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Chapter 1

Introduction

Have you ever noticed the wonderful world of insects? There are well over 1 million different
known species of insects in the world, and some experts estimate that there might be as many as
10 million. Different species with different ecosystems, body structures, and ways of life.

Let’s consider insects as different kinds of systems packaged in various bodies. Systems
which can be divided into widespread categories considering the functionality, existing
environments, body structures, etc. Insects have segmented bodies supported by exoskeletons,
the hard outer covering made mostly of chitin. The segments of the body are organized into three
distinctive but interconnected units, or tagmata: a head, a thorax, and an abdomen. The head
supports a pair of sensory antennae, a pair of compound eyes, and, if existing, one to three simple
eyes (or ocelli) and three sets of variously modified appendages that form the mouthparts. The
thorax has six segmented legs — one pair each for the prothorax, mesothorax and the metathorax
segments making up the thorax — and, none, two or four wings. The abdomen comprises eleven
segments, however in a few species of insects, these segments may be fused together or shrunk.
The abdomen also contains most of the digestive, respiratory, excretory and reproductive internal
structures. Significant deviation and many adaptations have happened in the body parts of
insects, especially wings, legs, antenna, and mouthparts [1].

Going to electronics area, there is a similar world of systems in packages. According to
International Technology Roadmap for Semiconductors (ITRS) [2], System in Package (SiP)
is a combination of multiple active electronic components of different functionalities, assembled

in a single unit that provides multiple functions associated with a system or a sub-system. A SiP

1




2 Chapter 1

may optionally contain passives, MEMS, optical components, and other packages and devices;
again, distinctive but interconnected units.

Package in place of body of system should provide four major functions: powering, signal
distribution, mechanical protection and thermal management. Package as an outer shell, like
what a chitin out covering does for an insect, is the interface of a system to outer domain holding
the input and output paths. Different functionalities and operation environments lead to different

kinds of packaging material and technologies.

1.1 System in Package (SiP)

System integration can be done at different levels. One is combining various functionalities
in an IC, which is called System-on-Chip (SoC). An alternative is integrating different dies in a
single package, entitled System-in-Package (SiP). In contrast to connecting different functional
ICs and components on a board, the new integration methods offer higher efficiency and lower
costs. System integrators are the major players for further innovation in electronic industry [3].

By rather fast development in consumer electronics industry, the SiP technology is receiving
more attentions and efforts. It is known as one of the key technology to improve functionality
density, in parallel to lowering the cost per function. That encourages the effective use of three
dimensions rather than two in packaging and interconnect trends [4].

The main general drives for 3D integrations are [5], [6]:

— Lower form factor: it reduces system volume, weight, and footprint.

— Improved performance: first of all, integration density is increased. This reduces
interconnect length leading to higher transmission speed and lower power consumption.

— Integration of different heterogeneous technologies: due to 2D SoC limitations for
integrating different technologies, 3D platform is used to first make discrete dices, and
then to combine them either on a substrate or 3D stacking. This has adaptability to a wide
variety of microsystem applications.

— Low cost batch production: 3D integration decreases processing costs for mixed
technologies.

— New application demands.
The 3D integration technologies can be grouped into 3 main classes, namely 3D on-chip

integration, 3D IC-stacking, and 3D-packaging [6]. It should be clarified that if the
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Figure 1-1: The combined need for digital and non-digital functionalities in an integrated
system is translated as a dual trend in the International Technology Roadmap for

Semiconductors: miniaturization of the digital functions (“More Moore”) and functional

diversification (““More-than-Moore”) [7].

interconnections are made through Si vias (TSV), the technology is categorized as 3D IC-
stacking, and if the interconnections are made outside of the die, then it has been categorized as
3D-packaging. Simultaneously, having all these together we have a complete 3D system
package, one can call “System-in-Package.”

Today, there are increasing industrial demands for smaller size, higher speed, lower power
dissipation, better reliability, and more functionality. There is a dual trend for new systems. For
digital electronics, there is a trend for continuous miniaturization and its related benefits in terms
of performances which is labeled “More Moore”. For analog circuits and systems, it is
integration of diverse functionality, which is entitled “More-than-Moore”. This combined needs
for digital and non-digital functionalities in a product is depicted in Figure 1-1 [7].

While “More Moore” may be considered as the brain of a smart compact system, “More-

than-Moore” refers to its skills to interact with the outside world and the users.
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To cope with this dual trend, we should consider the challenges with both parts. First, in

“More Moore” stream, it is important to figure out how to best use existing infrastructure

available in IC industry, especially wafer level processing.

Next, in “More-than-Moore direction”, we need advanced SiP, but the challenges are:

1) how to master the complexity and the different types of interconnects with the focus on

the electronic domain;

2) how to combine different technologies often work in different domains for heterogeneous

integration.

For both topics, the key is how to assemble and connect, or in another word having a reliable

mechanical and electrical interconnect. In many technologies, the mechanical and electrical

interconnect are coupled (solder bumps, cu-cu bonding etc.). In technologies like wire bonding,

mechanical and electrical interconnect are de-coupled and can be optimized separately.

1.1.1 SiP Concerns and Requirements

There are many concerns and challenges for SiP related to its diversity and 3D IC integration

such as [8], [9]:

Non-defined technology standards and industry parameters for optimal technology
selection

Lack of design guidelines, tools, and rules

Lack of test methods and equipment

Challenges for mixing chips with different speeds and sizes

Equipment accuracy for alignments

Wafer thinning and thin wafer handling during processes

Thermal management issues

Challenges with vertical interconnects (like TSV): design tools, high cost,

lacking/expensive high-volume production tools, etc.

These all indicate the importance of research efforts considering various aspects of the SiP

related to the materials, technologies, design, fabrication, and reliability issues. In literature,

detailed classifications could be found addressing the ‘levels of integration” such as wafer-stack,

chip-stack, and package/module-stack [10]. Interconnects technology have been addressed by

Al-Sarawi [11].

The reliability factors for SiP products are the same as other areas but the relative importance
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Figure 1-2: Complex SiP contains various types of elements through heterogeneous integration

[7].

changes. They have higher thermal cycle count and mechanical stress, and wider range of storage
and usage environments due to the use pattern of consumer electronics. Meeting the reliability
requirements of future SiP components and systems will require tools and procedures that are
not yet available. They should cover from failure mechanisms and standards to lifetime,
reliability models, and characterization [2]. The factors that may affect the reliability concerns
can be listed as follows: complexity, miniaturization, power, material selection, end use

conditions, and interconnect [2], [12]-[14].

1.1.2 Heterogeneous Integration and Wafer Level Packaging

Heterogeneous integration comprises high level assembly of different separately
manufactured components. It can enhance functionality and improve the operating
characteristics. As SiP includes different elements (as shown in Figure 1-2), heterogeneous
integration concerns should be addressed as well.

Wafer-Level Packaging is defined as a technology which all the packaging process are
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Figure 1-3: New industrial / technology landscape of lighting.

performed at the wafer level. It is one of the best potential options among different packaging
technologies, because of lower costs, higher scale, superior yields, and higher accuracy. It can
achieve highest density integration for hybrid applications. However, there are still some
challenges for high accuracy domains [2], [6].

There are two major concerns in wafer-level 3D integration: final reliability and yield after
stacking multiple wafers [15]. Wiring between the subsystems, known as "wiring crisis”, is the
main limitation for performance, multi- functionality, and reliability of 3D systems. It is one of
the critical performance bottlenecks for current and future IC generations. So, the key
technologies for 3D systems are wiring and wafer bonding, in another word interconnection.

The quality of interconnection directly addresses the 2 concerns.

1.2 Motivation for LED Wafer Level Packaging

The similar trends of Figure 1-1 can also be observed in lighting landscape, as depicted in
Figure 1-3. The vertical axis demonstrates the much more illumination trend, pointing to
continuing of Haitz’s law, in which Ronald Haitz predicted that every decade, the cost per lumen

falls by a factor of 10, and the amount of light generated per LED package increases by a factor
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of 20, for a given wavelength (color) of light. This is considered the LED counterpart to Moore's
law [16]. Besides, there is another trend for much more than miniaturization, lumen/$, and
lumen/Watt. It includes the increasing demands for multi-functionality, -discipline, -technology,
-variability, -material, -interface, -process, -scale, -damage/failure mode, and -testing targets.

This trend introduces more attention not only in technology area but also for covering multi-
application/market, -million investment, -innovation/complexity, -talent, -supply chain, -
business models, -infrastructure, and -competition [17].

Taking part into this tremendous developing industry and market demands, wafer level
packaging can be considered as a key processing point. At present, most LED components are
made with single chip packaging technology. The main manufacturing processes follow
conventional chip-based IC packaging. So, there is a need for LEDs to migrate to wafer level
packaging to use the same benefits as IC’s [18]. Nevertheless, there are different boundary
conditions to adopt wafer level packaging of LEDs. For instance, there is limited usability of
wafer level packaging processes on the LED device wafer directly [19]. But hybrid integration
of LED chips on a Si interposer can reduce the cost, and moreover, eases the integration of
various functional devices. Using Si devices and capabilities makes it possible to design and
fabricate a smart lighting module as a SiP for broad applications especially in the Internet of
Things (loT) area. As loT promises application diversification, the spotlight is now turned to

advanced packages in order to answer market demands [20].

1.3 Thesis Objectives

In this work, we are going to introduce a methodology for monolithic wafer-level integration
of 2D and 3D systems. It can be employed to fabricate a smart silicon-based interposer for broad
range of applications such as MEMS/NEMS, communication and lighting modules. Such
interposers can offer various benefits by also integrating some active components, circuits, and
systems. One of the best fit application area is a smart solid-state lighting (SSL) unit.

LEDs are believed to dominate all lighting applications in near future. As mentioned before,
integration and packaging are two of the critical issues that resolving them enables efficient and
reliable solutions for lighting requirements. Wafer level packaging is a promising method to

have a lower cost, higher scale, and superior yield.
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Smart LED SiP =
Smart LED WLP + Smart Driver

Scanning data
signal

Supplier circuit

Controlling signal

Figure 1-4: A smart LED system comprising a smart LED WLP and a smart driver.

In this dissertation, a new integration approach of a smart unit of LED lighting is introduced:
LED SiP. It comprises a smart LED wafer level package (WLP) and a smart driver. This concept
is depicted in Figure 1-4. Smart LED WLP is used as a Si based interposer for LED chips. Firstly,
it integrates the wafer level optics, related interconnections, monitoring devices and powering
circuits. LED chip would be later mounted. In addition, to make the package smart and leverage
semiconductor process, as much controlling functions as possible can be integrated into the
silicon interposer. Smart driver is the brain of the total system. It works both as a driver circuit
to supply power and a controller. By getting real time sensing data of the package, it can have a
better control over electrical and thermal management and so on. Also, wireless communication
and remote control functions can be included. Due to rather large nature of LED chips, the final
Si utilization yield of the interposer cannot get that high, but a simple low cost processing can
compensate total cost of the package.

Main effort of this dissertation is on the smart WLP part. The final smart WLP is a high
lumen output lighting module. It includes high current blue LEDs and different sensors in a
reflector cavity. In this Si interposer with a high topography, lithography defined wiring is used
as a reliable interconnect solution. Additionally, control circuit of the LED output light are
integrated on the same die to reduce costs of any required external circuitry. In more details, the
interposer monolithically integrates on-chip reflector cavity, sensors, remote phosphor layer,
litho-defined wiring, power switching transistors, digital sensor readout circuit, and analog light

feedback circuit into one smart LED wafer-level package.
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Figure 1-5: Different functions in a smart LED SiP (scope of this dissertation is shown in color).

Different functions and operation levels of this system is presented in Figure 1-5. The

advantages of such a LED SiP are:

Capability of wafer-level optics

Capability of wafer-level phosphor remote coating for stable color uniformity

Higher brightness efficiency: on chip reflector cup (cavity with mirror coating) reflects
the side light and improves light extraction efficiency up to 15%.

Better thermal management: high thermal conductivity of Si substrate

Lifetime improvement: self-monitoring system

High reliability: better interconnect reliability, closed-loop feedback circuit for stability

and aging compensation

The 3D system integration processing comprises different steps. The final 3D package

containing an active reflector cup and one LED chip is schematically shown in Figure 1-6.

1.4 Thesis Outline

This thesis is composed of two parts. In the first part, the principles, design and

implementation of a monolithically integrated 2D LED SiP are covered. At first, the required

low cost processing scheme is explained. It is followed by description of different components
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€) (b)

Figure 1-6: Unit cell of a 3D LED WLP; (a) LED chip is mounted on an active reflector cup
including sidewall light sensor, bottom temperature sensor and high aspect ratio litho defined

wiring lines, and (b) placement of remote phosphor plate on top of the cup.

for using in monitoring and controlling blocks in 2D system. This part ends with demonstration
of some measurement and simulation results. In the second part, challenges, design and
implementation of 3D system are discussed and demonstrated. Primarily, a high aspect ratio
(HAR) lithography approach is developed, which is a significant key for 3D processing. Next,
the implementation of 3D package is described.

The first part starts from Chapter 2 by a short introduction of BICMOS5/7 process and the
design concept for smart LED package. A cost effective 5-7 mask (1-2 metal layers) BiCMOS
process is proposed for integration in LED WLP. This simple BICMOS process allows on-chip
integration of different Si based sensors, functioning blocks and circuits to be used for an
advanced lighting system. To utilize this process for IC fabrication, a complete framework from
modeling to measurement is suggested.

In Chapter 3, a Si based multi-functional WLP for phosphor-based white LED systems is
discussed. The system is designed and manufactured using 7-mask BiCMOS process. This
package integrates 4 high-power blue light LED dies with temperature sensors, and blue
selective light sensors for monitoring the system performance. Sensors are part of the smart
monitoring unit. An interdigitated power transistor and a 4-bit flash analog to digital converter
were also integrated and described, which are integrated with sensors’ readout and extra
controlling functions.

In Chapter 4, the blue selective photodiode is elaborated, which is used for output blue light
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evaluation in previous system. It is composed of a Si stripe-shaped photodiode. This chapter
presents how this detector shows a high selectivity to blue light with noticeable responsivity
comparing to similar reported devices. The maximum responsivity at 480nm is matched with the
target blue LED illumination. It also covers the physical simulation of the device and principles.

In Chapter 5, a monolithic light feedback control circuit is proposed. It is an opamp-based
feedback circuit combined with a high-power transistor and the blue-selective photodiode, which
controls the output light based on real-time sensor data. The new system guarantees a stable and
reliable output light under different working conditions. Besides, integrating this module offers
that the output light can be controlled linearly by a reference input voltage.

The second part elaborates on how to move our 2D SiP to a 3D package. In this case, a KOH
etched cavity in Si interposer makes a high topography that brings up new challenges. It acts as
a precision cavity with aluminum coating in place of sidewall mirror. The main challenge is the
lithography process steps over a few hundred micrometer topography.

In Chapter 6, we are going to describe a high aspect ratio (HAR) lithography approach that
can be used both for the 3D SiP and, in general, for litho-defined lateral wire bonding. Litho-
defined wire bonding uses conventional CMOS interconnect toolset and processes in
combination with multi-level lithography aiming for “wire bond like” interconnect structures
and HAR interconnect. It also enables advanced heterogeneous integration of different
components with less reliability issues and problems. This method consists of placing and
attaching the chips on supporting substrate, passivation layer deposition, metal deposition and
patterning through advanced HAR lithography. At the end, different simulation and
experimental results are reported.

In Chapter 7, the final 3D LED SiP is described covering the design concepts, process flow,
challenges, and some measurement results. It uses cavity not only as a precision LED site and
for its sidewall mirrors, but also as an active reflector cup. It is active since the cavity bottom
contains local temperature sensors and the sidewalls carry the output light detector in addition
to the HAR interconnects. This is for the first time that an active device (the photodiode) is
fabricated on sidewall of a silicon cavity. Other controlling circuit described in 2D package is
also integrated on Si top surface.

Finally, Chapter 8 concludes this dissertation and presents suggestions for future developments.
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Chapter 2
Introduction to BiCMOS5/7
Process and Design Concept

for Smart LED Package'

In this chapter, a cost effective 5-7 mask BICMOS process, proposed for integration in LED
WLP, is demonstrated. This straightforward BiCMOS process allows on-chip integration of
different silicon-based sensors, functional blocks and circuits to be used for advanced lighting
systems. To utilize this process for IC fabrication, a complete framework from modeling to
measurement is suggested. This approach is also useful for heterogeneous integration in

applications with rather large area and low cost requirements.

2.1 Introduction

Currently, the advanced ICs are quite complex. Transistor count is the most common
measure of IC complexity. Today, modern CPUs have over 7 billion transistors integrated in a
chip and each device must perform a specific function [1]. The extremely high demands on the
processing are pushing the equipment suppliers to deliver machines that not only can produce
ICs with high yield, but also with the lowest cost. While the cost per transistor is reduced in

advanced IC technology, in contrast, the cost per area is increasing rapidly. Consequently, using

1 The BiCMOS5 process was firstly designed and developed in Dimes Technology Center in 2010 by Dr. Henk

van Zeijl. The models and frameworks in this chapter are developed in cooperation with MSc student Teng Ma [3].
17
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advanced and high cost processing for large area applications is not practical.

The CMOS and MEMS technologies provide a broad technology portfolio with many
applications for solid-state lighting (SSL). However, for LED wafer level packaging (WLP), due
to large nature of each LED die (mm range), high Si throughput is not possible. To reduce the
fabrication cost, process should be at the lowest cost. So, to make WLP reasonable for SSL, a
reliable fabrication process is required which should be simple, robust, flexible, and low cost.
Moreover, it should be able to fulfil the requirements to build active electronics and sensors. In
Dimes Technology Center?, a BICMOS process with only 5 to 7 mask steps (BiCMOS5/7),
comprising 1-2 metal layers, was developed which shows a possible direction towards building
basic electronics by using unconventional metallization steps [2]. Nevertheless, it had never been
employed for IC design. In this chapter, we introduce the concept and a framework for IC design
based on BICMOS5/7. This approach can open new areas for heterogeneous integration in broad
range of applications such as smart interposers and lab on chips.

This chapter is organized as follows: in Section 2.2, we are going to present the general idea
of BICMOS5/7 process and the main process steps. In Section 2.3, layout of BICMOS test die
including its main devices is described. Section 2.4, suggests an IC design framework based on
BiCMOS5/7 from device modeling to wafer level implementation and measurements. In Section
2.5, we talk about using BiCMOS for smart LED wafer level packaging. Finally, it will end by

a short conclusion of the chapter.

2.2 Methodology

The BICMOSS5 process was firstly designed by Dr. ir. Henk van Zeijl for education purposes
[3]. However, its rather low cost and simple nature motivated us to use it as a base process for
monolithically integration of different devices in LED WLP. The main characteristics of the
process are: simple technology in terms of layout and process steps, while at the same time three
main devices are being fabricated; NPN bipolar transistor, NMQOS, and PMOS [2]. Table 2-1
lists core of the process consists of 5 mask steps. A brief process overview is given in Figure
2-1. More detailed outline of the process is summarized in Table 2-2. The three main devices are

illustrated in Figure 2-2.

2 The Dimes Technology Center affiliation is changed to Else Kooi Lab, EKL, from April 2015.
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Table 2-1: Core process mask steps of the BICMOS5/7 process (the grey shaded ones are
added for BiICOMSY).

Mask name Main purpose

NW — N-type area for the PMOS transistor (N-well) and for the
collector of the bipolar transistor

SN — N-type source-drain for the NMOS transistor and for the
emitter of the bipolar transistor.

— Low resistance collector contact
— N-type guard ring

SP — P-type source-drain for the PMOS transistor and for the base
of the bipolar transistor

— P-type guard ring

CoO — Contact openings
IC — Interconnect and gate material
VIA — VIA openings
IC2 — Second interconnect layer
(a) Start material: p-type silicon. (e) The wafer is annealed and the
surface is thermally oxidized (100 nm
SiOy).

(b) Mask 1 is used for patterning the
phosphor implant and deep diffusion
of n-well and n-type collector.

(f) Mask 4 is used for contact
opening and wet chemical etching.

(c) Mask 2 is used for patterning the
shallow boron implant for p-type
source/drain and p-type base.

(g) Mask 5 is used for interconnect
metal. AISi (1%) is deposited using
PVD and patterned and etched with
dry etching process.

(d) Mask 3 is used for patterning the
shallow arsenic implant for n-type
source/drain and n-type emitter.

Figure 2-1: Process overview of the core steps in the BICMOS5 process.
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Table 2-2: Outline of BICMOS5 Process

Process Mask Name | Process Description

Substrate Silicon, 10*%cm- boron doped

Oxidation 20 nm thermal oxidation of silicon

N-well implantation NW Low dose high energy phosphorus implantation

N-well drive-in 1100 °C, 4 hours diffusion to form the NPN collector and the

N-well for the PMOS

Shallow N implantation SN High dose low energy arsenic implantation to form the NPN
emitter and the NMOS source and drain

Shallow P implantation SP Medium dose medium energy boron implantation to form the
NPN base and the PMOS source and drain.

Gate oxidation 1000 °C anneal and dry oxidation to activate the dopants and

form the gate oxide of 100 nm.

Contact opening etch Cco Wet etch thermal silicon dioxide

Metal deposition AISi (1%) sputtering to deposit the gate electrode and

interconnect metal

Metal pattern etch IC Wet or dry etch the metal pattern
Alloying Alloying by annealing at 400 °C in forming gas
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Figure 2-2: Formation of three main devices: NMOS, PMOS, and NPN bipolar transistors
during 5 mask steps of BICMOS5.
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Table 2-3: Additional process steps of the BICMOS5 process.

Mask name Main purpose

Buried N layer to reduce the collector resistance of the NPN transistor. This process

BN

requires an epitaxial silicon deposition process after the BN process.

The dopant concentration of the P-type source drain implant is limited because this
PP implantation is also used for the NPN-base implant. To reduce the PMOS source drain

resistance, a higher dopant concentration is applied.

Vradjust | To adjust the threshold of the MOS devices, a blanket boron implantation is applied

The core process requires tight tolerances on the P-type substrate doping; 1x10% cm?3. The
available P-type wafers at DIMES TC has much wider specifications (2-5 Q-cm) which
corresponds 7-3x10% cm=. We can make it in two ways: epitaxy and extra implantation (to
adjust the threshold voltage of the MOSFETS). As epitaxy is a complicated and expensive
process, an alternative would be to add a blanket high energy/ multi-energy boron implant and
anneal to obtain the required dopant concentration. Also, the threshold voltage (V1) adjust
implantation, can be tuned. The dose and parameters of both methods can be tuned based on
resistivity measurements of substrate wafers. However, using epitaxial layer is recommended
for more reliable results.

Obviously, with only 5 masking layers; three diffusions, one contact opening and one
metallization, the device performance is not ideally optimized. Additional process steps can be
added to improve the PMOS and the NPN transistors. Those process steps are listed in Table
2-3.

At the end, the electrical characterization is performed and the difference in the relevant
transistor parameters are studied in relation to the process variations. The Vr adjust is usually
implanted on 3 quadrants on the wafer with 3 different implantation dose, see Figure 2-3.

For BiICMOS7 just two more mask steps are added, for opening VIA’s and patterning second
interconnect layer. They are shown in grey shaded rows of Table 2-1. The corresponding

additional process steps, summarized in Table 2-4, are added before final alloying.
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2
. Figure 2-3: Dose variations (in cm) of the boron implantation for Vr adjust. The implantation
energy is 25 keV.

Table 2-4: Additional process steps of the BICMOS7 process.

Process Mask Name Process Description
Isolation layer deposition SiO; deposition @ 400°C with CVD
VIA etch VIA Dry etch CVD silicon dioxide
Metal deposition AISi (1%) sputtering to deposit the second interconnect metal
Metal pattern etch IC2 Wet or dry etch the metal pattern

2.3 Layout of BICMOS Test Die

The test devices to be characterized are designed in a 6x6mm? test die. The die layout is
given in Figure 2-4(a). The test chip contains different devices and test structures designed to
measure the variation and parameters of process steps and characterize the transistors, resistors,
etc. The devices are organized in groups called cells (see Figure 2-4(b)). Each cell is indicated
with a red rectangle and a number in the die. The most relevant cells are marked and will be
discussed in the following. The regular pattern of the contact pads makes it easy to do automated
measurements with a probe station.

Figure 2-5 gives the layout of a set of NMOS test transistors with gate width of 20 um. They
are from cell number 2 and 3 in Figure 2-4(b). The lithographically defined gate length is
indicated near the transistor. Due to the out-diffusion of the source/drain dopants, the effective
gate length is much smaller. There are two columns of identical sets of test transistors for
redundancy purposes. For each test structure or test device, the functions of the terminals are

indicated in the interconnect pattern.
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Figure 2-4: BICMOSS5 test structures: (a) die layout, and (b) different cells.
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Figure 2-5: Layout of a set of NMOS transistors with gate width of 20 um for test purposes.

The same test structures are included for PMOS transistors in cell number 4 and 5 in Figure
2-4(b).

Figure 2-6 gives the layout of a set of NPN bipolar test transistors with different area from

cell number 1 in Figure 2-4(b). The emitter area is indicated near the transistor.
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Figure 2-6: Layout of set of NPN bipolar transistors with different emitter areas for test

purposes.

There are also some process control test structures such as: electrical linewidth measurement
(ELM) structures (cell number 7), Greek cross sheet resistance structures (cell number 8), cross
bridge Kelvin resistors (cell number 9), and optical overlay test structures (cell number 10).

The sheet resistance is measured using the Greek cross structures. These structures make it
possible to measure the sheet resistance of the different layers on the processing wafer [4]. The
contact resistance is a measure for the resistance between two layers, for instance between
interconnect and doped areas. A contact resistance exists due to a bandgap difference between

two contacting materials. It can be measured by using a cross bridge Kelvin resistor [5].

2.4 Design Framework Based on BICMOS 5/7

BICMOSS5 process was firstly developed in Dimes Technology Center in 2010. However, it
had never been employed for IC design. The five-mask process basically meets the fabrication
requirements for single components and small circuits. For the very large scale integrated circuit
(VLSI) designs, more metal layers are needed. For extra metal, two additional masks are required
(for patterning and etching the vias between the metals, and the second metal interconnects).

For IC design panel, making reliable device models is critical. They are later imported in
circuit design tool as a reference design library. The model types are different for various
simulation tools. BSIM3V3, as one of the most used MOSFET model in H-Spice simulator, is

chosen for our modeling. For physical verification of the design, we should also develop design
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Design & fabrication framework based on BiCMOS5/7

Device modeling
(HSPICE model
of MOSFETS,
diodes,_resistors
in
BSIMProPlus™)

Circuit design Layout extraction
and simulation and design check
(Cadence) (Cadence/L-Edit)

Fabrication and

measurements

Figure 2-7: Design and fabrication framework for BICMOS process.

rule check (DRC) and layout versus schematic (LVS) check based on our process features and
limitations.

The models and design check regulations should be built up before starting the final design.

In this section, a complete framework is proposed®.

Figure 2-7 shows the proposed design framework for BICMOS process. It mainly consists

of four phases:

o Firstly, full characterization of the devices is done and HSPICE models for MOSFETS,
diodes, and passive components are extracted using BSIMProPlus™ tool.

e Secondly, the complete model is introduced into Cadence CAD tool for circuit design
and simulation.

o Thirdly, the correspond circuit layouts are sketched by applying DRC and LVS check.
These checking files should be compiled based on the process criteria and design
requirements. The complete layout can be transferred into L-Edit tool in order to finalize
the “.tdb”” mask file to produce the masks for fabrication process.

e Finally, the ICs are fabricated through BICMOS process in DIMES cleanroom 100.
Then, measurement are done in both wafer/PCB-level. The feedbacks based on
measurement results can be applied to the previous steps to revise/optimize the design.

The following subsections are going to describe each step in detail.

% Thanks for the efforts made by Xiaochen Zhang, Jianzhao Chen and Hua Dong from UESTC. They firstly
proposed a preliminary design framework based on DIMES BICMOS process in 2013.
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Device characterization in Cascade probe station

*NMOS, PMOS, and resistors from BiCMOS test die
*Full measurement at 25, 50, 75, and 100 °C

Data management in MATLAB

*Import raw measurement data into MATLAB to organize
and reformat them for later use by BSIMProPlus™

Model extraction in BSIMProPlus™ modeling tool

*Models at different temperature (25-100 °C)

*Some process parameters can be added from process
simulation to Tsuprem4-Medici

Figure 2-8: Device modeling steps.

2.4.1 Device Modeling

The steps are summarized in Figure 2-8. Initially, all the devices, such as NMOS, PMOS,
and diodes incorporated in the BICMOS test die are electrically characterized on the Cascade
probe station. The current/voltage data are automatically recorded by a control system. For later
investigation of temperature effect on our ICs, the devices are characterized at 25, 50, 75 and
100 °C. Since the BSIMProPlus™ modeling tool, can only handle certain format of data, the raw
data should be organized in MATLAB. Finally, the formatted data can be loaded into
BSIMProPlus™ for model extraction. With a proper extraction scheme, the output BSIM3V3
models have a small average error and good consistency with the measurement results. Some
process parameters like junction depth can be determined by means of process simulation. In the

design phase, these models can be directly used in circuit design tool.

2.4.2 Circuit Design and Simulation

To setup the library of components in Cadence, the models generated in the previous step
are imported into Cadence CAD environment. In Cadence design environment, first the single
components and later the circuits are designed and interconnected. In next step, the designed
blocks are simulated by H-spice simulator within analog design environment (ADE). In order to
study the package temperature effects on circuit performance, different temperature models from

2510100 °C can be switched over during simulation. Based on simulation results, the design can



Introduction to BICMOS5/7 Process and Design Concept for Smart LED Package 27

Library file setup in Cadence
*Importing the BSIMProPlus™ models into cadence library

Circuit design in Cadence

*Designing different components and circuits

Simulation with HSPICE simulator
*Verifying the performance of the system with setting proper
test benches

*Studying the effect of package temperature at different
temperature (25-100 °C)

Figure 2-9: Circuit design and simulation steps.

be enhanced to optimize the performance under required conditions. The design flow is shown

in Figure 2-9.
2.4.3 Layout Extraction and Design Check

First of all, the layers according to each mask step of BICMOS process should be defined,
each layer with its own name and functionality. Additionally, for preventing unwanted errors in
the layout, we should think of some checking strategy. For layout inspection, a checking tool
called “Calibre”, from Mentor Graphics Inc., is available in Cadence environment. There are
two main physical verifications, which are design rule check (DRC) and layout versus schematic
(LVS) check. The DRC ensures all the layout geometries such as line width, clearance, area, etc.
are within the acceptable range for fabrication. The LVS check is to make sure that the drawn
layout is exactly corresponding to the same circuit as the schematic design is. However, it is
necessary to compile two rule files for the DRC and LVS, based on BIiCMOS process conditions
and design requirements in advance.

Following, the layout is sketched in a hierarchy mode, from low to high level. Besides, some
sub-circuit blocks can be added as process control modules for quick test on the wafer level.
Then, it is necessary to perform the rule checks (DRC and LVS) on the whole layout and modify

it if needed. For some applications, it is also recommended to do post layout extraction and
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Layer defenition and compiling layout checking files

+*Defining the layers for each mask step

*Compiling layout checking files based on BiCMOS process
conditions
- Designing rule check (DRC)
- Layout vs. shcematic (LVS)

Layout design and check

*Drawing the layout for single components and circuits
*DRC and LVS check and modifying the layout if needed

Finalizing the mask in L-Edit

*Exporting the GDS file from Cadence

*Importing the layout in L-Edit and put in the standard stepper
mask format

Figure 2-10: Layout extraction steps.

investigate the parasites and their influences on our target performance.
As a final step, the complete circuit layout is exported as a GDS file and imported into
another layout edit tool called “L-Edit”, to finalize the mask layout in stepper format. These

steps are depicted in Figure 2-10.

2.4.4 Fabrication and Measurements

Based on the final die layout, the stepper chromic masks are printed. The process is done in
EKL clean-room 100 on 4-inch wafers. For process evaluation and calibration in all the BICMOS
runs, at least 4 BiCMOS test dies are included in wafer layout (1 in each wafer quadrant). They
are generally considered as process control modules (PCM). BiCMOS5 flowchart comprises
almost 90 steps. For BICMOS?7, some extra steps are added for 2" metal layer.

Small blocks, some sensors, and devices can be directly measured on probe station. For
bigger circuits with larger number of 1/0O terminals and special measurements for some of the
devices, tests should be done on printing circuit board (PCB). So, dies are diced and packaged.

They will be later assembled on pre-designed PCBs. Figure 2-11 summarized the steps.
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Wafer processing in Dimes CR100
*BiCMOS5/7 flowchart steps with 5/7 masks

Wafer-level measurement
*Tests on cascade probe station

PCB level measurement

*Die packaging
*PCB design and assembly
*Measurement

Figure 2-11: Fabrication and measurements steps.

2.5 Smart LED Package Runs (SMACK)

In different parts of this project, several BICMOS runs were carried out. The optical part was
designed in 4.5x10 mm? die size, for integrating 4 LED chips with corresponding sensors and
circuits. It will be discussed in next chapters. For sensor readout system, an electrical part was
also added and so the full die size became 10x10 mm?,

To develop the previously discussed framework, device modeling was done for MOS
transistors, resistors, and diodes. The IV measurements were performed for both NMOS and
PMOS transistors with 3 different channel lengths (2, 5 and 10 um) and 2 different channel
widths (20 and 60 um) to obtain a broad overview of device characteristics. The data is then
organized to be imported into BSIMProPlus™ for model extraction.

The transfer (Ios —Ves) and output characteristics (Ips — Vps) of the transistors were
measured. The source was grounded for both NMOS and PMOS. The biasing conditions for both
NMOS and PMOS for IV characterizations are tabulated in Table 2-5 and Table 2-6.




30 Chapter 2

Table 2-5: NMOS biasing conditions for IV characterization.

I-V data Ves (V) Vs (V) Vs (V)
. -7 < Ves <7 Vps= 0.1V (Linear mode) =7 <Vgs <7
DS~ VGS
Step=0.2V Vps =7 V (Saturation mode) Step =1V
1SVGSS7 OSVDSS7 VB5=0V
Ips —Vbs
Step=1V Step=0.1V Vps=-7V

Table 2-6: PMOS biasing conditions for IV characterization.

I-V data Ves (V) Vs (V) Vs (V)
IV —-10< Vi <5 Vps=- 0.1V (Linear mode) 0< Vs <7
DS-VGS
Step=0.2V Vps= -7 V (Saturation mode) Step=1V
—8SV65S—2 —7SVD5S0 Ves=0V
IDS _VDS
Step=1V Step=0.1V Ves=3V

Furthermore, to investigate the temperature effects on the designed blocks, four models were
extracted based on the data measured at 25, 50, 75, and 100 °C. Cascade probe station, Agilent
4155B parameter analyzer, and temperature controller were utilized as the main test equipment.

Due to the out-diffusion of the source/drain dopants, the transistors with gate length smaller
than 1 um do not work properly. The ones with gate length smaller than 2 pm have very serious
channel length modulation effect.

BSIM3V3 is a scalable model that can cover a wide geometry range with one set of model
parameters. To generate initial device models, the strategy here is to use global parameters as
the extraction method. Based on the Tsuprem-4 and Medici simulation results and process data,
some extraction parameters such as gate oxide thickness, substrate doping concentration and
junction depth can be optimized. The optimized model shows a better accuracy and it can
precisely reproduce the IV characteristics of actual devices. Figure 2-12(a-b) show the
measurement and simulation results at 25 °C for W/L=60um/10pum NMOS and PMOS,
respectively. It shows a good agreement between the model and the actual measurement data.
Also, the average error is acceptable for the target voltage range. The threshold voltage in the

wafers with epi layer, using 3E11 cm Vr adjust dose, is 1 V for NMOS and -3.5 V for PMOS.
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Figure 2-12: IV characteristics for device modeling of (a) NMOS and (b) PMOS at 25 °C.
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Table 2-7: NPN biasing conditions for IV characterization of diodes.

I-V data Vs (V) Ve (V) Ve (V) Vs (V)
-1<Vy <1
Ig-Vee ov ov ov
Step =0.01V
4.0m |- . -
T=25C

3.0m |-

Simulation result

2.0m -
B Measurement result

Ii(A)

1.0m

0.0

0.0 0.2 0.4 0.6 0.8 1.0

Vi)

Figure 2-13: 1j vs. Vj of base-emitter junction diode at 25°C.

Base-emitter (BE) junction of a NPN bipolar junction transistor was used as a diode in our
designs. The 1V characterizations were performed at four different temperatures (25 — 100 °C)
to obtain a wide overview of the device characteristics. The measurement data was converted
into a specific format for BSIMProPlus™ and the model parameters were extracted. The biasing
conditions are summarized in Table 2-7.

Figure 2-13 shows the comparison of simulation and measurement results at 25 °C for BE
diode. The simulation results are well consistent with the measurement results.

As BiCMOS does not include a Poly-silicon layer, the resistors are implemented using shallow-
N (SN). We mainly considered the out-diffusion effect, and voltage and temperature coefficients
during resistor modeling. Due to the lateral diffusion of dopants, the effective width of resistor is
bigger than layout width. This error is not related to layout width but to the process. The effective

width of resistor equals W+dw. Then resistance is

R= Rg—— 2.1)

" wWiaw '’
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Table 2-8: Temperature and voltage coefficients of 10 um SN Resistor.

Length TC1(ppm/°C) TC2(ppm/°C) VC1 (ppm/V) VC2 (ppm/V)

10 um 1559 0.464 646.17 27.82

where R is the resistance value, R is the sheet resistance and L is the length of SN resistor.

Linear data fitting method were used to characterize the relation of conductance with layout
width. For 10 um width, the lateral diffusion was determined as 0.62 pm.

Temperature and voltage coefficients were also extracted. The relation of resistance with
temperature (T) is a complicated non-linear relationship. Quadratic polynomial data fitting
method were used to describe this non-linear relationship. Tractor as the temperature effect
coefficient for resistance value is considered

Tractor = 1 + TC1XT + TC2XT?, (2.2)
where TC1 and TC2 are 1% and 2" order coefficients that are extracted with data fitting. The
change of the thickness of depletion region between N* dopant region (SN area) and P-sub with
applied voltage (V) will impact the effective sectional area of resistor, i.e. the resistance will
change with the applied voltage. By using quadratic polynomial data fitting method, we get the
relation of resistance with applied voltage. AV- Factor as the voltage coefficient for resistance
value is modeled,

AVigetor = 14+ VCIXV +VC2xV2, (2.3)
where VC1 and VC2 are 1%t and 2" order voltage coefficients that are extracted with data fitting.
In summary, the temperature coefficient and voltage coefficient of a 10 um SN resistor are
shown in Table 2-8.

Considering the above coefficients, the sheet resistance is Ry = 52.21 Q.

The models were later used for IC design. The wafers were split into two branches for
different V1 adjust implantation parameters. Figure 2-14 shows a wafer in SMACK run through

different BICMOS?7 steps. The details on achieved results will be presented in next chapters.

2.6 Conclusions

In this chapter, the BICMOS5/7 process was introduced. It is a simple process that by just

using 5-7 mask steps can monolithically implement different devices such as MOSFETSs, BJTs,
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Figure 2-14: SMACK wafers through BiCMOS7 process run, (a) after NW, SN, and SP
implantation, (b) with first metal pattern, (c) after VIA patterning, and (d) the complete wafer

with second metal patterns.

diodes, and resistors. Due to large die size of LED chips, BICMOS5/7 has a large potential to be
utilized for WLP of smart LED systems. A design and fabrication framework based on BICMOS
process was suggested. This framework covers the whole process from device modeling to
system fabrication and measurements. It can be well applied for circuit design based on BICMOS
process. In addition, modeling of some of the devices used for smart LED package was discussed

that will be later used in next chapters.
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Chapter 3

Silicon-Based Multi-Functional

Wafer-Level-Package for LEDs*

Today, finding a low cost, efficient, functional and reliable solution for controlling smart
lighting systems has become topic of many research groups and industry. In this chapter, design
and fabrication of a multi-functional wafer level package (WLP) for phosphor-based white LED
system using 7-mask BiCMOS process are discussed. This package integrates 4 high power blue
LED dies with a temperature sensor and a blue selective light sensor for monitoring system
performance. Each sensor has been designed, characterized and calibrated to be part of the smart
monitoring unit. An interdigitated power transistor and a 4-bit flash analog-to-digital converter

(ADC) were also monolithically integrated with sensors’ readout and extra controlling functions.

3.1 Introduction

As LED technology is emerging dramatically in recent years, there are increasing demands
for improving the luminous efficiency and lowering the cost for manufacturing industry.
However, package reliability is still one of the main bottleneck for LED systems [1]. Specially
for high power packages, high operating temperature can affect light intensity and color shifting

over the time [2].

4 This chapter was partially presented in China SSL 2014. The more completed version is submitted as: Z.
Kolahdouz, T. Ma, , H. van Zeijl, H. Abdy, M. Kolahdouz and G. Q. Zhang, “Silicon-Based Multi-Functional
Wafer Level Package for LEDs in 7-Mask BiCMOS Process,” to Sensors and Actuators A.
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Introducing high power light emitting diodes (LEDs) was a key step for development of new
application areas in lighting such as: sustainable lighting, general interior and exterior
illumination, backlighting for displays, smart lighting (e.g. data transportation), indicators and
signs , non-visual applications (communication), and transportation equipment lighting [3]-[6].

Among different methods of producing white light for general illumination applications, the
most common approach for high power white LED source is the dichromatic method (also
entitled as phosphor-based white method). It is a combination of a short wavelength LED, such
as blue or UV, and phosphoric wavelength shifter. In the phosphor coating, a portion of photons
are converted to yellow and the rest travel without any change. The light output is seen as a white
light by human eyes [7]-[9]. This method shows good color rendering, long lifetime and
acceptable reliability over the time comparing to so called trichromatic approaches [3], [7]. This
concept is elaborated in more details in Chapter 4.

In addition to general illumination, blue and UV LEDs are progressively applied in medical
and sensing applications [10]. Improving the system reliability in general and mainly for more
sensitive areas motivates industry to develop more advanced lighting modules. Functional blocks
like system monitoring units and innovative color control technology provide the ability to
control and adjust the light intensity and color temperature (CT). So, integration of more
functions and packaging configurations are some of the critical keys for reliable and efficient
solutions for the modern lighting demands. Previously, many integrations were done in PCB
level [11], [12]. However, silicon-based wafer level packaging can be one of the best promising
approach considering cost, efficiency, functionality, design flexibility and uppermost reliability
[13], [14].

Another concern is large heat dissipation in such a high power package. Silicon wafer-level-
package (WLP) can be a good solution for thermal management and a cost effective integration
[14]-[16]. Using silicon-based infrastructures, IC technologies, and MEMS toolset and
processes allows us to integrate different functional sub-blocks on the same die.

Many groups formerly reported integrations of temperature and optical sensors for the most
important parameters of such packages in wafer level [16]-[20]. Though, using silicon substrate
gives us the opportunity to integrate more functional module such as controlling unit and the

whole readout circuits.
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To address such issues, a new monolithic silicon-based package is introduced which is
realized in the 7-mask BiCMOS process. BICMOS7 process can potentially implement a smart
LED driver platform for the cost less than 1-2 $/cm™ [20]. This process flow integrates
monolithically the diodes, CMOS and BJT transistors all in just seven masks, which can simplify
final package configuration. It is optimized for performance of different passive and active
components. Final system will be a smart miniaturized LED WLP with two main functions: 1)
system performance monitoring and 2) system controlling. The first function involves
temperature sensors that monitor the package temperature. This data can be used for thermal
management by controlling blocks or for further analysis. The monitoring function also includes
blue selective photodiodes specially designed for the target LED wavelength that selectively
detect the output blue light intensity. It provides very accurate brightness information of the
mounted LED in the package. This photodiode is explained in depth in Chapter 4. The brightness
information can be later used for a feedback control circuit to correct the intensity and color
shifting of the output light [20]. The second function, system controlling, determines driving
current of LEDs, which can be performed in either analog or digital ways. An analog control
circuit is discussed in Chapter 5. A 4-bit flash ADC is also implemented for reading out sensor
data. It can be used as a part of a digital control system. Next, a high current power switch is
integrated for driving the LEDs. In this chapter the main blocks are discussed, which are the key
elements for a full integrated smart silicon based LED platform.

Having different kinds of sensors in the same package with LED chips and readout circuits
in a relatively low cost miniaturized module, can be an appropriate demonstrator for different
applications such as biomedical diagnostic devices or other sensitive areas.

This chapter is organized as follows: in Section 3.2, design of the LED WLP is presented
with explaining three main blocks: sensors, power transistor, and ADC. In Section 3.3 fabrication
process is summarized with presenting the main steps of the 7-mask BiICMOS method. In Section
3.4, the implementation and measurement results are discussed. Finally, it will end by a short

conclusion of this chapter.

3.2 Design of LED Wafer Level Package

The package is designed as a high lumen output package integrating 4 BXCD 45 mil x 45
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Table 3-1: Specification of the target LED.

Dimension 1143x1143%150 pm?®
DC Forward current Max 700 mA
Reverse voltage 5V
Working temperature -40 - 100 °C
Optical power (minimum) 340 mW
Dominant wavelength 450-470 nm
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Figure 3-1: (a) Layout of the 2D LED WLP and (b) positions of different blocks.

mil Bridgelux® Blue Power Die. The complete die size is 10x10 mm? including the test and main
structures, but the main package is 6x10mm?2. The design is such that 4 LEDs can be turned on
in series with any combinations of 1 to 4. The target LED in this study is a vertical blue power
die from Bridgelux®. Some of its specifications can be found in Table 3-1. These LEDs are
useful in a broad range of applications such as general illumination, automotive lighting, and
LCD backlighting [21].

The whole design was manufactured using 2 um 7-mask BiCMOS process. This process was
introduced in Chapter 2. Moreover, the relative low area costs for IC processing enable 2D
integration of IC’s with large area devices such as LED chips, in our case 1.1x1.1 mm?. Figure
3-1(a) shows the complete die layout which monolithically integrated different components for

the multifunctional LED system. Figure 3-1(b) demonstrates location of different blocks.
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Figure 3-2: Schematic of (a) the temperature sensor and (b) the striped-shape photodiode with

its equivalent circuit.

3.2.1 Temperature and Light Sensors

To monitor the system performance, temperature and light sensing elements were integrated.
For temperature sensing, 12 PNP dual junctions are located at different positions under the LED
dies. It consists of a P*in an N-well (SP area) on a P-substrate as shown in Figure 3-2(a). The
lower N-P junction is short-circuited to eliminate the effect of surrounding charges and upper
P*-N junction is forward biased at constant current to evaluate the voltage as the temperature
indicator.

For output light sensing, a blue selective photodiode was designed and fabricated which is
schematically shown in Figure 3-2(b). These stripe-shaped dual junction photodiodes, with
upper junction at 330 nm, demonstrated a very high selectivity to blue light. The maximum

responsivity was achieved at 480nm which is matched with the blue LED's illumination [20].

3.2.2 Power Transistor

For switching LED driving current, NMOS power transistor with max 700 mA current was
also integrated. For transistor, an interdigitated structure was used to improve area efficiency.
As BiCMOS7 process has 2 um minimum feature size for implantation, the transistor channel
length is set to 2 um. The source and drain, N* areas in the P-substrate called shallow-N (SN),
were designed and manufactured as interdigitated finger-shaped structures in order to lower
down the parasitic resistance in the channel and shrink the dimension. In this structure, four
finger-shaped power transistors (W/L=1800um/2um) were connected in parallel in order to

supply the required source current. It is schematically illustrated in Figure 3-3.
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Figure 3-3: Layout of the power transistor comprising 4 parallel interdigitated transistors each
with five source/drain fingers (360 pum total width). The inset shows the magnified interdigit

source and drain structure.

3.2.3 Analog-to-Digital Converter

Having a complete BICMOS run flow allows integration of some relevant logics for feedback
and controlling units such as a 4-bit flash ADC combined with an operating amplifier for sensor
readout circuit.

Flash ADC has various advantages like fast response, simple structure, and easy realization,
which make it an ideal architecture for low bit ADC design. It is composed of four different parts
as shown in Figure 3-4(a); reference voltage divider, comparator, bubble error remover, and
thermometer encoder stages [22]. The supply voltage in our design is 7 V and the input range
based on our light sensor output is 1.5-5.5 V.

For reference voltage divider, a resistor ladder is used. Normally, it is made with a
polysilicon structure. However, in BICMOS7, the poly is not used for process simplicity. The
resistor is made by the ion implantation of N-type dopants (phosphorus) in the P-substrate, called
SN resistors. The resistance value changes relatively with variations of temperature and biasing

parameters. However, it is not critical since only the relative values are used to make the voltage
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Figure 3-4: (a) Block diagram of 4-bit flash ADC, and (b) schematic and layout of resistive

voltage divider.

levels. So, if the resistance value is changed, the voltage levels remain unchanged.

By measuring the Kelvin structure on the sample wafer, with similar parameters of the main
process, the sheet resistance of SN is around 50 Q/square. The over-diffusion width of dopants
after implantation is 0.62 um, according to the test of Electrical Line Width Measurement (ELM)

structure. The voltage divider requires 15 (2™ — 1,n = 4) output nodes in a 4-bit Flash ADC.
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Considering power consumption and driving capability, 1 kQ resistor is an appropriate choice
as the unit cell resistor between each two nodes. For 1 kQ resistor and having 2 um for width,
the length of the SN resistor is calculated to be 52 um. Figure 3-4(b) shows the layout for SN
type voltage divider. Since the input signal range is 1.5-5.5 V, two resistors with 7 kQ (7 x 1 kQ
unit) are used at two sides of the divider. So instead of using two extra reference voltages of 1.5
and 5.5 V, we can reuse the same 7 V power supply. The least significant bit (LSB), which

indicates the voltage resolution, can be calculated as:

1LSB = LREFH_VREFL _ () 75 ), (3.1)

on
where Vrern and VrerL are 5.5 V and 1.5 V, respectively.

Sample and Hold module (S&H) is utilized between the input node and comparator stage
(shown in Figure 3-5(a)). During ADC’s operation, it initially tracks the time-varying input
signal during the first half clock cycle through My switch. In the second half clock cycle, it holds
the last value on M that is used as a MOS capacitor. This voltage is used by the comparator
stage. In this way, the signal conflicts due to fast input variations can be effectively eliminated
for reducing the possibility of functional failures.

The comparator can be considered as a key component in Flash ADC design. Its features
directly affect the ADC performances such as maximum sampling rate, power consumption,
input signal range, load capability, etc. However, it is a challenge to design a good comparator
based on BICMOS?7 process due to unideal transistor parameters and features (high and
asymmetrical threshold voltages).

The 4-bit Flash ADC incorporates 15 separated comparators. As shown in Figure 3-5(b),
each comparator consists of a differential stage and 3 sets of inverter as a gain stage. These
inverters ensure that the final comparator output reaches the rail to rail values (0 and Vpp). Since
comparator generally works in open loop mode, it does not require compensation for stability.
The current flow through M is the sum of the currents from Mss and Mas, and this total current
is determined by the biasing current through M1. When Vin_p is larger than Vin_n, the current
flows through Masg will be more than that of Mss. Thus, voltage at the drain of Ms will be
reduced. Subsequently, at the output of inverter M7g, the voltage goes high. In order to improve

the load capability of the comparator, two more inverters (Mg — M12) are added after the first
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Figure 3-5: (a) Sample and hold stage (S&H), and (b) comparator for the 4-bit Flash ADC.

inverter. This results in a logic “1” at the final output. Similarly, if Vin_p is smaller than Vin_n,
the drain voltage of M4 will be increased, and make the final output “0”.

To guarantee that the ADC works properly, offset voltage of comparator should always be
less than half of LSB. For different input voltages, the offset voltage is different. Thus, it is
necessary to characterize it carefully before determining the input range of the comparator. With
the appropriate adjustment on the width/length ratio for each of the transistors, the simulated
offset voltage in our target input range is less than 40 mV, which is well smaller than the LSB
(i.e. 250 mV). Besides, to avoid the signal conflicts between input and output of the comparator,
a flip-flop is connected to the output of the comparator. Depending on the clock cycle, it will

periodically switch between open and close modes. For the sake of simplicity, this has not been



46 Chapter 3

9 CMOS node
& 8 0.065 > 0
£ 0.09
5 7 0.12
@ .
) 6 0.18 °
2 0.25
o 5 0.35
P —
L 0.5
o 0.6 °
= 3
g 0.8
o 2 ! \.
n 1

0 5 10 15 20 25 30 35 40 45
Number of masks

Figure 3-6: Silicon wafer price for different number of masks used in IC processing. The red
inset points out the BICMOS5/7 nodes.

shown in these figures.

To avoid bubble errors that might be caused by comparator meta-stability and noise, a bubble
error remover stage, consists of a bunch of inverters and three-input NAND gates, is added to
ADC.

In the final stage, a so-called thermometer code needs to be encoded into a 4-bit binary code.
This work can be done by a simple 16-to-4 encoder, consists of NAND and NOR gates,
implemented by CMOS transistors.

The whole system is simulated with a sample rate of 100 kHz. The simulation results show
proper operation of the ADC. The simulated values of maximum integrated nonlinearity (INL)
and differential nonlinearity (DNL) of the whole ADC are 0.037 and 0.24 LSB, which are lower
than the nominal critical value of 0.5 LSB [22]. Thus, this design can be properly implemented

for the light sensor readout system.

3.3 Fabrication Process

One of the main challenges in this application is low integration density for supporting LED
bare dies. The dimension of a power LED bare die is usually in millimeter? scale which is quite
large compared to the current IC transistor size. As shown in Figure 3-6, the continuous decrease
of the feature size in CMOS planar technology results in boosting the number of masks and the

silicon wafer price (cost/cm?).
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Figure 3-7: Schematic of main steps in BICMOS process up to metal 1.

On the other hand, IC area is shrinking and so there are more dies fabricated on a single
wafer which compensate the cost. Considering area limitation in solid state lighting, it seems
that the fabrication of LED WLP is extremely cost ineffective by the advanced CMOS process.
So, a low-cost CMOS planar technology is required as a promising option to subordinate the
cost. Although BiCMOS5/7 has a limited performance, it is sufficient to be implemented for
LED WLP and some simple IC designs. Figure 3-6 shows how BICMOS5/7 process can
potentially implement a smart LED driver platform for the cost of even less than 1$/cm?.

The BICMOS7 process is now explained by the structure of the transistors which is
schematically shown in Figure 3-7. It started with a P-type wafer that was patterned for the N-
type implantations: the N-wells of the NPN and PMOS transistors. This was done by a phosphor
implantation and a deep diffusion. The second mask was used to create the P-type regions: the
base of the NPN transistors, the source and drain of the PMOS transistors and the isolating rings

around the NMOS transistors. They were doped using a shallow boron implant. The third mask
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was for the highly doped N-regions: the emitter and (contact regions of) collector of the NPN
transistor, the source and drain of the NMOS and the isolating ring around the PMOS. This was
performed by a shallow arsenic implantation. After this step, the wafer was annealed/oxidized
for 12 minutes at 1000 °C and the surface got an isolation layer of 100 nm of silicon dioxide (by
thermal oxidation). This layer will act as an isolation layer between the first interconnect layer
and the substrate as well as the gate material of the PMOS and NMOS transistors. This means
that a trade-off has to be made for the thickness of this layer. A transistor has the best
characteristics with a low gate oxide thickness, while the isolation layer at rest of the wafer must
be preferably thick to minimize the parasitic effects. The fourth mask was used to make the
contact openings in the isolation layer.

The fifth mask was utilized to pattern the first interconnect layer. This was the first
metallization step for the contact openings and created wires by combining different
components. Next, 200 nm chemical vapor deposition (CVD) oxide was deposited. The sixth
mask was for patterning the vias between metal 1 and 2. Then, 2 um Al (99%)-Si (1%) was
sputtered as the second metal layer. The seventh and final mask was for patterning the second
interconnect layer.

There are numbers of trade-offs in this design. The first is between the optimum gate layer
thickness and the preferred isolation layer thickness. Another trade-off is the doping profiles of
the N and the P regions which affect the sensor responsivity and transistor performances. Due to
our simulations, the parameters were adjusted to best fit the application for blue LED spectra.
However, there are many challenges for integration of all these devices in the same process. The
CMOS transistors have non-standard threshold voltages, i.e. 1 V for NMOS and -3.5 V for
PMOS. There are two issues concerning these over-high threshold voltages. In the conventional
IC process technology, the threshold voltage is usually lower which enables a large headroom
for the circuit design. The second problem is the asymmetric threshold voltages for NMOS and
PMOS. This asymmetry affects the circuit balance and makes it challengeable to get the optimum

design. These imperfect features seriously restrict the flexibility and feasibility in circuit design.

3.4 Implementation and Measurement Results

Different blocks and components were fully integrated in previously discussed BiCMOS
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Figure 3-8: Monolithic integration of different blocks in LED package: (a) photo of full wafer,
(b) 10x10 mm? die micrograph.

process. Figure 3-8(a) shows the full wafer photo containing 48 complete packages and 4 process
test dies. Figure 3-8(b) exhibits a full die micrograph after preparation. For each package, 4 LED
chips were later mounted and wire bonded on predefined locations.

Figure 3-9 (a-b) show the layout of LED part and the package after the full process and
mounting the LED dies. Temperature and light sensors are two main sensing elements in the
package. Light sensors are located close to each LEDs to accurately evaluate the output light.
Temperature is known as one of the key bottlenecks for monolithic integration of electronics in
LED package because of its effects on the performance of both LEDs and other electronic
components. So, three temperature sensors were located beneath each LED die for in-situ
investigation.

The IV characteristic of the temperature sensors was extracted with external temperature
controller. At constant forward driving current, the voltage drop over the upper PN junction can

be considered as the linear function of temperature (so called one point technique [23])

T, = a+'BVf|If' (3.2)
where a and p are calibration parameters obtained from measurements at two known
temperatures and their corresponding voltages (Vr) at the same forward current Is. In this case,

we choose the forward voltage data recorded at I =20 pA. The calculated and measured results

are summarized in Table 3-2. With the same approach, the temperature of the package for
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Figure 3-9: (a) Layout of LED part and positions of LEDs and sensors. (b) Package with

mounted LED dies and comparison of its size with 10 Cent coin.

Table 3-2: Measurement results of the temperature sensor.

Tca(°CIK) Vi (V) T meas(K) AT
70/343 3.803 345.07 +2.07
90/363 3.855 366.36 +3.36
110/383 3.903 386.01 +3.01
130/403 3.945 403.03 +0.038
150/423 3.985 421.32 -1.68

different driving currents was monitored. Test was done on a metallic chuck which acted as the
heat sink. The result is shown in Figure 3-10.

After turning light on, the temperature increased rapidly. For 500 mA source current,
temperature jumps from 25°C to 57°C within one minute. Later, the temperature only increases
7 degrees in 2 hours. Moreover, the temperature changes at different currents were not the same
at all. The temperature measured at 500 mA is twice larger than the one measured at 100 mA

(see Figure 3-10).
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Figure 3-10: Measured temperature of the package for different driving currents.

Table 3-3: Comparison between measurement results of the temperature sensor and IR image.

Forward LED Current 100 mA 300 mA 500 mA
Temp (from integrated sensor) 28.8 °C 37.4°C 57.5°C
Temp (from IR image) @ SP#3 30.1°C 41.5°C 59.8 °C

The temperature sensor results can be verified by thermal images. For this purpose, an

infrared (IR) camera was placed above the previous package and the driving current was swept

from 100 to 500 mA. Figure 3-11(a) displays the measurement setup and Figure 3-11(b) exhibits

the temperature distribution over the package for 100-500 mA. It is worth mentioning that all

LEDs were "on™ in this image. Generally, the measurement results from temperature sensors are

slightly smaller than the thermal camera readout and the average difference is around 2.5°C (see

Table 3-3). This difference might be caused by the actual temperature difference between surface

and backside of LED dies because of heat sink placement beneath the package. The thermal

figures thus show the reliability of the measured value extracted from the temperature sensors.

Another conclusion is that with a good heat sink, the temperature at the points far enough from

LEDs, e.g. in Figure 3-11 9(b) sensing points (SP) 7, 8 and 9, is quite low. Therefore, monolithic

integration of electronics and circuits on LED WLP might suffer less thermal effects.
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Figure 3-11: (a) IR camera setup, and (b) thermal image of the package with 4 blue LEDs at

100, 300 and 500 mA driving currents. Different sensing points (SP) #1-10 are pointed out in

the micrograph.

The second sensible parameter is the output light. The light intensity of LED was measured

with the photodiodes at different driving currents. For each LED two sets of photodiodes were
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used to get output light measurement. When LED is “off”, the reverse current value is 1 pA.
Current measurement showed almost 6 orders of magnitude increase when the LED became on.
By normalizing the output current and fitting to the LED datasheet, a remarkable consistency
can be achieved (see Figure 3-12).

To investigate the effect of package temperature, the photodiode response was studied within
2 hours with constant input current of 350 mA. Relative luminous intensity decays 0.9%. This

effect is caused by the temperature increase during the lighting.

The interdigit switching transistor micrograph is shown in Figure 3-13(a). Measured drain
current (Ip) versus drain-source voltage (Vps) of the power transistor is shown in Figure 3-13(b).
The transistor can provide the nominal driving current for the LED dies and can be used for an
in-situ controlling of the driving current.

The 4-bit flash ADC is designed and implemented in the light sensor readout system to
convert the sensing signal into a 4-bit binary code at the output. When the input voltage is ramped
from 1.5 to 5.5 V, ideally, a set of digital code will be displayed at the output which is varied
from 0000 to 1111 with equal voltage interval (i.e. 1 LSB=0.25 V). Generally, both integration
nonlinearity (INL) and differential nonlinearity (DNL) should be less than half of LSB. For doing

the measurements, a constant voltage source of 7 V is used. ADC input signal is produced by a
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Figure 3-13: Interdigit CMOS power transistor: (a) micrograph, and (b) Ip versus Vps
characteristic at different gate-source voltages (Vas).

trimmer to provide a tunable input voltage and bias current. Moreover, an external function
generator makes the clock signal. The four digital output nodes are connected to an oscilloscope.
The PCB with assembled component and test equipment setup are shown in Figure 3-14(a) and
(b), respectively.

Input-output characteristic of the ADC from simulation and measurement results are shown
in Figure 3-15(a). It shows that, the 4-bit flash ADC works properly. By increasing the input
voltage from 1.5 V to 5.5 V, the ADC converts the input signal to a 4-bit binary code from 0000
to 1110 at the output. However, there is a missing code 1111 in the last output conversion level,
when the input increases from 5.25 V to 5.5 V. This error does not exist in the simulation results.
As the cause is traced back, the electrical characteristics of MOSFETSs was slightly shifted due
to the process variations during the fabrication, compared to the initial model used for
simulation. The threshold voltage of PMOS was changed from -3.5 V to -3.3 V and from 1.0 V
to 1.2 V for NMOS. This is validated by characterizing a set of separate MOSFETSs after
implementation. Consequently, the output current of transistors was not the same as previous
extracted model. To verify the validity of our designs after fabrication, a new model was
extracted based on the new measurement data, by updating the threshold voltages of the model.

New simulation results show the same behavior as the measurement regarding the missing code.
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Figure 3-14: (a) Designed PCB with assembled components and (b) measurement setup for 4-
bit flash ADC.

The shift in threshold voltage mainly affects the S&H module (shown in Figure 3-5(a)). In
the initial model, output voltage of S&H follows the input signal for the whole range, which
increases from 1.5 V to 5.5 V. However, in the new case, the output voltage does not follow the
input near end of the range, thereby leading to the missing code at ADC output. This problem
can be solved by using a T-gate instead of NMOS only switch. While the NMOS is turned off at
high input voltages, the PMOS of a T-gate can conduct very well.

Figure 3-15(b) shows INL and DNL based on simulation and measurement results. The
maximum measured INL and DNL are 0.16 and 0.14 LSB. They are well below the critical value

of 0.5 LSB. This guarantees the correct functionality of the flash ADC.
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Figure 3-15: Simulation and measurement results of the 4-bit flash ADC: (a) output code versus
input, and (b) DNL and IND normalized to LSB value.

3.5 Conclusions

This chapter reports a successful integration of different functions appropriate for package
of a phosphor-based white LED module and also any blue/UV LED. Silicon-based wafer level
packaging through low cost 7-mask BICMOS process, gives us the opportunity for integration
of different passive and active components for a complete smart system. For sensing functions,

thermal and optical sensors were implemented, characterized and calibrated. Blue selective
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photodiode measurement showed notable consistency to the LED datasheet values. Temperature
sensors integrated just beneath LED chips, measured the temperature in real time and the results
were approved with IR photos. For controlling functions, 4-bit flash ADC for reading out sensing
output light, and a power switch for driving the LED current were monolithically integrated. The
ADC functionality was successfully tested with better than 0.16 LSB accuracy and the power
transistor could provide more than 700 mA current. The whole design and measurement results
were comprehensively discussed. The reported components can provide a notable platform for
future work to have an analog or digital control system for any specific application. Furthermore,
other technologies with large area demands, such as Lab-on-Chip that requires smart substrates,

can benefit from the approach.
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Chapter 4
Blue Light Evaluation for
Phosphor-Based White LED WLP°

This chapter presents a blue light detector for evaluating the output light of phosphor based
white LED package. It is composed of a silicon stripe-shaped photodiode designed and
implemented in a 2 um BiCMOS process. The final device shows a high selectivity to blue light.
The maximum responsivity at 480 nm is matched with the target blue LED illumination. The
designed structure has better responsivity compared to simple photodiode structure due to
reducing the effect of dead layer formation close to the surface because of implantation. It has
also a two-fold increase in the responsivity and quantum efficiency compared to previously

similar published sensors.

4.1 Introduction

There are two major methods to produce white light in LED lighting systems. The first
approach is to create white light by the proper mixture of three monochromatic sources, i.e. red,

green and blue light (RGB method). These trichromatic LED-based white light sources provide

5This chapter was partially presented at ESSDERC 2014 as: Z. Kolahdouz et al., “Blue Selective Photodiodes
for Optical Feedback in LED Wafer Level Packages,” in ESSDERC, 2014, pp. 174-177. An extended version was
published as: Z. Kolahdouz, A. Rostamian, M. Kolahdouz, T. Ma, H. Van, and G. Q. Zhang, “Output blue light
evaluation for phosphor based smart white LED wafer level packages,” Opt. Express, vol. 24, no. 4, pp. 174-177,
2016.
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a good control over the light color temperature and luminous efficiency of radiation. However,
this method is hardware intensive due to application of three RGB LEDs. Furthermore, these
chips show different behaviors at high working temperature conditions and aging characteristics.
The system also tends to render pastel colors unnaturally which results in poor color rendering
index of RGB white light. Besides, the driving electric circuit for this method is complex to be
used for white color production and makes it impractical for general illumination applications
[1, 2].

The second approach, entitled the phosphor based white method, is to produce white light
by a single short wavelength LED such as blue or UV, combined with a yellow phosphor coating.
The blue or UV photons generated in the LED either travels through the phosphor layer without
shift, or they are converted into yellow photons in the phosphor coating layer. The combination
of the yellow light with the unabsorbed blue light appears as a white light in the human eyes. In
some modules, remote phosphor layer is used in which phosphor is placed at a sufficiently large
distance from the LED chip. It offers much better color rendering than RGB white, often similar
to the fluorescent sources. Furthermore, phosphor converted white light is also much more
efficient than RGB white. Because of its high efficiency and acceptable color rendering and
lifetime, phosphor white is the most common approach of producing white light for general
illumination [2, 3].

The exact shade or color temperature of dichromatic white light is determined by the
dominant wavelength of the blue LED and the composition and thickness of phosphor coating.
Manufacturers attempt to minimize the color variations by controlling the thickness and
composition of the phosphor layer during manufacturing [2].

Despite all advantages these LEDs have, they are suffering from light intensity decay in
stress tests. Their light intensity decays during a long operation time or at a high working
temperature. Another drawback of phosphor based white method is color shifting due to
degradation of the blue LED die and the yellow phosphor over time. It also happens when the
device operates at a different current or operating temperature [1].

Some of the manufacturing companies have revealed the data for lifetime prediction of LED
chips. As is shown in Figure 4-1 from ETAP company [4], the LED performance decays

critically over the time which motivates us to develop a system monitoring unit. Although not
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all the performance falloffs can be compensated, a smart integrated LED power control with
light and temperature sensors can compensate for light intensity decay, monitor color shifting
and protect for overtemperature problems.

Decay may refer both to phosphor and LED chip performance over the time. While phosphor
working mechanism is related to the manufacturing process, we can compensate LED aging and
adjust its light intensity by changing the driving current. There are two strategies to alter the current:

1- Feed a forward control based on the lifetime prediction: increasing current based on the

correction values stored in a memory.

2- Using output light feedback: including blue light sensors and a control loop circuit.

A smart package with an output light feedback can compensate the brightness variation by
changing the driving current. Light sensing can provide information both about light color and
intensity. Employing a blue selective photodiode integrated in LED package can be a promising
solution.

Silicon based wafer level packaging (WLP) is the technology of choice for broad range of
applications. This technology is a key in terms of cost and thermal design. It can provide batch
fabrication and component integration, as it is compatible with CMOS technology and thus, can

include micro electromechanical systems (MEMS) components as well [5, 6]. Applying these
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technologies, a smart LED package can be produced that resolves the brightness problems
associated with LED intensity decay [7]. There are two categories of silicon-wafer-based wafer
level packaging (WLP) LEDs; the surface-mount type, in which electrodes are formed on a
silicon wafer and then the LED chip is attached to the wafer; and the cavity type, in which
cavities are formed prior to the electrodes [7]. Generally, the cavity is fabricated using KOH wet
etching with a (100) silicon wafer. The cavity acts both as a reflector and a holder for filling
phosphor and resin.

In this chapter, we developed a photo sensor appropriate for the target wavelength (470 nm)
and compatible to the cavity type WLP process and monolithic integration. Basic silicon
photodetectors have generally a poor responsivity to blue and UV light, because these spectra
absorbs very close to the surface while the active sensing regions of these devices are usually
situated at a certain depth below the device surface [8]. Different structures for silicon
photodiodes are used to tune wavelength selectivity. They are all based on wavelength-
dependent absorption coefficient of light in silicon. The basic structure is a P-N-P dual-junction
photodiode, the active region of the P-N photodiode is limited by a second N-P junction situated
below the first one [9]. In [8], the detector doping profile of the photodiode is adjusted in a way
to have a sharp and high potential barrier. It generates a strong built-in drift field in which photo-
generated carriers are separated efficiently. This structure is intrinsically selective but fabricated
in a dedicated sensor process, not compatible with CMOS standard processing. Another group
proposed a stripe shaped photodiode, comprising shallow P layers implanted in a N-well [10].
The geometry was optimized for better UV/blue responsivity. These devices showed a promising
selectivity for blue light. In our work, we used similar structure as in [10], but the size and features
were changed to better fit the process and application requirements. All the structures are also
simulated and the efficiencies of the devices have been thoroughly investigated before fabrication.

There are also some reports on novel works using different substrates or coating to enhance
the responsivity to UV and blue spectra. In [11], TiO2 nano-crystalline film was prepared on
SrTiO3 (001) substrate to form an N-N heterojunction active layer and final device shows a good
responsivity in UV region. In another work [12] by employing conjugated polymer thin film
blends, authors showed improving the ultraviolet response of silicon photodetectors for UV

spectra. However, these methods are not applicable in standard BICMOS process.
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The photodiode is fabricated in a 5 mask BiCMOS process, used in a LED WLP which can
selectively detect the output blue light intensity in a very accurate and efficient way which
provides the brightness information of the mounted LED in the package.

This chapter is organized as follows: in Section 4.2, two photodiode structures including
single anode and multi-stripe anode are described. Section 4.3 explains simulation results for
both configurations. In Section 4.4, fabrication process and characterization results are
deliberated. Section 4.5 investigates the photodiodes in wafer level system integration for blue

LED packages. Finally, conclusion comes in Section 4.6.

4.2 Photodiode Structure

In order to determine the best location to detect the blue light in silicon, light interaction was
simulated using COMSOL Multiphysics. To check all physical aspects of the investigation,
electromagnetic waves (Frequency domain) and semiconductor physic interfaces were coupled.
The light illumination was simulated by solving the Helmholtz equations. This was achieved by
analyzing the electromagnetic waves when it enters the device. The Fresnel equations were also
employed to take multiple reflections of the propagating electromagnetic wave at each interface
into account. The transverse mode of electromagnetic wave, which is a particular
electromagnetic field pattern measured in a plane perpendicular to the propagation direction of
the beam, was applied to solve the mentioned equations. The solution to these equations is the
electric field which is needed for calculating the generation term. This electric field was used to
calculate the Poynting vector, and hence the optical power. Finally, the generation term, which will

be added to the final continuity equation, would be derived from the optical power as shown below:

P, 1
G- (4.1)

where h, f, y, and Pop are respectively Plank’s constant, frequency of the incident beam, depth
and optical power. As the simulation results demonstrated, blue light ray optical power (470 nm)
decays dramatically as it enters the silicon (Figure 4-2(a)).

Figure 4-2(b) displays carrier generation rate as a function of depth for 470 nm light in silicon
interface. Hence it is shown that the best selective detection of the blue light occurs at the primary

300 nm from Si surface. Consequently, a photodiode with near surface P-N junction is required.
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Figure 4-2: (a) Electrical field for 470 and 710 nm light wavelengths, and (b) carrier generation
rate as a function of depth for 470 nm light wavelength in silicon interface. Si interface is

occurring at 0 um for these plots.

Two types of configurations for photodiode are considered; single anode and multi-stripe
photodiodes. Figure 4-3(a) shows the schematic of the multi-stripe shaped photodiode and the
equivalent circuit. This device is composed of stripe shaped P* regions, which are connected
together as photodiode anode in an N-well (photodiode cathode). Biasing voltage is applied to
the anode while the lower N-P junction is short-circuited in order to get only the photocurrent
produced by the top shallow junction. N* and P* regions in the N-well and the P-substrate are
for making low ohmic contacts. In the second photodiode, just a single anode but with rather
large area is used (see Figure 4-3(b)). In this device, the anode geometry is simply a shallow P*
region with width of 5W+4D, equal to sum of the width of all stripes (W) and the distances between
them (D). The doping profiles for the N*, N-well contact and P* substrate contact are the same as

the multi-stripe shaped structure, but the anode is a wide P* region.
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Figure 4-3: Schematic of (a) the multi-stripe photodiode with its equivalent circuit and (b) the

single anode photodiode.

As illustrated in Figure 4-2, because the blue and UV spectrum is basically absorbed just
beneath the surface, the dead layer formation due to high dose ion implantation decreases the
responsivity significantly [13]. Due to a large number of defects in this region, electron-hole
generated by target photons can recombine in the dead layer which is not desired and limit the
sensitivity. This also creates an electric field which drifts more carriers towards the surface.
Thus, by making multi-stripe shaped junction, we can minimize this problem. In this case, there
is a shorter path for carriers to reach to the junction. Therefore, the dead layer in multi-striped
structure in comparison to single anode structure is down scaled by W/(W+D) [10], which will
improve the blue spectra responsivity. On the other hand, the effective depletion region area for
photon absorption and carrier generation will increase in the multi-stripe shaped structure. This
occurs due to the sides of the junctions in each P* region which are located very close to the

surface.
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Figure 4-4: Electron concentration in the N* region of the photodiode structure at 0 V bias
condition.

Depletion region

Figure 4-5: Electric potential calculated from the vacuum level on a P™ stripe to show where
generation occurs in the depletion region.

Although decreasing the junction length by converting single to multi shaped structure
results in reduced photon absorption but on the other hand the dead layer recombination sites are
decreased as well [10, 14].

For the multi-stripe shaped structure, the width of the stripes is 3 um and the distance

between two adjacent stripes is 5 um. The stripes’ length is 235 um. According to these

dimensions the shallow P-doped region for the single anode geometry is 35 pm.
4.3 Simulation and Discussion

Due to a large amount of surface defect generated during the doping process, Shockley-Read-
Hall (SRH) recombination with a very high rate occurs at the surface which creates an electric

field toward the substrate. The dead layer formation can be observed in electron concentration

profile extracted from simulation as shown in Figure 4-4.
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As discussed earlier, in order to improve selectivity and responsivity to blue rays, the active
junction should be located in the top 300 nm inside the substrates. As shown in Figure 4-5, the
junction depletion region, where generation occurs, happens mostly inside the N-well region and
extends for about 150 nm. According to reports [13], a high level doping in ion implantation and
boron redistribution during the annealing process, will cause dopant pileup in an interfacial layer
between the top SiO2 layer and Si. This layer acts as a sink for inactive dopant atoms in this
region.

The anode current of the photodiode was simulated using the continuity equation consisting
drift-diffusion, generation and recombination rates. Both single- and multi-stripe structures were
analyzed without 470 nm radiation (see Figure 4-6(a)). The resulted 1-V shows a bit higher
current for the single-stripe structure compared to the multi-stripe structure under the dark
condition due to the higher current cross-section area. However, multi-stripe device showed a
2.5 times improvement in the output current under illumination of 470 nm waves compared to
the single anode one, which is a proof of concept for the significance of the dead layer and active
depletion region. It is meaningfully matched with the improvement factor [10], we expected

regarding to the designed parameter for D and W dimensions which is (W + D)/W =2.66.

Figure 4-6(b) shows the responsivity curve for multi-stripe shaped samples extracted by
sweeping the photons’ wavelength in the simulation tool. It can be seen that using the real doping
values and dimensions, the responsivity is very selective to 470 nm illumination. This can be
explained by the fact that at higher wavelengths, the beam can travel a lot more inside the
substrate and in order to absorb that range, one might need to increase the depletion width of the
junction. But, at lower wavelengths, the junction must be located closer to the surface to have

strong generation of carriers which consequently may recombine in the dead layer.

4.4 Device Fabrication and Characterization

The photodiodes were implemented in the BICMOS5 process as described in Chapter 3. It
exhibits the two outstanding features: simplicity and cheapness [15]. As discussed in Chapter 3,
there are several trade-offs in the process design. An important trade-off here is between device
parameters of photodiodes (junction depth, responsivity, and selectivity) and transistors

(threshold voltage and saturation current). The dopant concentrations and parameters of the N-
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and P-regions affect these different device parameters.
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Figure 4-6: (a) I-V simulation results of the single- and multi-stripe structures w/o 470 nm

radiation, and (b) the resulted current vs. wavelength for the multi-stripe structure.

However, the doping parameters applied in this study were adjusted using device and process

simulations for the optimum performance of the photodiodes by using Synopsys TCAD. Figure

4-7 illustrates the doping profile of the P*-doped/N-well area measured by electrochemical

capacitance-voltage profiler (ECVP). Due to the fact that the ECVP measures the active carrier
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Figure 4-8: Measured responsivity vs. wavelength for multi- and single-stripe shaped
photodiodes.

concentration, the dead layer cannot be observed in this figure. The minimum at 330 nm is the
P*/N-well junction and the N-well is extended for 1.5 um into the substrate.

The spectral responsivity of photodiode was measured by a solar cell simulator using a
monochromatic light with sweeping wavelength in 300-1100 nm range. The responsivity plot

shows a peak at A= 480 nm with 342 mA/W. Figure 4-8 shows the responsivity of two different
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Figure 4-9: PN junctions and die structure for Bridgelux blue power LED die.

photodiodes vs. wavelength at 0 V bias condition. Comparing to the single anode structure, an
improvement in responsivity is observed for the multi-stripe photodiode. IR range responsivity
shows a dramatic fall above 470 nm range which indicates a high selectivity for the target
wavelength. The measured responsivity has a good correlation to the simulation results in Figure
4-6(b).

A selectivity parameter can be defined as a ratio of responsivity for different wavelength,
that is 42 for A=470 nm and A=1000 nm. It was seen that at high bias voltages, the responsivity

can increase, while, because of the depletion area extension, selectivity would degrade.

4.5 Wafer Level System Integration

The target vertical LED in this study is a Bridgelux® Blue Power Die which is an InGaN-
based blue color LED that can be later combined by a yellowish phosphor to generate the white
output light. LED structure is shown in Figure 4-9 and its main specifications were summarized
in Table 3-1. These LEDs are useful in a broad range of applications such as general illumination,
automotive lighting, and LCD backlighting.

The photodiodes were also measured in the integrated system to study its performance for
target LEDs and in real application platform. The package consists of an array of 4 LEDs which
can be turned on separately or with different combinations. Figure 4-10 shows the package
picture with mounted LED dies in “off” and “on” states and photodiode positions.

Each LED chip consists of two parallel P-N junctions which we just used one of them in the
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Figure 4-10: Photodiodes in LED package with mounted LED dies in “off ” and “on” states.

For each LED two sets of photodiodes were used to perform output light measurement.

package. The light intensity of LED was measured with the photodiodes at different driving
currents. The results are shown in Figure 4-11. When LED is off, the reverse current value is 1
pA. Figure 4-11(a) shows almost 6 orders of magnitude increase compared to when the LED is
off. This difference is governed by the generation of lots of electron-hole pairs in the active part
of the device and a numerous recombination dominantly close to the surface. By normalizing
the output current and fitting to the datasheet amounts a remarkable consistency can be achieved
(see Figure 4-11(b)).

The devices also were examined by some sort of stress test. Relative luminous intensity
decays 0.9% within 2 hours with constant input current of 350 mA, see Figure 4-12 (a-b). This
effect is caused by the temperature rise during the lighting. This is a proof of sanity for the
importance and necessity of an intelligent control system for LEDs. It is worth mentioning that
the ambient light rarely affects the performance of photodiode, due to its remarkable blue light
selectivity.

Figure 4-13 compares the spectral responsivities of the fabricated photodiodes here and a
calibrated UV-enhanced photodiode from Hamamatsu, S1226-18BQ. The commercial UV-

enhanced device with an antireflection coating exhibits an almost non-selective behavior.
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Figure 4-11: (a) Measured photodiode IV characteristic at different LED driving current. (b)
Relative luminous intensity vs. LED forward current comparing the measured photodiode

performance with the datasheet amounts.

However, our photodiode and the one manufactured in [10] demonstrate slightly lower
responsivity for the deep ultraviolet spectral range. The responsivity of the device fabricated in
[10] has a peak at 400 nm, while the photodiode in this study has shown a peak at exactly 480
nm which is remarkably matched with the illuminated wavelengths from the LED. A rapid

decreasing trend is observed for the visible and IR ranges. Quantum efficiency is defined as:

QEy = 2x (1240 W - =), (4.2)
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Figure 4-12: (a) Measured photodiode 1V characteristics over 120 min LED light exposure. (b)
Normalized readout light intensity in LED working period of 2 hours.

where A is the target wavelength and R; is the related responsivity. Moreover, a two-fold increase
in quantum efficiency and comparable selectivity are evaluated for the LEDs fabricated in our

work compared to the previously published devices.

4.6 Conclusion

A ssilicon stripe-shaped photodiode was designed and fabricated for sensing blue light in LED
wafer level package. The device dimensions and doping were also designed and simulated using
COMSOL Multiphysics. The maximum responsivity was at 480 nm which is matched with the

blue LED's illumination. The single anode structure due to higher rate of recombination caused



76

Chapter 4

0.4
0.35
0.3
0.25
0.2

0.15

Responsivity (A/W)

0.1

0.05

......
.-

-—
—_—

----- S1226-18BQ
—- Ref[10]

., — This work;Multi-

~, stripe photodiode

—_— Seo

Figure 4-13: Measured responsivity vs wavelength for the multi-stripe photodiode. The spectral

response of a published and commercially available UV-enhanced photodiode is also added for

comparison.

by the dead layer formation showed lower responsivity compared to multi-stripe shaped one.
The photodiode was fabricated in a 5 mask BIiCMOS process with 2 um gate length. These IC
technology compatible photodiodes, with junction at 330 nm, demonstrated a very high

selectivity to blue light. The fabricated devices presented a two-fold increase in the responsivity

800
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900 1000 1100

and quantum efficiency for blue spectra compared to similar devices published earlier.
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Chapter 5

Integration of Monolithic Light
Feedback Control Circuit for
Blue/UV LED Smart Package®

Given the performance decay of high power LED chips over time and package condition
changes, having a reliable output light for sensitive applications is a point of concern. In this
chapter, design and implementation of a light feedback control circuit for blue/UV LED using a
low cost 7-mask BICMOS process are elaborated. The feedback circuit was monolithically
integrated in a package with 4 high power blue LED chips. For sensing the intensity of exact
colored blue/UV light in the package, selective photodiodes at 480 nm wavelength were
implemented. An opamp-based feedback circuit combined with a high power transistor controls
the output light based on real-time sensor data. The whole system is a low-cost integrated
package that guarantees a stable and reliable output light under different working conditions.

Output light can be also controlled linearly by a reference input voltage.

6 This chapter is partially submitted as: Z. Kolahdouz, M. Tohidian, M. Kolahdouz, H. van Zeijl, and K. Zhang,
“Monolithically Integrated Light Feedback Control Circuit for Blue/UV LED Smart Package,” to IEEE Photonics
Journal.
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5.1 Introduction

As discussed in Chapter 3 and 4, aging and high junction temperature affect light wavelength
and intensity of phosphor-based white LED packages [1]-[3]. Controlling driving current of
LED can well eliminate these problems.

Different groups reported integration of sensors and controlling blocks in Si-based LED
WLP [3]-[6]. However, developing a complete real-time light output controlling block in a low-
cost process is still a point of interest.

To address the above issues, a control circuit in LED package is designed and monolithically
integrated. It controls the light output of the package with a real-time feedback signal from light
sensor that receives emitted blue light of LED chips. The fabrication is done through a simple
and low-cost 7-mask BiCMOS process (BICMOS7). This integrated package incorporates a blue
selective photodiode (as the light sensor) that was previously described in Chapter 4 [7]. The
package guarantees a stable light output that is linearly controllable with a reference input
voltage.

This chapter is organized as follows: in Section 5.2, system level design of feedback control
circuit is discussed which explains: feedback circuit, design of operational amplifier (opamp),
power transistor, target LED, and the blue selective photo diode. Section 5.3 summarizes system
implementation. In Section 5.4, test procedure and measurement results are deliberated. Finally,

conclusion comes in Section 5.5.

5.2 System-Level Design of Feedback Control Circuit

A control box for a smart LED package should fulfill several considerations:

1. Stability of the light intensity and color temperature against different working conditions:
if due to any reason such as increased package temperature, there is a decay in intensity
or a shift in color, the feedback circuit must keep the blue index of light output at desired
value.

2. Compensation for aging effects of LED chips: according to the lifetime prediction of
LED chips from some of the manufacturing companies [8], [9], the performance decays
critically over the time. Although phosphor and material aging cannot be controlled

electrically, package aging can be partially recompensed by controlling the driving
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current.

3. Dimming the light output intensity with a reference input: in some applications it is
necessary to have a reliable level of light output with dimming capability controlled by
an extra reference values.

4. Filtering ripples of power supply: usually power voltage of LED is provided by a rectifier
from an AC source (an example is shown in Figure 5-1). To have a stabilized light output

of the LED package, the rectified signal is then filtered with a capacitor to reduce its

ripples. However, a good and clean DC signal requires a large capacitor which increases

the cost. As studies reported [10]-[12], LED voltage and current ripples can decrease

efficacy (Im/W) up to 4 %. Moreover, if dissipated power of the LED is not regulated, a

high ripple may increase the LED junction temperature. This ripple can be substantially

removed with a fast enough feedback circuit and avoids any efficacy degradation. Hence

the filtering capacitor can be also smaller/cheaper. Moreover, it enables further
integration of this capacitor that can result in additional cost reduction.

Using a linear feedback circuit that monitors selectively blue light output of the LED tackles

all these concerns. This control circuit has been integrated together with a driving power

transistor into the silicon package of LED to reduce cost and increase reliability.

5.2.1 Feedback Circuit

The control circuit basically consists of 2 operational amplifiers (opamp) and a power
transistor. It is schematically shown in Figure 5-2. The input is a current signal from the blue
selective photodiode, which instantly senses the light output of LED chip and turns it into current

(lin). This current makes a voltage drop over a 40 kQ resistor (R1) that is biased over a common-
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Figure 5-2: Schematic of the light feedback control circuit.

mode voltage (Vcwm). Input voltage (Vin) is then buffered through the first opamp (Vs). This buffer
stage avoids any unwanted capacitive loading in the sensing circuit. It also provides reverse
isolation from output of the second opamp with a high gain to the sensitive (high impedance)
node of the sensor (Vin) and improves loop stability. In the second stage, Vg is compared with a
reference voltage (Vrer) and then amplified with a very high gain (>200x). The output voltage
(Vo) is then fed to a power transistor (Mq). This transistor drains a current through the LED from
Vbp LED.

Polarity of the whole feedback is set in a way to make a negative feedback loop. The
photodiode senses intensity of the blue light emitted from the LED. The higher LED light
intensity, the higher photocurrent (lin). So, it increases Vin and consequently Vg. This is then
compared with Vrer and amplified with a high negative gain. Hence, Vo is decreased. This
reduces the drain current of the power transistor and in turn reduces and regulates the LED light
intensity.

As the loop has a very high gain, it can be assumed that Vs (and Vin) is forced by the feedback
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Figure 5-3: Schematic of designed folded cascode opamp.

to be equal to Vrer. Therefore, we can have the following equation:

74 -V
Vin = RiXlin +Vew = Veey = lin = —5—, (5.1)

Since lin is a linear function of its input light intensity, light output of the LED is a linear function

of the reference input voltage, Vref.

5.2.2 Opamp

For the feedback control circuit, a high gain opamp structure is required to minimize
feedback error. The first option can be a single stage opamp which has a good frequency stability.
However, it cannot provide a high gain (< 30dB in our used process). Aiming a higher gain,
there are two common options: cascode and two-stage structures [13], [14]. Although the two-
stage structure provides a very high gain and excellent input common-mode (CM) range, it
suffers from poor stability that makes frequency compensation techniques unavoidable. Thus,
the cascode structure was chosen, which does not require any frequency compensation and has
a single-pole like transfer function. This is very important to make the whole feedback system
stable.

Implementation wise, telescopic cascode structure [13], [14] eats up all the voltage headroom
for input CM range and output swing. Therefore, for the final implementation, folded-cascode
structure (see Figure 5-3) was chosen. It can have a high input CM range with good enough
output swing for our application. Additionally, it provides a high power supply rejection ratio

(PSRR) [14] that makes supply variations less of a concern. The folded-cascode structure has an
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inferior noise performance compared to both telescopic cascode and two-stage structures. This
is mainly due to the additional current source used for folding (Mas). However, noise level of
this opamp structure is still quite low for general illumination applications.

To calculate the gain, let us assume that a small voltage AV = V,_, — Vi, is applied to

9m1 AV 9mz AV

the opamp. The current flowing to the output will be

+ , Where gm is small-signal

voltage to current gain of transistors. The output resistance can be approximated as following
[14]:
Rout = 1/2 ImTas” (5.2)

where rgs is small-signal drain-source resistance of the transistors. So, the total gain is:

U = RoueXloue = (1 gmras?)(E= + 22220 = 1/, g, 2142, (5.3)

Bias current flows through R1 and then Mz is mirrored in Ms, which provides the current of
the input stage. It is also mirrored into Mas throughout Mi314. The bias voltage (Vbias) for the
cascode stage is made out of a resistor ladder. Based on simulation, Vpp/2 value for Vbias provides
almost a symmetric output swing.

As shown in Figure 5-2, the second opamp does not have any local feedback. Thanks to the
folded-cascode structure, the open loop transfer function of the second opamp can be
approximated by a single-pole. Output resistance of this opamp together with input capacitance
of the power transistor makes dominant pole of the system. The second pole is made by parasitic
capacitance on node Vin and the resistor R1. The R; was designed in such a way that places the
second pole far enough from the first one. Thereby, the feedback loop becomes stable

considering its loop gain.

5.2.3 Power Transistor

Due to BICMOS?7 process limitation, the minimum gate channel length is 2 um. To improve
area yield and decrease the parasitic resistance, an interdigitated NMOS structure was used. Each
unit cell transistor has a total W/L=1800um/2um. Source and drain are 5 finger-shaped N* areas
in P-substrate that makes layout of each unit a square (optimum balance between parasitic
resistance and capacitance). A higher number of fingers reduces parasitic series resistance, but

also increases parasitic capacitance. The final transistor was made out of four parallel units to



Integration of Monolithic Light Feedback Control Circuit for Blue/UV LED 85

0.35

o
w

0.25

o
[N

0.15

-—
Blue LED dominant
wavelength range

Responsivity (A/W)
=

0.05

0 | | | | | |
300 400 500 600 700 800 900 1000 1100

Wavelength(nm)

Figure 5-4: Responsivity versus wavelength measurement result for the blue-selective

photodiode (the patterned inset shows the dominant wavelength of target LED).

supply the required output current (maximum 700 mA). More details and layout were discussed

in Chapter 3.

5.2.4 Blue-Selective Photodiode

For blue selective photodiode, a silicon stripe-shaped photodiode was previously introduced
in Chapter 4 [7]. It improves the responsivity by increasing active depletion region and
consequently reducing the effect of dead layer formation of the shallow junctions. This
photodiode with junction at 330nm, achieved a very high selectivity to blue light. Its maximum
responsivity at 480nm wavelength fits to the blue light output of the target LED. The selectivity
parameter (ratio of responsivity for different wavelengths) is 42 for wavelength of 470 nm
compared to 1000 nm. The measured responsivity vs. wavelength for our target range is given
in Figure 5-4.

5.2.5 Target LED

The target LED in this study is a Bridgelux® Blue Power Die, which is an InGaN-based blue
color vertical LED. The LED dimension is 1143x1143x150 pm?® and the maximum DC driving
current is 700 mA. Dominant wavelength in nominal condition is in 450-470 nm range. It can
be used for a broad range of applications including general illumination, street lights, portable
lighting, architectural lighting, directional lighting, wide area lighting, display backlighting,
digital camera flash, and automotive lighting, and the most remarkable one is lighting element

in phosphor-based white LED package [15].
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Figure 5-5: Relative light intensity and forward voltage shift (normalized at 350mA, Tj=25°C)
versus junction temperature. The data was reproduced from datasheet [15].

According to the LED datasheet [15], high junction temperature leads to forward voltage
shift, light intensity decay, and wavelength shift, as shown in Figure 5-5. The light intensity
decays up to 20% and forward voltage changes up to -0.4 V at a junction temperature of 150 °C.
Consequently, an integrated controlling block would have significant opportunities to enable a

reliable light intensity and color temperature.

5.3 System Implementation

The complete package size is 4.5x10 mm?. It integrates four LEDs on a silicon heat sink.
The LEDs are connected in series and can be turned on with different combinations. This Si-
based high-power, high-lumen package can illuminate up to 1200 lumen at the output. There
were also some more sensors and devices integrated (such as electrostatic discharge -ESD-
protection diode, temperature sensor, and readout circuit) that were previously discussed in
previous chapters. For each of the LEDs, there are sets of temperature and light sensors.

Figure 5-6(a) illustrates complete schematic of the package with components used on its test
PCB. As it is shown, instead of using extra source for different inputs, just one Vpp was used and
other inputs such as Vcwm, lnias and Vrer Were made by external potentiometers. The layout and

chip micrograph is given in Figure 5-6(b).
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The whole system was fabricated using the 2 um 7-mask BiCMOS process with 2 metal
layers. Although the BiCMOS7 cannot fabricate advanced submicron transistors due to size and
process flow limitations, it is a relatively low-cost and straightforward process. The seven masks
include N-well, N* area, P* area, contact opening, first metal, via opening, and second metal.
More details on BICMOS process can be found in Chapter 2 and 3.

For process simplicity, metal gates instead of poly has been used in BICMOS?7. So resistors
were implemented with N* area in P-substrate. It should be mentioned that resistance of this type
of resistor shows a small dependency on temperature, light, and bias conditions which should be
considered in the design. Also, leakage current of a reverse biased PN junction (P-sub is
grounded) is always there but negligible in most of the designs. To have a simple and consistent
layout design, all the transistors of the opamps are sized W/L = 400um/4pum.

Transistor and device models were extracted from a sample run with same parameters and
used for design and simulation. After preparing the Si package, it was diced and LED dies were
mounted (with a thermal-conductive glue) and wire bonded in predefined positions, on top of
the temperature sensors and next to the light sensors.

The PCB test board and characterization setup are shown in Figure 5-7(a-b), respectively.

5.4 Measurement Results

5.4.1 Opamps

Firstly, the opamps were characterized. For all the tests Vpp is set to 7 V and Ipias is 100 pA
(total for the two opamps). Opamp#1, see Figure 5-2, is in unity gain feedback configuration
(voltage buffer). DC voltage on Vin node of the chip was swept from 0 V to Vpp, and the output
of opamp#1 was measured. Based on results of this measurement which is shown in Figure
5-8(a), the opamp achieved an input/output buffering range between 1.2 and 7 V. According to
this result, Vcwm can be set to 1.5 V to be always on the safe side for operating input range of the
opamps. Figure 5-8(b) shows measured frequency transfer function of opamp#1, including its
output load (coming from input of opamp#2). In this test, a sinusoidal signal was applied to the
input, and gain of the opamp was measured at different input frequencies. Based on the results,

the opamp has 300 kHz unity gain bandwidth.
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Figure 5-7: (a) Designed PCB with assembled components, and (b) measurement setup for the
light feedback control circuit.

Opamp#2 is the main gain stage of the feedback system and is used in open loop
configuration. To measure its open loop gain, its negative input (Vinn: node Vg) was forced

externally from a voltage source. Then, its positive input (Vin-p: Node Vrer) Was swept in a range
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Figure 5-8: (a) Input/output voltage characteristic, and (b) frequency response of opamp #1.

with very fine steps to measure the gain to its output (Vo). Figure 5-9(a) shows the results of this
measurement for also sweeping Vin-n. Based on this, Figure 5-9(b) was extracted that shows open-
loop gain of the opamp versus common-mode input voltage. It has demonstrated 47 dB (224x)

gain for its typical operating points.

5.4.2 Feedback System

Secondly, the whole feedback loop was characterized. Feedback and controlling
functionality of the system was investigated by a DC test. Input reference voltage (Vrer) was
swept from 1.3 V to 3 V, and output current of power transistor to the LED (lLep) and current of

photodiode were measured and are shown in Figure 5-10(a). As Vret Was increased from Vem =
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Figure 5-9: Opamp #2 (a) Vout versus Vinp for different Vin.n and (b) DC gain versus Vew.

1.5V, the feedback system operated such that light output of the LED and consequently the
current of photodiode were increased linearly and proportionately. This is done through
increasing output voltage of the feedback system (Vo) and output current of the power transistor
(ILep). In this way, light output of the LED is regulated. Each 0.1 V change in Vger as the input
control voltage results in 33 PA change in Iphotodiode and 36 MA in LED driving current. As the
reference voltage reaches to about 2.7 V, the current of photodiode stops tracking the input. The
reason is that after that point, Vo has reached and saturated to Vpp and consequently output
current of the power transistor is saturated. Note that nominal current of the LED is 350 mA.
Figure 5-10(b) shows the photos of the package while controlling the light output.

In the next step, dynamics of the feedback system were tested. While Vcm was set constantly

to 1.5 V, Vret Was instantly changed from 1.63 V to 1.83 V, corresponding to ~50 mA and ~100
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Figure 5-10: (a) Feedback system characteristic, currents of LED and photodiode versus input

reference voltage, and (b) photos of the package while controlling the light output.

mA of I ep, respectively. As shown in Figure 5-11, Vout tracked the change quite fast to set the
light output to the new input (settling time of 1.87 ps). Based on this figure, cut-off frequency
of the closed-loop feedback system is estimated to be about 680 kHz. Therefore, the control
circuit is able to filter ripples on power supply source up to this frequency, far beyond the
requirements of most of the lighting applications. For instance, in general illumination
application photometric ripples of more than 100 to 120 Hz are not visible to human eyes [10],

[11], [16], [17].
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5.4.3 Robustness against VVariations

Two different tests were performed to evaluate the accuracy and robustness of the feedback
system against changes in the LED characteristics. In the first test, variations of the light intensity
of the LED with current changes was considered. A common reason for this change could be
LED aging, where the LED emits a lower light intensity for the same current over time [8], [9].
This can be modeled with an aging current source (laging) in parallel with a non-aged LED (see
Figure 5-12(a)). In this test, Vref was set in a way that the LED drains 100 mA net current. Then,
the aging current was increased from 0 to 200 mA. Aging currents up to 150 mA decreased light
intensity of the LED (calculated from measured current of the non-aged LED) by less than 1%.

In the second test, variation of the forward bias voltage to light intensity of the LED was
investigated. The most common reasons for these changes could be change in junction
temperature (as shown in Figure 5-5), LED aging [2], and aging of the LED interconnects [18].
This was modeled with a voltage source (Vaging) in series with the original LED (see Figure
5-12(b)). In this test, the aging voltage was swept from 0 to 1V, while Vpp Lep was set to 4.2 V.

An aging voltage as high as 0.6 V caused less than 1% reduction in the light intensity of LED.
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as a voltage source.

If Vaging increases even more, there is no voltage headroom left for drain-source of the power
transistor and it goes to triode. Hence, the feedback system cannot compensate anymore. Note
that a higher Vpp_Lep can substantially improve robustness of the system against Vaging changes,

while it degrades power efficiency of the whole package.

5.5 Conclusions

This chapter reports a successful monolithic integration of light output feedback control
circuit in a blue/UV LED package. It is also a very appropriate solution for packaging a
phosphor-based white LED module. Si-based wafer level smart control unit was integrated
through our low-cost 7-mask BiCMOS process. For sensing blue/UV light in the package, optical
sensors with peak responsivity at 480nm wavelength were implemented. For controlling
functions, a feedback circuit with a power transistor for driving the LED current were

monolithically integrated. The opamp functionality was successfully tested with having 47 dB
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gain. The power transistor could provide up to 700 mA current. The whole feedback circuit could
regulate light output based on a reference voltage with removing power supply ripples up to 680
kHz. Robustness of the feedback system was tested against changes in LED current/voltage to
light intensity characteristics. Considering a tight error tolerance of 1%, the system was able to
handle up to 150 mA and 0.6 V change in current and voltage characteristic of the LED while
providing the same light intensity. Furthermore, it demonstrates the functionality of silicon based
smart LED packaging with stable light output which can also be applied to other smart systems

like interposer for high level electronics, MEMS, etc.
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Chapter 6

High-Aspect-Ratio Lithography
for Litho-Defined Lateral Wire
Bonding and 3D Integration’

In order to overcome some challenges and issues of conventional wire bonding such as
limited interconnect density and crosstalk, a new interconnect technique is investigated in
present chapter. Litho-defined wire bonding uses conventional CMOS interconnect toolset and
processes in combination with the multi-level lithography aiming for “wire bond” like
interconnect structures but on highly non-planar surface (high aspect ratio (HAR) interconnect).
This new method for interconnection means to pattern the wire trace from the metal pads on a
chip to the supporting substrate. It enables advanced heterogeneous integration of different
components with less reliability issues and problems. This method consists of placing and
attaching the chips on supporting substrate, passivation layer deposition, metal deposition and

patterning through advanced HAR lithography. This litho approach can also be employed for 3D

" This chapter was partially presented in ECTC 2014 as: Z. Kolahdouz et al., “High Aspect Ratio Lithography
for Litho-Defined Wire Bonding,” in proceeding of IEEE Electronic Components and Technology Conference
(ECTC), Florida, 2014. The extended version is submitted as : Z. Kolahdouz, H. van Zeijl, M. Kolahdouz and G.
Q. Zhang, “High-Aspect-Ratio Lithography for Lateral Wire Bonding and 3D Heterogeneous Integration,” to

Advances in Optics and Photonics.
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Figure 6-1: The bridge between the IC and PCB feature sizes is getting severe that needs to be

caught up by advanced packaging [1], [2].
heterogeneous integration and making 3D devices.

6.1 Introduction

With proceeding of the Moore’s law, the conventional interconnect method faces new
challenges. All the feature sizes of ICs are shrinking rapidly which cannot be followed on the
package side. In addition, as the scaling of the transistor advances, number of 1/Os increases
rapidly (in 28 nm technology, it is more than 10,000 1/O per cm?) [1]. With conventional
interconnect technology, there is a major gap between the interconnect density developed on the
IC and wiring density on the printed boards (Figure 6-1).

Because of its high reliability, wire bonding is still the leading chip to package
interconnection technique in spite of the rapid development in chip and wafer level packaging
technology. Gold wire bonding is the first developed wire alloy. Because of material
performance, it was the mainstream semiconductor packaging process for many decades [3].
Recently, copper wire bonding was introduced for its huge merit in cost reduction (about 20%)
[4]-[7]. However, it has gained the gold wire bonding position for the commercial

semiconductor devices for the latest technology nodes [7].
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There are some important issues with conventional wire bonding for advanced devices. The
bond forming process is performed at a relatively high temperature [5], [8]. That may lead to
oxidation of the bonding pad. There are also other reliability issues like intermetallic compound
(IMC) growth, aluminum pad squeeze, and mechanical issues like inducing stress into the Si
active regions. Besides, there are various challenges in wire bonding for multi-domain packaging
such as temperature limitations, deep access capability (e.g. over cavity), limited aspect ratio,
and bonding on sensitive devices and cantilever leads [4], [9]-[11].

Different challenges and reliability issues with conventional interconnect technologies
especially wire bonding, introduce an increasing demand for developing new I/O interconnect
techniques. Two of the major drives are:

1) The fragile nature of low-k dielectrics and their relatively poor adhesion to the
surrounding materials that makes it critical to minimize the mechanical stresses on the
chip.

2) Wire bonding difficulties to obtain fine interconnections with high density and its limited
form factor.

Figure 6-2(a-c) present some examples of wire bonding challenges.

Furthermore, RF, millimeter wave and micro-wave IC applications encounters different

problems with wire bonding:

— Wire bond inductance is a really big problem for high frequency input and output signals.

— It has a high impedance at GHz ranges and creates matching problems.

— Due to the impedance of wire bonding, several decoupling capacitors are required close
to the chip for supply voltages.

— There is high number of extra needed decoupling components and limited space near the
chip. Wire bonding requirements does not allow to place them at the optimal close
distances.

— In some high frequency application, the required space for wire bonding limits the multi-
chip integration of different ICs or RF components. Since they should be located as
closest as possible to minimize the interconnection impedance.

— Wide PCB traces (compared to 1/O size) and clearance requirements (~100um) do not
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Figure 6-2: Examples of wire bonding interconnect challenges: (a) complexity [12], (b) crosstalk
[13], and (c) reliability [14].

allow the traces to become close enough to IC pads. Therefore, it increases wire bonding
length. In other words, wire bonding spacing is very little on IC, but as they come to
PCB, they become very far.

At chip level, many of these issues are addressed by tailoring the IC traces based on their
functions such as wider power lines and ground -signal- ground configuration for RF signals.
The required layouts are made through lithography and etching. Hence, extending litho
capabilities from chip to package, in an area currently covered mainly by wire bonding, seems
to be a reasonable step.

One of the novel techniques recently used for some limited areas is “lithographic-defined
wire bonding,” which includes the deposition of metal film and then patterning a “wire-like”

trace through lithography. The proposed interconnect method may be deployed where wire

bonding, flip-chip (face-down) and TSV interconnections are difficult to carry out. This
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technique offers new benefits such as better interconnection reliability, less stress introduced
into the Si active region, higher interconnect density, and applicable for 3D heterogeneous
integration applications. Furthermore, using advanced packaging and interconnection
technology, such as lithography-defined wire bonding, can help for better redistribution of the
wiring traces at the interface of the IC and the package.

Many of previously discussed issues with conventional wire bonding can be resolved in this
method. Using standard IC fabrication steps does not impose extra temperature and mechanic
stress to the devices. Moreover, the wiring density is determined with lithography resolution
instead of wire bonding machinery.

Recently some other groups proposed this approach [15]-[20] (see Figure 6-3). In most
cases, it was carried out on a tapered Si sidewall [16], [17]. In another study by M. Murugesan
et al, they fabricated a high-step-coverage Cu-lateral interconnection vertically over 100 pm
thick LSI die via Cu electroplating [18]. These works just cover wiring over maximum 100 pm
and interconnect density was not that much improved. One of the main challenges in these
reports is lithographic imaging over high topographies, for which mask aligner were employed.

Although mask aligners are more cost effective compared with wafer steppers, nowadays,
wafer steppers are being used for advanced wafer level packaging [21]. They can offer higher
resolution, less mask damage and superior yield. Their rather high resolution is good motivation
to use the wafer steppers in packaging. Currently, the wafer steppers are normally used for planar
substrates. But their high resolution (R) is linked with limited depth of focus (DOF).
Consequently, this method cannot be applied for 3D topography substrates and non-planar
redistribution layer (RDL) in a fan-out packaging with high interconnect density. The multi-step
imaging (MSI) on a wafer stepper is perhaps a future option, which can provide high resolution
and enable increased DOF for high topography substrates. MSI functionality, developed by
ASML for MEMS industry, allows increasing the global focus offset range up to £200 um from
the standard specification of = 30 um [22].

Double patterning was previously proposed to overcome physical limitations in optical
lithography. Previously, it was employed to improve the resolution. We would like to suggest
multi-step imaging method to overcome the focus limitations for high aspect ratio (HAR)

lithography.
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Figure 6-3: (a) Using SU8, 20 um wide lines, 20 um apart, 60 um DRIE etched channel [19],
(b) Cu high-step-coverage lateral interconnections over a 100 um thick chip [18], and (c) Cu
sidewall interconnection crossing-over the chip with step height of 100 um [20].

In this work, we fabricated HAR interconnect structures over cavities with different depths
from 25 to 200 pum. The main goal is to overcome lithography challenges on highly non-planar
surfaces. Different lithography methods were examined. To understand the properties of MSI
lithography process on a KOH etched cavity sidewall, aerial image calculation and resist pattern
simulation were also done using a newly developed model for this work. From these simulation,
an imaging strategy was derived in which the pattern on the sidewall was split in different partial
patterns each with its own focus level. Next, MSI with split masking was applied to pattern the
full 3D HAR interconnects over the whole sidewall of the cavities. Using MSI on ASML
projection tool, we achieved high resolution of 2 um from top to bottom of 200 um cavities.

This chapter is organized as follows: Section 6.2 elaborates on litho-defined lateral
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Figure 6-4: Schematic of Litho-defined lateral wire bonding. The right image shows advanced

version aiming to form wires and TSV like structures on straight sidewalls.

interconnect for system-in-package (SiP). Section 6.3 explains lithography methodologies in
three phases: resist coating, exposure, and resist development over highly non-planar
topographies. Section 6.4 describes resist coating and developing process. Exposure is divided
in two categories: contact/proximity approach which comes in Section 6.5 and projection method
in Section 6.6. Also, MSI for smart LED package is described including simulation and

experiment results. Finally, conclusion comes in Section 6.7.

6.2 Outlook to Litho-Defined Lateral Interconnect for SiP

Lithographic Defined Wire Bonding (LDWB), generally consists of three different steps:

1) Passivation layer deposition which is both for tapering the sidewall and passivation

2) Metal film deposition

3) Patterning through HAR lithography

Figure 6-4 schematically shows the concept. The green layer can be a supportive tapering

material to form the softer corners for LDWB and isolate the chip sidewall when needed.

LDWB can offer various benefits and potentials compared to conventional methods such as:

— Improved packaging reliability: it is a low temperature process and less material
interfaces are involved. Also, the process stress is reduced due to optimized interconnect
lines at critical transitions.

— Improved line density: litho defined pitch rather than tooling defined pitch.

— Enhanced precision.
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Figure 6-5: Lithographically defined interconnect can be applied for SiP and hybrid wafer level

integration.

— Suggesting to reduce bond pad area.
— Heterogeneous integration: it can be used for conventional chips without special
requirements (such as restrict design requirements for flip-chip and TSV). This is especially

useful when spatial limitation or mechanical consideration exist.

Low-K compatibility used in modern IC technology nodes.
— Compatibility with ultra-thick metal option interconnect on advanced IC.

Alternative for TSV on smaller ICs.

RF optimized structures (ground-signal-ground).

Reduction of parasitic inductance: the unescapable wire bonding loop height is replaced

by the thickness of wire traces in LDWB [18].

— Shorter interconnect lengths: interconnection with minimized resistive-capacitive delay

for high frequency applications.

Figure 6-5 shows schematically how litho-defined lateral interconnect can be employed for
system-in-package (SiP) and hybrid wafer level integration.

Different materials can be used for tapering and passivation such as various polymers, under-
fills and thick photoresists. In conventional underfill processing, a controlled amount of liquid
underfill is dispensed along the edges of the component/substrate joint. Figure 6-6 presents an

example of underfill dispensing. Diverse metals can be used as interconnection layer using
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Figure 6-6: Example of underfill dispensing and curing [23].

evaporation, sputtering, electroplating, etc.

6.3 Methodology

Photolithography is the process of printing the patterns in a thin film of photosensitive layer.
It is the common method for patterning the microsystem substrates in high volume
manufacturing of IC and MEMS devices. Generally, its pattern capabilities is in 2 directions and
there are significant limitations for 3D patterning. Before going to 3D lithography process, we
discuss some details about 2D process and realize why they cannot be employed for high
topography. The conventional 2D lithography is composed of three footsteps:

1) Coating: applying a thin photosensitive film (photoresist) on the surface.

2) Alignment and exposure: alignment of the markers on the surface and exposing the
surface (a new pattern is firstly aligned to the previous process layer and then exposed
in the resist).

3) Developing: dissolve exposed photoresist from the surface (in case of negative tone resist
unexposed parts are dissolved).

The substrates are usually spin coated with a layer of photoresist. For spin coating, a small
amount of the liquid resist is dispensed on a thin and flat substrate. Next, the substrate is rotated
with high speed to spread and dry the resist, this results in a thin uniform film. After resist film
formation, a baking step is performed to remove residual solvents. The final dry, thin and

uniform resist can be exposed and patterned in next step. Figure 6-7 shows the schematic of spin-
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Figure 6-7: Spin coating setup and steps on a planar wafer.

coating steps.

Unfortunately, this method is not applicable on a substrate with high topographies as it
cannot form a uniform thickness resist layer. The resist tends to mount up in corners, and be
thinner or even excluded over the edges. So it can limit the pattern quality and integrity on large
nonplanar substrates [24].

For alignment and exposure, the mainstream IC production tools require planar substrates.
However, MEMS solutions for high topography are available. The two conventional
alignment/exposure tools are contact/proximity mask aligner and projection aligner. Both have
difficulties to obtain high resolution structures over non-planar topographies. To see the
limitations of both methods, we can discuss the related diffraction expressions.

Proximity lithography is described by near-field (Fresnel-Kirchhoff) diffraction. For mask
feature sizes considerably larger than the wavelength of the illuminating light and for sufficiently
large proximity gaps, approximate methods (such as scalar diffraction theory) can be applied.
The realizable resolution for lines and spaces, half-pitch, in proximity lithography is derived

from the Fresnel integral formula and given by the following equation:
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R = Line width ( half — pitch) == |A(g + g) ~ /g, (6.1)

where A is the wavelength, g the proximity gap, and d the resist thickness. The resolution
degrades with the square root of the proximity gap [25]. So as the gap increases while exposing
a high topography surface, the resolution gets worse. As a result, using conventional mask
aligners for high resolution HAR patterning is not feasible.

Projection lithography is described by far field (Fraunhofer) diffraction equations. The

achievable resolution and DOF can be formulated as
p)
R = Kl'ﬁ’ (6.2)
p)
DOF = i KZ.W’ (63)

where Ky is an experimental parameter (which depends on the lithography system and resist
properties), NA (numerical aperture) stands for opening angle of the lens, and K> is usually
determined experimentally. So lenses with higher NA improve the resolution but also decrease
the DOF [26]. While advanced projection aligners provide higher resolution because of the
projection lenses, the limited DOF restricts using them for HAR structures.

For mask aligner, alignment can be done on either wafer front or backside. For projection
lithography, alignment axis and exposure axis are not parallel and there is limited DOF for the
alignment system. For standard planar process, front side alignment is done with a good
precision. The ASML PAS5500 wafer stepper alignment system is laser based alignment on a
phase grating alignment target. Figure 6-8 shows the schematic of the alignment setup for front
side alignment. Alignment system is fully functional over a large optical path difference between
2 layers for overlay error of less than 200-300 nm (3c) in each XY direction. For non-planar
surfaces, we confront some challenges such as alignment offset calibration, overlay
measurements, and tool stability.

In order to lithographically pattern a HAR wire structure over a step height of hundreds of
microns, a complete process should be developed in different phases:

1) Resist coating: having a good resist coverage over high topography surfaces, especially

0N CONVeX corners.

2) Exposure: solving defocusing problem and different leveling requirements.
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Figure 6-8: Schematic of alignment setup and steps on a planar wafer in ASML PAS5500 wafer

stepper.

3) Resist development: different resist thickness over a topography needs different time to

react in development solution.

The full description of each of these phases are coming in the following sections. In this
work, we are going to develop the litho phase. The KOH etched cavities are used as the test
structures for developing the full process. An anisotropic KOH wet etch on a silicon wafer forms
a cavity with a trapezoidal cross-section. The bottom of the cavity is a (1 0 0) plane, and the
sides are (1 1 1) planes. These cavities with certain angle (54.7° at bottom corner, determined
by Si lattice structure) can be etched in the Si wafer with different sizes and depths that are
appropriate for HAR litho test platform. To show the feasibility to form an interconnect over the
KOH etched topography, an aluminum film was deposited on the wafer, with sputtering on

Trikon Sigma 204 machine, and patterned through HAR lithography and etching.

6.4 Resist Coating and Developing over High Topography

6.4.1 Resist Coating

To obtain a good photoresist coverage over high topography, spray coating was used to apply
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Figure 6-9: (a) Schematic of spray coating setup, and (b) a photo of EVG 101 spray coater while

spraying resist on a high topography wafer.

the resist. Figure 6-9(a) shows spray coating schematically. The spray coating experiments are
performed on an EVG®101 spray coater (from EV group, Austria) on 4 inch wafers (shown in
Figure 6-9(b)). A diluted positive/negative tone resist solution was used in this work.

To get a proper droplet size of resist for uniform distribution, it is necessary to have a suitable
resist viscosity. An ultrasonic atomizer is used to produce an aerosol of small resist droplets.
Pressure tunable air current, which carries the aerosol, ejects the droplets onto the sample surface
through photoresist spray nozzle. Meanwhile, the wafer holder chuck is slowly rotating while
the spray moving arm scans across from one side to the other side of the wafer with changing
speed. Spraying direction is perpendicular to the wafer surface with tunable distance between
spray nozzle and the chuck. Since the wafer is spinning with a constant rate, the speed of moving
arm should be adjusted according to its distance to the center of wafer (the closer to the center,
the higher scan speed of the arm) [16], [27]. In this way, the same amount of resist is sprayed
over the whole wafer.

Spin rate, ultrasonic energy, spray nozzle scanning speed and profile, spray pressure, and
resist dispense volume are relevant parameters adjusted to optimize deposition of a thick resist
layer on topographic wafers. The coating is done in multiple steps of multi-layer spraying over
the whole wafer to make sure of having conformal coverage all over the topographies. To
increase the resist coherency, some baking steps can be added during thick coating processes

[28].
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However, spray coating process should be optimized for different aspect ratios of cavities
and topographies. For wider and shallower cavities, the resist thickness has better uniformity and
the layer is thicker [29]. Considering the reflection of light in exposure step on cavity sidewall
for target mask pattern, both negative and positive resists might be used. For negative and

positive tone resists, diluted AZ® nLOF 2070 and AZ® 9260 were used, respectively.

6.4.2 Resist Development

The resist was developed using manual process. For negative resist, after exposure a cross-
link baking was done at 115°C for 3 min. Then, it was developed in pure MF322 solution for 2
min.

For positive resist, it was developed in diluted AZ400K (diluted with 2 parts of DI water) for

1-2 min.

6.5 Exposure over High Topography: Contact/Proximity Approach

First set of experiments were designed and run with contact aligner, EVG®420. It should be
considered that, in high topography, Fresnel diffraction of UV light causes loss of resolution.
For deeper cavities, gap between mask and surface increases and so the effect is more severe
[30]. In contact aligner, the alignment was performed on the wafer surface. The mask was
designed to cover different wiring parameters such as wire width and density. This was later
applied on a 1.4 um aluminum sputtered layer in Si cavities with different depths from 25 to 150
pm.

For having less reflection from sidewalls of the cavities, diluted negative AZ® nLOF 2070
resist was coated in 2 steps of 4-layer spraying. Each step followed by baking at 100°C hotplate
for 1 and 5 min, respectively. Although there was a considerable thickness difference between
top and bottom corners of cavities (few micrometers), the good coverage over top corner resolves
the problem of pattern splitting (Figure 6-10(a)).

For wire pitches less than 20 pm, the lines are merged together. For pitches bigger than 20
um, lines with minimum width of 10 um were successfully developed and etched. Some of the
results are shown in Figure 6-10(b-e).

Because of low resist thickness in the upper corner of cavities, in aluminum etching step, dry

etching does not work selective enough and may cause in line split. In contrast, wet etching
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Figure 6-10: The SEM images showing (a) resist coverage over 150 xm cavity coated with spray

i
-

coating, (b) different structures of 10 um lines over 150 um cavity, (c) lines with various gaps
from 10 to 40 um (it can be observed that the lines with 20 um pitch are merged), (d) 10 um
width /30 um pitch wire traces on resist film, and (e) the same feature after etching in aluminum

layer.

process is selective enough. Figure 6-11 shows the different result of two processes.
Moreover, there are other techniques in literature for high aspect ratio patterning with mask

aligners, such as using SUSS LEGO and Talbot lithography. For the SUSS method, the dedicated
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Figure 6-11: The SEM images of a line structure over upper corner of the cavity: (a) resist
pattern, (b) Al line after wet etching, and (c) Al line after dry etching.

SUSS MO exposure optics are employed in combination with diffractive mask patterns [31],
[32]. In Talbot lithography, the self-imaging of periodic objects is used. In this method a periodic
structure (grating) is illuminated with monochromatic collimated light to form self-images of the
grating pattern at periodic intervals after the grating [33]-[35]. However, both methods are
limited to periodical patterns and not applicable for generic patterns such as various

interconnection structures.

6.6 Exposure over High Topography: Projection Approach

In comparison to contact aligner, MSI is more flexible for imaging over high topographies.
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In this method, imaging is done in several steps at different focus levels. The exposure dose with
MSI can be controlled at different focus levels. It has the potential to adapt the dose in the aerial
image at different focus levels to match well with local resist thickness. Therefore, it can
compensate for thickness variations of spray coated resist. The constant dose of exposure in
contact aligner causes problems in developing patterns for different resist thicknesses. For
example, considering thick resist at the bottom corner of the cavity, the exposure dose and
developing time should be increased. This may cause over-exposure and loosing features for
thinner part of resist layer at the edges.

For MSI, exposure is done using a pre-defined single leveling point. In this case, leveling
takes place in 2 steps (illustrated in Figure 6-12(a)):

— Global leveling: determine height reference points.

— Field by field leveling: red level sensor measurement at a given location. Exposure takes
the closest measurement point as a reference (max. 200 points). It gives the flexibility to
define the locations for leveling that are used to determine the nominal focus plane.

The MSI option, developed by ASML for MEMS application, allows increasing the global
focus offset ranged up to £200 um from the standard specification of £30 um. Additionally, a
local focus offset of £5 um can be added for each die to the global focus offset to adapt to the
process induced thickness non-uniformity of the high topographic wafers [22]. The typical depth
of focus for PAS5500/80 machine, which was used in this study, is 2 um.

As shown in Figure 6-12(b), there are different scenarios suggested by ASML for multi-step
imaging:

1) Imaging on the surface of a (deep) trench: 2 steps imaging.

2) Imaging on the multiple surfaces of trenches: 3 steps imaging.

3) Imaging on the surfaces of a die attached on a wafer: 2 steps imaging.

4) Imaging the connections between the die and the wafer.

However, in our case, we should consider imaging over the whole topography up to 200 pm.
It is the combination of different scenarios and might include several imaging steps.

To make features just at the bottom of cavities, the average depth of the cavities is considered
as the global focus offset. The focal plane is thus at the same level as the bottom of the cavities.

To keep the same resolution, all over the wafer, several issues need to be taken into account:
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Figure 6-12: (a) Definition of leveling points in MSI, and (b) different strategies for multi-step

imaging.

1) Non-uniformity and roughness of surfaces (in this study, the KOH etched cavities) due
to chemical nature of the process,
2) Spray-coated resist is not uniform all over the wafer and also on different positions of
the steps and topographies.
These types of issues can be addressed in the local focus offset.
For second sets of experiment, the same resist coating process was used. Using multi-step
imaging on an ASM PAS5500/80 projection aligner (NA = 0.48), we achieved a resolution down
to 2 um on the bottom of a 150 um deep cavity (see Figure 6-13). However, for sidewall imaging

processing of wires, further developments are needed which come in the following.
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Figure 6-13: The top view SEM image of different line structures at bottom of 150 um cavity

using multi-step imaging with a wafer stepper. 2 um resolution was realized.

6.6.1 MSI with Single Mask

6.6.1.1 Simulation of aerial image

Simulation of aerial image can help to explore and get a better vision of defocus effect over
the topography. It is also useful in optimization of multi-step imaging.

Simulation of aerial image for projection exposure was done based on Fraunhofer diffraction
equations [26]. The normalized light intensity over 200 um cavity in different depth from top to
the bottom is calculated and 3D color map image is plotted. These simulations can be done for
masks including lines with different parameters.

Figure 6-14 displays the simulation results for repetitive interconnect lines of 10 um width
and 20 um pitch (selected based on previous experiment parameters). For this purpose, 2D aerial
images for various focus offsets were calculated using Puptool software from ASML. Right side
of Figure 6-14(a) shows two examples of the 2D aerial images at the focused plane and with 200
pum defocus offset. By combining all 2D calculation in z-axis, the 3D graphs were plotted in
MATLAB. For simplicity and better illustration, only 3 lines are displayed. In Figure 6-14(a),
the focal plane is the same as the wafer level at the top of the cavities (shown by the blue arrow
in the figure). It is seen that as going deeper to the cavity bottom and so more defocus, the lines
are getting wider and pattern sharpness is getting worse. The same defocusing issues are shown

in Figure 6-14(b-c), when focus is on mid-level and bottom of the cavity sidewall. As we go
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further from the focal plane, image distortion becomes more severe. These results suggest that
one step imaging for high aspect ratio patterning would not be enough for a high-resolution
pattern.

In the next step for getting better resolution and pattern sharpness, we applied multiple
imaging at different focal planes. In Figure 6-14(d), imaging was done in double steps with focus
at the top and bottom corners of cavity. The light intensity is the total light intensity summed
over two exposures. In this case the patterns are formed with a better quality at 2 focal planes,
since it seems that in each step of imaging defocusing problem of the other step is compensated.
In addition, pattern sharpness at sidewall is improved comparing to Figure 6-14(a-c).

In order to get a better pattern quality and resolution at cavity sidewalls, we can add more
imaging steps with focal planes at different level of cavity sidewalls. In Figure 6-14(e), one more
imaging is done at mid-level of sidewall. In this case the line patterns are split rather sharply
over the topography.

For different line resolutions and heights, the number of imaging steps can be optimized.
There is a trade-off between the number of imaging steps (i.e. proportional to the lithography

time) and pattern sharpness.

6.6.1.2 MSI Experiments with a Single Mask

In this part, we are going to use a 200 um cavity as a reflector cup for placing LED chips.
This is one of the important application of such a method for heterogeneous 3D integration. In
this test design, the Al coated cavity sidewalls are used for light reflection. It also contains wires
for LED driving current and some sensors for system monitoring. So it should get patterned all
the way from top to the bottom of 200 um cavities. There are also some lateral structures on
sidewall for optical sensor with 2 um features. In the rest of this chapter, the aim is to find and
propose a lithography method for such a 3D structure.

In this experiment, positive diluted AZ® 9260 resist was used. It is from AZ® 9200 thick
film photoresist group, which is designed for the more demanding higher-resolution thick resist
requirements. It provides high resolution with superior aspect ratios, as well as wide focus and
exposure latitude and good sidewall profiles [36]. The resist was spray-coated in 2 sets of 8-layer

spraying. Each step followed by a hotplate baking at 115 °C for 1 and 5 min, respectively.
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Figure 6-14: Light intensity simulated plots over 200 xm cavity for mask of lines with 10 xm

width/20 um pitch for, (a) one step exposure focusing at top, (b) focusing at mid-level of sidewall,

(c) focusing at bottom, (d) double exposure focusing at both top and bottom, and (e) triple

exposure focusing at top, bottom and, mid-level of sidewall. The arrows point to the focal plane

positions. In multi-exposure parts, light intensity of more than 2 is clipped and saturated. The

light intensity amount is scaled to its nominal value (dose to clear).
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To have a better vision over how resist thickness changes over cavity sidewall, sets of SEM
cross-section images were taken. The thickness was measured and shown in Figure 6-15(a). The
cavity depth in this case is 410 um. Starting from nominal thickness at the top (x>310 um), resist
thickness suddenly drops to its minimum value at the top edge (x=290 pm). This occurs due to
flowing the resist from the edge down to the sidewall. Consequently, top side of the sidewall
becomes thicker than the nominal value (the maximum at x=260 um). The thickness gradually
drops, until a local peak happens at the bottom corner (x=0 um). At the bottom plain (x<0 pum),
the thickness initially drops and then returns to the nominal value of the top plane. Figure 6-15(b)
shows SEM images of the spray coated resist wall at the top plane demonstrating several sprayed
layers. Also, for our main experiment with 200 um deep cavities, resist thickness has a very
similar behavior.

To validate the simulation model of aerial images in the MSI method with a single mask, we
used different focus levels. In the first set of runs, the focus was set on the top plane, middle of
sidewall, and bottom plane of the cavity. Figure 6-16 displays the interconnect mask layout from
top view. The resulting patterns in photoresist on Si wafer are shown in Figure 6-17(a-c). As it
can be seen, the features are dramatically deformed as the height gets far from the focus plane.
Considering for example Figure 6-17(a) with the focus at the top plane, while the top plane has
received just enough exposure dose to be developed well, the bottom plane has also received a
high level of defocused exposure. Therefore, unlike what our previous simulation suggested, it
cannot easily be compensated just by exposing at different levels.

In second set of experiments, the same mask was exposed at three focus levels. Figure 6-18
(a-b) show the SEM images. It is observed that the triple exposure caused feature loss in some
areas including the corners of cavities. Also, from Figure 6-18(a), we can see that, even on the
top plane, proper feature formation is disturbed by some extra lines between closely spaced
parallel lines. It can be explained by two effects: 1) the ringing exists in the aerial images (see
Figure 6-14(a)) which was also seen in Figure 6-17, and 2) Talbot effect due to defocus issue. It
is worth mentioning that in Figure 6-18(b) even by under-exposure of the resist, the patterns are
lost in the top corners. It is due to large mismatch of resist thickness over such a deep cavity. So
applying the same exposure dose for whole resist due to large non-uniformity prevented a correct

patterning in high resolution features.
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Figure 6-15: (a) The cross-section SEM image of the spray-coated resist over cavity sidewall,

the graph shows how thickness changes at different distance (bottom corner is set as x-axis
reference point), and (b) SEM images of wall of sprayed resist showing different layers.

To explain self-imaging or Talbot effect, when different wavelength components of the
transmitted light-field passes through the mask, they form a secondary image farther than a
certain distance. That is unchanged with respect to extra increase in distance [33]. Although most

of the reports and studies on this effect have been in near field diffraction area [33], [35], [37],
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Figure 6-16: Interconnect mask pattern from top view.

it was also reported in far field as a non-linear effect [34].
To find a process window for sidewall patterning using a single mask, more tests were carried
out changing number of focus planes and exposure parameters. However, using single mask for

exposure over the whole depth of cavity with non-uniform resist thickness is very challenging.

6.6.1.3 Simulation of Complete Resist Profile after Patterning

To improve our simulation method, in addition to aerial image calculation, we should
consider more parameters. Firstly, different resist thicknesses over the sidewall and especially at
the corners should be included. Furthermore, the sensitivity of the resist in each exposure and
over multi-exposure should be reflected. It means that for each imaging step and over the total
exposures, if the light intensity goes higher than sensitivity of the resist, it would be developed
in the final pattern (see Figure 6-19).

Resist thickness profile was interpolated using our measurement data and revealed the trend
from Figure 6-15(a). Resist contrast (y) and sensitivity (D) are not intrinsic properties of the
resist and they depend on process conditions (developer, development time, baking time,
exposure wavelength (L), substrate, etc.) [26], [38], [39]. They were also extracted using the
experimental results. The updated simulations with the similar cases to Figure 6-14 were done.

The final resist profiles were extracted and 3D plots are shown in Figure 6-20(a-e). For the sake
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Figure 6-17: The SEM images of MSI experiments with focusing at (a) top plane, (b) mid plane
(100 pm), and (c) bottom plane (200 pum).

of simplicity, the dose to clear changes versus resist thickness was assumed linear.
The updated simulation results are greatly consistent with the experiment results shown in

Figure 6-17 and Figure 6-18. If one just considers the defocus effect on light intensity over the
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Figure 6-18: The SEM images of MSI experiments with 3 focus planes with one mask, with (a)

higher exposure dose, and (b) under-exposure dose.

Aerial image Defocusing Resist thickness
calculation effect profile

v

Resist contrast
and sensitivity

Final model

Figure 6-19: Different modeling steps for MSI.

topography, it seems that using only one mask with multi-exposure and in sufficient focus steps
should be enough for a successful patterning. However, including the resist profile and
sensitivity, it is extra challenging. It was observed that as the difference between min and max
of resist thickness increases, the overall intensity contrast should rise accordingly. This is not
easily possible with counting defocusing effect of exposure on further focal points.

For bigger dimensions and pitches, using single mask and adjusting the parameter of MSI
might work. However, it is a pattern and case depending method.

Nevertheless, to achieve a higher resolution or to have a generic pattern, using MSI in

combination with split masks for each defined focal range is more promising.
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Figure 6-20: Resist thickness profile simulated over 200 um cavity for mask of lines of 10 um

width/20 um pitch for, (a) one step exposure focusing at top, (b) focusing at mid-level of sidewall,
(c) focusing at bottom, (d) same structure with double exposure focusing at top and bottom, (e)

with triple exposure focusing at top, bottom and mid-level of sidewall.
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Figure 6-21: (a) Different layer definition for MSI in 200 um deep cavity, and (b) split mask

layers for each imaging step (different colors on the sidewall represent 6 focus layers).

6.6.2 MSI with Split Masking

Due to our design parameters for lateral features on the sidewall and interconnects, the max
focus range which we could achieve an acceptable pattern resolution from focus plane is + 18
pum. We call this a focus layer.

In the next phase, the mask was split to different segments for each focus layer. Thus, we

can presume 35 pm as our focus layer depth and the center of this interval would be determined
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Figure 6-22: Front to backside alignment principle in the wafer stepper.

as the focus plane (see Figure 6-21(a)). Subsequently, for the 200 um cavities, 8 multi-step
images are defined, which are from top plane (focus offset is 0 um) to bottom plane (focus offset
is 200 um). The final interconnect mask was split into 8 layers, each two neighbor layer has 1
pum overlap to ensure pattern integrity. The mask layers are shown in Figure 6-21(b). The
predefined focus offsets were 0, 18, 53, 88, 124, 159, 188 and 199 um for the 8 imaging steps
from the top to the bottom of the cavities.

In ASML PAS55000 wafer stepper, which is used in this work, the alignment system is laser
based on a phase grating alignment target. Using front side alignment due to rough surface of
spray-coated resist is challenging and makes some shifting errors. Therefore, front to backside
alignment (FTBA) is preferred. In this way, the overlay error is less than 200 nm (3c). The
principle of FTBA is shown in Figure 6-22, where there are some embedded optics in XY wafer
stage. For this option, alignment markers were exposed and etched on both side of wafers in the
former steps.

Using the capabilities of MSI, different exposure dose can be used for defined layers
considering the local resist thickness profile. The bottom and the sixth layers need higher energy
while layer 1 due to thin resist coverage over the top corner needs less. To optimize pattern
quality, different tests were done. Figure 6-23 demonstrates the SEM images of resist pattern for
just exposing even numbered focus layers. It can be observed that in all the exposed focus layers,
all the features are successfully realized.

In the last part, the whole layers where exposed. Figure 6-24(a- ¢) display the SEM results
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Figure 6-23: SEM images of MSI results with split mask layers by exposing just even numbered

focus layers.

of the full exposure on resist layer. Thanks to the 35 um focus depth for individual layers, lateral
structures were also successfully developed. The wave like features on resist sidewall represent
different imaging steps. Figure 6-24(d) shows the final result of very well patterned Al layer
after a wet etching.

This method can be applied to wafer-level integration of LED chips and other functional
devices. The wafer-level results are depicted in Figure 6-25(a-c) using optical imaging. Figure
6-25(b) shows the magnified top view of a cavity. The microscope focus is on the cavity bottom.
The wires for LED driving current and temperature sensors went from top to bottom. The
connections for optical sensors ended in sidewall and the rest of cavity surface was covered by
Al for better reflectivity and thermal management. The controlling circuit and readout system
were located on the top plane. The minimum feature size in this application is 2 um for different

layers. Figure 6-25(c) shows a photo of the whole wafer.
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(d)
Figure 6-24: The SEM images of MSI results over 200 um cavities, (a)-(c) patterns on the resist,
and (d) the same feature after etching in aluminum layer.

6.7 Conclusions

In this work “lithographic defined lateral wire bonding” was introduced as a new approach
to overcome limitations and challenges of conventional wire bonding for special applications. It
includes metal film deposition and patterning wire traces through high aspect ratio lithography,
which is the main key for such a method. Different challenges and process details were
discussed. Two sets of experiments were done to make various line structures over KOH cavities
of different depths up to 200 um. Multilayer spray-coating was used to have a good resist
coverage over deep cavities. Exposure was done with EVG 420 mask aligner and multi-step
imaging on an ASML PAS5500/80 projection aligner. Aluminum interconnect lines with

different parameters were achieved after etching process. For sidewall imaging of wires using
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Figure 6-25: Wafer level MSI results over 200 um cavities, (a) optical microscope image
showing top view of several adjacent dies, each composed of four cavities and related circuits,
and (b) the magnified image of a single cavity, and (c) a photo of the whole wafer.

MSI on stepper, a simulation method was proposed to predict 3D aerial image projected on the
resist. As experimental results showed, only the aerial image was not enough and other
parameters such as resist thickness profile and its sensitivity should be considered. Including
these, the final simulation methodology was able to predict the final resist profile on 3D
structures. The MSI with single mask was also experimentally investigated, but it was very
challenging for high resolution features and a pattern depending method. Lastly, MSI with split
masking was developed. It showed promising results for high resolution and generic patterns.

This method can be applied for heterogeneous integration area where a reliable and flexible
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interconnection method is critical. It also demonstrates integration beyond wire bonding

capabilities such as monolithically implementation of 3D devices.
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Chapter 7
3D Silicon-Based Smart

Interposer®

The final 3D LED system-in-package (SiP) is described in this chapter covering the design
concepts, process flow, challenges, and some measurement results. It uses cavity not only as a
precision LED site, but also as an active reflector cup. It is active since the cavity bottom contains
local temperature sensors and the sidewalls carry blue light detectors in addition to the high
aspect ratio interconnects. This is for the first time that an active device (the photodiode) is
fabricated on the sidewall of a silicon cavity. The other controlling circuits described in 2D

package are also integrated on top surface of the Si interposer.

7.1 Introduction

Silicon-based wafer level packaging is an appropriate packaging approach for LEDs,
especially for high-power and high-lumen applications. Superior yield and advanced integration
has been already developed in Si technology for different areas. Moreover, Si substrate provides
good heat conduction because of the high thermal conductivity and low strain incorporation due
to the low coefficient of thermal expansion [1]-[4]. In order to have a high reliability and smart
package, it is essential to monitor and control the package performance. Temperature and output

light are two critical parameters in such a system.

8 The extended version of this chapter will be submitted as : Z. Kolahdouz, H. Abdy, H. van Zeijl, M.
Kolahdouz and G. Q. Zhang, “3D Silicon-Based Smart Interposer for LED WLP,” to Scientific Reports.
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Figure 7-1: Schematic of the suggested 3D LED WLP with the active in-situ reflector cup.

In previous chapters, Chapter 3-5, a 2D multi-functional package for phosphor-based LED
packages were thoroughly introduced and discussed. The 2D package was implemented in a low
cost 7-mask BiCMOS process. It contained different functional blocks such as temperature and
light sensors, sensor readout circuit, high power switches, and light feedback control circuit.
Later, in Chapter 6, a new method for high aspect ratio (HAR) lithography based on multi-step
imaging (MSI) was explained. In the next step, we have combined these 2 parts to make a 3D
package for LEDs.

In this process, HAR lithography was not only used for litho-defined wire bonding, but also
to fabricate functional 3D devices on the cavity bottom and sidewalls. That is a novel approach
for making 3D devices.

The new package, see Figure 7-1, integrates the same functions but with an in-situ reflector
cup which can enhance the light extraction efficiency of the package. This is fabricated with
deposition of a thin aluminum layer on a KOH etched Si cavity. This cup is not only a reflector,
but also an active LED container, one can call active reflector cup. The LED chip would be later
mounted on the cavity bottom. The light sensors are positioned on the cavity sidewalls to have
a better line of sight for the emitting light from the LED chip. Temperature sensors are located
at cavity bottom directly beneath the LED chip. Litho-defined wires are patterned on the

sidewalls to drive LED currents and also as the interconnections of the temperature sensor and
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Figure 7-2: Layout of the 3D package and positions of LEDs, sensors and circuit blocks. (a)

Full die layout, (b) reference cavity, and (c) 3D layout of different layers in the cavity before
metallization.

photodiodes to other blocks. The other control circuit and blocks are placed on top plane of the
wafer.
The advantages of such a LED SiP are:

— Capability of wafer-level optics and phosphor remote coating for stable color uniformity.
— Higher brightness efficiency: on chip reflector cup (cavity with mirror coating)
reflecting the side light can improve light extraction efficiency up to 15% [5].
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— Better thermal management: high thermal conductivity of Si substrate (K~150 W/
(m.K)).

— Lifetime improvement: self-monitoring system.

— High reliability: better interconnect reliability, circuit trick for stability and aging

compensation.

The proposed 3D interposer is not just applicable for LED wafer level packaging. It can also
be employed for a wide range of applications that need to monitor and control a functional device
in a smart system. The relatively low cost and small fully integrated interposer is a promising
packaging solution for high reliability and multi-disciplinary areas.

This chapter is organized as follows: in Section 7.2, the design of our 3D LED wafer level
package (WLP) is presented in 3 main groups of bottom temperature sensors, sidewall
photodiodes and control circuits. In Section 7.3, fabrication process is described with presenting
the main challenges and steps of the 3D BiCMOS method. In Section 0, the implementation and

measurement results are discussed. Finally, it will end by a short conclusion of this chapter.

7.2 Design of 3D Smart LED WLP

The package is designed as a high lumen output package integrating 4 blue power LED dies.
There is one cavity for holding each LED chip. The complete die size is 4.5x10 mm? including
the test and main structures. The design is such that 4 LEDs can be turned on in series with any
combinations of 1 to 4. The target LED chip in this study is again a vertical Bridgelux® Blue
Power Die. Its dimension is 1143x1143x150 um? with max DC forward current of 700 mA.

The whole design was based on 2 um 7-mask BiCMOS process. But to make a 3D package,
we should consider HAR lithography requirements. To do so, we defined 8 different focus layers
from top to bottom of the cavity. Each cavity is 1800x1800 pm? on top and 1517x1517 pum? at
the bottom. The cavity depth is 200 pum.

This process comprises a 7-mask process that involves both Bipolar and CMOS transistors.
The low cost and low number of litho steps make it also appropriate for 3D configuration of the
package. Furthermore, the relative low area costs for IC processing enable 3D integration of IC’s
with large area devices such as LED chips, in our case 1.1x1.1mm?. Figure 7-2(a) shows the

complete die layout which monolithically integrated different components for the
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Figure 7-3: (a) Schematic of a temperature sensor, (b) relative mask layout, the wires pass

through the cavity sidewall, and (c) 3D positioning of the sensor on cavity bottom.

multifunctional LED system. It contains 4 similar cavities, let’s call each as a reference cavity.
Figure 7-2(b) illustrates the top view of a reference cavity. The 3D layout of implantation areas

for the sensors are shown in Figure 7-2(c).

7.2.1 Bottom Temperature Sensor

For temperature sensing, three PNP dual junctions are located at different positions under
the LED dies at the bottom of each reference cavity. It consists of a P*in an N-well (SP area) on
a P-substrate, as shown in Figure 7-3(a). The lower N-P junction is short-circuited to eliminate
the effect of surrounding charges and upper P*-N junction is forward biased at constant current
to evaluate the voltage as the temperature indicator. Figure 7-3(b) illustrates the mask layout of
a temperature sensor. It can be seen that the related wires through the sensors passes the cavity

sidewall. Figure 7-3(c) depicts the positioning of the sensor in 3D schematic.
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Figure 7-4: (a) Schematic of a striped-shape photodiode and the equivalent circuit, and (b)

relative mask layout.

7.2.2 Sidewall Light Sensor

For output light sensing in 2D package, a blue selective photodiode was designed and
fabricated which was completely discussed in Chapter 4. This photodiode, with upper junction
at 330 nm, demonstrated a very high selectivity to the blue light with maximum responsivity at
480nm which is matched with the blue LED's illumination [6]. In 3D package, the diodes are
located on the cavity sidewalls for better line of sight for the emitting light. In each cavity, there
are 2 sets of photodiodes, the single anode and multi-stripe anode diodes (Figure 7-2(b)). The
structure is almost the same as the 2D package in Chapter 4, with W =3 pm and D =5 pum.
Nevertheless, in order to reduce the number of the involved focus layer for HAR litho, the finger
number is changed to 4 (instead of 5 in previous design). To keep the junction area the same as
before, the finger length (L) is increased to 300 um. The schematic of cross-section of multi-

stripe photodiodes and related mask layout are shown in Figure 7-4(a-b).

7.2.3 Control Circuits

The same control blocks as the 2D package were integrated on the top plane. For instance,
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Table 7-1: Overview of involved focus layers for main mask steps in 3D BIiCMOS7 process.

The colored boxes show the involved layers for each mask.

Focus layers | Focus offset (um) Main mask steps
NW | SN [SP | CO | IC1 | VIA|IC2
Top 0
Level 1 18
Level 2 53
Level 3 88
Level 4 124
Level 5 159
Level 6 188
Bottom 199

the light feedback control circuit (consisted of the power switch, 2 opamps, and the multi-stripe
photodiode) were integrated. Except the photodiode and the connecting wires, the rest is located

on the top plane and implemented as before.

7.3 Fabrication Process

In previous chapters, the planar 7-mask BICMOS process was clearly explained. It consists
of seven main mask steps: three for implantations (N-well (NW), N* area (SN), and P* area
(SP)), two for first metal interconnect (contact opening (CO) and interconnectl (IC1)), and two
for second metal (via (VIA) and interconnect2 (IC2)). For 3D package, the process should have
been modified. There were some new challenges for 3D implementation of BICMOS?7 that are

explained in the following.

7.3.1 Lithography

The HAR litho approach using MSI on ASML PAS5500 wafer stepper was elaborated in
Chapter 6. To use the same method, the total involved focus depth (200 pum) should be split into
8 focus layers. The focus layer depth is 35 um. So, for complete patterning from top to bottom
we have 8 imaging steps; one at top plane, one at bottom plane and six for covering the 200 um
sidewall. Nevertheless, the only layer that needs the full patterning is first metal layer, IC1. It is
used for connecting the sensor interconnects, feeding the driving current of LED chips located
at the cavity bottom, and forming the mirroring surface of the micro-reflector cavity. Table 7-1

summarizes the required focus layers for the main mask steps.
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Figure 7-5: (a) Top view of reference cavity on left, with mapping the defined focus layers to 3D

schematic of the cavity on right, and (b) zoom-in of top right corner of reference cavity showing

different mask layers.

The sidewall sensor design was optimized for minimum involved focus layer for N-well, SN,

SP and CO. Figure 7-5(a-b) shows the top view of the defined focus layers in the reference cavity

mapped to the 3D schematic of a 200 um cavity.
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(b)

(©)

Figure 7-6: (a) Implantation direction on the cavity sidewall: the standard and modified

directions are shown with red and green arrows, respectively, and (b) a photo of tilted wafer in
implanter setup. It was 55° tilted and twisted 90° for first angular implantation. The arrows show
the direction of the ions. (c) The 3D schematic of thick resist sidewalls (shown in red) that cause
shadowing effect of dopants on multi-stripe implantation areas in case of standard process.

7.3.2 Implantation

In a planar implantation, the dopant bombardment occurs approximately in the perpendicular
direction to the surface (usually small tilting, 7 degree, is applied to avoid dopant channeling).
For the sidewall photodiodes, we should take into account that perpendicular implantation will
enter the surface with 35° angle instead of 90° (see red arrow in Figure 7-6(a)). To see the
corresponding effect on the junction depth and so the photodiode selectivity, doping profiles
were simulated for SP area on the NW. Figure 7-7(a) shows the doping profile for (1 0 0) plane,
top plane and bottom of the cavity (the junction depth is at 330 nm). This is the appropriate depth
for max blue light selectivity of the photodiodes [6], as previously explained in Chapter 3. Figure
7-7(b) displays the doping profile for (1 1 1) plane, which is the cavity sidewall. It is observed

that the junction depth is 0.6 times of the intended value and will affect the sensor performance.
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Figure 7-7: Simulated implantation profile on (a) (1 0 0) plane that is the top plane, and (b) (1
1 1) plane that is the same as the cavity sidewall.

The thick resist sidewall may also mask dopants to enter small windows. This can
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considerably change effective junction area, which is responsible to absorb the light, and so
reduce the final sensor responsivity. To have a better vision, Figure 7-6(c) shows schematically
the resist thick sidewall surrounding multi-stripe structures.

To avoid such issues, angular implantation is suggested. Thus, the normal implantation was
primarily done for the top and bottom plane devices and then angular implantation was
performed for the sidewall diodes. To do so, the wafer is 55° tilted before the implantation. The
new direction is shown with green arrow in Figure 7-6(a). Considering the direction of the 2
involved sidewalls, the wafer is primarily twisted 90° and half dose implantation is done. For
the opposite sidewall, it is twisted 180° more and the second half dose implantation is done. The
dose is divided to 2 equal portions each for one of the opposite sidewall that includes the diodes.
These opposite sidewalls can be observed in Figure 7-2(c). Figure 7-6(b) shows a photo of the
wafer tilted 55 degree in the implanter setup.

This special implantation can just be applied for SP layer, because the upper P-N junction of
the diodes is formed between SP-NW areas and is the responsible one for detecting blue/UV
light. It also helps save the process simplicity. It is worth mentioning that the sidewall features

in NW and SN layers are rather large and not so sensitive.

7.3.3 Process Details

The process started with double-side polished P-type wafers. For better control over
threshold voltage of CMOS, a 2 um epi layer was grown on the front side with boron doping of
1E16 atoms/cm? at 1050 °C. Alignment markers were then patterned on both side of the wafers
for further HAR lithography. In the next step, KOH cavities should be formed. The mask layer
was 300 nm low stress SisN4 deposited with LPCVD, then patterned and etched with plasma
etching. The cavity etching was done in 33% KOH solution at 85 °C. The final cavity depth was
(200 = 2) um. For better surface quality (less roughness), different solutions (TMAOH and
KOH) with/without added surfactant were tested [7], but a fresh KOH solution showed the best
results in our case. Next, the nitride layer was stripped in phosphoric acid.

In the second phase, implantation areas (NW, SN and SP) were formed. To do so, firstly, a
20 nm dirt barrier oxide layer was thermally grown. For resist, spray coating was used due to

high topography (the details and principles are described in Chapter 6). The wafer was first
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. Cavity #1 bottom

Figure 7-8: SEM image of resist patterns for NW areas formed on bottom and sidewall of 2

cavities from top view.

pretreated with HMDS vapor. Then, 8 layers of diluted positive resist (AZ® 9260) was sprayed
in EVG 101 spray coater. The wafer was then baked at 115 °C for 1 min. Another 8 layers were
sprayed and again baked at 115 °C for 5 min. To pattern NW areas, the N-wells of the PNP
diodes and PMOS transistors, MSI lithography was performed in 4 focus layers, top, layer 2,
layer 3 and bottom. This was followed by a phosphor implantation and a deep diffusion. Figure
7-8 displays the SEM image of the NW areas on the cavity sidewall and bottom from top view.

After a deep diffusion step, previous oxide layer was stripped and another 20 nm dirt barrier
layer was formed with thermal oxidation. The third litho step was used to create the SP regions:
the base of the NPN, the upper P* area of PNP diodes, the source and drain of the PMOS
transistors and the isolating rings around the NMOS transistors. They were doped using a
shallow boron implant. The fourth litho step was for the SN areas, highly doped shallow N-
regions. They were used for the emitter and (contact regions of) collector of the NPN transistor,
contact region to NW of PNP diodes, the source and drain of the NMOS, and the isolating ring
around the PMOS. This was performed by a shallow arsenic implantation. The litho steps were

done with the same procedure as NW. Figure 7-9(a- ¢) and Figure 7-10(a-b) depict the SEM
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Figure 7-9: SEM images of resist patterns for SN areas formed on (a) top, (b) bottom, and (c)
sidewall of cavities from top view.

images of the patterned areas for SN and SP, respectively.

In additional step, two extra implantations were done for threshold voltage adjustment. They
were low dose boron implantation (3.0E11 and 6.0E11 ions/cm?) at right and bottom half of the

wafer, made 4 quadrants with 4 different doping doses (0, 3.0E11, 6.0E11, and 9.0E11 ions/cm?).
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Figure 7-10: SEM images of resist patterns for SP areas: (a) formed on top, bottom and sidewall

of 200 um cavities with 26 degree tilt, and (b) magnified image of multi-stripe SP structure on

the sidewall.

After this step, the wafer was annealed/oxidized for 10 minutes at 1000 °C and the surface
got an isolation layer of 100 nm of silicon dioxide (by thermal oxidation). This layer will act as
an isolation layer between the first interconnect layer and the substrate as well as the gate
material of the PMOS and NMOS transistors.

The fifth litho step was used to make the contact openings in the isolation layer. This litho
was done in 3 focus layers; top, layer 2 and bottom. In this step, we encountered a new challenge
with HAR patterning that was poor adhesion of spray coated resist to the thermal oxide (see
Figure 7-11(a-c)). Especially on top plane, for contact openings of the power transistors, the
resist detached the surface during development.

For process optimization, the additional treatment was applied to the wafer surface. It was
first cured with 1000 Watt oxygen plasma for 5 min and next, the HMDS vapor treatment time
was tripled. Besides, the annealing time after two step spraying was increased to 3.5 min and 10
min, respectively. Figure 7-12(a-d) show the SEM images of the patterned areas for CO after the
optimization. The windows were then etched using buffered HF solution.

The sixth litho step was utilized to pattern 1C1, the first interconnect layer. This was the first
metallization step for the contact openings and locally connecting different components. It also
formed the mirroring layer on the cavity sidewall as it was designed to fill the area that was not

used for sensors and wires. This can significantly improve the light reflection from the sidewalls
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Figure 7-11: Optical microscope images of CO resist patterns suffering from poor adhesion of
spray coated resist on thermal oxide layer.

and so output efficiency of the package.

Immediately after a dip etching in 0.55% HF solution, 300 nm AlISi (1%) was sputtered on
the surface at 350 °C (the target existence of 99% Al and 1% Si). ICL1 is the only layer that
traveled all the way from top to the bottom. Again, the spray coated resist showed poor adhesion
to Al. To solve this issue, before the spray coating, a thin layer of SPR3012 resist (from Shipley
Company) was spin coated on wafer surface with high spin speed of 5000 rpm. It came from our
previous tests with spin coating of SPR3012 that showed a very good adhesion behavior on
aluminum. Figure 7-13(a-f) represent the SEM images of the patterned IC areas after the
optimization.

Before etching, the patterned wafer was baked at 120 °C for 1 hour for better resist adhesion
during the etching. Then, the aluminum traces were etched with wet etching process. It was

explained in previous chapter that due to the thin resist coverage over the top corners, dry etching
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Figure 7-12: SEM images of CO resist patterns formed on top, bottom and sidewalls of 200 um
cavities, from top view: (a) a cavity with open windows on the bottom and sidewalls, (b)
magnified image of windows on the cavity sidewall, with 26 degree tilted view: (c) patterns on

3 surfaces, and (d) CO windows with small features on top with good resist adhesion.

is problematic. After the wet etching, a poly silicon dip etch (30 seconds) was performed to
remove the poly-Si grains that might be deposited on the wafer surface. Figure 7-14(a-d) display
the SEM images of the etched aluminum traces.

The next layers were just patterned on the top plane as previously shown in Table 7-1. For
isolating two metal layers, 200 nm CVD oxide was deposited. The seventh litho step was for
patterning the vias between metal 1 and 2. Then, 2 um AISi (1%) was sputtered at 50°C as the
second metal layer. The eighth and final mask was for patterning the second interconnect layer.
The process is finished with final alloying at 400 °C. Figure 7-15(a-b) show the optical

microscope images of the final cavity with all the layers. Figure 7-15(c) depicts a photo of full
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Figure 7-13: SEM images of resist patterns for IC1 layer formed on top, bottom and sidewall
of 200 um cavities, (a) a cavity with wires to sensors at the bottom and sidewall and LED chip
connection wires (45 ° tilted view), (b) magnified image of wires going to the cavity bottom for
the bottom temperature sensor, (c) a closer view to the resist HAR pattern and effect of the split
focus layers (26 ° tilted view), (d) top view of a power transistor on top plane, (e) the feedback
control circuit and the active reflector cup with 45 ° tilted view, and (f) small features from top

to the bottom of the cavity with 26 ° tilted view.

wafer after the last step.
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Figure 7-14: SEM images of first aluminum traces formed on top, bottom and sidewall of 200

um cavities, with 45° tilted view: (a) a cavity with wires to sensors at the bottom and sidewall
and LED chip connection wires (b) connections to the bottom temperature sensors, ()

connections to the sidewall light sensors, and (d) control circuits and pads on the top plane.

7.4 Implementation and Measurement Results

Temperature and light sensors are two main sensing elements in the package. Light sensors
are located close to each LEDs on cavity sidewalls with good line of sight for the emitted light
to accurately estimate the output light. Temperature is known as one of the challenging parameter
for monolithic integration of electronics in such a LED package. It may cause severe effects on
the performance of both LEDs and other electronic components in the package. So, three
temperature sensors were located at the bottom of the cavity and beneath each LED die for in-

situ investigation.

7.4.1 Bottom Temperature Sensor

The sensors were electrically characterized on the Cascade probe station. The IV
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Figure 7-15: Optical microscope picture of (a) cavities with via and 1C2 patterning, (b) different

layer optical alignment markers in the last step. (c) A photo of full wafer after the final process
step.

characteristic of the temperature sensors was extracted with external temperature controller. .

Lower N-P junction was grounded and anode voltage was swept between -4 to 2 V. Figure

7-16(a) shows the IV characteristic at different temperatures from 25 to 150 °C.

At constant forward driving current, the voltage drop over the upper P-N junction can be

considered as the linear function of temperature (so called one point technique [8])

Vi, =Tt F, (7.)
where a and p are calibration parameters obtained from measurements at two known

temperatures and voltages (Vr) at the same forward current Is. In this case, we chose the forward
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Figure 7-16: (a) IV characteristic of the bottom temperature sensor at different temperature,

and (b) forward bias data enlarged around forward current of 100 pA to study linear behaviour

of the sensor.

voltage data recorded at It =

corresponding fitted line are plotted in Figure 7-17.

the result is quite linear.

100 pA (see Figure 7-16(b)). The measured results and

It can be observed that despite rather rough surface of the etched Si at bottom of the cavity,
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Figure 7-17: Forward P-N junction voltage versus temperature and corresponding fitted line.

7.4.2 Sidewall Photodiode

For each LED, two sets of photodiodes were used to measure output light, striped anode and
single anode versions. The initial characterization of the sensors was done using cascade white
light source. This is a non-calibrated source but can help us to study the sensor behaviors. Further
accurate measurements can be added to calculate the sensor responsivity and selectivity. The
measurement was done with dark condition, minimum and maximum light of the source. Again,
the lower junction was grounded and anode voltage was swept between -4 to 2 V. Figure 7-18(a-
b) depict the result for both configurations.

For striped anode structure, when light is “off”, the reverse current value is 1 pA. Current
measurement showed almost 4 orders of magnitude increase when the light became on. This
difference is governed by the generation of lots of electron-hole pairs in the active part of the
device and a numerous recombination dominantly close to the surface.

For single anode structure, dark current is 250 nA, 80 times of the one for striped anode. It
can be explained due to the higher current cross-section area and more surface defects. However,
multi-stripe device showed a 2.9 times improvement in the output current under similar light
illumination compared to the single anode one, which is a proof of concept for the significance

of the dead layer and active depletion region [6]. The single anode structure, due to higher rate
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Figure 7-18: IV characteristic of the sidewall photodiodes at different light levels of the cascade

light source, (a) for striped anode structure, and (b) for single anode structure.

of recombination caused by the dead layer formation, showed lower responsivity compared to

multi-stripe shaped one.
7.4.3 Planar Devices

The rest of the devices on the top plane were exactly implemented the same as the 2D
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package. The only concern is higher leakage current of the CMOS transistors that can be due to

different implantation and other process variations in 3D implementation.

7.5 Conclusions

A 3D silicon demonstrator was designed and fabricated for smart wafer level packaging of
phosphor based white LED module. It integrates different planar control blocks in addition to an
on chip active reflector cup, which can improve light output efficiency of the package. The cup
was implemented with a 200 um KOH cavity coated later with a thin aluminum layer to form
mirroring sidewall. Furthermore, temperature and light sensors were fabricated on the cavity
bottom and sidewall, respectively. The wires for LED driving current and sensor connections
were patterned the whole way from the top surface to the cavity bottom. Different challenges
and solutions for 3D implementation were described. The main process challenge was HAR
lithography which was resolved using multi-step imaging on wafer stepper. The fabrication
process was modified BICMOS7 with 2 um gate length. This new process enabled integration
of different sensors and transistor on top plane, cavity sidewall and bottom. It also provides
integration of large area LED chips with other functional devices. Different sensors were
characterized. The bottom temperature sensor showed linear behavior of forward voltage versus
package temperature at constant forward bias current. Two configuration of sidewall photodiode
were studied. The sidewall photodiodes with multi-stripe anode, with shallow P-N junction,

demonstrated a high responsivity to the emitted light.
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Chapter 8

Conclusion

In this dissertation, design, modeling, and implementation of a fully integrated 2D and 3D
smart package for LEDs, including the local active reflector cup and controlling circuit, in 2D
and 3D BiCMOS process are discussed. We have now arrived at the final chapter of this work.
Section 8.1 summarizes the thesis and also repeats the accomplishments achieved throughout

the thesis. Finally, Section 8.2 proposes some suggestions in order to expand this work.

8.1 The Thesis Outcome

In Chapter 2, the BICMOSS5/7 process was introduced. It is a straightforward process that by
just using 5-7 mask steps (corresponding to 1-2 metal layers) can monolithically implement
different devices such as MOSFETS, BJTs, diodes, and resistors. Due to large die size of LED
chips, BICMOS5/7 has a large potential to be utilized for wafer level packaging of smart LED
systems. A design and fabrication framework based on BICMOS process was suggested. This
framework covers the whole process from device modeling to system fabrication and
measurements. It can be well applied for circuit design based on BiCMOS process.

Chapter 3 reported a successful integration of different functions appropriate for a phosphor-
based white LED wafer-level package (WLP) and also any blue/UV LED. Silicon-based WLP
through low cost 7-mask BiCMOS process, gives us the opportunity for integration of different
passive and active components for a complete smart system. For sensing functions, thermal and
optical sensors were implemented, characterized and calibrated. Light measurement of the LED

chip through the blue selective photodiode showed notable consistency to the LED datasheet
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values. Temperature sensors integrated just beneath LED chips, measured the temperature in real
time and the results were confirmed with IR photos. For controlling functions, a 4-bit flash ADC
for reading out sensing output light, and a power switch for driving the LED current were
monolithically integrated. The ADC functionality was successfully tested with better than 0.16
LSB accuracy and the power transistor could provide more than 700 mA current. The reported
components provides an essential platform for future work to have an analog or digital control
system for any specific application. Furthermore, other technologies with large area demands
such as Lab-on-Chip can benefit from this approach by utilizing smart silicon interposers.

In Chapter 4, details and design concept for the blue selective photodiodes were elaborated.
A silicon stripe-shaped photodiode was designed and fabricated for sensing blue light in LED
wafer level package. The device dimensions and doping were also designed and simulated using
COMSOL Multiphysics. The maximum responsivity was at 480nm, which is matched with the
blue LED’s illumination. The single anode structure due to higher rate of recombination (caused
by dead layer formation) showed lower responsivity compared to multi-stripe shaped one. This
IC technology compatible photodiode, with junction at 330 nm, demonstrated a very high
selectivity to blue light. The fabricated device presented a two-fold increase in the responsivity
and quantum efficiency for blue light spectra compared to similar devices published earlier.

In Chapter 5, a successful monolithic integration of light output feedback control circuit in a
blue/UV LED package was presented. It is also an appropriate solution for packaging a
phosphor-based white LED module. Si-based wafer level smart control unit was integrated
through our low-cost 7-mask BiCMOS process. For sensing blue/UV light in the package, the
photodiode with its peak responsivity at 480nm wavelength were reused. For controlling
functions, a feedback circuit with a power transistor for driving the LED current were
monolithically integrated. The opamp functionality was successfully tested with having 47 dB
gain. The whole feedback circuit could regulate light output based on a reference voltage with
removing power supply ripples even at very high frequencies (up to 680 kHz). Robustness of the
feedback system was tested against changes in LED current/voltage to light intensity
characteristics, which can be caused by aging or temperature changes. Considering a tight error
tolerance of 1% for the light intensity, the system was able to handle up to 150 mA and 0.6 V

change in current and voltage characteristic of the LED. Furthermore, it demonstrates the
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functionality of silicon based smart LED packaging with stable and regulated light output. This
can also be applied to other smart systems like interposer for high level electronics, MEMS, etc.

In Chapter 6, “lithographic defined lateral wire bonding” was introduced as a new approach
to overcome limitations and challenges of conventional wire bonding for special applications. It
includes metal film deposition and patterning the wire trace through high aspect ratio (3D)
lithography, which is the main key for such a method. Different challenges and process details
were discussed. Two sets of experiments were done to make various line structures over KOH
cavities of different depths up to 200 um. Multilayer spray-coating was used to have a good
resist coverage over deep cavities. Exposure was done with mask aligner and multi-step imaging
on an ASML PAS5500/80 projection aligner. Aluminum interconnect lines with different
parameters were achieved after etching process. For sidewall imaging of wires using multi-step
imaging (MSI) on stepper, a simulation method was proposed to predict 3D aerial image
projected on the resist. As experimental results showed, only the aerial image was not enough
and other parameters such as resist thickness profile and its sensitivity should be considered.
Including these, the final simulation methodology was able to predict accurately the final resist
profile on 3D structures. The MSI with single mask was also experimentally investigated, but it
was very challenging for high resolution features and a pattern depending method. Lastly, MSI
with split masking was developed. It showed promising results for high resolution and generic
patterns. This method can be applied for heterogeneous integration areas, where a reliable and
flexible interconnection method is critical.

Finally, in Chapter 7, a 3D silicon interposer was designed and fabricated for smart wafer
level packaging of phosphor based white LED module. It integrates different planar control
blocks in addition to an on chip active reflector cup, which can improve light output efficiency
of the package. The cup is implemented with a 200 pum KOH cavity coated later with a thin
aluminum layer to form mirroring sidewall. Furthermore, temperature and light sensors were
fabricated on the cavity bottom and sidewall, respectively. The wires for LED driving current
and sensor connections were patterned the whole way from top surface to cavity bottom.
Different challenges and solutions for the 3D implementation were described. The fabrication
process was modified BICMOS7 with 2 um gate length. This new process enables to integrate

different sensors and transistor on top plane, cavity sidewall, and bottom. It also provides
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integration of large area LED chips with other functional devices. Different sensors were
characterized. The bottom temperature sensor showed linear behavior of forward voltage versus
package temperature at a constant forward bias current. Two configurations of sidewall
photodiode were studied. The sidewall photodiodes with multi-stripe anode, demonstrated a high
responsivity to the emitted light. This is for the first time that a functional active device is
fabricated on the sidewall of a silicon cavity.

The suggested smart Si- based interposer is not only applicable for LED WLP but for broad
range of applications especially the ones with large area devices. It can monolithically integrate
different performance monitoring and controlling blocks, in a low cost/area process line, which

make a smart interface for the main device.

8.2 Suggestions for Future Developments

The findings of this dissertation indicate that the silicon based demonstrator will be the
proper approach of choice for future development of commercial wafer level packaging for
LEDs.

e As showed in this dissertation, many active and passive devices can be monolithically
integrated through low cost BICMOS process that can be a promising method for full
integration of LED drivers in such a wafer level package. However, integration of on
chip capacitors is still a challenge. Enhanced surface capacitor using nano structure on
wafer backside can be a big step for full driver integration. Previous works suggested use
of carbon nanotube to increase electrode surface. But to keep the processing temperature
in the safe area for front side circuits and devices, doped Zinc-Oxide nanowires can be a
possible solution. Rather low temperature growing process (90 °C) is a good motivation
to save the large unemployed area of wafer backside for capacitor integration.

e UV LED’s have been in the point of interest for large variation of applications such as
medical and scientific areas, due to their outstanding features of low power, long and
reliable lifetime, and premeditated wavelengths. However, their packages suffer from
several critical drawbacks, which limit the product desired performance. Low package
efficiency and weak thermal management seem to be the bottlenecks. More

developments for such systems are needed in terms of: increasing the output light
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efficiency by minimizing the absorption and loss of UV light in the package, promotion
in the quality and work conditions of the UV LEDs, and reduction in the production and
utilization costs. The idea of 3D full wafer level packaging of LED chips can be specially
extended for ultraviolet LEDs (UVCs). The main motivations are: 1) the cost per chip of
this LED’s are relatively high (e.g.100 €), 2) the applications are normally sensitive, and
3) light output efficiency of the existing packages is reported very low. 3D integration
approach for a multifunctional package is a promising way for further package
improvement. Our proposed package can be modified for best fit to UVC applications.
e The proposed lithographic-defined wire bonding (LDWB) is particularly suitable for
high-wire density and special demand applications, such as digital and RF chips. Multi-
step imaging solution with split masking layer is the first but time consuming approach.
Applying special mask design method such as holographic lithography in combination
with MSI can lower the number of imaging and save the cost. Holographic lithography
was previously suggested for contact/proximity exposure for limited patterns, but
developing this method for projection lithography in combination with MSI capability

can be a big step forward in commercialized LDWB.







Summary

LEDs are believed to dominate all lighting applications in near future. However, integration
and packaging are two of the critical issues that resolving them enables efficient and reliable
solutions for lighting requirements. Among different packaging schemes, wafer level packaging
is a promising method to have a lower cost, higher scale, and superior yield.

In this dissertation, a new integration approach for LED lighting is introduced: smart LED
system in package (SiP). It combines a smart LED wafer level package (WLP) and a smart driver
by monolithic integration which is the focus of this dissertation. The final smart package is a
high lumen output lighting module, which includes high current blue LEDs and different sensors
in a reflector cavity. Silicon substrate is used as a high topography interposer for the LED WLP,
in which lithography defined wiring technique is used as a reliable interconnect solution.
Additionally, control circuit of the LED output light are integrated on the same die to reduce
costs of any required external circuitry.

The proposed smart Si-based interposer is not only applicable for LED WLP, but also for
broad range of applications especially the ones with large area devices. Generally, smart
interposers can monolithically integrate different performance monitoring and controlling blocks
in a low cost/area process line and make a smart interface for the main device.

In the first part of this dissertation, the principles, design and implementation of a
monolithically integrated 2D LED SiP are covered. To start with (Chapter 2), the required low
cost processing scheme is explained and design framework from modeling to measurement is
established. This simple BIiCMOS 5/7 (1-2 metal layers) process allows on-chip integration of
different Si based sensors, functioning blocks and circuits to be used for an advanced lighting

system. It is followed by description of different components for using in monitoring and
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controlling blocks in the 2D system (Chapter 3-5). This package integrates 4 high-power blue
light LED dies with temperature sensors, and blue selective light sensors for monitoring the
system performance. With the same technology, an interdigitated power transistor, a 4-bit flash
analog-to-digital converter, and a light feedback control circuit are also designed, integrated in
the process flow and characterized. Also, in the same process flow, a light sensor, an innovative
multi-stripe blue selective photodiode with a maximum responsivity for light with a wavelength
of 480 nm is developed. This sensor demonstrates a very high selectivity to the target blue LED’s
illumination. The monolithic light feedback control circuit is an opamp-based feedback circuit
combined with a high-power transistor and the blue-selective photodiode. It controls the output
light based on real-time sensor data. The integrated system is characterized by simulations and
measurements and guarantees a stable and reliable output light under different working
conditions and linear dimming control by a reference input voltage. This part accompanies
measurement and simulation results for different components

In the second part, challenges, design and implementation of 3D system are elaborated.
Primarily, a high aspect ratio (HAR) lithography approach is developed, which is a significant
key for 3D processing.

“Lithographic defined lateral wire bonding” is introduced as a novel approach to overcome
limitations and challenges of conventional wire bonding for special applications (Chapter 6). It
includes metal film deposition and patterning the wire trace through high aspect ratio (3D)
lithography, which is the main key for such a method. This method can be applied for
heterogeneous integration areas, where a reliable interconnection method is critical. To enable
high resolution 3D patterning, multi-step imaging (MSI) on projection aligner (ASML
PAS5500/80) with split masking is proposed. Feasibility of the required 3D patterning in
photoresist is confirmed by simulation and experiments. It demonstrates promising results for
high resolution and generic patterns over high topographies (few hundred microns).

Finally, a 3D silicon interposer is designed and fabricated for smart wafer level packaging
of phosphor based white LED module (Chapter 7). It integrates different planar control circuits
in addition to an on chip active reflector cup and the final 3D package is characterized by
simulation and measurements. The cup is implemented with a 200 um KOH cavity, later coated

with a thin aluminum layer to form mirroring sidewall. It uses the cavity not only as a precision
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reflective LED site for its sidewall mirrors, but also as an active reflector cup. The cavity bottom
contains local temperature sensors and the sidewalls carry the output light sensor in addition to
the high aspect ratio (HAR) interconnects for LED driving current and sensor connections. Also,
different challenges and solutions for such a 3D implementation are described. This is for the
first time that a functional active device is fabricated on the sidewall of a silicon cavity. Other
controlling circuit described in 2D package is also integrated on Si top surface of this package.
The achieved 3D smart Si- based interposer integrates monolithically various sensors and
controlling circuits, in a low cost/area process line and with a novel high aspect ratio lithography

approach.






Samenvatting

Verwacht wordt dat alle verlichting in de nabije toekomst door Licht emitterende diodes
(LED) wordt gedomineerd. Hiervoor zijn integratie en systeemverpakking twee belangrijke
problemen die, indien opgelost, bepalend zijn voor efficiénte en betrouwbare LED verlichtingen.
Systeemverpakking op wafer niveau (wafer level package, WLP) is een veel belovende methode
om efficiénte integratie, betrouwbaarheid, maar ook hoge volume productie en hoge opbrengst,
te verkrijgen.

In dit proefschrift wordt een nieuwe benadering voor de integratie van LED verlichting
geintroduceerd: slimme (smart) LED in systeemverpakking (system in package, SiP). Dit bestaat
uit een slim LED WLP in combinatie met een slimme aansturing. De slimme WLP LED systeem
integratie is hiermee de focus van dit proefschrift. De uiteindelijke systeemverpakking is een
verlichtingsmodule met hoog lumen opbrengst, waarin hoge stroom blauwe LED’s en
verschillende sensoren zijn ondergebracht in een geometrisch gevormde reflectie kamer in
silicium. Voor de LED systeemverpakking is een silicium substraat toegepast als basis
tussenlaag (interposer) met hoge topografie (hoogteverschillen), waarin lithografisch
gedefinieerde bedrading is gefabriceerd als betrouwbare verbindingstechnologie. De controle
circuits voor de LED licht opbrengst zijn ook geintegreerd in hetzelfde silicium waarmee de
kosten van externe circuits worden gereduceerd.

De voorgestelde op silicium gebaseerdeslimme interposer is niet alleen geschikt als
toepassing voor LED WLP, maar kan breder worden gebruikt voor toepassingen met relatief
grote geavanceerde en kostbare componenten. Er kan verschillende monitor en controle circuits
monolithisch worden geintegreerd in een proces met lage kosten per oppervlak, waarmee een

silicium interposer kan worden gefabriceerd als slimme koppeling voor geavanceerde
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componenten.

In het eerste gedeelte van dit proefschrift worden de principes, het ontwerp en de
implementatie van een monolithisch geintegreerd vlak (2 dimensionaal, 2D) LED SiP
behandeld. In hoofdstuk 2 wordt het benodigde lage kosten proces beschreven, dit is een 5-7
masker lagen bipolair-CMOS (BiCMOS) proces met 1 of 2 metaal lagen. Op basis van metingen
zijn de benodigde parameters verkregen voor ontwerp en integratie van diverse in-chip sensoren,
circuits en andere functionele blokken. Dit ten behoeve van het ontwerp en de fabricage van een
geavanceerd verlichtingssysteem. Vervolgens worden de verschillende onderdelen voor de
inspectie en controle circuits in het 2D systeem beschreven (zie hoofdstuk 3-5). Dit 2D systeem
integreert hoog vermogen blauwe LED chips met temperatuur sensoren en blauw licht gevoelige
detectoren, waarmee de prestatie van het systeem kan worden bepaald. Een tralie vormige
vermogenstransistor, een 4-bits flash analoog-naar-digitaal omzetter en een licht gestuurd
terugkoppel circuit zij geintegreerd in hetzelfde silicium en verbonden met de uitlezing van de
sensoren ten behoeve van extra controle functies. Als licht sensor is een innovatieve multi-spoor
blauw licht gevoelige foto diode ontwikkeld met een maximum responsiviteit bij een golflengte
van 480 nm. Hiermee is een hoge gevoeligheid voor de bedoelde blauwe LED verlichting
gerealiseerd. Het monolithisch geintegreerd light terugkoppel systeem is een op een operationele
versterker (opamp) gebaseerd terugkoppel circuit dat is gecombineerd met de hoog vermogen
transistor en de blauw licht gevoelige foto diode. Hiermee wordt de licht opbrengst geregeld op
basis van direct verkregen sensor data. Metingen en simulaties tonen aan dat met dit nieuwe
systeem de licht opbrengst kan worden geregeld met een eenvoudig referentie spanning en dat
een stabiele licht opbrengst onder variabele omgevingscondities kan worden gerealiseerd.

In het tweede gedeelte van dit proefschrift worden de uitdagingen, ontwerp in implementatie
van een 3-dimensionaal (3D) systeem behandeld. In het bijzonder, een hoog aspect ratio (High
Aspect Ratio, HAR) lithografie techniek is ontwikkeld welke belangrijk is voor 3D processen.
Ook de implementatie van een 3D systeemverpakking is beschreven.

Een nieuwe techniek om, in speciale toepassingen, de beperkingen van conventionele
draadverbindingen te ondervangen, de zogenoemde “lithografisch bepaald laterale
draadverbinding”, wordt geintroduceerd in hoofdstuk 6. Deze techniek omvat de depositie van

dunne metaal films en opeen volgend patroneren van metaal sporen over hoge aspect ratio (3D)
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door middel van hoge resolutie lithografie. Hoge resolutie lithografie over 3D structuren kan
worden gerealiseerd door middel van multi-stap afbeeldingen (Multi-Step Imaging, MSI) op een
stap & belichting projectie apparaat (waferstepper) van het type ASML PAS5500/80, dit in
combinatie met een gepartitioneerd masker ontwerp. De toepassing van MSI is aangetoond door
middel van 3D simulaties en experimenten. De resultaten zijn veelbelovend om generieke
patronen af te beelden met hoge resolutie over topografieén van enkele honderden micrometers.

Tot slot, in hoofdstuk 7, is de simulatie, het ontwerp, de fabricage en metingen aan een 3D
silicium interposer voor de WLP van een slimme, op fosfor gebaseerde wit licht LED module
beschreven. In deze module zijn de diverse planaire controle circuits en sensoren, evenals de
reflectie kamer voor de LED geintegreerd. Deze integratie kan de efficiéntie van de licht
opbrengst van een LED systeem verbeteren. De reflectie kamer voor de LED is 200 micrometer
diep en door middel van KOH etsen in het silicium gefabriceerd. De zijwanden en de bodem zijn
voorzien van een dunne hoog-reflecterende aluminium laag. De reflectie kamer is niet passief,
maar actief door middel van integratie van licht sensoren in de zijwand en temperatuur sensoren
in de bodem. Het reflectieve aluminium fungeert ook als verbindingsmetaal voor sensoren en is
in patroon gebracht door middel van HAR lithografie. De componenten in de reflectie kamer
zijn geintegreerd met de 2D circuits op het silicium oppervlak. De diverse uitdagingen en
oplossingen die leiden tot deze 3D implementatie zijn in dit hoofdstuk beschreven. Het is voor
de eerste keer dat een functionele actieve component gefabriceerd is in de zijwand van een in
silicium KOH geétste kamer.

De 3D, slimme, op silicium gebaseerde interposer, tot stand gekomen in dit proefschrift is
een monolithische integratie van diverse sensoren en controle circuits welke zijn gefabriceerd in
een proces met lage kosten per oppervlakte eenheid. De elektrische verbindingen in deze 3D

structuur zijn gefabriceerd met behulp van een ongekende hoog aspect ratio lithografie techniek.
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