal compression bounding during flip 

chip process also for these ICs. Summary of the bonding process conditions is 

listed in Table 2.4. 
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Table 2.4. Process for flip chip bonding 

 

2.7 Summary 

In this chapter, state of art work on optical transceivers assembly is reviewed in 

relation to the different carriers and assembly strategies. Silicon proves to be a 

suitable substrate in terms of compatibility to CMOS processes, CTE and high 

thermal conductance. By solving the light coupling problems, a novel integration 

method is proposed based on a patterned silicon interposer. Comparing with other 

solutions, the wet etched silicon carrier can offer cost-effective electrical and 

optical connections and an improved heat dissipation in a single platform. The 

processing steps are developed for this opto-electronic integration scheme to 

deliver the silicon interposer for the proposed packaging approach, and the key 

steps and issues during the process are detailed and solved. 

In the following Chapter 3 and Chapter 4, wet etched silicon interposer 

technology will be applied to 2.5D and 3D packaging schemes to deliver high 

bandwidth density and robust transceiver modules. In Chapter 5 & 6, silicon 

interposers will be used to assemble transceiver modules with high port counts. 

 

Process 
Ramp Peak Temp. Plateau Time  Force 

°C/sec °C sec N/pad 

Thermal compression 

(plated bump) 

4 280 90 0.5 

Thermal compression 

(stud bump) 

4 240 90 0.2 

Soldering reflow 1 230 15 0.04 

 





 

 

 

Chapter 3  

 

2.5D Integration  

 

 
In this chapter1, transceiver modules based on 2.5D integration approach are 

packaged on lithographically patterned silicon interposers for high bandwidth 

density parallel optical interconnects. Both the electrical interconnection as well 

as the optical interface are considered in the packaging scheme. The fabrication 

process is based on the process flow developed in Chapter 2.  

This chapter will be organized as follows. In the first Section 3.1, transmission 

lines (TML) will be simulated and tested on silicon substrates before the 

transceivers assembly. High resistivity silicon substrate is selected, comparing 

with low resistivity silicon, to avoid the electrical losses to the substrate. In 

Section 3.2 thermal simulation is performed indicating the expected thermal 

behavior of the fully packaged sub-module. After that, in Section 3.3 and 3.4 the 

fabrication processes of 2.5D silicon interposers and modules assembly are 

described in detail. Finally, the designed transmitter, receivers and transceiver 

working at multi-mode 850 nm are presented in Sections 3.5, 3.6, 3.7 and 3.8, 

respectively. In these sections the specifics of the fabrication process of the 

interposer, assembly of sub-modules and the characterization are included. 

3.1 Transmission Line on Silicon  

As illustrated in Chapter 2, flip chip bonding has clear advantages over traditional 

point-to-point wire bonding for high speed signal transmission, as the 

connections from die to die can be designed as TMLs. The basic transmission 

line properties are: resistance/conductance, capacitance and inductance. Based on 

those the characteristic impedance can be derived [104]. These are calculated 

                                                      
1 Parts of this chapter are based on the results published in [125], [126]. 
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from the geometry of TML on the specific substrate. In our packaging concepts, 

the impedance matched connections will be patterned on silicon substrate, 

utilizing standard lithography and electro-plating. The fine resolution obtainable 

in the NanoLab@TU/e will result in fine patterning to keep the designed 

geometry within 0.5 μm accuracy (relative to the design target coming from 

simulation).   

The TMLs on silicon are always designed as micro-strip lines, which have been 

long investigated and tested for RF applications [105], [106]. In this work, 

advance design system (ADS) software from Keysight Technologies is used for 

simulating and optimizing the electrical interconnects design for electro-optical 

transceiver modules. Firstly, the coupled traces on silicon wafers with different 

resistivity will be studied. The scattering matrix is calculated to investigate the 

reflected and transmitted power for high frequencies (10 MHz-50 GHz). After 

that, the design for the transceiver modules, including two kinds of TMLs, the 

100 Ω differential TML for the digital signal (towards/from the BiCMOS I/O) 

and the single ended TML (between BiCMOS IC and opto-electronics chips), are 

also designed.  

3.1.1 High Resistivity Silicon 

As a common semiconductor, the resistivity of silicon wafer can be selected for 

different applications. In this section, different resistivity will be simulated. 

 

Figure 3.1: (a) The dimension definition of the coupled traces on substrate in line 

calculator; (b) the layout of coupled trace; (c) the module of network analyzer for 

differential traces measurement.  
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The geometry, including width (W) and gap (S), of the coupled traces is firstly 

calculated in ADS to match 100 Ω impedance on a 300 μm thick silicon wafer, 

as shown in Figure 3.1a. Following that, the expected performance of the layout, 

with calculated dimensions 1000 μm × 20 μm × 2 μm (L × W × H) gold, and a 

gap of 30 μm between the two plated wires, is simulated numerically. By adding 

the ports, in Figure 3.1b, Dirac type excitation is applied. The simulation is 

running in Momentum Microwave, which is an electromagnetic simulator based 

on Method of Moments [107]. Differential mode scattering parameters are finally 

obtained, in Figure 3.1c. Using the same layout, silicon wafers with different 

resistivity, variation from 10 Ω·cm to 1000 Ω·cm, are compared.  

The simulation results are shown in Figure 3.2 and include both transmission 

and reflection coefficients. In transmission, the initial loss of low resistivity 

silicon at 0 GHz (10 Ω·cm) is already -2.6 dB, and the transmission loss increases 

up to is -3.4 dB at 50 GHz. While the reflection of low resistivity silicon is -12 

dB at low frequencies and lower at higher frequencies. This is mainly due to the 

loss to the substrate caused by eddy currents [108]. For higher resistivity values, 

100 Ω·cm and 1000 Ω·cm substrates, there’s no big difference (0.2 dB) in 

transmission performance and a slightly higher reflection in the range of 0-10 

GHz. 

 

Figure 3.2: Transmission parameters, S21 (left) and S11 (right) of 1000 μm differential 

TML on different silicon substrate. 

3.1.2 Design of Differential Transmission Line 

Based on the calculated structures, we design the differential TMLs for BiCMOS 

drivers and TIA/LAs from Zarlink Semiconductors. The differential pads on the 

BiCMOS IC are routed and redistributed as a 1D array of pads at the edge of 

silicon interposer, with a pitch of 250 μm, which is compatible with standard PCB 

technology for the purpose of further connections to a PCB mother boards. The 

fan-out differential TMLs are used for digital signal transmission between the 
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edge of the interposer and the BiCMOS IC.  

In these simulations, we use a high resistivity substrate (2000 Ω·cm), which 

we later also used in our actual fabricated devices, to avoid any signal 

deterioration due to losses to the substrate and crosstalk. Together with pads and 

tapers, the differential traces for the IC are designed based on the coupled traces 

in the previous sections. In total 12 pairs of differential TMLs are designed, and 

the whole layout is shown in Figure 3.3, left panel. 

 

Figure 3.3: Left: The design of differential TMLs for BiCMOS IC; Right: transmission 

parameter of channel 1 (longest trace) and channel 5 (shortest trace), actual traces 

routing to pads and designed differential traces.  

 

Figure 3.4: Results of digital signal transmission test on low resistivity silicon substrate 

(left) and high resistivity silicon substrate (right), 10 Gb/s PRBS 27-1 sequence.  

The scattering parameters of channel 1 and channel 5, which are the longest 

and shortest trace in the design, respectively, are calculated with the same method, 

used in the previous section. The simulation results are given in Figure 3.3, right. 

The blue line and green line are the simulated results of channel 1 and channel 5, 

which are routed from the interposer edge to the solder bump pads on electronic 
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die. They show two drops in transmission in the range of 1-50 GHz, due to the 

250 μm difference in length of the two traces making up the differential pair. In 

addition, we have also simulated the same design removing the difference in 

length. The results are shown as the red and pink lines in Figure 3.3. No dip in 

the transmission is visible and the loss is lower than -0.7 dB (channel 1) and -0.5 

dB (channel 5) up to 50 GHz. While the length mismatch results in sharp dips in 

the frequency response, there is limited impact on digital signals which have 

normally a very broad spectrum. Besides, there is negligible difference among 

the channels, due to the low loss of the TMLs.  

The impact on resistivity of wafers is validated by fabricating the differential 

TMLs on both low and high resistivity silicon wafers. TMLs on the fabricated 

silicon samples are tested with differential RF probes on both ends of channel 1, 

the longest TML in the design. An electrical digital signal with 10 Gb/s PRBS 27-

1 sequence is fed into channel 1 and eye patterns are captured. In Figure 3.4, we 

can see the difference of eye patterns: the eye tested on the low resistance wafer 

is almost closed, due to the high losses. 

 

 

Figure 3.5: The experimental results of 28Gbaud, PAM4 signal, performance of back to 

back, channel 1 and channel 5. 

To validate the high speed performance of the designed traces on the high 

resistivity wafers, 28 Gbaud PAM4 signal are also injected at one end of the TML 

and picked up at the other end for both channels 1 and 5. The results, as well as 

back-to-back performance, are shown in Figure 3.5. Due to the insertion loss of 

the probes (gradually increasing up to 1.2 dB at 28 GHz), the amplitude swing is 

reduced from 352 mV to 293 mV, but the eyes are still clearly open. These test 

results indicate the high potential of the designed TML, which can support much 

higher modulation speeds in the near future.  
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3.1.3  Single Ended Traces  

Very short traces between opto-electronics and BiCMOS ICs can be obtained 

using the 2.5D stacking approach. Such single ended traces with an impedance 

of 50 Ω are also designed and simulated in ADS to get optimized transmission 

parameters. The impedance of the transmission line is chosen according to the 

input of TIA and VCSEL’s load. As shown in Figure 3.6, left panel, the simulated 

impedance of the trace is 50.2 Ω at 10.4 GHz, and it increases up to 59.2 Ω when 

moving up to 50 GHz. The inset picture is the configuration of stacked layers, 

according to the actual silicon interposer, which is used in the Momentum solver 

of ADS. 

 

Figure 3.6: Left: Simulation results of impedance of designed traces as a function of 

frequency. Inset: the modelled stacked layer. Right: the scattering parameters of two 

channels up to 50 GHz, shows the transmission loss (S31), reflection (S11), near end 

crosstalk (S21) and far end crosstalk (S41). 

The scattering parameters are also simulated for two adjacent channels to 

calculate crosstalk. The layout as well as the defined ports are shown in Figure 

3.6. From the simulation results we see that the transmission loss (S31) is only -

0.55 dB and the reflection (S11) is below -20 dB in the full range. In addition, 

far-end crosstalk and near-end crosstalk are also calculated, named as S21 and 

S41 respectively and the magnitude is below -10 dB up to 50 GHz for both curves.  

The simulation results indicate that the designed traces on the interposer can 

support high speed electrical signal transmission. When utilizing high resolution 

photolithography, the designed trace is precisely transferred onto the interposer, 

resulting in performance nearing the optimal conditions.  

From the simulation and test results, the transmission lines can deliver 

improved RF performance for high speed signal transmission with low loss and 

reflections up to 50 GHz. The silicon interposer with these patterned TMLs can 

therefore easily be used to package next generation optical transceivers working 

at 25-28 Gb/s, 56 Gb/s (using PAM-4) and beyond.  
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3.2 Thermal Simulation 

For the sake of heat dissipation, a heatsink can also be mounted on the module as 

can be seen from the schematic diagram. Because silicon itself is a good heat 

conductor, with a high heat transfer coefficient (HTC), the side on which the heat 

sink is placed is less critical. A convective cooling area of 8 mm by 3 mm on the 

silicon interposer, with the HTC of 5000 W/K·m2 would be enough for heat 

dissipation, as can be seen from Figure 3.7: the entire assembly exhibits only 

~3 °C temperature variation (28-31 °C). The thermal resistance of the heatsink 

can be then calculated, 1/ (5000 × 3 × 8 × 10-6) = 8.33 K/W. Any heatsink with 

similar or lower resistance can be used to satisfy this condition. For example a 

simple copper round pin heat sink, with the dimension of 8 mm × 6 mm × 15 mm 

(L × W × H) exhibit 7.89 K/W in 0.5 m/s air flow, can be used to connect to the 

cooling area in the simulation [109]. 

 

 

Figure 3.7: Thermal simulation (by COMSOL) of the sub-assembly, with thermal 

dissipation area of 8 mm by 3 mm.  

3.3 Silicon Interposer Fabrication 

As discussed in Chapter 2, the research work in this thesis focuses on 850 nm 

VCSEL based transceivers, and the 2.5D assembly scheme for the 

transmitter/receiver modules is shown in Figure 2.5. In this section, the novel 

cost-effective fabrication of the passive silicon interposers is presented. The 

specific fabrication steps are shown through SEM photos after key lithographic 

steps.  
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Figure 3.8: SEM photo of patterned photoresist on the etched cavity. The photoresist is 

continuous from the surface to the bottom of the cavity.  

 

Figure 3.9: SEM photos of the plated patterns on silicon interposer. Left: 12 pairs of 

differential traces; right: power distributions and digital interfaces. 

The silicon interposer, which is used for the VCSEL based transmitter, includes 

4 steps of lithography. Because of the larger apertures of surface normal PD, 

compared with VCSEL, bigger optical TSVs are needed. Therefore, the 

fabrication of the receiver assembly interposer includes 5 steps of lithography, 

with the additional step of lithography used for wet etching silicon on both sides. 
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As a result, a vertical sidewall with a larger aperture can be obtained. The general 

process flow was introduced in Chapter 2, in Figure 2.6, where the last two 

drawings are the final etching steps for the transmitter and receiver packaging 

respectively. 

As mentioned in Chapter 2, performing photolithography on a multilevel 

surface is challenging. An additional TMAH etching is performed after cavity 

etching to allow good photoresist coverage for the lithography on the multilevel 

surface. In addition, a thick photoresist is used to ensure full surface coverage. 

The result of lithography on the deeply etched surface of the silicon wafer is 

shown in Figure 3.8. The thick positive photoresist is developed on both the top 

and bottom of the etched cavity. From the SEM photo it is evident that the 

photoresist is continuously formed after development. Also the photoresist 

accumulated at the concave corner is well developed. 

After that, gold is plated through the openings. In Figure 3.9, the plated 

differential signal traces (left panel) and power traces (right panel) are shown, 

obtained after removing the photoresist and chemical etching of the seed layer. 

From the photos, it is clearly visible that the traces are well formed without any 

discontinuity. 

 

Figure 3.10: Left: SEM photo of GSG traces and optical TSVs; right: zoomed-in photo 

shows the details of optical TSV and plated bumps. 

Finally, in order to get optical TSV with vertical side walls, wet etching is 

performed in a KOH solution on both sides of the remaining thin silicon layer at 

the same time. The side walls of the opening are etched until vertical sidewalls 

are formed. The optical TSV and GSG traces are shown in Figure 3.10, left panel, 

and the zoomed SEM image, in the right panel. From these images we can get a 

good impression on the quality of the etched vertical optical via and the gold 

bumps for electrical connections. The last wet etching step is also used to define 

cleaving lines for cleaving the processed wafer into separate interposers. The 
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completely processed 1 inch silicon sample will deliver for this set of designs 

four interposers, as shown in Figure 3.11.  

 

Figure 3.11: Photograph of processed one inch silicon sample, including four interposer 

design and cleaving lines. 

3.4 Assembly 

850 nm MM VCSEL/PD arrays and their BiCMOS parts, from Zarlink 

Semiconductors, are used to demonstrate compact modules on the fabricated 

silicon interposer. Flip chip bonding is performed with the FINEPLACER® 

lambda die bonder, which is also used to align the dies. The alignment of the 

opto-electronic die is made according to the optical openings and pads, using a 

camera and without activating the components (passive alignment). The 

alignment of IC chip is made according to the position of solder bumps on the 

chip and pads on the interposer. During the various assembly steps, passive 

alignment (with camera) is used. The pitch of the pads on the dies is 125 μm, and 

the diameter of the lenses is 250 μm. This means that standard high-throughput 

tools (automated) with ±10 μm accuracy can be employed for the assembly of 

these sub-modules. 
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3.4.1 Flip Chip Bonding 

The gold-gold connections between the gold pads on the VCSEL and the plated 

bumps on the silicon interposer are connected by using the thermal compression 

bonding. In this assembly, peak temperature was set to 280 °C for 90 seconds, 

with a pressure of 0.5 N/pads (as detailed in Table 2.4). After flip chip bonding, 

the alignment is checked using an SEM photo. Figure 3.12 includes the SEM 

photos of the backside of the silicon interposer after bonding the opto-electronics. 

The different optical vias of both transmitter and receiver are shown; a one side 

etched funnel shape TSV and double-sided etched vertical TSV for VCSELs and 

PDs respectively. The distance between TSVs is 250 μm, and the opening of TSV 

is 100 μm × 100 μm. The apertures of VCSEL and PD are visible through the 

TSVs. In addition, the IV curves are measured for every channel, in order to 

check that good ohmic contact has been created during the bonding step. 

 

Figure 3.12: SEM photos of optical TSVs and optical apertures; 12 funnel shape TSVs 

for transmitter (up) and 12 vertical TSVs for receiver (down). 

In the following assembly step, the VCSEL driver and TIA/LA are placed and 

attached using a solder reflow process on the die bonder. This is a standard 

soldering reflow, with the solder peak temperature of 230 °C for 15 seconds, and 

a small amount of pressure is applied on the chip (0.04 N/pads). The photo of the 

complete assembly as taken under a microscope is shown in Figure 3.13. As 

designed, the opto-electronics and its BiCMOS part are put side by side and they 

are embedded in the silicon interposer. 
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Figure 3.13: Photograph of a 2.5D assembly, taken under microscope. 

3.4.2 Assembly of the LightTurn® Connector  

The PRIZM® LightTurn® connector is designed as a detachable connector for 

high speed parallel optical modules. It consists of a multi-fiber ferrule with an 

optical total internal reflection (TIR) prism and a lens array accepting cleaved 

fibers with an accompanying connector housing providing coupling loss below 

1.5 dB to optical modules [110]. The schematic drawing is showing in Figure 

3.14, left panel.  

 

Figure 3.14: Left: schematic drawing of PRIZM® LightTurn® connector; right: a 

backside photo of the assembled optical sub-module. 



 47 

 

 In our case, the mechanical optical interface (MOI) is mounted on the backside 

of the silicon interposer with the same pick and place tool. During passive 

alignment, the optical TSVs and the lenses on MOI are acting as the reference. 

Then, the PRIZM® LightTurn® connector can be easily coupled and decoupled 

through the latches on the MOI. The PRIZM® LightTurn® system is fabricated 

ending with a standard multi-fiber push on (MPO) connector, which is a primary 

solution for multiple fiber connection in commercial modules. The back of the 

module is shown in Figure 3.14, right panel.  

3.5 Transmitter Characterization 

3.5.1 Measurement Setup 

Signal integrity tests are performed to evaluate the transmitter assembly. The test 

setup is shown in Figure 3.15. The control pads on the silicon interposer from the 

BiCMOS IC are connected to a microcontroller via direct current (DC) probes, 

and the sub-module is driven with a 3.3V power supply. The internal registers of 

the BiCMOS IC, which are used for full configuration, can be programmed 

through a two wires communication interface. Multiple differential RF probes 

(signal-signal) are connected to the fan-out pads of the silicon interposer. The 

standard MPO connector is connected to the fiber ribbon array on the other side. 

Finally, a MM fiber is connected to a commercial SFP+ module (AFBR-709SMZ 

from Avago), through a multi-mode optical attenuator, used as a high speed light 

source or detector.  

 

Figure 3.15: Scheme of testing setup for transmitter module, inserted photo includes 

transmitter module, differential probes and DC probes. 
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3.5.2 Signal Integrity Characterization  

The 12.5 Gb/s differential signal, with PRBS 231-1 sequence, is fed into the fan 

out pads on the interposer through an RF probe, channel by channel. The 

converted output electrical signal from an SFP+ can be visualized on the 

oscilloscope (Agilent 86100B). The eye patterns of 11 channels, excluding 

channel 7, together with SFP+ measurement, are shown in Figure 3.16. Channel 

7 had a short circuit problem at its input which occurred during the reflow process 

on the BiCMOS IC. As will be shown for the receiver assembly (section 3.6), by 

controlling the distance between BiCMOS and interposer during reflow, this 

issue can be solved. In addition, in a production environment, this problem can 

be easily avoided as soldering is often performed in a formic acid atmosphere 

without any pressure applied to the die. 

 

Figure 3.16: Eye patterns of 11 channels and SFP+ in the transmitter test. 

 

Figure 3.17: Left: the fitted BER curves for each channel and SFP+ in transmitter test; 

right: the BER curves of channel 2 of transmitter module, when channel 2 alone, channel 

1 and channel 2, three of channels are fed with differential signals.  



 49 

 

During the bit error rate (BER) testing, all of the channels are turned on, and 

the channels are fed one by one with a 10 Gb/s PRBS 231-1 sequence through an 

RF probe. The optical outputs are detected with an SFP+ receiver and fed into an 

error detector (ED). The testing results, together with performance of SFP+ own 

transmitter, acting as a reference, are shown in Figure 3.17, left panel. The 

deviation of the receiver sensitivity, when operating the 11 VCSEL channels, is 

1.0 dB, with the worst performance associated with the side channels (10, 11). 

This may be due to the small variations in the ohmic resistance after the 

compression bonding of the VCSELs, which may have resulted from non-

uniform force at the edges.  

3.5.3 Crosstalk Penalty 

We also test the crosstalk of three adjacent channels. We chose to perform the 

crosstalk testing on channels 1, 2, 3 at one corner of the design, which also 

represent the channels with the longest metal traces. All three channels are fed 

with a 10 Gb/s NRZ PRBS 231-1 sequences at the same time through multi RF 

probes and three independent pattern generators, while the rest of channels are 

being switched on. The BER curves of channel 2 are drawn in Figure 3.17, right 

panel, comparing one channel, two channels and three channels operation mode. 

The results show that the impact on the performance of channel 2 is below 0.2 

dB in receiver sensitivity, which is within the power measurement error. The 

testing result indicates that the module will perform the same when fully loaded. 

3.6 Receiver Characterization 

3.6.1 Signal Integrity Characterization  

For the receiver testing, we use the same setup as described in section 3.5. Optical 

signals with 10 Gb/s PRBS 231-1 sequence, are generated by the transmitter of 

the same SFP+. The input optical power is set to -6 dBm for both test module and 

SFP+ (back to back) to measure the eye patterns. The pre-emphasis function is 

enabled to optimize the differential outputs for the best BER performance. The 

converted differential output electrical signals are visualized on the oscilloscope, 

with one port terminated with 50 Ω. The eye patterns of 12 channels are shown 

in Figure 3.18, and they are all clearly open.  
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Figure 3.18: Eye patterns of 12 channels of receiver working at 10 Gb/s. 

BER measurements are also performed on the receiver module, and the 

measured results are shown in Figure 3.19. All 12 channels show a penalty 

distribution of only 0.8 dB. This variation might also be due to the higher pressure 

at the corner during thermal bonding. Besides, misalignment of MOI in the 

vertical and horizontal directions may also contribute to the spread in measured 

sensitivity.  

In the receiver testing, the actual BER curves of the packaged devices can be 

compensated with an additional value, since there is additional loss of light due 

to the PRIZM® LightTurn® when comparing with a commercial SFP+ receiver. 

In this case, the coupling losses of the PRIZM® LightTurn® system is estimated 

at 1.5 dB, which implies that effective performance is comparable with the SPF+ 

module. 

 

Figure 3.19: Left: the BER curves for each channel and SFP+ in receiver test: right: the 

BER curves of channel 2 of receiver module, when channel 2 alone, channel 1 and 

channel 2, channel 2 and channel 3, three of channels are fed with optical signals. 

3.6.2 Crosstalk Penalty 

Crosstalk is also tested on the receiver module. We generate 2 optical signals, 
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with 10 Gb/s PRBS 231-1 sequence using a CXP module connected to a 64 port 

10 Gb/s switch system and feed them to the inputs of channel 1 and channel 3, 

while testing the performance of channel 2 using an error detector module with 

differential inputs. As shown in the Figure 3.19, right, there is little impact (0.2 

dB) on the performance of channel 2, if channel 3 is switched on. However, when 

we turn on channel 1 we see a 0.6 dB impact on receiver sensitivity. We repeat 

our testing on the other channels, and find that there is always 0.6 dB additional 

penalty on the same side, which is the longer traces side of differential trace. This 

suggests that the differential traces should be designed as coupled lines to 

maintain the desired impedance. The crosstalk can be further suppressed by 

adding ground planes between the differential pads. We further generated more 

optical signals and fed them into other non-adjacent channels, but no further 

impact on the performance of tested channel was observed. 

 

Figure 3.20: Receiver eye opening (bathtub curve) at the receiver output operation for 

received power at -7.0 dBm and -10.0 dBm.  

We also measured receiver eye opening (often referred to as bathtub curve) for 

PRBS 231-1 pattern, with the two different received power levels, at -7.0 dBm 

and -10.0 dBm, for both transmitter and receiver. As shown in Figure 3.20, at -

10.0 dBm level, the transmitter and the receiver show similar time margin with 

the SFP+ (30 ps) module. At -7.0 dBm level, our proposed receiver sub-assembly 

shows a wider time margin (47 ps) thanks to the exploitation of the pre-emphasis 

function. 
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3.7 Long Trace Receiver 

On the same wafer we have also processed a receiver module with longer signal 

traces. In Figure 3.21, left panel, the SEM photo shows the finalized plated 

ground signal ground (GSG) TMLs, from PD to TIA/LA, with the length of 2.2 

mm. A photo is also shown in Figure 3.21, at the right side. The PD and TIA/LA 

are bonded in the same way, as explained in section 3.4.1. 

 

Figure 3.21: Left: SEM photo, the plated GSG traces which connect the TIA/LA and 

PD with the seed layer on the wafer; right: complete silicon interposer. 

During the test, a modulated optical signals, with 10 Gb/s 231-1 NRZ PRBS 

sequence, is generated by the same commercial SPF+. The input optical power is 

set to -6.0 dBm. The pre-emphasis function is enabled to optimize the differential 

output. The converted differential output electrical signals is visualized on the 

sampling oscilloscope (Agilent 86100B). The eye patterns of all 12 channels are 

clearly open, as shown in Figure 3.22.  

 

 

Figure 3.22: Eye patterns of 12 channels of receiver with long traces working at 10 Gb/s. 
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A major challenge in the assembly of parallel optical receiver module is the 

induction of the bond wires which limit the bandwidth and performance of the 

module. We propose therefore to replace wire bonds with on-interposer patterned 

metal tracks. In particular, the receiver interposer demonstrated, is making use of 

very long TMLs connecting TIA and PDs with small impact on the module 

performance. This suggests that it is possible to place several PD/VCSEL arrays 

to several BiCMOS chips to create a 2D array of devices and therefore 

fundamentally scale the port numbers on transceivers even further. The 2D 

optical assembly will be demonstrated in Chapter 5. 

3.8 100 Gb/s Transceiver Assembly 

 

Figure 3.23: (a) SEM photo of lithography step; (b) the complete silicon interposer, two 

cavities for transmitter and receiver integration; (c) zoom in photo of optical vias and 

short coupled traces, the measured side of square is 92.0 μm and 93.2 μm; (d) a SEM 

photo shows the four integrated chips, including TIA/LAs and PDs, BiCMOS Drivers 

and VCSELs.  
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The silicon interposer for 25 Gb/s 850 nm MM VCSEL and PD, BiCMOS Drivers 

and TIA/LAs [100] packaging is also designed to realize a compact 100 Gb/s 

optical transceiver, commonly used in standard QSFP28 modules. This silicon 

interposer is fabricated on the same wafer as the 12-channel 10 Gb/s modules, 

and is scaled down to 3.5 mm × 6 mm.  

The SEM photos taken of the interposer showing the process and the traces 

design are given below. The photolithography, electro-plating and optical via 

etching results are shown in the Figure 3.23 a, b, c. Since the apertures on 25 G 

dies are smaller, we design a smaller through silicon openings, with dimensions 

of 90 μm × 90 μm. Besides, the Au bumps are also plated in the same process 

flow. This transceiver is assembled with the same 2.5D embedding scheme. Four 

separate dies, including VCSEL, VCSEL driver, PD and TIA/LA, are flip-chip 

bonded on the silicon interposer, shown in Figure 3.23d.  

In this design, the optical channels are taking the 8 side channels of a 12-

channel fiber ribbon. The 8 channels differential traces (4 TX and 4 RX) are fan-

out to the edge of silicon interposer for further connections. This assembly is 

compatible with the standard QSFP28 module, and it can be directly packaged 

using a standard electrical interface. 

3.8.1 Measurement Setup 

Same optical connection is employed, and the PRIZM® LightTurn® connector is 

also utilized to couple the light into standard fibers. Only 8 side channels are 

employed, which is compatible with a QSFP design. A standard 12-channel MPO 

is mated with the fiber ribbon coming from the module, offering access to any of 

the 8 channels using LC break out fibers. The assembled transceiver sub-module 

is evaluated on the same probe station, and measurement setup is shown in Figure 

3.24. The differential probes are used for the electrical signal connection. The 

packaged module is evaluated with a commercial QSFP28 (Cisco QSFP-100G-

SR4-S), which is used as light sources and photo detectors.  
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Figure 3.24: Scheme of testing setup for 100 Gb/s transceiver assembly, shown in 

inserted photo, including differential pads and power distributions and I2C interface. 

3.8.2 Signal Integrity Characterization  

Clear eye patterns of both transmitter and receiver have been obtained for a 25.78 

Gb/s 231-1 NRZ PRBS sequence, shown in Figure 3.25. During BER testing, 

receiver sensitivity curves are measured. Transmitter shows performance similar 

to that of the QSFP28 module used, while we observe a 2 dB power penalty for 

the receiver. This is mainly due to the light coupling loss of PRIZM® LightTurn® 

system. In addition, the distortion from I2C (Inter-integrated circuit) bus and 

crosstalk between channels may deteriorate the performance. Decoupling 

capacitors can be included to improve the performance. 

 

Figure 3.25: Eye patterns of 4-channels transmitter and receiver working at 25.78 Gb/s; 

receiver sensitivity testing results. 
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3.9 Summary 

In this chapter, we demonstrated a wafer level interposer fabrication for a 2.5D 

embedding approach. Four different versions of the silicon interposers, including 

12 × 10 Gb/s transmitter/receiver and 4 × 25 Gb/s transceiver (single interposer 

for both 4 transmit and 4 receive channels) sub-assemblies, using the same 

process flow were fabricated assembled and tested. 

Wet etching of silicon interposer is used to create cavities and optical TSV. 

The optical openings are designed for coupling light in and out of the VCSEL 

and PD dies. In addition, impedance matched connections are designed using 

ADS and fabricated by lithographic processes on a surface with large topography 

variations. The electrical traces have been both numerically simulated and tested 

and show excellent performance up to and including 50 GHz analog bandwidth 

and 28 Gbaud PAM-4 signaling. The results indicate that the design of electrical 

and optical connections can be used for next generation optical transceivers 

working at higher speed.  

The different sub-assemblies have been fully tested. Clear transmission eye 

patterns up to 12.5 Gb/s and receiver eye patterns up to 10 Gb/s for both short 

and long electrical connections, as well as power penalty spread of less than 1.0 

dB are demonstrated. The spread in BER curves may be caused by excessive 

pressure during thermal compression bonding, which can be solved by adopting 

ultrasonic bonding. Channel crosstalk is only observed for the receiver assembly 

and is lower than 0.8 dB (since measured penalty for VCSEL assembly is within 

power meter error). In addition, clear transmission eye patterns are also measured 

in the QSFP28 compatible 4 × 25G transceiver, demonstrating the potential to 

achieve 200 Gb/s data capacity with in area of 20 mm2.  

The performance of the packaged sub-modules can be improved by including 

ground planes between differential channels to further suppress the crosstalk. In 

addition, decoupling capacitors can be also included to suppress the crosstalk.  

 



 

 

 

Chapter 4  

 

3D Integration 

 

 
Among packaging solutions, 3D integration is the best option to achieve the 

highest bandwidth density as well as very short connections. In this chapter, ultra-

compact optical sub-modules for parallel optical interconnects are demonstrated 

based on 3-level silicon interposers2, demonstrating higher bandwidth density 

than 2.5D assemblies. The silicon interposers are also fabricated using the 

principals of low cost wet etching on a wafer level process as discussed above. 

Using three steps of wet etching of silicon, a multi-level cavity is formed for 

embedding and flip-chipping optical and electronic dies, and opening optical 

through silicon vias. In order to reduce thermal coupling between optical and 

electronic dies, a 50 μm thermal isolation air gap is formed between dies as part 

of the assembly concept, and thermal simulations and experiments are carried to 

validate its effectiveness. 

This 3D packaging concept is extended to fabricate silicon interposers for both 

transmitter and receiver sub-modules and a comprehensive set of measurements 

is carried out to evaluate the performance of the 3D stacked sub-modules.  

In section 4.1, the assembly concept is described. Comparing with the 2.5D 

silicon interposer platform in the previous chapter, the resulting sub-module is 

50% smaller. In section 4.2, heat transfer is simulated for 3D and 2.5D modules. 

Through this novel embedding approach, thermal crosstalk is reduced by 

providing an isolating air gap between opto-electronic and BiCMOS dies, while 

showing similar heat distribution of the 2.5D module. In section 4. 3, the process 

is demonstrated firstly for 2-level silicon interposer and is further developed to 

support the 3-level design. The details of the interposer design and fabrication are 

also included in this section. In section 4.4, after assembling both 12-channel 

transmitter and receiver, full characterization is performed using commercial 

                                                      
2 Parts of this chapter are based on the results published in [127]. 
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modules. Both modules show uniform eye patterns and excellent receiver 

sensitivity curves. In addition, both receiver and transmitter can work up to 20 

Gb/s, 100% higher than chip nominal design specification, which means up to 

240 Gb/s data capacity and 10 Gb/s/mm2 bandwidth density per sub-module. 

Limited crosstalk related power penalty of less than 0.1 dB and 0.8 dB for 

transmitter and receiver respectively are also measured. 

4.1 Package Concept 

As shown in Figure 4.1, the packaging concept is based on a low cost wet etching 

process, leading to a 3-level silicon interposer. We designate the area in the center 

of an electronic die for the placement of an optics die. In this way, the silicon 

interposer is used to connect to the pads on BiCMOS IC (electronics) which are 

normally located on the perimeter of the chip.  

 

Figure 4.1: The proposed embedding and packaging concept, including electrical 

connection, optical connection and thermal dissipation. 

For the electrical connections, all of the traces are defined in a single 

lithography step and are then further transferred and electroplated on the multi-

level topology. In Figure 4.1, the connections between the BiCMOS IC and the 

opto-electronic chips are routed through the second etched face, and they can be 

made as short as 550 μm. The other pads on the electronic die are routed through 

the first etched face and redistributed to fan-out with a 250 μm pitch on the 

surface of silicon interposer. The differential traces, which guide high speed 

signals, have been designed to be 100 Ω impedance matched traces.  

Similar to previous 2.5D assembly, for the optical connections, optical through 

silicon vias, for each channel, are opened by wet etching. A commercial right 

angled mirror lenses array (from Enplas Corporation) [111], is utilized for light 

coupling into standard MT ferrule and is fixed at the bottom of the interposer. 

This coupling scheme has similar performance but smaller form factor, compared 

with PRIZM® LightTurn® connector. 
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The BiCMOS IC and opto-electronic dies are respectively embedded and flip-

chipped onto the wet etched 3-level cavity on the silicon interposer. The footprint 

of the fully assembled 12-channel transmitter/receiver module is 4 mm × 6 mm, 

which takes only half the area of a 2.5D assembly. An air gap is created between 

the BiCMOS IC and the opto-electronic chips by insuring that the depth of the 

etched cavity exceeds the thickness of the opto-electronic chip. This packaging 

inherits all merits of previous 2.5D scheme, and saves 50% area of silicon 

interposer with only one extra lithography step. 

4.2 Thermal Isolation Air Gap 

When stacking a relatively high power consuming BiCMOS chip on top of a low 

power opto-electronic die, proper thermal isolation is essential to avoid over 

heating the opto-electronic die. Air, with a thermal conductivity of 0.026 W/m·K, 

is a good thermal isolator, and it has been used for thermal isolation by local wet 

etching of the substrate [112] or selective dry etching of silicon [113]. However, 

in both cases, extra process steps to create an air cavity are needed. In addition, 

in 3D integration, stacked dies are connected directly by vias or solders, and this 

connections will also transfer heat from hotter to cooler chip. In our packaging 

architecture, an isolating air gap between the stacked dies is formed after 

assembly, and the indirect connections between dies are patterned on the 

interposer. Therefore, most of the heat will be conveyed by the silicon interposer. 

Besides, the thickness of air gap can be easily controlled by changing the etching 

depth.  

We utilize COMSOL heat transfer module to simulate the heat transfer in the 

3D packaged module, as well as 2.5D module as a reference. The physical 

dimensions of the BiCMOS IC and opto-electronic dies are 3800 μm × 2250 μm 

× 200 μm and 3000 μm × 250 μm × 150 μm (L × W × H), respectively. Both dies 

are connected with a silicon interposer measuring 6000 μm × 4000 μm × 400 μm, 

through gold bumps. The mechanical representation of the fully assembled 

module is shown in Figure 4.2a. The power dissipation of the BiCMOS IC is set 

to be 1.02W. In the scheme, the heatsink will be connected on the backside, so 

two blocks of copper, 6000 μm × 1000 μm × 500 μm, are simulated to be attached 

to the interposer, acting as heatsinks.  

To simplify the simulation, we treat the bottom side of the copper block as a 

convective boundary, with a HTC of 5000 W/K·m2. According to this heat 

dissipation capability, the thermal resistance of a heatsink can be calculated to 

choose an appropriate heatsink, which in this case is 1/ (5000 × 2 × 6 × 10-6) = 

16.67 K/W. We can also estimate the size of the heatsink [109], which should be 

attached to these two copper blocks, shown in Figure 4.1. A simple copper round 
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pin heat sink, with the dimension of 6 mm × 6 mm × 15 mm (L × W × H) exhibit 

a thermal resistance of 14.13 °C/W in air flow rate of 1.0 m/s, which can fulfill 

the requirements given above.  

 

Figure 4.2: Simulation results of heat transfer in 3D package architecture. (a) 3D 

module in simulator; thermal distribution in 3D packaged module, with an air gap of 50 

μm (b) and without an air gap (c). 

The top side of the sub-module is in ambient air, and the thickness of air is set 

to 400 μm. The HTC of all other boundaries is set to 5 W/°C·m2, nearly adiabatic. 

We assume the initial temperature is at room temperature (22 °C), and the solver 

runs the calculation until the system is in thermal equilibrium.  

The simulation results of thermal gradient for the designed 50 μm air gap after 

fabrication is shown in Figure 4.2b. The highest temperature in the module is 41.6 

°C, located in the center of BiCMOS IC, and the temperature of the opto-

electronics stays at 37.8 °C, 3.8 °C below BiCMOS IC. In case the BiCMOS IC 

consumes more power and heats even more, the effect of the airgap will be more 

pronounced. We also investigate the thermal gradient with the same structure 

under similar conditions, when no air gap is present: the opto-electronics and 

BiCMOS IC experience, under these conditions, approximately the same 

temperatures (40.2 °C and 41.0 °C), in Figure 4.2. In addition, the different 

thickness of air gap is also simulated. In our simulation, we have found that once 

the air gap is larger than 5 μm, the temperature difference stabilizes.  
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Figure 4.3: Simulation results of heat transfer in 2.5D package architecture.  

As a comparison, the 2.5D packaged module is also simulated. The same dies 

are simulated on a silicon interposer side by side. The heat dissipation is again 

included through the use of the same copper blocks, with same thermal 

convective boundaries. The result is shown in Figure 4.3. The temperature of the 

opto-electronic chip is 5.8 °C below the BiCMOS IC, however, it stays at 42.8 

°C, higher than the values for the 3D module. This is due to the limited heat 

transfer possible via the thin layer of silicon underneath the dies. The simulation 

results are summarized in Table 4.1. 

Table 4.1 Temperature in Packaging System  

 

The heat transfer simulation results show a similar temperature distribution in 

opto-electronics and electronics, because the optics is in a similar thermal 

environment in both 2.5D and 3D packages. Due to the air gap between the opto-

electronic and BiCMOS dies and thanks to the indirect electrical connection, the 

heat generated in the BiCMOS IC is not directly transferred to the electro-optic 

die: the vertical air gap reduces thermal crosstalk in this packaged module.  

4.3 Silicon Interposer Fabrication 

4.3.1 2-Level Silicon Interposer Fabrication  

The fabrication process is first tested on the same wafer used to make the 2.5D 

integration interposers. The process flow is shown in Figure 4.4, left panel. Using 

Module  
Opto-electronics  

Temperature (°C) 

Electronics  

Temperature (°C) 

3D no air gap 40.2 41.0 

3D 50 μm air gap 37.8 41.6 

2.5D 42.8 48.6 
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the silicon interposer fabricated in this process, opto-electronic die can be 

embedded in etched cavity and BiCMOS can be placed on top of that. 

 

 

Figure 4.4: Left: Process step of silicon interposer: (a) SiNx deposition; (b) KOH 

etching; (c) lithography on etched topology; (d) electro-plating traces and solder bumps; 

(e) wet etching on both sides. Right: lithography patterning result. 

 

Figure 4.5: Electro-plating results after removing the photoresist in big cavity for opto-

electronics (left) and small cavity (right). 

Similar with the process of 2.5D integration, firstly, a layer of silicon nitride is 

deposited as a mask for silicon etching in KOH, and it is selectively removed for 

the cavity etching. The convex corner is also smoothened by TMAH etching, 

enabled by different etching rate of crystal faces, which will be beneficial for the 

spin coating. The lithographic pattern is shown in Figure 4.4, right side. Electro-

plating base is sputtered, and lithography is performed on the etched topology for 
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traces plating. After plating and removing the sputtered layer, the optical vias are 

vertically opened by wet etching. The plating results are shown in Figure 4.5. 

Finally, the optical vias have been etched through both sides, in Figure 4.6. 

 

Figure 4.6: Electro-plating results after removing the photoresist in small cavity for 

opto-electronics (left) and small cavity (right). 

In Figure 4.5 and Figure 4.6, two opening are designed, for the two kinds of 

dies, with the dimensions 3000 μm × 250 μm × 150 μm (L × W × H) from Philips 

Photonics [114], and 3250 μm × 500 μm × 150 μm (L × W × H) from Zarlink 

Semiconductors. For the larger size arrays, after compensating for the defocusing 

due to the non-contact lithography, the etched cavity ends up being a little too 

big, and some pads are half patterned on the slope, which may cause 

disconnections between BiCMOS IC and interposer, in Figure 4.5, left. This 

problem was not observed when creating the cavity for the smaller arrays. 

However, because of the smaller etched cavity, the uniformity of the spin coating 

becomes worse. The photo resist pattern is therefore open in some places close to 

the convex corner, resulting in extra plating. Besides, at the bottom of the cavity, 

because of the extra accumulated photoresist, developing becomes difficult. In 

Figure 4.5 and Figure 4.6, right penal, the smaller gold bumps and openings are 

due to the undeveloped photoresist. 

To overcome some of the issues encountered in this preliminary design, several 

improvements were included in the following designs. Firstly, a choice has been 

made to use the smaller opto-electronic dies with the length of 3000 μm to make 

sure the pattern of cavity will not overlap with the pattern of pads. In addition, a 

slightly wider cavity for opto-electronic die is designed for a better coverage of 

photoresist. 
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4.3.2 3-Level Silicon Interposer Fabrication 

With the new designs, the 3-level silicon interposer is fabricated on a thicker 

wafer, 400 μm. One extra silicon etching is added and defined in the first 

lithography step, as shown in Figure 4.7. 

 

Figure 4.7: Process step of silicon interposer: (a) SiNx deposition; (b) 1st KOH etching 

for electronics; (c) 2nd KOH etching for optics; (d) lithography on etched topology; (e) 

electro-plating traces and solder bumps; (f) wet etching on both sides; (g) flip-chip 

bonding of optics, electronics and lens array. 

The SEM photos are captured after the key steps. In Figure 4.8, the patterning 

of photoresist shows the electrical traces. As illustrated in the scheme, the 

connections between the BiCMOS IC and the opto-electronic die are patterned 

through the second etched face. The rest of the pads on BiCMOS chip are routed 

through the first etched face and redistributed to fan-out 250 μm pitch on the 

surface of silicon interposer. In Figure 4.9, the traces are plated and the openings 

are etched. A zoomed in photo shows the patterned traces and optical vias. 
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Figure 4.8: SEM photos of lithographic pattern on the 3-level etched cavity.  

 

Figure 4.9: SEM photos of processed silicon interposer. Left: top view of silicon 

interposer; right: zoomed in vias and gold bumps of one channel.  

 

Figure 4.10: The SEM photo of the cross section of the silicon interposer shows the 

etched corner, the multi-level cavity and electrical routing on the slanted face. 
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In addition, in order to check the depth of cavities and the curvature of the 

etched convex corners, the fabricated silicon interposer is cleaved across the 

etched cavity, and the cross section of etched cavity can be examined by SEM. 

In Figure 4.10, the rounded corners have been successfully formed in one etching 

process. Besides, the exact thickness of the different levels is measured to be 150 

μm, 200 μm and 50 μm for the BiCMOS IC chip, the opto-electronic die and the 

optical vias respectively. 

4.4  Assembly 

The silicon interposers have been fabricated for 12-channel 10 Gb/s transmitter 

and receiver in one process flow, and the processed wafer is shown in Figure 4.11. 

The silicon interposers are easily cleaved out thanks to the wet etched cleaving 

line on the wafer.  

 

Figure 4.11: processed one inch square silicon sample, including four interposer designs 

and cleaving lines. 

Flip-chip bonding is performed on the same die bonder, which is also used to 

align and bond the dies on the completed interposer. The opto-electronic die is 

firstly passively aligned and bonded inside the cavity of the patterned silicon 

interposer using the same thermal compression bonding as used for 2.5D 
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integration, as shown in Figure 4.12, left panel. SEM photos are also taken from 

the backside to check the alignment of opto-electronics, and the apertures can be 

seen through vertical vias, which shows accurate alignment, in Figure 4.12, right 

panel. 

 

Figure 4.12: Left: SEM photo of flip-chipped VCSEL/PD; right: backside SEM photos 

are also taken for both transmitter and receiver.  

 

Figure 4.13: Micrograph of BICMOS IC with gold stud bumps. 

After that, the BiCMOS IC is also flip-chipped and embedded in the silicon 

interposer above the opto-electronics. Since a standard packaged electronic die is 

used, the finishing pads are aluminum. In order to connect with the silicon 

interposer, gold bumps or stud bumps are required. In this case, we choose to 

apply stud bumps through a ball bonder, in Figure 4.13. The process of stud 

bumps has been applied in the fine pitch (50 μm) flip chip bonding process [115], 



68    Signal Integrity Characterization 

 

 

 

[116], and the bumps are placed one by one. Alternatively, if BiCMOS ICs are 

supplied with solder bumps located on the perimeter of the chip, they can be used 

in a similar fashion to the assembly steps of the 2.5D devices.  

After placing the gold stud bumps, thermal compression bonding is used for 

BiCMOS ICs bonding to create gold-gold connections. Since the process of stud 

bumping the aluminum pads results in the bumps having tiny tips on top, the 

bonding pressure will be much higher between stud bumps and the silicon 

interposer. Therefore, lower temperature (240 °C) and lower force (0.2N/pads) is 

used as detailed in Table 2.4. The photo in Figure 4.14, left panel is taken after 

bonding. 

 

Figure 4.14: Left: Micro photography of bonded BiCMOS IC; right: photo of the 

assembled module coupled with standard MT ferrule from back side. 

For the light coupling, a lens array form Enplas, which integrates the lens and 

TIR mirrors in small form factor, is passively aligned and fixed on the back side 

of silicon interposer. After that, a standard MT ferrule can be connected with the 

assembled module for testing purposes. The left panel in Figure 4.14 shows the 

back side of the assembly. 

4.5 Signal Integrity Characterization  

The assembled transmitter and receiver are evaluated on the same probe station 

using a scheme similar to that shown in Figure 3.15. The differential probes are 

used for high speed electrical signals connection. A standard 12-channel MT 

ferrule is connected through the guide pins, and a break out cable offers individual 

access to 12 LC fibers. Commercial SFP+ (AFBR-709SMZ from Avago) and 

QSFP28 (Cisco QSFP-100G-SR4-S) modules are used as 10 Gb/s, 15 Gb/s and 

20 Gb/s light sources and photo detectors, respectively, for the module 
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characterization. The BER curves are measured at 10 Gb/s and compared with 

the SFP+ module, and eye patterns are captured at 10 Gb/s, 15 Gb/s and 20 Gb/s. 

 

Figure 4.15: The BER curves for each channel and SFP+ in transmitter test. Insert: 

representative eye pattern captured at 10 Gb/s. 

 

Figure 4.16: The eye patterns of 12-channel transmitter, working at 15 Gb/s, 231-1 

PRBS. 

4.5.1 Transmitter Sub-Module 

During transmitter testing, all of the channels are turned on, and the input 

electrical signal is supplied by a pattern generator. A 10 Gb/s non return to zero 

(NRZ) with a 231-1 pseudo random bit sequence (PRBS) signal is fed by multiple 

differential RF probes (signal-signal) through fan-out pads of the silicon 

interposer of each channel. The converted optical signal is detected by the SFP+ 
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module, and the output electrical signal is characterized by an error detector and 

an oscilloscope.  

The BER curves of 12 channels transmitter, together with back to back, are 

shown in Figure 4.15. A representative eye pattern is shown in the insert panel. 

Error free operation (10-12) is obtained, when received power is above -10.2dBm. 

The spread of BER curves is less than 1dB, which indicates uniform performance 

of all channels. We also test the performance at 15 Gb/s, PRBS 231-1, 50% higher 

than the chip nominal design specification, by replacing the SFP+ with QSFP28. 

The clear eye patterns of all channels are captured and shown in Figure 4.16.  

4.5.2 Receiver Sub-module 

For testing the receiver sub-module, the 10 Gb/s NRZ 231-1 PRBS optical signal 

is generated by the SFP+ module and fed through the MT ferrule. The converted 

differential electrical signals are picked up by differential probes and 

characterized by the same error detector and an oscilloscope. A representative 

eye pattern of receiver output is shown in the insert panel. Also, the BER curves 

of 12 channels, together with back to back performance, are shown in Figure 4.17. 

Uniform performance of all channels is obtained, and spread of BER curves is 

less than 1 dB. However, a penalty of about 1.5 dB is measured, which can be 

attributed to the coupling losses of the angled mirror lens array. The receiver 

module is also tested at 15 Gb/s, PRBS 231-1, and clear eye patterns are shown in 

Figure 4.18.  

 

Figure 4.17: The BER curves for each channel and SFP+ in receiver test. Insert: 

representative eye pattern captured at 10 Gb/s. 
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Figure 4.18: The eye patterns of 12-channel receiver, working at 15 Gb/s, 231-1 PRBS. 

4.5.3 20 Gb/s Testing 

We further tested the sub-assembly performance at bit rates up to 20 Gb/s with 

the signal sequence of NRZ 27-1 PRBS on one random channel from both 

transmitter and receiver, respectively. The testing results still show open eye 

patterns and error free operation as illustrated in Figure 4.19. This indicate that 

up to 240 Gb/s data capacity can be reached for each of these sub-modules. 

 

 

Figure 4.19: The captured eye patterns of transmitter and receiver, which are working at 

20 Gb/s, 27-1 PRBS. Additionally, BER mask in RX shows the different BER levels at 

2.5E-3, 2.5E-10 and 1E-12. 
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4.6 Crosstalk Effect Characterizing 

The effect of channel crosstalk (including electrical and optical crosstalk) is 

characterized by the penalty of receiver sensitivity in the BER curves. The 10 

Gb/s NRZ 231-1 PRBS electrical and optical signals are used for this experiment. 

 

Figure 4.20: Impact of crosstalk on BER curve for both transmitter and receiver. Left: 

the BER curves of channel 10 of transmitter module; right: the BER curves of channel 

10 of receiver module. 

For the transmitter, 3 pairs of differential signals are fed into three adjacent 

channels with longest differential lines, channels 9, 10 and 11, and the BER 

curves of channel 10 are measured and shown in Figure 4.20, left panel. 

Comparing with one channel, the observed power penalty is 0.1 dB. The effect 

of crosstalk can be neglected, since the power penalty is within the measurement 

error. 

In receiver crosstalk testing, we measured the BER curves of channel 10 by an 

error detector, while feeding optical signals to one and two adjacent channels. 

The optical signals are generated by a CXP module controlled by a standard 

switch ASIC. As shown in Figure 4.20 right panel, there is a 0.4 dB power 

penalty, if two adjacent channels (CH10, CH11) are working together. There is 

an additional 0.4 dB power penalty, if channel 9 (CH9) is turned on. The cross 
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talk penalty may be due to the distortion of adjacent differential trace, since they 

are terminated with 50 Ω resistance during testing. The possible addition of 

ground planes between channels may improve the performance. We further 

generated and fed more optical signals into other channels, and there is no further 

impact on the tested channel.  

4.7 Thermal Validation 

To validate the thermal isolation of the air gap, the temperature values of the 

VCSEL array and BiCMOS driver are tested. For the VCSEL, since the peak 

value of the output wavelength is linearly changing with the temperature [117], 

the temperature increase can be calculated from the wavelength shift. The 

temperature of the BiCMOS driver is tested from the top surface by attaching a 

thermistor to it.  

 

Figure 4.21: The temperature dependence of the VCSEL emission lines. The linear 

fitting shows a slope of 0.06543 nm/°C. 

Firstly, the wavelength shift as a function of temperature is measured using a 

similar VCSEL array. The VCSEL array is placed on the plate of the flip chip 

bonder, on which the temperature can be controlled precisely, with the range from 

40 °C to 250 °C. An optical connector, which is connected with fibers, is clamped 
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and aligned. A single VCSEL is powered by two probes, and the optical output 

spectrum is analyzed using a spectrum analyzer. The various emitted wavelengths 

are monitored while the temperature is changed from room temperature (22 °C) 

to 70 °C. The test results are shown in Figure 4.21. Five peaks are recorded and 

their average values (nearly central wavelength) are linearly fitted with 

temperature, showing a wavelength shift of 0.06543 nm/°C. 

Using the information obtained on a stand-alone VCSEL, the temperature 

value of the embedded VCSEL can now be derived by monitoring the wavelength 

changes. We perform the test on the same probe station, and the assembled 

transmitter is placed on an aluminum cylinder carrier (diameter 600 mm, height 

10 mm), contacting the same area shown in the scheme on Figure 4.1. Since the 

volume of aluminum is larger than the simulated copper heat-sinks in section III, 

the carrier exhibits much better heat dissipation. The 12 VCSELs are switched on 

through the BiCMOS driver, and the output of the VCSEL array is fed into the 

same spectrum analyzer. Since there’s no high speed data input during this 

thermal characterization, the power consumption of the module is lower than the 

maximum consumption and is measured to be 0.48 W. The changes of peak 

wavelength is 0.11 nm between the starting temperature (21.5 °C) and the stable 

temperature, which indicate 1.7 °C increase. The temperature of the VCSEL is 

stable at 23.2 °C, when the thermistor shows the temperature of the BiCMOS 

driver is 25.0 °C. The thermal characterization shows 1.8 °C difference between 

the BiCMOS driver and the VCSEL array, due to the effect of thermal isolation. 

This effect will be more obvious, if the chips work at higher temperature under 

full loading conditions, as anticipated by the thermal simulations shown in 

section III.  

4.8 Summary 

In this chapter, opto-electronic dies and BiCMOS ICs have been packaged using 

a 3D packaging scheme. A 3-level silicon interposer is fabricated using the silicon 

wet etching technique described in chapters 2 and 3. The electrical connections 

are designed for 12-channel parallel optical transceiver, and very short traces 

between dies are achieved by routing through the etched face. 10 Gb/s transmitter 

and receiver have been assembled with an air gap. The opto-electronic die in this 

new packaging concept is shown using simulation to experience similar 

conditions as those obtainable using the 2.5D package concept yet with higher 

density. The simulation results shows the temperature of opto-electronics is 3.8 

°C lower than BiCMOS, which indicate that good thermal decoupling is obtained. 

The actual temperature of the working module is also tested and shows to support 
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a lower operating temperature for the embedded VCSEL array compared to the 

BiCMOS driver. This proposed 3D scheme exhibits therefore a thermal 

advantage over conventional 3D stacking approaches. 

A standard optical connector is included in the module, which is connected 

with break out fiber for testing purposes. Both transmitter and receiver assemblies 

have uniform performance. All 12 channels show similar sensitivity, with a 

maximum 1 dB spread between channels for both transmitter and receiver. Clear 

and uniform eye patterns are captured up to 20 Gb/s, indicating a potential to 

achieve 240 Gb/s data capacity and 10 Gb/s/mm2 bandwidth density for both 12-

channel transmitter and receiver. Finally, only limited crosstalk is measured - 0.1 

dB and 0.8 dB power penalties for the transmitter and receiver, respectively. 

This 3D embedding platform, with its thermal advantages and advanced RF 

performance, can be used for heterogeneous integration and opto-electronic 

packaging. In the future, higher data rate chips, enabling higher bandwidth 

density and low power consumption, can be packaged to fulfil 400 Gb/s (25 Gb/s 

× 16 or 50 Gb/s × 8) data transmission for next generation optical interconnection. 

 

 

 





 

 

 

Chapter 5  

 

2D Optical I/Os 

 

 
As mentioned in the Chapter 1, it is important to increase the radix of data center 

switches from an architectural point of view. Parallel transceivers, with high 

channel counts are favored in this scenario. The 2D arrangement of optical ports 

will increase the density and radix at the same time, and these optical ports may 

also be integrated with an ASIC to overcome the BGA limit. In this chapter, wet 

etched silicon interposers will be used to create multi-chip assemblies to realize 

2D transceivers for 850 nm MM optical interconnects with matrix optical I/O 

ports.  

This chapter will be organized as follows. In section 5.1, a general packaging 

concept will be illustrated. In the scheme, the opto-electronic dies are flip-chip 

bonded side by side to form an optical port matrix with 250 μm pitch in both x- 

and y- directions. In section 5.2, a novel optical coupling method is designed. A 

single compact optical connector, which is designed based on a commercial 

PRIZM® MT ferrule, is employed to enable a single and direct connection of four 

fiber ribbons to all channels. The alignment tolerance of the suggested optical 

connector is tested. With this scheme, a 4 × 12-channel transmitter and a 4 × 12-

channel transceiver is demonstrated in section 5.3, 5.4, respectively.  

5.1 Packaging Concept 

A schematic drawing of the conceived assembly is shown in Figure 5.1. The 

passive silicon interposer is patterned to provide the metal traces and optical vias, 

used for the full assembly of the electronic and optics dies. The silicon interposers 

can be fabricated through four steps of lithography on a wafer level. One layer of 

electrical interface is designed and lithographically patterned on the silicon 

interposer. The optical vias are etched through a double-sided etching process. 
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In this assembly, four optical arrays are aligned and flip-chip bonded side by 

side in the center of the silicon interposer to create a 2D array of optical 

outputs/inputs with a pitch of 250 μm in both matrix directions. A single OI is 

attached at the bottom side of silicon, to couple the light from the 2D optical 

channels through optical vias into standard fiber ribbons.  

The suggested position of the heatsink at the bottom of the schematic drawing 

is made possible, thanks to fact that the silicon is an excellent thermal conductor, 

and the heat can be easily transferred to the heatsink regardless on the side where 

it is assembled.  

 

 

Figure 5.1: Scheme of the 2D optical assembly on a silicon interposer (cross-section), 

including four optics arrays and their electronics parts, an optical interface and 

heatsinks. 

5.2 Design of the Optical Interface 

To realize low cost optical access by direct fiber attachment, we design and 

employ the light coupling and alignment mechanism between two PRIZM® MT 

ferrules [118], [119]. 

5.2.1 PRIZM® MT Ferrule 

The PRIZM® MT ferrule was released in 2014 by US Conec. It employs 

expanded beams with multi-fiber lensed connectors to ease low insertion losses 

mating of multiple fibers with a single connector. As shown in Figure 5.2, left 

penal, the outer dimensional footprint is identical to traditional MT ferrule. 

Because of the integrated lenses, the expanded beam is formed between two 
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ferrules, while reducing pressure required by MT ferrule. In Figure 5.2, right 

penal, the cross section of PRIZM® MT ferrule is shown, and initially, the lens is 

design for light coupling into fibers. The fibers are fixed with epoxy.  

 

Figure 5.2: Left: PRIZM MT ferrule; right: cross section of a terminated ferrule, 

showing fiber (one row populated) and epoxy locations [119]. 

In our design, in order to realize direct light coupling to the silicon interposer, 

we make use of the lens array and the self-aligning post and hole at the head of 

one ferrule, by cutting it from the rest of the connector assembly, as shown in 

Figure 5.3. This way we keep the opto-electronics and the alignment features of 

the ferrule, and a robust OI is realized, which connects to its mated ferrule. This 

is a low cost method for vertically coupling fiber ribbons to arrays of VCSEL/PD, 

benefitting from expanded light beams created by the lenses at the end face of the 

connectors. In addition, based on the PRIZM® MT ferrule design, this high 

potential platform will support up to 16-fiber ribbons in 4 rows, for fibers counts 

as high as 64. 

 

Figure 5.3 Micrograph of a machined OI. 
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5.2.2 Measurement setup 

Apart from cutting off the part of the ferrule, we further micro-machine the total 

thickness of the OI to accommodate the silicon interposer and get the lowest 

coupling losses with the VCSELs, since the ferrules and lenses are originally 

designed for light coupling between multi-mode fibers.  

The light coupling tolerance test is firstly performed on a flip-chip bonder, after 

machining 150 μm of the OI. The scheme and setup is shown in Figure 5.4. The 

fabricated OI together with the ferrule are clamped on the arm of the flip-chip 

bonder, and connected with fiber ribbons. We use a VCSEL with a 25° beam 

divergence and 8.5 µm aperture diameter. The lens of OI is aligned with the 

aperture of the VCSEL, and the optical output is tested from one of the break-out 

fibers, changing the distance in the z- direction with a 10 μm step. In addition, at 

the best coupling z- position, we also test the light loss by changing x- and y- 

offsets, with a 1 μm step, to measure the alignment tolerances.  

 

Figure 5.4: The light coupling testing scheme for the machined ferrule (left) and 

photography (right) of OI based on a flip-chip bonder. The VCSEL can be moved in 3 

directions. 

5.2.3 Alignment Tolerance 

The testing results are shown in Figure 5.5. The minimum coupling loss for the 

OI is 1.0 dB, which corresponds to a distance of this machined OI of 150 μm. 

Besides, there is 1.5 dB displacement tolerances of ±50 μm in z- direction, while 

for the x- and y- directions a 3 dB displacement tolerances of ±10 μm is measured. 

In the scheme shown in Figure 5.1, the gap between OI and VCSEL is eventually 

set by the thickness of the wafer, which can be thinned to 150 μm.  
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Figure 5.5: Alignment tolerance measurement results. Left: effect of the distance 

between VCSEL and cut plane on coupling power loss; right: effect of x- and y- offset 

from best coupling point (z = 150 μm) on coupling power loss. 

5.3 48-channel Transmitter 

 

Figure 5.6: (a) Scheme of the 2D layout (top view) on the fabricated interposer; (b) 

details of the VCSEL channel connections in driver 3. Yellow layout shows the 

impedance matched electrical interface, and ground (G) and signal (S) are indicated. 

Red squares are OTSVs with 250 μm pitch in both x- and y- direction.  

The placement of the dies and connection details are depicted in Figure 5.6a. Four 

12-channel BiCMOS drivers are placed at the four corners of the silicon 

interposer, and each driver is connected to one quarter of the optical matrix 

through coplanar waveguides (CPWs). This design choice implies the co-

presence of longer and shorter CPWs for the same driver connections. Coupled 

traces, with 100 Ω impedance matching, are routed to the edges of the silicon 
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interposer with a pitch of 250 μm. The connection details of one quarter of the 

VCSEL channels is zoomed in Figure 5.6b. The size of the assembled transmitter 

module is 11 mm × 12 mm. The assembled module can be surface mounted on a 

standard PCB, because all the connections are routed to 1D pad arrays with a 

pitch of 250 μm.  

As shown in the packaging concept, to replace wire bonding, the optical and 

electrical dies are flip-chipped on the silicon interposer. Therefore, all of the 

electrical connections are designed with impedance matched connections, and 

fabricated through standard lithography and electro-plating processes on one side 

of the silicon interposer. Two kinds of TMLs are used, the 100 Ω differential 

TML for the digital signal metal lines (towards the BiCMOS inputs) and the 

single ended TML for analog signal metal lines (from BiCMOS to optics).  

 

Figure 5.7: Left: transmission S(6, 5), S(4, 1) and reflection S(1, 1), S(5, 5) parameters 

of path 0 (long trace, blue) and path 11 (short trace, red) at the frequency range from 0 

to 50 GHz; right: electrical crosstalk between two long traces, NEXT S(1, 2) and FEXT 

S(1, 3). 

We use a similar approach in Chapter 3, for 100 Ω differential TMLs, which 

results in low transmission loss. In this packaging scheme, the single ended 

(analog) TMLs are also designed by using the Keysight software ADS. The 

electrical connections between driver and VCSEL are designed as 50 Ω CPWs, 

matching the expected series resistance of VCSEL. The entire design of driver 3 

is developed by maintaining impedance matching in ADS, calculating 

simultaneously 6 ports on both ends of the traces (including the 2 longest traces 

and 1 shortest trace). Transmission parameters of the long (5 mm, path 0) and 

short (0.9 mm, path 11) traces are simulated. As shown in Figure 5.7, the 

transmission loss is 1.7 dB (S(4, 1)) and 0.4 dB (S(6, 5)) at 50 GHz, respectively 

for path 0 and 11, and the reflection (S(1, 1) and S(5, 5)) is below -20 dB. In 

addition, the channel crosstalk is also simulated: both near end crosstalk (NEXT) 
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and far end cross talk (FEXT) between 2 long traces are below -25 dB, shown in 

Figure 5.7, lower panel. 

5.3.1 Fabrication 

The fabrication process includes 4 steps of lithography, less steps comparing with 

2.5D and 3D scheme, but a step of wafer thinning is added. According to the 

results of the optical coupling tests of the machined OI (section III), the distance 

between VCSEL and OI needs to be optimized. Therefore, the cleaved 1-inch 

silicon sample with a thickness of 210 μm is further thinned down to 180 μm in 

KOH solution at 80.0 °C. Further thinning of the substrate is not done to avoid 

possible breaking of the wafer during process. Before performing the lithography 

steps to define the metal traces and bumps, a seed layer is sputtered on top of 

deposited silicon nitride mask. Following 2 steps of electro-plating, the OTSVs 

are made by double-sided anisotropic silicon wet etching in the same KOH 

solution, and vertical side walls are easily formed by controlling etching time. 

The SEM image in Figure 5.8 shows the CPWs for the electrical connections and 

the OTSVs for 48-channel VCSEL after removing the seed layer (left), and the 

details of channel connections (right).  

 

Figure 5.8: Left: SEM image of CPW connections and OTSVs for 48 channels of 

VCSEL arrays; right: zoomed-in SEM image of channels at corner shows the CPWs, 

OTSVs and gold bumps.  

5.3.2 Assembly  

After the fabrication process flow is complete, the silicon interposer is cleaved 

out for further assembly. Opto-electronic and electronic dies are flip-chip bonded 

on the die bonder. After a heat reflow (280 °C), the gold pads on the VCSEL and 

the plated bumps on silicon interposer are connected. Four VCSEL arrays are 

aligned one by one based on the OTSVs and optical apertures of the VCSELs. 
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However, due to the relatively large square OTSVs, compared with the VCSEL 

apertures, a slight mismatch might take place during alignment. Alignment 

markers should be added in future designs. A microscope image is taken from the 

back side of the silicon interposer, showing the 2D apertures of 48 VCSELs 

through square OTSVs in Figure 5.9.  

 

Figure 5.9: Camera image under microscope, taken from the backside of silicon 

interposer through optical vias, after flip-chip bonding of VCSELs. 

 

Figure 5.10: Camera image under microscope of fully assembled 48-channel transmitter 

sub-module. Each quadrant of VCSELs is connected with one BiCMOS driver, and the 

middle channels of VCSEL array are connected with longest traces. 
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After that, four VCSEL drivers are flip-chip bonded using solder reflow (225 

°C) on the same die bonder. The final step of the assembly is the OI attachment 

on the opposite side of silicon interposer. Similar to the light coupling test, the 

alignment is performed between the lens of OI and apertures of VCSELs. With 

the accuracy of 1 μm, OI is aligned and mounted at the backside of silicon 

interposer by epoxy, EPO-TEK® 301, with 2 hour curing at 65 °C. A camera 

image from the top side of silicon carrier under microscope shows the fully 

assembled transmitter (Figure 5.10). 

 

Figure 5.11: Camera image of the side view of the assembled transmitter sub-module. 

The attached optical interface is connected with a PRIZM® MT ferrule, and the fiber 

ribbons. Insert: OI is attached at bottom side of the silicon interposer. 

As shown in Figure 5.11, through the guide post and hole, a standard 48-

channel PRIZM® MT ferrule is connected with the fixed OI on the opposite side 

of silicon interposer with a clamping tool. The 48 separate channels are made 

easily accessible using a MPO to 48 LC fibers break-up cable.  

The assembled 48-channel transmitter is completely characterized on a probe 

station. Power and control signals are provided to the pads on the top surface of 

silicon interposer through multi-probes. The differential probes are used for the 

high speed electrical signal inputs. The commercial SFP+ module and QSFP28 

are used as photo detectors for the 10 Gb/s and 15 Gb/s characterization.  
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5.3.3 Signal Integrity Characterization 

Firstly, eye diagrams are measured at 15 Gb/s, which is 50% higher than the chip 

set specification. A NRZ single with a 231-1 pseudo random bit stream (PRBS) is 

fed by multiple differential RF probes (signal-signal) through fan-out pads on the 

silicon interposer of each channel. The converted optical signal is detected by the 

QSFP28 module through the break-up LC fiber. The eye patterns of the electrical 

output from the QSFP28 are captured by an oscilloscope. All 48 channels are 

separately driven by the four drivers. Uniform and clear eye patterns are obtained. 

The Figure 5.12 presents the eye patterns from all channels, shown with the same 

position of the bonded VCSEL channels and the indication of different length of 

CPWs. 

 

Figure 5.12: Eye patterns of all 48 channels, working at 15 Gb/s, 231-1 PRBS. 

 

Figure 5.13: BER curves of each quadrant of transmitter sub-module channel 0 (CH0) 

represents the longest trace in driver 2 and driver 3, and channel 11 (CH11) represents 

the longest trace in driver 1 and 4. 

 



 87 

 

BER is tested at 10 Gb/s with 231-1 PRBS patterns. The QSFP28 is replaced by 

the SFP+, and the converted electrical signal is characterized by an error detector. 

All of the 48 channels have been tested, grouped into the 4 drivers. The four 

groups of 12 receiver sensitivity curves are shown in Figure 5.13, and each group 

includes the shortest and the longest trace, with the spread of power penalty of 

1.9 dB, 1.8 dB, 1.5 dB and 1.7 dB for each group at 10-12 level. The channels with 

longer traces are under performing, which is mainly due to the higher loss in long 

channels. This is validated by using a Vector Network Analyzer (VNA) to test 

the actual transmission S(2,1) and reflection S(1,1) parameter of the traces on the 

silicon interposer, fabricated in the same batch. The tested S(2,1) and S(1,1) of 

both long and short traces are shown in Figure 5.14. From the testing results, there 

is a higher loss, while reflection is low in the entire band (-20 dB), comparing 

with simulation results in Figure 5.7. This higher measured losses are mainly due 

to the thin gold traces. In the future, a thicker layer of gold will be plated to 

improve the ohmic loss. Moreover, this loss spread is a consequence of the design 

choice to place the drivers at the 4 corners of the silicon die. Therefore, only by 

rotating the BiCMOS drivers, the length of CPWs can be balanced to minimize 

this variation. 

 

Figure 5.14: Measured transmission S(2,1) and reflection S(1,1) coefficient of long and 

short trace from 0 to 40 GHz.  

5.3.4 Crosstalk penalty 

The effect of channel crosstalk (including electrical and optical crosstalk) is also 

characterized by testing the penalty at the receiver sensitivity curves.  

Firstly, the optical power leaking into an adjacent channels to the active one is 

measured to be below - 50 dBm, which indicates nearly no power leakage to 

neighboring channels. After that, the three pairs of differential signals are fed into 

three adjacent channels of driver 3, channel 1, 2, 3, which represent the longest 

traces, shown in Figure 5.6. In our design, channel 2 is routed between 1 and 3, 
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and the optical output of channel 3 is closer to that of channels 1 and 2 in x- and 

y- directions. Therefore, the BER curves of channel 2 (worst effected electrical 

channel) and channel 3 (worst effected optical channel) are shown in Figure 5.15, 

together with the curves related to the case all 3 channels are working at same 

time. Very limited effect of crosstalk is found: less than 0.2 dB power penalty is 

measured. 

 

Figure 5.15: Crosstalk test for 3 channels with the longest electrical connections, 

working at the same time. 

 

Figure 5.16: Power loss on 48-channel VCSEL. The channel count is according to the 

VCSEL array. 
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During testing, the highest output optical power of all 48 channels is recorded, 

and the output power of best light coupling channel is -0.2 dBm, indicating a best 

possible total coupling loss of 1.2 dB (calculated based on an absolute output 

value of 1.0 dBm). The additional 0.2 dB loss is mainly due to the thicker 

substrate. The calculated coupling losses of 48 channel are shown in Figure 5.16 

for all four VCSEL arrays. There is a misalignment of array 1 and array 2, causing 

an additional 2 dB loss. Besides, channel 1 of array 1, 2 and 3 show a large 

additional losses. This additional loss is due to the spread of the epoxy during 

mounting. Small trenches can be etched during the etching of via to guide 

excessive epoxy away from the lenses during gluing and curing. 

5.4 24-Channel Duplex Transceiver 

In this section, a silicon interposer has been delivered by electro-plating and wet 

etching for the assembly of a 2D transceiver, with 24 transmitter and 24 receiver 

channels. Similarly, the 2D optical channels keep the pitch of 250 μm in both x- 

and y-directions. CPWs and coupled traces are designed as electrical interface for 

transmitter and receiver respectively. A SEM photo of the complete silicon 

interposer is shown in Figure 5.17, including optical vias and electrical interface.  

 

Figure 5.17: SEM image of CPWs and coupled connections and OTSVs for 24 channels 

of VCSELs and 24 channel of PDs.  
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For the testing purpose, a 12-channel VCSEL array and PD array are firstly 

bonded in same process and connected with the longer traces on the silicon 

interposer. A micro photograph shows the apertures of VCSELs and PDs, in 

Figure 5.18. After that, one VCSEL driver and one TIA/LA are reflowed on the 

interposer. OI is also assembled for light coupling. 

 

Figure 5.18: Camera image under microscope, taken from the backside of silicon 

interposer through optical vias, after flip-chip bonding of PD array and VCSEL array. 

The module is evaluated at 10 Gb/s for both transmitter and receiver channels, 

with a SFP+ module. The captured eye patterns of the channels, which are 

connected with long TML, are shown in Figure 5.19. The clear eye pattern 

indicate that the coupled traces can be designed for PD connections. This duplex 

design could offer 480 Gb/s data capacity.  

 

Figure 5.19: Eye patterns of selected long-trace channel of transmitter and receiver, 

working at 10 Gb/s. 
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5.5 Summary 

In this chapter, we have demonstrated a novel approach for the VCSEL based 

high density matrix optical ports packaging. Low cost wet-etched silicon 

interposers are designed and fabricated for components assembly, through a 

single layer metallization. The highly integrated optical transmitter module is 

packaged with only commercial components.  

A low cost OI with up to 4 × 16 lanes is designed for fiber to chip coupling. 

The coupling tolerance is tested, showing the loss can be as low as 1.0 dB and 

below 1.5 dB within the range of 100 μm in z- direction, and 3 dB within 20 μm 

in the x- and y- directions. The 250 μm pitch 2D optical transmitter is easily 

coupled with standard fiber ribbons through this machined OI. 4 × 12-channel 

opto-electronics have been used for two assembly schemes. 

Firstly, 4 × 12-channel transmitter has been assembled and tested. Uniform and 

clear eye patterns for all the channels are captured at 15 Gb/s with PRBS 231-1 

patterns. The BER curves and crosstalk effect are also measured. The results 

show that the long traces channel perform less, with around 1 dB additional power 

penalty. The victim channels of electrical and optical crosstalk is tested 

respectively, showing a negligible power penalty (less than 0.2 dB). The 

transmitter offers up to 0.72 Tb/s data rate for a total density of 5.45 Gb/s/mm2, 

indicating that this packaging approach is a promising solution for Tb/s class 

module in next generation optical interconnection links. 

Secondly, in the similar scheme, a silicon interposer is designed for 24-channel 

duplex transceiver, and coupled traces are employed for 24-channel transmitter 

and receiver. The silicon interposer is fabricated in a similar process flow, and 

one group of transmitters and one group of receivers are then assembled and 

tested. Both transmitter and receiver show open eye diagrams at 10 Gb/s. 

From the simulation results, this platform will also work at 25 Gb/s for each 

channel. With a better placement of BiCMOS ICs, which should deliver balanced 

and shorter length of CPWs, together with shorter differential traces. In this way, 

the packaged module may offer 1.2 Tb/s (25 Gb/s × 48 channels) within an area 

of 1 cm2.  

 

 

 





 

 

 

Chapter 6  

 

Ultra-compact QSFP-DD Demonstrator 

 

 
In this chapter, by using a similar silicon interposer based package scheme, 16-

channel optical modules are designed for 400 Gb/s data capacity, using 

commercial 25 Gb/s chip sets. The optical channels are configured as matrix 4 × 

4-channel and compact 2 × 8-channel, and coupled with standard fiber ribbons 

through PRIZM® MT ferrule. Both modules are compatible with the emerging 

QSFP-DD configuration. The complete modules achieve an ultra-small area and 

realize high bandwidth density. 

After fabrication of the silicon interposers, a 4 × 4-channel receiver is firstly 

assembled, with form factor of 4 mm × 6 mm. Characterization is then followed, 

and the testing results show the packaged receiver module offers up to 448 Gb/s 

data rate, offering a bandwidth density of 18.7 Gb/s/mm2. After that, a 2 × 8-

channel transceiver is assembled in an area of 6 mm × 6 mm, and tested as well, 

offering a bandwidth density of 12.4 Gb/s/mm2. 

6.1 400 Gb/s Compact Module Design 

As presented in the drawing, Figure 5.1, the same scheme is used in this 

packaging as well. The lithographically patterned silicon interposer is designed 

for current 25 Gb/s chip sets, with improvement in the placement of BiCMOS 

ICs. 4 pairs of the commercial opto-electronics dies [120] and BiCMOS IC chips 

[100] are employed to assemble a 16-channel optical transmitter or receiver or 

transceiver module. There are two types of assembly being proposed.  

In the matrix 4 × 4-channel configuration, the pitch of the 2D optical matrix is 

formed as 250 μm in both the x- and y- directions. In this packaging, using four 

commercial 4-channel opto-electronic dies flip-chip bonded side by side in a 1 

mm2 area. Short distance (300 - 700 μm) between opto-electronics and BiCMOS 
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IC is realized through an optimized compact chip placement. The short electrical 

interface is designed to match the impedance and to reduce the crosstalk.  

In the compact 2 × 8-channel configuration, two groups of optical arrays are 

aligned back to back to create the 2 × 8-channel optical I/Os with the same pitch 

of 250 μm, by employing the outside 8 channels in the standard 2 × 12-channel 

fiber ribbons. In this configuration, four BiCMOS ICs can be placed extremely 

close to the opto-electronics through side by side placing. Coupled traces are used 

for electrical connections. In addition, the silicon interposer is also designed to 

enable the placement of decoupling capacitors for power rails filtering.  

In both designs, differential inputs/outputs of the BiCMOS IC chips are 

redistributed to the 1D pads on the two opposite edges of silicon interposer with 

250 μm pitch through differential traces. Besides, the power rails and I2C bus 

lines are also routed to the other two edges of silicon interposer, which will be 

beneficial for further packaging. The compact OI is attached on the opposite side 

of the silicon interposers, and the central 4 × 4-channel or outside 2 × 8-channel 

are employed to couple the light with standard fiber ribbons for the two 

assemblies, respectively.  

6.2 Fabrication on a Wafer Level 

The fabrication includes four steps of lithography, and they are same with the 

process used in section 5.3.1. A cleaved 1-inch silicon sample is used to 

demonstrate the wafer level fabrication process, thinned down to 180 μm in KOH 

solution. After that, a metal layer is sputtered on top of the deposited silicon 

nitride mask (SiNx, 200 nm thick). Only one step of photolithography is 

performed for opening of the single layer metallization. Another plating is 

followed using the same seed layer, for bumps’ formation. The optical TSVs are 

made by double-sided silicon etching, with the square openings for each channel. 

In addition, the cleaving lines are also designed and etched on the bottom side in 

this process flow, together with the openings of optical ports. According to the 

principle of anisotropic wet etching of silicon, the depth of the grooves will be 

70 μm, when the width is 100 μm. With the help of the etched grooves, fabricated 

interposers on the silicon wafer can be easily separated. 

The photos of processed wafer are taken under microscope for different silicon 

interposers respectively. Figure 6.1 presents the 4 × 4-channel design. The photo, 

in the left panel, shows results of three lithography steps, and the plated electrical 

interfaces and matrix of optical ports are all well-defined. A SEM photo shows 

the wet etched OTSVs, in Figure 6.1(right). The sidewall of OTSVs are vertically 

formed through well controlled etching time.  
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Figure 6.1: Left: micrograph of patterned photoresist for wet etching of OTSVs. Details 

of the PD channel connections: one quadrant is connected with one TIA/LA (the noted 

channels). The ground (G) and signal (S) are indicated on plated CPWs; Right: SEM 

photo of complete silicon interposer, including etched OTSVs and short CPWs. 

Similarly, in the lithography masks layout, we populate several different 

designs, and the coupled traces are also employed to connect each channel 

separately. Different silicon interposers, with coupled traces, are fabricated using 

the same process. As shown in Figure 6.2 and Figure 6.3, silicon interposers for 

coupled traces connections for matrix 4 × 4-channel assembly and for compact 2 

× 8-channel assembly have been fabricated.   

 

Figure 6.2. Left: micrograph of patterned photoresist for wet etching of OTSVs. The 

plated coupled traces can be clearly seen for different channels; (right) SEM photo of 

complete silicon interposer, including etched OTSVs and short coupled traces. 
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In this matrix 4 × 4-channel design, Figure 6.2, the connections between 

BiCMOS and opto-electronic chips are similar with previous CPWs design, and 

short traces are patterned with same length (300 - 700 μm). While in the 2 × 8 

matrix design, Figure 6.3, since the chips are designed as opposite placement, 

extreme short connections (less than 250 μm) can be achieved. Besides, a tight 

coupling between the anode and cathode connections with equal length is 

designed to reduce lane-to-lane crosstalk. The same light coupling scheme is 

employed for 2 × 8-channel, however, after the OI assembly, the form factor will 

be 6 mm × 6 mm, which is larger than 4 × 4-channel configuration, since the OI 

is fixed along the channels. 

 

Figure 6.3: Left: micrograph of complete silicon interposer for 2 × 8 matrix design, for 

four pairs of chipset assembly. Right: zoom-in micrograph shows tightly coupled and 

extreme short electrical connections between BiCMOS and opto-electronic chips, and 

square openings for each channel. The green color indicates 220 nm thick SiNx on the 

top of silicon. 

6.3 4 × 4-channel Receiver Assembly 

After cleaving, the fabricated silicon interposer in 4 × 4-channel configuration is 

firstly used for 400 Gb/s receiver assembly. The 4-channel PD arrays and 

TIA/LAs are flip-chip bonded. Alignment and heat reflow (270 °C) are 

performed on a die bonder. The gold pads on the PDs and the plated bumps on 

the silicon interposer are thermal compression bonded. In order to keep the 250 
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μm pitch of optical ports, two PDs are placed next to each other, since the width 

of PD die is 250 μm. This requires high precision during flip-chip bonding. 

The image of the top side of silicon interposer is shown in Figure 6.4, left panel. 

In order to check the electrical connections, we measure the current–voltage 

characteristic of all channels, obtaining uniform results. The leakage current is 

also tested below 1 nA at reverse voltage of 2.0 V. In addition, as shown in Figure 

6.4 right panel, a microscope image is taken from bottom side of silicon 

interposer. Through OTSVs, we can clearly see the apertures of PDs. However, 

there is a slight misalignment between PD2 (row 2) and PD3 (row 3).  

 

Figure 6.4: Left: micrograph of four assembled PD arrays bonded on silicon interposer; 

right: micrograph of assembled PDs, taken from bottom side of silicon interposer. 

 

Figure 6.5: micrograph of assembled PD arrays and BiCMOS ICs, taken from top side 

of silicon interposer. 
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After that, 4 TIA/LAs, which are supplied with solder bumps, are reflowed 

(235 °C) on the die bonder with standard soldering reflow process. Figure 6.5 

shows the top view of assembled module. Opto-electronics are placed in the 

central 1 mm2 area, and the rotation of IC chips enable short and balanced 

electrical connections between opto-electronic and BiCMOS chips. Finally, the 

designed OI is placed with the same die bonder. Passive alignment is performed 

by aligning the apertures of PDs and the lenses on the OI. Transparent epoxy, 

EPO-TEK® 301, is used to fix the OI at the bottom of the silicon interposer, with 

2 hour curing at 65 °C.  

 

Figure 6.6: Left: Side photography of the assembled module on a testing clamp. 

PRIZM® MT ferrule, connected with fiber ribbons, accesses to the module though guide 

pins and holes. Right: photo of testing setup. 

The fully assembled module is ready for high speed characterization. As shown 

in Figure 6.6, left panel, the commercial PRIZM® MT ferrule with fiber ribbons 

provides easy access to the module, though the guide pins and holes. Bonded 

opto-electronics and BiCMOS ICs can be also seen in this photo. The module 

connected with PRIZM® MT ferrule is fixed on a clamp for testing. 

Performance characterization is performed for the assembled 16-channel 

receiver module on a probe station. The fiber ribbons from PRIZM® MT ferrule 

further breaks out to LC fibers for providing optical input signals. A commercial 

QSFP28 (100G-SR4-S, Cisco) is used as a high speed light sources.  

As shown in Figure 6.6, right panel, the power rails and I2C bus lines are 

connected to a 3.3 V power supply and a microcontroller via DC probes, 

respectively. Then, serial data can be transferred for full chip configuration. In 

order to test high speed performance, multiple differential RF probes (signal-

signal) are connected on the fan-out pads of the silicon interposer for electrical 

output signals.  
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Figure 6.7: the eye patterns for each channel working at 25.78 Gb/s, 231-1 PRBS. 

All channels are tested at NRZ 25.78 Gb/s, with a 231-1 PRBS. The converted 

electrical signal outputs from assembled receiver module, are fed into an 

oscilloscope through differential probes. The open and uniform eye patterns, 

enabled pre-emphasis, are captured for all 16 channels, shown in Figure 6.7, right 

panel, grouped with four TIA/LAs.   

 

Figure 6.8: the eye patterns for each channel working at 28.05 Gb/s, 27-1 PRBS (left) 

and 231-1 PRBS (right). 
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In addition, we also test the performance at 28.05 Gb/s, 27-1 and 231-1 PRBS, 

with the clock data recovery (CDR) function enabled. The electrical outputs of 

one channel of the packaged module is tested. In Figure 6.8, open eye diagrams 

are captured, although the QSFP28 module is only designed for 25 Gb/s and 

produce a lot jitter in the optical input signal. This result indicates the packaged 

module could offer 448 Gb/s data capacity. 

 

Figure 6.9: Left: measured BER curves for all 4 channels (CH) of 4 TIA/LAs (T); right: 

measured BER curves of channel 2 of TIA/LA 4; channel 2 alone, channel 2 and 

channel 3 are fed with optical signals. The tested crosstalk penalty is 0.4 dB. 

Receiver sensitivity characterization is also performed for all channels by an 

error detector, tested with 25.78 Gb/s PRBS 231-1. The received optical power is 

calculated from the photo current, which is detected by each photodiode via the 

TIA/LAs. BER curves are shown in Figure 6.9, left panel, all channels 

demonstrated error free operation (level 10-12), with the sensitivities between -7.4 

dBm and -6.4 dBm. The variation of received power at level 10-12 of all channels 

is 1.0 dB. This slight variation is mainly due to the variation of light coupling 

efficiency of the OI, which is caused by slight misalignment between lenses of 

the OI and apertures of PDs.  

Crosstalk is characterized by power penalties on receiver sensitivity of the 

receiver module. We generate two optical signals from the QSFP28 module, with 

the same 25.78 Gb/s PRBS 231-1, and couple them to two adjacent channels, 

channel 2 and channel 3 in TIA/LA 4. We test the BER performance of channel 

2 using the same error detector, and results are shown in Figure 6.9. There is 0.5 

dB power penalty on the performance of channel 2 at BER level 10-12, if channel 

3 is fed with optical signal. The crosstalk impact can be further suppressed by 

mounting decoupling capacitors next to the chips on the silicon interposer. 
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6.4 2 × 8-channel Transceiver Assembly 

In the 2 × 8-channel configuration, 8 transmitter channels and 8 receiver channels 

are assembled, using the same flip chip bonding process, and BiCMOS and opto-

electronic chips are connected on the fabricated silicon interposer. Two VCSEL 

arrays and two PD arrays are aligned one by one. A microscope image is also 

taken from backside, in Figure 6.10. After that, 4 BiCMOS ICs are also reflowed. 

Finally, the fabricated OI, is mounted at the backside of silicon interposer. The 

top view of the module is shown in micro image Figure 6.11, including four pairs 

of flip-chip bonded optical arrays and BiCMOS ICs, back to back packaged. In 

addition, the silicon interposer is also designed to enable the placement of 

decoupling capacitors for power rails filtering. In total, eight capacitors are 

assembled.  

 

Figure 6.10: Micrograph taken from the interposer’s backside, the apertures of the 

PD/VCSEL can be seen through OTSVs. 

 

Figure 6.11: Top view of the transceiver assembly on a silicon interposer 
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Figure 6.12: Side view of the fully assembled 16-channel transceiver module; 

transceiver module is connected with fiber ribbons through OI. 

The optical coupling scheme is shown in Figure 6.12, which is a side view of 

the transceiver module. Since the OI is aligned along the channels, the side view 

of PRIZM® MT ferrule shows four rows of fiber, and the central two rows 

employed to are coupled with optical channels through OI.  

 

Figure 6.13: Eye patterns of 8-channel transmitter (TX) and 8-channel receiver (RV). 

In the transmitter test, a NRZ 25.78 Gb/s with a 231-1 PRBS signal is fed by 

multiple differential RF probes (signal-signal) through fan-out pads of the silicon 

interposer of each channel. The converted optical signal is detected by a QSFP28 

module through the fan out LC fiber. The eye pattern of the electrical output from 

the QSFP28 is captured by an oscilloscope. While in the receiver test, the optical 

signal, with 25.78 Gb/s 231-1 PRBS sequence, is detected. The differential 

electrical outputs, with pre-emphasis enabled, are displayed on the oscilloscope. 

The excellent testing results of all channels are shown in Figure 6.13, without 

using the CDR function on the assembled ICs to enable reduced power 
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consumption. All channels are working uniformly, and eye patterns are clearly 

open. 

Receiver sensitivity is also tested for BER at 25.78 Gb/s PRBS 231-1. The 

optical power is calculated from the photo current detected by each photodiode 

via the TIA/LAs. The receiver sensitivity curves of 2 × 4-channel receivers, are 

shown in Figure 6.14, left. All channels are working error free (10-12 level) with 

optical power of -6 dBm, with the spread of 0.6 dB. 

In addition, optical power crosstalk to adjacent channel is measured to be below 

-40 dBm. The effect of electrical channel crosstalk is also characterized by testing 

the penalty at the receiver. Two adjacent channels of RV1 (CH3, CH4) are fed 

with 25.78 Gb/s optical signals simultaneously, and BER curves of CH3 

operating alone and together with CH4 are measured (see Figure 6.14, right). 

Minimal crosstalk is measured (<0.4 dB). 

 

Figure 6.14: Left: BER curves of all receiver channels. Right: Crosstalk penalty, 

characterized by BER curve of CH3, working alone and together with CH4. 

6.5 Summary 

In this chapter, we assembled 4 pairs of commercially available 25 Gb/s BiCMOS 

and opto-electronic dies in QSFP-DD configuration for 400 Gb/s data 

transmission. 

 Firstly, 4-channel TIA/LAs and PDs are assembled in the 2D arrangement 

based on the designed silicon interposer, within an area of 4 mm × 6 mm. A better 

placement of electronic dies helps to form a very compact module. The 

performance of packaged module is fully characterized. All channels demonstrate 

error free operation at 25.78 Gb/s, with a 1.5 dB variation of receiver sensitivity 
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at BER level 10-12, and small crosstalk impact (0.4 dB). Further, one of the 

channels is tested at 28.05 Gb/s, and shows an open eye diagram, which indicates 

the module could offer maximum 448.8 Gb/s data capacity and 18.7 Gb/s/mm2 

bandwidth density. 

In addition, we integrate an ultra-compact transceiver as an alternative QSFP-

DD demonstrator. The extreme short electrical connections are designed as 

coupled traces. The pitch of 2D optical ports is also 250 μm in both the x- and y- 

directions, and 16 lanes are used for a duplex 200 Gb/s QSFP-DD assembly. The 

single OI is also employed for the optical access. During performances testing, 

clear eye patterns for all the 16 channels are captured at 25.78 Gb/s. The uniform 

BER curves of receiver channels and small crosstalk effect are also measured.  

The excellent testing results of both modules indicate that higher data capacity 

can be achieved on this platform, if PAM modulation or more channels are used. 

The high bandwidth density assemblies can be used to fulfill the demands of next 

generation optical interconnects in data centers. In addition, this platform can also 

support > 1 Tb/s data rate, whenever more channels (4 × 10 channels, or even 4 

× 16) are employed. 

 



 

 

 

Chapter 7  

 

Summary and Outlook 

 

 

7.1 Summary 

Nowadays, data communication is an essential part of everyday life. The Internet 

relies on the services of hyper scale DCs, whose performance is projected to have 

an improvement of a factor 1000 every decade to meet the growing demand of 

our information society. To ensure that scaling of DCs can be sustained, better 

interconnects, featuring low cost, low power consumption and high bandwidth 

density, are required. Optical interconnections, offering high bandwidth-distance 

product, are a promising solution for these challenges, but integrating electrical-

optical conversion into electronic switching system is still challenging, since a 

holistic opto-electronic integration of various components at low cost 

manufacturing level is still missing. 

This work focuses on exploiting the latest research on opto-electronic 

integration for the high performance opto-electronic transceiver development. To 

cope with the short reach interconnects, the 850 nm MM VCSEL and PD are 

chosen for the integration demonstrations. This is for a part due to their 

dominance of short reach interconnection schemes and the fact that the 

components needed for fabricating are easier to get from the market. Currently, 

in commercial transceiver modules, separate components are often packaged on 

a PCB using wire bonding technology. This will not meet the requirements as the 

bandwidth increases. There are several limitations of exiting packaging 

techniques. Firstly, the high inductance introduced from bonding wires will cause 

electrical reflections, which will limit the maximal bandwidth. Secondly, using 

wire bonding which is a point-to-point assembly step might limit scaling up 

production. Thirdly, alignment of optical fibers is also labor intensive, and a 
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coupling scheme for high radix optical port is missing. Fourthly, CTE mismatch 

and heating transfer requires a lot additional assembly processes, such as under 

filling and thermal piping.   

A novel opto-electronic integration has been proposed to overcome these 

drawbacks. Silicon interposers are developed for the integration, through 

comprehensively considering the electrical, optical, and heat interfaces. Passive 

silicon interposers can be fabricated with semiconductor technology, and the 

electrical interface can be designed and patterned. OTSVs can be also chemically 

etched. Silicon interposers also intrinsically act as a heatsink and have same CTE 

with chip component to avoid the additional assembly steps. 

The process of fabricating the silicon interposers is developed on a wafer level, 

and simplified to only a few lithography steps. Wet etching of silicon is developed 

for chip embedding, and offer a low cost solution for optical openings. Metal 

patterning is precisely electro-plated with the help of lithography. In addition, 

lithographic patterning is also developed on 3D surfaces, for the purpose of 

connections on different levels. In the assembly process, electronic and opto-

electronic components are flip-chip bonded in order to keep signal integrity. 

Three types of silicon interposers are developed based on developed process. 

2.5D packaging approach is firstly proposed. The silicon interposer concept is 

conceived to include, via embedding and flip chip bonding, both electronic and 

opto-electronic chips to allow close proximity in an etched cavity. The 

differential lines of the BiCMOS chips fan-out to 250 μm pitch outer pads for a 

standard PCB connections. The interposer also includes optical windows to allow 

the coupling of light for each channel. 

Higher bandwidth density can be achieved through 3D packaging. Through 

three steps of deeply wet etching of silicon, a multi-level cavity is formed for 

embedding and flip-chipping of optical and electrical dies, and the OTSVs for 

optical I/Os are opened. This proposed silicon interposer inherit all advantages of 

2.5D one, while solving the heat coupling problem without requiring additional 

steps, because of a designed 50 μm air gap is formed between electronics and 

opto-electronics. The heat transfer is also simulated and tested to validate the 

thermal isolation air gap between dies. The form factor of sub-module is 4 mm × 

6 mm.  

In order to achieve the co-integration of several PD/VCSEL arrays and several 

BiCMOS chips, to create a matrix of optical ports, carefully designed impedance 

matched traces and coupled traces are patterned on the new proposed silicon 

interposer. OTSVs with vertical side walls are formed by double-sided wet 

etching of a silicon wafer. The pitch of the matrix optical ports is 250 μm in both 

x- and y- directions. Similar with previous scheme, both front and back sides of 
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the silicon interposer are utilized for electrical and optical connection. For light 

coupling, a system based on PRIZM® MT ferrule is adapted. An OI is fabricated 

and tested, taking advantage of integrated lens array. By using 25 Gb/s chip set, 

the 4 × 4 module could offer maximum 448 Gb/s data capacity and even 18.7 

Gb/s/mm2 bandwidth density. 

For the performance characterization, all of the assembled sub-modules are 

fully tested, including 2.5D transmitter, 2.5D receiver, 2.5D transceiver, 3D 

transmitter, 3D receiver, 48-channel transmitter and 16-channel receiver. Clear 

eye patterns are captured for all channels, and BER tests are also performed. 

Cross talk penalties are evaluated by receiver sensitivity. All modules exhibit full 

data capacity, and some even perform 100% higher than the chip specifications. 

The integrated modules are summarized in Table 7.1. The excellent results 

indicate promising applications in future optical interconnects. 

Table 7.1. Summary of opto-electronic modules 

Modules 
Channel  

Chip 

Design 

Total 

Capacity 

Form 

Factor 

Bandwidth 

Density   

Power 

(Max)  

- Gb/s/ch Gb/s mm2 Gb/s/mm2 mW 

2.5D transmitter 12 10 120 8 × 6 2.5 1020 

2.5D receiver 12 10 120 8 × 6 2.5 1020 

2.5D transceiver 8 25 200 3.5 × 6 9.5 1370 

3D transmitter 12 10 240 4 × 6 10 1020 

3D receiver 12 10 240 4 × 6 10 1020 

Matrix transmitter 48 10 720 11 × 12 5.45 4080 

Matrix receiver 16 25 448 4 × 6 18.7 2880 

Matrix transceiver 16 25 448 6 × 6 12.4 2740 

 

7.2 Outlook 

In this thesis, three novel packaging approaches, together with specially designed 

silicon interposers, have been demonstrated. The process for fabricating the 

silicon interposers is fully developed. Based on these integration technologies 

and the obtained results, work for further transceiver performance improvement 

should follow up. 

Higher data rate - The developed electrical interface are impedance matched 

and exhibiting a very high 3 dB bandwidth, above 50 GHz. Meanwhile, the 

optical paths are agnostic to the bit rate. These integration schemes can be easily 
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migrated to the future packaging of opto-electronics and BiCMOS IC, for 

instance, 28 Gbaud PAM-4 or even 56 Gbaud PAM-4. Using such emerging new 

chips, the data capacity will eventually reach 1 Tb/s for integrated modules (28 

Gbaud × 16 channel or 56 Gbaud × 12 channels). 

Long wavelength VCSEL - Wavelengths in the O and C bands around 1300 

and 1550 nm high-speed VCSELs have been commercially available for the past 

5-10 years [121]. In order to build full DCN hierarchy, long wavelength VCSELs 

together with SM fiber provide a longer transmission range, which can be 

demonstrated on the developed platforms. An optical access for SM fiber needs 

to be designed for light coupling. 

Commercial modules - From production point of view, the sub modules can 

be easily packaged with standardized electrical interface for commercialization. 

Since the submodules feature a small form factor, they can be placed on any 

carrier, such as LGA package or PCB, through fan out differential pairs, without 

any constraints. According to different standards, the developed sub-modules can 

be packaged as pluggable modules, on board optics or even ASIC integrated with 

optics. When using chips working at higher data rate, the advanced RF properties 

of these developed modules will be ever more important.  

 

Apart from foreseen directions, some more research area can be explored in the 

long term, taking advantages of demonstrated silicon-based platforms. 

Electrical improvement - Integrated passive devices (IPD) have been 

introduced to migrate the on chip passive devices, such as capacitor, inductor and 

resistance, since the passive components occupy large expensive area on the 

CMOS chips [122]. In the transceiver application, some external passive devices 

are required, such as DC block capacitor and power supply filter, which can be 

integrated on the interposer with multi metal layer process. This will lead to an 

ever smaller package and advanced performances. In addition, the connections 

between opto-electronics and electronics is also challenging, since the impedance 

of opto-electronics are varying in different conditions. A holistic consideration of 

TML and opto-electronics could boost the 3 dB bandwidth performance even 

further. 

Wet etching of V-grooves - Because of etching stop faces, fine structures can 

be defined though the wet etching process. In the photonic packaging, single-

mode optical inputs and outputs, e.g. on chip waveguides of an integrated 

photonic circuits, require high-accuracy alignment with fiber. In this case, a 

silicon interposer, leveraging accurately formed V grooves by wet etching, can 

be developed for a self-aligned assembly [123], while providing electrical 
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redistribution layer. The successfully developed silicon interposers will lead to 

significantly improvement of opto-electronic packaging. 

Wet etching of micro lenses - Micro-optical lenses have received considerable 

attention, and will become more essential in vertically coupled optical 

interconnects systems, since smaller capacitance is required for high bandwidth, 

which will result smaller apertures on VCSELs and PDs. Some micro-optics are 

developed through DRIE process [124]. A low cost alternative is using high 

precision wet etching, which will be well suited to define the optical lenses. In 

addition, the developed TMAH etching could be further used for surface 

smoothing. The fabricated lenses can be used for improving coupling efficiency 

of the long wavelength PD and VCSEL. 

 





 

 

 

Appendix A 

 

 

Process Flow of 2.5D Assembly 

The main steps of process has been depicted in Section 2.3, and the process details 

is list below. The silicon interposer is processed in Nanolab@TU/e, including 

Table A. 1. Wet etching of cavity, Table A. 2. Electro-plating, Table A. 3. Etching 

of optical TSV and Table A. 4. Assembly. 

 

Table A. 1. Wet etching of cavity 

Number   Description  Parameters  

1  Silicon wafer 
300 μm, double polished, (100), 

1000-10000 Ω·cm 

2  Oxide remove BHF, 1 min 

3  Hard mask deposition, top SiNx, PECVD, 300 nm 

4  Hard mask deposition, bottom SiNx, PECVD, 400 nm 

5  Surface treatment O2 plasma, 300W, 5 min 

6  UPW Water rinse 5 min 

7  HMDS primer 140 °C, 30 min 

8  Photoresist spin MaN-440, 3000 rpm,30 s 

9  Soft bake 95 °C, 5 min 

10  Photolithography Hard contact, 3×100 s exposure 

11  Development MaD-332 90 s 

12  Hard mask etch Nitride RIE, 4 min 

13  Photoresist remove Acetone/IPA rinse 

14  Silicon etching 
KOH 35% (by weight), IPA 

saturated, 80 °C, 250 min  
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15  Hard mask etch BHF, 5 min 

16  Hard mask deposition, bottom SiNx, PECVD, 400 nm 

17  Convex corner etch 20% TMAH-IPA 75 °C, 30 min 

 

Table A. 2. Electro-plating 

Number   Description  Parameters  

18  Hard mask deposition, top SiNx, PECVD, 100 nm 

19  Sputtering Ti/Au, 50 nm/100 nm 

20  Photoresist spin AZ 40XT, 3000 rpm, 30 s 

21  Soft bake 
20°C/65°C/85°C/100°C, 

20min/5mim/5min/5min 

22  Photolithography Hard contact, 55s exposure 

23  Post exposure bake 
65°C/85°C/100°C, 

5mim/5min/5min 

24  Development MIF-826, 90s 

25  Surface treatment O2 plasma, 20W, 1 min 

26  Electro-plating 
Current: 0.4 A, pH: 9.35, 

500rpm, 25 cycles 

27  Photoresist remove Acetone/IPA rinse 

28  Photoresist spin AZ 40XT, 2000 rpm, 30s 

29  Soft bake 
20°C/65°C/85°C/100°C, 

20min/5mim/5min/5min 

30  Photolithography Hard contact, 55s exposure 

31  Post exposure bake 
65°C/85°C/100°C, 

5mim/5min/5min 

32  Development MIF-826, 90s 

33  Surface treatment O2 plasma, 20W, 1 min 

34  Electro-plating 
Current: 0.4 A, pH: 9.35, 

500rpm, 45 cycles 

35  Photoresist remove Acetone/IPA rinse 
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Table A. 3. Etching of optical TSV  

Number   Description  Parameters  

36  Photoresist spin, topside AZ 40XT, 2000 rpm, 30s 

37  Soft bake 
20°C/65°C/85°C/100°C, 

20min/5mim/5min/5min 

38  Photolithography Hard contact, 55s exposure 

39  Post exposure bake 
65°C/85°C/100°C, 

5mim/5min/5min 

40  Development MIF-826, 90s 

41  Au wet etching Degussa 1 min 

42  Ti wet etching 
Oxalic acid/KOH (18%)/H2O2, 

4g/25ml/50ml, 1 min 

43  Hard mask etch Nitride RIE, 2 min 

44  Photoresist remove Acetone/IPA rinse 

45  Photolithography Hard contact, 3×100s exposure 

46  Development MaD-332 90s 

47  Hard mask etch Nitride RIE, 4 min 

48  Photoresist remove Acetone/IPA rinse 

49  Silicon etching 
KOH 35% (by weight), IPA 

saturated, 80°C, 60 min  

50  Cleaving  Diamond tool 

 

Table A. 4. Assembly 

Number   Description  Parameters  

51  Opto-electronics flip-chip bond 
Reflow max 270 °C 90 s 

0.5N/pad 

52  BiCMOS IC flip-chip bond Reflow max 230 °C 10 s, 3 N 

53  MOI attachment  EPO-TEK 301, 60 °C, 60 min  
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