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Summary

The increasing integration density in monolithic circuit fabrication leads to a

wiring problem. A solution offers the use of 3 dimensional chip integration

with through chip vias. In this case, several highly interconnected chip layers

sharing one base substrate by stacking them on top of each other. This

enables very short electrical connections with small parasitics.

This work describes one approach for a successful 3D integration method.

The chip stacking technology discussed, enables the massively parallel com-

munication between two chip layers. The maximum interconnect density lies

at 4400 vias
mm2 with interconnects shorter than 20µm This high density opens

various application areas like neural networks, densely cross-linked processors

or image detection with integrated signal processing.

One main process advantage is the 3D integration of fully processed chips

(digital or analogue circuit). The concept starts at the back end, when circuit

fabrication is finished. The use of standard process circuitry keeps cost low

and offers the possibility of connecting different specialized chips in one stack.

A critical issue of this integration technology is the via isolation, be-

cause low leakage currents are essential in through chip vias. The wire is

directly leading through the substrate near to active components in the

circuit, where high leakage would influence the devices. Therefore, the use of

different isolation methods is investigated.

Vias are not sufficiently isolated by depositing silicon dioxide using chemical

vapor deposition, since the maximum tolerable process temperature is not

high enough for conform deposition on via sidewalls. Due to the limited

thermal budget, other isolation methods like thermal oxidation of silicon, are

not suitable. However, anodic oxidation runs at room temperature and is

therefore used to create high quality isolation layers in vias. By using anodic

oxidation, the leakage of one via is reduced to 200 pA per via at 10 V (50 GΩ).

xi
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The through resistance on the other hand, is very low with 0.8 Ω for solder

joint and through metal.

Stacking several active chip layers onto each other might lead to very

high temperatures in the chip stack. Simulations are used to evaluate some

critical limits in terms of thermal and mechanical stress in chip stacks. One

important result from these first simulations is that mechanical stress close to

the fracture stress of the different materials is only reached at temperatures

of above 150 °C.

In further simulations, the thermal-mechanical stress induced during the

stacking process is evaluated. Especially during soldering of thinned chips

onto the chip stack, the temperature reaches 300 °C, the highest value during

the complete process. This leads to high thermal mechanical stress in the

chips, which might damage a chip partly or completely. The results however,

show that mechanical stress is high but still in a tolerable limit.



Chapter 1

Introduction

Ever since the first attempt to integrate circuits in planar technology in 1959

by Kilby [1], the run for higher integration density and miniaturizing was

started. The number of active components was increased to achieve higher

functionality in one chip. This process is continuous ongoing like Gordon

E. Moore predicted in 1965 [2]. Moore’s Law, as it is called, projects the

integration density development with a doubling of functions per chip each

year until 1975. This led to chips carrying 65000 transistor (1975) and an

end of this development is not in sight. The law is proven almost correct (the

rate lowered to a doubling of transistors in one chip every 2 years) until the

early 21st century [3]. Figure 1.1 shows the development of transistors per

microprocessors from 1970 until 2006.

An increasing number of components on one chip automatically leads to more

wiring between all these components. The ITRS (International Technology

Roadmap for Semiconductors) predicts wiring lengths of several km per cm2

chip area [5]. This wiring densities might become the bottleneck in chip

performance one day, as the maximum signal line length (from one side of

the chip to the other) lies in the same range as the clock signal length. This

means that a signal sent at one clock does not reach its destination before the

next clock cycle.

Furthermore, highly parallel computing is more and more difficult, as each bit

needs its own wire, increasing the number of wires dramatically. This leads

to a dramatic wiring package density with extremely dangerous consequences

like high wire resistances and high wire crosstalk.

Besides high wiring densities and long wires, another topic is seen with

1



2 1. Introduction

Figure 1.1: The increase of transistors per chip with a doubling ever two

years follows the prediction of Moore’s Law until today [4].

increasing interest. System on chip (SoC) combines different specialized

components on one chip like optical detectors and signal processing units.

This allows a high connection density and fast processing of the detected

signals. Yet, the cost raises exponentially with increasing complexity.

The other option for multi technology integration is the system on package

(SoP), where single specialized chips are wired together in one package. Here,

interconnection density is lower and wires are longer, when the chips are

mounted on a printed circuit board (PCB). However, new methods allow for

high interconnection densities with short interconnects. This new trend in

packaged systems uses the third dimension and produces chip stacks with

several chip layer of different functionality [6]. The cost stands here in linear

relation to the complexity, which will make it more cost efficient compared to

systems on chip, when a certain integration level is exceeded [5].

This trend of cramming more functions onto one chip and the basic

need for highly interconnected systems motivates researches to find methods

to satisfy these needs. The work described here is also following this trend

by developing a process for 3-dimensional chip integration with through chip
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vias. This development was part of the project VisionIC, which was supported

by BMBF (Bundesministerium für Bildung und Forschung), and had its main

goal on image detection. The idea for a 3D integrated solution comes with

the idea of imitating nature. Nature uses neural networks with highly parallel

signal processing on lower frequencies in neural 3D arrays. This prerequisite

favors the chip stacking method, as it offers high interconnection density and

the possibility of integrating chips with different technologies.

The goal in the project was a chip stack with an image sensor on the top layer

and multiple signal processing layers below. A neural network, consisting of

highly interconnected neurons, as it is done by nature, was planned as signal

processing unit. First experiments were carried out on plane Si substrates, due

to the parallel start of chip design and integration technology development.

The main criteria given is to stack fully processed CMOS circuits with as

little influence on the standard CMOS process as possible. This precondition

reduces the possible technological steps during chip stacking to backend com-

patible process steps with a low thermal budget. This limits the temperatures

to a maximum of 350 to 400 °C [7].

Developing a process of this complexity is only possible in a group

with all members working on the whole concept. However, each member

analyzes certain issues in the concept more in detail than the others [7, 8].

This work focuses on the development and characterization of high quality

isolation in through chip vias using room temperature silicon oxidation.

A second focus is put on basic thermal mechanical simulations of high

chip stacks. There the main aspect lies on simulation model creation, basic

simulations on the stack operation and the simulation on the process influence.

This work describes the process developed for 3-dimensional integration

using through chip vias. It gives a brief overview over different integration

methods in chapter 2 and a limited choice of key steps in the process in

chapter 3. The detailed process, as it is used in its final version after all

experiments are discussed in chapter 4. Since neural networks in reality work

with analogue signals, the isolation of through vias is improved using anodic

oxidation. This method enables with ultra low leakage currents the use of

this 3D integration process even in analogue applications. The via isolation

process is described in detail in chapter 5. The maximum electrical, thermal

and mechanical load possible on the ideal chip stack is simulated in chapter
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6. Especially the temperature dissipation and the resulting mechanical stress

in the chip stack during operation is of interest, as it shows the weakest spots

of the system. The stress during processing is another important issue, which

is simulated for the solder step, as it is performed at the highest temperature

during the complete process. The short summary in chapter 7 concludes the

results and gives a short overview over possible applications.



Chapter 2

Concept of 3-dimensional integration

In the past, several concepts for 3-dimensional chip stacking have been evalu-

ated [6, 9, 10, 11]. The concepts range from face-to-face [12] over silicon-on-

insulator [13, 14, 15, 16] to chip stacks with through chip vias [17, 18]. The

variety of 3D integration approaches is large. Yet, all processes follow either

the monolithic method or the hybrid integration.

2.1 Monolithic chip stacking

Monolithic integration, which is known since Kilby invented the first integrated

circuit, combines different transistors and circuits on one chip. When talking

about monolithic 3D integration, the silicon-on-insulator (SOI) technology is

the basis. In silicon-on-insulator, known since the late 1970s, polycrystalline

silicon is deposited on insulating material and then recrystallized [19, 20]. The

processed circuit on the substrate forms the lowest active chip layer and is then

overgrown with an insulator (e.g. SiO2). The following deposition of polycrys-

talline silicon is the basis of the next active circuit layer. The silicon layer is

treated at temperatures up to 900 °C to change to a monocrystalline structure,

which is then undergoing the circuit processing. These steps are repeated until

all chip layers are created. Figure 2.1 shows the SEM image of a monolithic

integrated chip stack with four active chip layers, designed to function as a

image sensor with image processing circuitry [13, 14].

Advantages of monolithic integration are the compactness and the simple and

5



6 2. Concept of 3-dimensional integration

°

Figure 2.1: Monolithic integrated four-layer stack in SOI technology. [13, 14]

short interconnection of different chip levels. Interchip connection is achieved

by etching through the silicon chip into the wiring layer of the lower chip layer.

This is the shortest way to connect both chip layers with wire lengths of sev-

eral ten microns.

The disadvantages vary from high temperature process steps over limited

wiring density to low yield. Since several recrystallization steps throughout the

complete process with extreme high temperatures influence especially metal

layers, wiring is extremely limited and expensive, as standard aluminium wires

melt and copper diffuses into the silicon. Other materials are necessary as

metal substitute. Furthermore, metal stacks with several layers are very diffi-

cult to achieve as thermal stress during silicon cure is extremely high, leading

to degradation. This leads to low yield. Increasing the integration density

is possible in monolithic 3D integration by reducing the size of components,

exactly like in standard circuit processing. Increasing the substrate size and

therefore the active area also allows higher circuit complexity, but on cost of

the yield [21].

Even though this technique is know since 1990 [14], no high volume products

using monolithic 3D integration are available on the market. It seems that the

disadvantages outbalance the advantages.

2.2 Hybrid integration

In hybrid integration, the connection of several active chips is not based on

overgrowing and processing of upper chip layers like in monolithic integration,

but the connection of preprocessed circuits with each other. This is done using
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PCB or substrate

chip 1

chip 2

chip 3

PCB or substrate

chip 1 chip 2 chip 3

wire bonds
solder bumps

a) b)

Figure 2.2: Hybrid integration in a) using a wiring substrate to contact

preprocessed chips connected to the PCB by solder bumps and in b) by piling

chips up and connecting them using wire bonds.

printed circuit boards (PCBs) or substrates, containing electrical connections.

Figure 2.2 shows two possible approaches of hybrid integration. In part a),

the chips are soldered onto the substrate by surface mounted device (SMD)

or ball grid array (BGA) technique with smaller parasitics compared to wire

bonds [22]. In part b) on the other hand, all chips are piled up and mechan-

ically connected by glue. Electrical connection is achieved using wire bonds.

Both approaches connect different chips, but in both cases, performance of

the complete system is limited by long connections between the chips and

the extremely small bus width [23, 24]. The connections are routed through

chip periphery like wire bonds from chip to chip or solder bumps from chip to

wiring substrate.

One way to create shorter connections and higher bus width is the use of

surface inter chip contacts as shown in several multi layer stacking processes.

2.2.1 Face-to-face stacking

The easiest way of chip stacking is to simply connect two fully processed chips

face-to-face (F2F). Here, both chips are completed with solder metallization or

solder bumps. This technique uses the face-to-face chip connection technology

developed by Infineon [12].

The solder metal pads, which are deposited on top of both chips, are connected

to the chip metallization by inter chip contacts forming the electrical contacts

to the opposite chip. Electrical and mechanical connection is performed by a

heating cycle with the solder metal melting and forming the electrical and me-
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chanical connection after solidification. Since both chips are then connected at

their top sides, one chip is larger than the other, with the extra area filled with

bond pads for electrical connection. Only this chip (bottom chip) carries bond

pads in addition to its circuit function. The advantage for the design in this

case is the short connection of two modules, when they are placed opposite

to one another on different chips. A very high connection density is achieved,

as signal lines now run from chip front side to chip front side, not using any

periphery as shown in figure 2.2. Furthermore, comparing chip connection us-

ing face-to-face with systems-on-package (SOP), direct chip connection allows

shorter inter chip connections with high connection density, while approaches

in system-on-package technology use long bond wires with low connection den-

sity. The concept of connecting two chips by soldering front side metallizations

together is shown in figure 2.3.

top chip
(face down)

bottom chip

redistribution inter chip via bond pad (e.g. wire bond)

solder joints

Figure 2.3: Sketch of a face-to-face chip stacking technique. [12]

The solder joints not only perform pure inter chip connection, but also allow

some electrical redistribution to allow more design freedom of both chips. Fur-

ther advantages of the F2F technology are the possibility of full pre-processing

of all wafers in parallel, a minimum number of process steps, no further pro-

cessing of the stack, short wiring, the use of different technologically processed

chips is possible and the process is low cost and reliable. Disadvantages might

arise due to thermal problems, as now two active chip layers share the same

heat sink.

Face-to-face forms a basis for 3D chip stacking, but due to its limited number

of active chips it is only the first step in implementing more active chips onto

one base substrate.
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2.2.2 Hybrid multi layer chip stacks

Multi layer chip stacks demand for more postprocessing steps than only the

topside solder metallization. Since direct connection from surface to surface

is not possible for more than two layers, back-to-face (B2F) is the logical

extension. There, chips are provided with through chip vias for electrical

connection. A back side metallization forms solder joints, which are then con-

nected to the topside of the base substrate or the topmost chip in the existing

stack.

Basis for 3D chip stacks are again as before in face-to-face technology, stan-

dard processed, but especially designed digital or analogue circuits. No major

changes to the process flow during chip production are required, which enables

a wide range of use for the hybrid integration technique using through vias.

Achieving high connection densities and low parasitics in through wires, the

dimensions of through chip vias need to be small. This enforces the reduction

of chip thickness, which is not possible before circuit fabrication. The chips

are fully processed using standard circuit processes, while chip stacking is done

Figure 2.4: Sketch of a chip stack using through chip vias for short and

high density interconnection. The bottom chip (level 1 chip) guarantees the

mechanical stability as well as the connectivity towards the outside world.

Each thinned layer is soldered on top of the already existing chip stack (figure

from [17]).
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as backend process only, including thinning, via creation and soldering.

The example for a chip stack using back-to-face solder technology and through

chip vias shown in figure 2.4 is created by via etch and a following thinning

process. Front side and back side metallizations are deposited to create solder

joints. Stacking itself is performed by aligning the thinned top chip back side

with the base chip top side and heating to solder temperature. The key to

this soldering lies in preventing lower level solder joints to melt while soldering

higher chips.

By using a real 3D stacking concept with through chip vias, extremely high

stacks with good electrical performance are possible. Therefore, the here de-

veloped and discussed stacking process is based on hybrid back-to-face chip

stacking.



Chapter 3

Key techniques in 3D integration

The idea of 3D integration is to arrange fully processed chips or wafer into a

chip stack. Therefore, all stacking steps need to be done as backend processes

to avoid any influence on the standard circuit process. This limits mainly

the thermal budget for stacking, as fully processed wafers need to be han-

dled. Thus, the maximum temperature is bound to below 350 °C to 400 °C [7].

High temperature processes like thermal oxidation for via isolation or MOCVD

metal deposition with temperatures above the maximum are therefore limited

or even not applicable.

The 3D integration process is more or less split into five different fabrication

blocks, which are front side metallization, thinning, via hole creation, back side

metallization and chip layer connection. All blocks follow the boundary con-

ditions given by previously processed circuits or the design of the chips. Some

fabrication blocks, which can vary from approach to approach, are discussed

below.

3.1 Via hole etch

The most important step for hybrid back-to-face stacking is the creation of

through chip connections. Here, the electrical network is created, which allows

communication between different modules. To implement these wires, different

methods are possible. The variation of methods to create through chip vias

is large and can be split into two groups. The first group is creating the vias

11
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in a serial sequence, meaning one hole after the other. One way is drilling

micro holes using small drills which allow diameters of as small as 50µm

[25]. Another method is laser ablation, which is used for material cutting and

drilling, inclusive via through connects [26]. Serial processes are very slow and

expensive but useful for few individually placed holes. In the second group

are all processes fabricating the vias in parallel, all at the same time, which

allows a very high number of interconnects in extremely short time. The most

common method in semiconductor processing is etching. Here two different

possibilities exist with wet and dry chemical etching. Wet chemically etched

vias are shown in [27]. Using dry chemical etching, the anisotropic silicon etch

(ASE) [28] seems extremely suitable, as vertical sidewalls are possible.

Besides the via production method, also the time in the process is important.

A closer look on via etch techniques using ASE from the front side before

thinning and from the back side after thinning is given below. Both cases

reveal advantages and disadvantages.

3.1.1 Front side via

Etching vias from the front side through the CMOS metal stack into the sub-

strate is one possible solution. The wafer is prepared for etching with a pho-

tolithographical mask (photoresist or metal mask). The via is etched through

the metal stack, which contains no wiring at areas reserved for vias, until the

substrate is reached. The following anisotropic silicon etch (ASE) drives a

hole into the substrate down to the desired depth. This depth depends on

the remaining substrate thickness. Isolation is deposited into the via, usually

using CVD SiO2, and it is finally metallized by MOCVD or electroplating.

Figure 3.1 shows the main steps during via etch.

The front side vias end blindly in the substrate at first. Before back side pro-

cessing, the frontside solder metal is deposited. Connection on the back side

is achieved after thinning, when the vias are opened by the thinning process.

The thickness is specified by the maximum length of the vias. Then, the back

side is isolated and the back side solder metallization deposited. The vias it-

self act as alignment markers. The chip is now ready for stacking onto a base

substrate or an existing stack. [29, 30, 31]

As with every possible via technique, there are advantages and disadvantages.

The main advantage for front side vias is the simple process, due to the use of



3.1 Via hole etch 13

Si

IMOX

via etch mask

7.5 m

a) b) c) d)

Figure 3.1: Via etch from front side in four steps with the masked wafer in a),

the etched metal stack in b), the etched Si in c) and the metallized vias (here

without CMOS metal stack) in d). back side connection will be achieved after

wafer thinning, when the via ends at the bottom are opened by the thinning

process. (figure d) from [17])

through chip vias as back side alignment markers. The vias are etched after

completing the actual circuit processing with out any requirements to the pro-

cess. Etching takes place when the chip is still thick and stable and alignment

markers from the front side are available. Overetching is not critical, as the

effective via length is determined by the substrate thickness after thinning.

Disadvantages of front side vias lie mostly in the via penetrating the wiring

layers in the metal stack, as it always perforates all front side wiring lay-

ers. In the circuit design, all vias require certain areas in the circuit wiring,

where no metallization and active device is allowed. This limits the via den-

sity dramatically, as high via density reduces the wiring density dramatically.

Furthermore, via length and therefore the via parasitics increase with thick

intermetal oxide. Additionally to the chip thickness, the via crosses the metal

stack, which might even double the length compared to back side vias.

3.1.2 Back side via

Besides via etch from the front side before thinning, back side via etch after

thinning is another approach for through chip contacts. Here, the wafer is

prepared with solder metallization on the front side, glued to a carrier and

thinned. The via etch is then performed from the back side using again

ASE as used in the case of using front side vias. Main difference here is
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the etch stop when the front side oxide is reached. SiO2 sidewall isolation

is then deposited using CVD and the oxide at the bottom of the through

chip interconnect removed using dry etch with anisotropic etch behavior in

SiO2. Finally, all interconnects are metallized together with the back side

solder metal. Figure 3.2 shows the via hole formation starting form front side

preparation and thinning to the metallized via [32, 33].

Si

IMOX

front side
solder metal

Sn

Cu

SiO2 M1 layer

carrier

glue

thinned
chip

a) b) c) d) e)

Figure 3.2: Vias etched from back side in five steps. The front side is prepared

with solder metallization in a), then glued to a carrier and thinned in b) and

vias etched and isolated in c). The bottom connection to the M1-layer is

opened in d) and e) shows the metallized via and back side with Cu and Sn

solder metals.

The vias are very short, as they only reach through the thinned chip and

contact the lowest metal layer (M1) in the circuit. The back side metallization

is created in one step together with the via metal. The deposition of tin (Sn)

finishes the back side metallization [18].

Advantages of back side vias are the extreme short connection length and the

resulting smaller parasitics. Since back side vias only contact the lowest metal

layer M1 in the circuit wiring, wiring is not interrupted by vias and thus

leaves high wiring density and high interconnection density at once. Due to

the short length, via resistances are either lower than in front side vias with

similar footprint or equal with smaller footprint. Both cases bring advantages

to the complete system.

The main disadvantages lie in more back side process steps and the need for

extra back side alignment markers. With front side vias, only one process



3.2 Wafer thinning methods 15

step, the back side metallization, is necessary, while back side vias demand

for three (via etch, isolation and metallization). Furthermore, alignment

markers are given by the vias itself in the front side via process, whereas with

back side vias a plane back side is found after thinning. Yet, solutions for

front-to-back side alignment are available.

Comparing both via processes, each has specific advantages, but also

disadvantages. The decision which, front side or back side vias, is better,

depends on many factors. Extremely high integration density with complex

wiring might only be possible using back side vias.

3.2 Wafer thinning methods

Thinning is an essential part in 3D chip integration, as it keeps via intercon-

nects short and it inproves the heat transfer out of the stack. Most approaches

in chip stacking use top chips with thicknesses between 100 µm and 10 µm. In

all cases, special criteria need to be fulfilled by the thinning process. Firstly,

the back side surface needs to be very even with variations below 1µm. Sec-

ondly, front side and back side must be parallel to achieve via interconnects

with equal resistances, substrate capacities and inductances over the wafer.

And thirdly, variations in the remaining thickness of different chips in the

stack must be small for similar interconnect behavior in all stack layers.

To fulfill all requirements, several thinning methods are available. Possible

is mechanical thinning (grinding), chemical-mechanical polishing (CMP), wet

chemical thinning (etching) and dry chemical etching.

3.2.1 Grinding + CMP

Grinding is a very common method with high material removal rate used in

backend processing for wafer thinning. During grinding, the material is rubbed

off in a coarse way, leaving a surface with high defect density. This surface

is not suitable for further processing without additional smoothing. Further-

more, thickness and parallelism control is due to extremely high removal rates

difficult.
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The use of CMP for wafer thinning in 3D integration seems very interesting, as

it allows good thickness control and creates a polished surface. Problematic is

the low material removal rate, which enforces a combination process together

with grinding. Both methods complement one another, forming a useful pos-

sibility in wafer thinning.

This combination finds its use in wafer thinning with front side vias. The

chip is first of all prepared with vias and front side metallization as described

above. For mechanical stability it is then mounted on a carrier and thinned

down to a certain remaining thickness by grinding. The extremely rough back

side surface is then polished and the chip thinned to its exact final thickness

[34]. Figure 3.3 shows the thinning process in 4 steps after via etch to the

thinned and polishedtogether with grinding. Both methods complete one an-

other, forming a useful possibility in wafer thinning [29].

Si

carrier carrier carrier

Si

a) b) c) d)

Figure 3.3: Thinning process in 3D integration starting with front side via

creation in a), attaching to a carrier in b), mechanical grinding with rough

packside surface in c) and the final chemical-mechanical polishing in d).

Grinding in combination with CMP seems not very complicated, but problems

arise when meeting the requirements for thickness control and parallelism.

Meeting this is the main challenge in this process, as internal process stop

layers are not easily available. Furthermore, alignment makers are not auto-

matically present. Only when front side vias are used, back-to-front alignment

is possible. On the other hand, no preparation before wafer thinning is neces-

sary, which allows the thinning method to a very wide range of applications,

even to 3D integration when used in combination with front side vias.
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3.2.2 Grinding + wet chemical etching using etch stop

technique

Another possible solution for wafer thinning lies in the combination of fast

grinding with chemical etching. Here, as before, grinding is used to thin the

wafer down to a certain limit. Chemical etching (here wet chemical etching)

is then used to smoothen the surface and to reveal previously implemented

alignment markers. This feature is possible due to etch stop layers in the

substrate carrying the alignment and thickness information. In the example

of a silicon substrate, a highly doped acceptor layer (> 5 · 1019 cm−3) forms

the etch stop by slowing the etch rate up to a factor of 20, when KOH (10 %)

is used as etchant [35].

Using this method for alignment, markers are etched in the silicon substrate

and overgrown with a highly boron doped Si epitaxial layer as etch stop

and followed by standard doped epitaxy forming the active layer in the

circuit. The wafer is now ready for standard circuit processing with the first

layer being aligned to the visible markers on the front side. After CMOS

processing, front side solder metal deposition and gluing to the supporting

Si

Si
Cu

carrier
alignment
marker

etch stop
layer

active substrate

backside alignment marker

Sn

a) b) c) d) e)

Figure 3.4: Thinning by grinding and wet chemical etch in 3D integration

starts with a front end wafer preparation in a). Here alignment markers are

etched and overgrown by an etch stop layer and the active substrate. In b), the

circuit process, front side metallization and carrier attachment is done for the

mechanical grinding in c). The wet chemical etch in d) reveals the alignment

markers necessary for back side via etch and metallization in e).
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carrier for mechanical stability is finished, the wafer is thinned by grinding.

The following wet chemical etching removes the remaining silicon until the

etch stop layer is reached, where the etch process slows down. Here thinning

is completed and the via holes are etched and metallized. Figure 4.6 shows

the main steps from etch stop preparation to the finished vias.

The main advantage of wet chemical thinning with etch stop layer lies in

the easy controllable remaining thickness, as it is set by the preprocess

epitaxy. The thickness is not controlled by the thinning process, but during

epitaxial growth of the active layer, as this is the remaining substrate for the

active circuit. Additionally, the implementation of alignment markers, which

allow for front-to-back alignment makes it a very interesting process for 3D

integration with the use of back side vias. The quality of back side alignment

markers after thinning is shown in figure 3.5 [36].

60 m 10 m

Figure 3.5: SEM image of a wafer after thinning using mechanical grinding

and wet chemical etching. The structure (the dots are markers for vias) is

clearly visible and allows for back-to-front alignment.

The most negative point of wet chemical thinning using an etch stop layer

is the preparation of the wafer with alignment markers and epitaxy prior to

circuit processing. This makes additional preprocessing steps necessary, but

it does not influence the actual circuit process. Yet, alignment of the first

lithography step is needed.

Since the choice of thinning process depends on the choice of via hole

technique, the wet chemical etching process is used in the process described

here. It offers everything required for back side vias with its exact thickness

control and the implemented possibility of back-to-front alignment.
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3.3 Electrical and mechanical connection of

two chips

While connecting two chips, the thinned wafer is soldered or glued onto the

base substrate or an existing stack. The connections fulfil certain functions,

such as the mechanical and thermal connection between the upper chips and

the lower stack and the electrical connectivity between different chip layers.

Several techniques are known for mechanical and electrical interconnection of

chips with a substrate. Among them are ball grid arrays (arrays of solder

bumps performing the electrical and mechanical connection) [22] with mini-

mum joint diameters of 25 µm and electrical conductive glues [37] with joints

smaller than 20 µm. Further possibilities of chip connections are metal-metal-

bonding, where two metal contacts are bonded together under high tempera-

ture and pressure, and the solid liquid interdiffusion (SLID) technology already

used for face-to-face chip connection. Both bonding methods were successfully

used in 3D chip stacking [38, 39].

Besides electrical and mechanical connectivity, further properties are required.

Due to multi-layer stacking, bonds in lower chip layers must remain mechani-

cally stable while bonding upper chip layers on top. SLID seems here a very

good choice, as solder temperature and melting point of the alloy are extremely

different [40]. Furthermore, this technique allows for extremely small solder

joints with footprints below 10 × 10 µm2 [8].

The solid liquid interdiffusion is therefore used in this approach. It creates a

high temperature stable metal alloy at much lower temperatures by diffusion of

a solid metal into a liquid metal. Several metal combinations using one metal

with high melting point and a second metal with low melting point, like cop-

per and tin (Cu/Sn), gold and tin (Au/Sn) or gold and indium (Au/In), show

this behavior. The process used here is based on interdiffusion technique, but

especially developed in detail for the Cu/Sn system by Infineon Technologies

and now called SOLID [12]. The following detailed description for soldering

uses the example of copper and tin.

Soldering step by step

Before soldering, the metallizations for this step are created. One metal layer,

here the front side metal of the bottom chip, consists of 3µm electroplated
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Cu. The opposite metal layer, the back side metallization of the top chip,

is formed by 3 µm electroplated Cu and additionally covered by 2µm electro-

plated Sn. Before heating, both metallizations, bottom chip front and top chip

back side, are aligned and pressed together with a pressure of 200 − 400 kPa

(see figure 3.6 a) and b). During heating above 232 °C, Sn liquefies and Cu

starts to diffuse into the liquid metal forming an alloy (figure 3.6 c). In a first

step, Cu6Sn5 grows from the Cu/Sn interface into the liquid Sn. Since Cu6Sn5

is solid below 415 °C and the solder temperature lies at 300 °C, a solid phase

is growing until all Sn is bound in the Cu6Sn5 alloy and the contact is fully

thinned chip
via

oxide

Cu

Cu

Sn

bottom chip

200 – 400 kPa

300°C 300°C

a) aligning back-to-

front

b) pressing samples

together

c) heating up to

300 °C

d) Cu diffuses into

liquid Sn and forms

Cu6Sn5 at the inter-

face

300°C

Cu6Sn5

300°C

Cu3Sn

300°C

e) all Sn bound in η-

phase

f) more Cu-diffusion

forms Cu3Sn at the

interface

g) all Sn bound in

high temperature sta-

ble ε-phase

Figure 3.6: Formation of a solder joint: a) aligning the back side of the top

chip to the front side of the bottom chip; b) pressing the top chip onto the

bottom chip with 200 - 400 kPa; c) heating the chip stack up to 300 °C; d) Sn

liquefies and Cu starts to diffuse into the liquid Sn forming Cu6Sn5 (η-phase)

at the Cu-Sn interface; e) Cu diffuses into liquid Sn until only η-phase exists;

f) further diffusion of Cu into Cu6Sn5 forms Cu3Sn (ε-phase) at the interface;

g) all Sn is bound in ε-phase and soldering is finished.
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solidified (see figure 3.6 d) and e). The phase diagram in figure 3.8 shows the

Cu diffusion into Sn, starting on the right at pure tin and following the dotted

line towards the left. First, the phase diagram shows an alloy stage containing

liquid Sn and Cu6Sn5 (point d), followed by the stage where only η-phase is

present (point e).

Driving more Cu into the Cu6Sn5, the more stable ε-phase (Cu3Sn) forms at

the interface (figure 3.6 f). Following the red line in figure 3.8 from point e)

towards left, shows a solid combination of η- and ε-phase (point f). Figure 3.7

shows the cross section of a solder test where three different metallic phases

Si

Si

Cu

Cu

Cu6Sn5

Cu3Sn

Cu3Sn

Figure 3.7: The cut through a solder test structure shows three phases (Cu,

Cu3Sn and Cu6Sn5), where ε grows at the interface between Cu and η. The

heat process was stopped before soldering was completed for the examination

of the growth behavior.

are visible. On top and bottom lies the Cu layer and in the middle the Cu6Sn5

alloy. The Cu3Sn grows at both interfaces (Cu-Cu6Sn5) towards the middle,

where it forms the thermally stable solder joint. Soldering is finished, when

enough Cu is diffused to form only Cu3Sn in the solder joint shown in figure

3.6 g). In the phase diagram, the solder line ends at point g), where only

ε-phase exists.

After the diffusion process is finished, the high temperature stable Cu3Sn phase

is achieved, which has a melting point of 676 °C. This high thermal stability is

the main advantage of solid liquid interdiffusion compared to other soldering

methods like indium or tin bumps. Remelting during upper level soldering is

not possible which allows for multi layer stacking [8].

The range of different approaches for 3D chip and package integration is wide

with monolithic and hybrid integration. Yet, long wires and low interconnec-

tion densities disqualifies some approaches, especially packaging based tech-

nologies, for future applications with high circuit integration densities.
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Figure 3.8: Phase diagram of Cu-Sn alloy system. Following the red line at

300 °C from left to right, shows the diffusion process in the phase diagram.

The red marked alloy, Cu6Sn5, is the intermediate stage during the SOLID

solder process. Further diffusion forms the yellow marked alloy, Cu3Sn, which

is the final composition with a thermal stability of up to 640 °C. The marked

points along the solder line correspond with the sketches visualizing the solder

process in figure 3.6. [41, 42]

The stacking process discussed in this work is the result of a project with Infi-

neon Technologies in Munich and other partners. Infineon’s experience in the

field of inter chip connection and multi layer chip stacking and the available

machinery at the University of Ulm set the basic structure of the stacking pro-

cess. A hybrid integration process with back side vias is the aim. Thinning

is done by grinding and wet chemical etching using KOH and a highly boron

doped etch stop layer. The Cu based SOLID process is finally used for chip

connection.



Chapter 4

Processing a 3D integrated chip stack

in hybrid technology

The process flow of a 3D stacking technology contains a wide variety of single

process steps. Important for all these steps is to satisfy all given boundary

conditions of a backend process. Therefore, certain techniques, e.g. low tem-

perature deposition and oxidation processes or mechanical and chemical thin-

ning, were implemented and, if necessary, altered. For a better understanding

of the process flow, most names used to describe parts on the samples are

defined in appendix A.1.

4.1 Process overview

The brief overview given here, shows the main process steps from the prepa-

ration of wafers to the final soldering of several layers. All steps are discussed

in the following sections in detail.

The complete integration, shown using silicon, starts with wafer preparation

during circuit processing. Markers are etched into the surface of the wafer and

epitaxially overgrown with a thin highly boron doped layer and a thick layer

(e.g. 10 µm) doped according to the needs of the circuit. Figure 4.1 a) shows

the epitaxy sandwich with the p+-layer and the standard layer containing the

CMOS circuit.

After completing the CMOS process, all following steps have to fulfill the ther-

mal and mechanical requirements for backend processes. In the next step, the

23
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Figure 4.1: Brief overview over the complete stacking process: a) front-end

step with marker etching and epitaxy; b) front side metallization; c) chip is

glued to a carrier for mechanical support; d) mechanical and chemical thin-

ning; e) etching of vias using ASE; f) isolation of vias with SiO2; g) back side

metallization with Cu and Sn; h) soldering on top of a base chip; i) removing

the carrier and cleaning the surface; j) repeated soldering of a second thinned

chip on top.

front-side solder metallization is deposited by electroplating (see figure 4.1 b).

In a third step, a carrier is glued to the front side of the wafer to ensure me-

chanical stability during and after thinning (figure 4.1 c) [18].

Thinning is done in two steps. First, mechanical grinding was performed. It
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has very high thinning rates at low accuracy. The second step, wet chemical

etching with low etch rates, allows a very precise thickness control using the

epitaxial p+-layer as etch stop. Figure 4.1 d) shows the remaining structure.

The following via process is performed using anisotropic silicon dry etching,

which creates vertical sidewalls and is suitable for high aspect ratios (figure

4.1 e). The isolation of all interconnects ensures SiO2 deposition by PECVD

and self healing anodic oxidation (figure 4.1 f). Finalizing the interconnection

processes, the vias are filled with copper. Besides the connections, the back

side solder metallization, consisting of a Cu and a Sn layer, is deposited in the

same step. The complete configuration up to this point is sketched in figure

4.1 g).

The connection between two chips is done using the solid liquid interdiffusion

technology, where a thermally stable phase is created at low process tempera-

ture of up to 300 °C as described in chapter 3.3 [12]. During the heating cycle

of 10 minutes, the thinned wafer on carrier is pressed onto the base substrate

to ensure a strong connection (see figure 4.1 h). After cooling down, the carrier

is released by dissolving the glue. Cleaning the surface prepares the stack for

a subsequent soldering step (figure 4.1 i - j).

4.2 Preprocessing before circuit fabrication

In a process with back side processing, the back-to-front alignment is one of

the main challenges. Especially a thinned chip on a carrier demands alignment

methods other than the common method of taking a photograph of the mask

and aligning the sample front side onto it, as the front side is covered by the

carrier. Therefore, a system using etched markers and an epitaxial etch stop

layer is introduced as discussed in chapter 3.2.2 [35]. This technique is proven

for the silicon system here, but other material systems offer similar thickness

and alignment control possibilities [43].

As first step of this technique, alignment markers need to be etched into the

surface of the blank silicon wafer prior to any CMOS processing. A marker

depth of 1 µm provides enough contrast on the front side after epitaxy for the

alignment without the surface being too uneven for the CMOS process. Figure

4.2a shows the marker profile before epitaxy.

Creating an effective etch stop in the silicon system needs a highly boron

doped layer with a doping concentration of more than 5 · 1019 cm−3. Here, an
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epitaxial layer with a boron doping of 8 · 1019 cm−3 and a thickness of 750 nm

is implemented. Higher doping and thicker epitaxy is not possible due to an

increasing number of lattice defects [44]. The epitaxial layer, which is electri-

cally active in the chip needs to be deposited after the etch stop layer. Besides

the markers, the etch stop also controls the thickness during thinning, because

only the active epitaxy layer remains with a thickness of 10µm and the re-

0

-400 nm

-800 nm

-1.2 µm

0         20 µm  40 µm  60 µm  80 µm

0

-400 nm

-800 nm

-1.2 µm

-1.6 µm

0         20 µm  40 µm  60 µm 80 µm

a) b)

Figure 4.2: Measured profile of an alignment marker for back to front align-

ment a) before and b) after epitaxial overgrowth of 10µm silicon. A reduced

growth rate at the lower corners, as well as a widening on the upper corners

is visible, but the structure remains symmetric.

maining etch stop layer.

After the epitaxial growth of both layers, the shape of the alignment markers

on the surface is altered by the overgrowth and is shown in figure 4.2b. How-

ever, tests show, that the quality of the markers are sufficient for the alignment

of the first lithography step, which forms the basis for all further CMOS steps.

This is due to the fact, that the profile of the markers remains symmetric after

epitaxy. The CMOS processing itself is not discussed here, since it is not part

of this work.

4.3 Front side process

After circuit fabrication, the front side needs to be prepared for 3-dimensional

integration. In this step, the contact pads of the CMOS are metallized and

connected to the solder joints using the solder metallization. Therefore, an
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approximately 10 nm thick Ti:W (30 at% Ti and 70 at% W) diffusion barrier

and adhesion promoter [45, 46] and a Cu (10 nm) seed layer are deposited. Be-

fore the front side solder metallization is created, the structure is formed using

photo lithography. The Cu is electroplated using an electrolyte especially for

semiconductor applications. It allows filling up very small structures with high

aspect ratios. As this metal layer forms one side of the solder joints, which

later connect chips with each other, a fully metallized layer with a thickness

of approx. 3 µm is necessary. Forming the connections from the CMOS metal

stack to the front side solder joints in one electroplating step is the main ad-

vantage of this method, as it avoides extra lithography and deposition steps.

The implementation of CMOS is possible in the process flow, but for all thin-

ning and soldering tests, a simpler dummy chip is used. This chip contains the

dual epitaxy layers with markers, however, CMOS was replaced by an isolat-

ing SiO2 layer of 200 nm thickness (see figure 4.3a). Using this simplification

(in terms of cost, process resources and time) the front side metallization, as

shown in figure 4.3b, is deposited and used for further processing. This sim-

plified chip causes no differences in the process flow compared to a CMOS

chip after etching the connection windows into the metal stack. Therefore,

the front side metal is deposited according to the description above, which is

the last step in front side processing.

a) b)

Figure 4.3: a) Sketch of the cross section of the simplified test structure with

a 200 nm thick SiO2 isolation layer instead of CMOS; b) SEM image of a chip

with a SiO2 isolation layer and a Cu front side metallization with a height of

approx. 3µm.
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4.4 Attachment of supporting carrier

Thinning a chip below a thickness of 50µm means loosing the mechanical

stability for handling. Thus, prior to any back side process, the chip needs a

mechanical stabilization. One option for this is to glue the chip with the front

side onto a carrier. In doing so, there are certain criteria the glue has to fulfil.

Firstly, thermal, chemical and mechanical stability up to 300 °C is necessary,

as some process steps reach this temperature. Secondly, the glue must not

degas, because after both sides are connected, no gas can escape. Thirdly, a

glue, which is dissolvable in a solvent, is necessary for carrier release.

The first two points are satisfied using BCB (BenzoCycloButene) [47, 48, 49].

Since there is no solvent for BCB up to now, which can dissolve it once it is hard

baked, the requirements in point three seem to disqualify it. Nevertheless, tests

with other glue materials did not show any acceptable results and therefore, a

multi layer solution including BCB is used. Two layers in combination allow

the carrier release by a solvent and a satisfactory glue joint.

A material, which is stable up to 300 °C on the one hand and still soluble after

the complete process, solves this problem, if there is no degassing. PMGI, a

deep UV sensitive photo resist, has this properties [50]. Nevertheless, special

treatment is necessary for preparation. Figure 4.4 a) shows the cross section of

this chip and carrier sandwich system. The chips are coated with the release

substrate p+-epitaxy

p--epitaxySiO2
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Figure 4.4: a) The cross section shows the layered chip-carrier structure with

the chip below, covered by the release layer. The glue combines chip and

carrier. b) The thermal curve shows all temperature steps during the gluing

process: i) preprocessing and release layer, ii) glue preparation and iii) curing

of the glue in the vacuum bonding chamber.
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material and a heating cycle ensures a non degas behavior and the chemical

and thermal stability.

In a second step, the chips and the carrier are coated with the glue material.

Both are then connected under vacuum condition by a high temperature cure

step at 250 °C [49]. While curing the glue, chip and carrier are pressed onto one

another to ensure high mechanical stability. The temperature profile applied

during chip-to-carrier bonding is printed in figure 4.4 b).

Using this glue system allows further processing of the back side of the chip.

Advantage of a carrier in this case is not only the mechanical stability it

provides, but also the protection of the sensitive front side with its electrical

circuits.

4.5 Back side process

Performing mostly back side process steps is one of the main advantages of

this approach. Unlike other concepts [29], here, all connections are etched from

behind and the metal stack on the front side is not penetrated. This allows

a high wiring density on the front side as well as a very high interconnection

density on the back side. Nevertheless, every via uses active chip area, which

is lost for active circuitry.

4.5.1 Thinning the chip-carrier system

The thinning process is divided in two separate thinning steps, a fast mechan-

ical grinding and a slow, but precise wet chemical etching as indicated above.

Using a two step process allows to combine high accuracy with a short process

time.

At first, the sample is thinned down to a thickness of 30 to 40µm using me-

chanical grinding. This induces high stress during the process, leaving a highly

defective surface behind. Therefore, the thinning rate is kept high at the be-

ginning, but reduced towards the end of the mechanical thinning process, as

this reduces the crystal defect density at the surface and defect depth into the

substrate.

The following wet chemical etch step requires a low defect density, as on de-

fects etching is sped up and inhomogeneities arise. The advantage of this step
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is a possible etch stop on a highly boron doped layer (p+-layer), as it is imple-

mented in the epitaxy stack like described in chapter 4.2. The ratio between

the standard doped silicon (1·1016 cm−3 boron) and the p+-layer (8 ·1019 cm−3)

is more than 20 [35]. The etch rate of silicon in KOH with different concen-

trations at a temperature of 60 °C in dependence of the boron concentration

is printed in figure 4.5. Following the diagram, the highest etch rate in com-

bination with the highest etch stop ratio is found at a KOH concentration of

10 %. Therefore, this is the solution used for thinning.

Figure 4.5: Etch rate of silicon in different solutions of KOH depending on

the boron concentration. The higher the ratio between lowly and highly doped

Si, the better the etch stop works [51].

The exact chemical reactions during etching in an alkaline solution (like KOH)

are given in equations 4.1-4.4 [51].

Oxidation:

Si + 2 OH− → SiOH++
2 + 1

2O2 + 4 e− (4.1)

Reduction:

4 H2O + 4 e− → 4 H2O
−

4 H2O
− → 4 OH− + 4 H+ + 4 e− → 4 OH− + 2 H2 ↑(4.2)

Silicon reaction:

SiOH++
2 + 4 OH− + 1

2O2 → SiO2(OH)−−
2 + 2 H2O (4.3)
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Complete reaction:

Si + 2 OH− + 2 H2O → SiO2(OH)−−
2 + 2 H2 ↑ (4.4)

As a replacement for KOH, which is not suitable in CMOS production, a metal

ion free alterative is available in TMAH (tetra methyl ammoinum hydroxide).

Both alkaline etch solutions have similar etching parameters and in both, the

etch stop is possible. Using metal ion free etch solutions in silicon production

is important due to the fact, that these metals (i. e. sodium, potassium etc.)

create deep traps in the silicon band structure, which influences the property

of the devices [52]. However, TMAH is not used in the process discussed here,

as it is more difficult to handle, due to its toxicity and flammability.

The maximum sample thickness variation ∆dmax after mechanical thinning,

which the etch stop layer can compensate, is given by

∆dmax = retch · detchstop (4.5)

= 20 · 0.75 µm = 15 µm,

where retch is the etch rate ratio between p+ and p−-Si and detchstop the thick-

ness of the etch stop layer.

The functionality of a highly boron doped layer during etching in a basic solu-

tion was tested on a sample with a residual thickness after mechanical thinning

of approx. 35µm. The result after chemical thinning is shown in figure 4.6.

10 mm

5 m

11 m

not fully
etched

Figure 4.6: back side photograph and SEM images of the chemically thinned

chip module. A mirror like reflectivity disturbed only by the interferences of

the alignment markers shows the high quality of the etch stop. The SEM

images show the structure of the markers on the back side in detail.
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The back side alignment structure is revealed in high quality, allowing very

precise back-to-front alignment. However, small parts at the edge of the sam-

ple shown on the left are not fully etched, either because of higher thickness

or different defect densities after grinding at this corner, or due to variations

in etch rate.

After chemical thinning, the chip-carrier stack is now in the stage as described

in figure 4.1d. The p+ etch stop layer now covering the back side will remain,

because its highly conducting behavior is needed again in a process step later

on.

4.5.2 Etching via holes

After thinning, the chip is ready for the etching of interconnects using a DRIE

(dry reactive ion etch) process. Specifically it is an ASE (anisotropic silicon

etch) process commonly known as ”Bosch Process” [28].

Previous to the actual etching, a low temperature SiO2-layer with a thickness

of 1 µm is deposited [53]. This layer acts as an etch mask and an isolation

layer on the back side. The oxide is structured using photo lithography

(aligned at the markers visible after chemical thinning) and a DRIE process

in a CF4-plasma. This plasma allows etching the SiO2 film with vertical

sidewalls, which is necessary for the following silicon etching. Figure 4.7a

shows the chip-oxide setup.

The ”Bosch Process” is an alternating plasma process with a deposition step

and an etch step [28]. During deposition, a thin polymer layer is formed by a

C4F8-plasma to coat all surfaces, including vertical sidewalls (see figure 4.7b)

[54, 55]. The following etch cycle etches the coating almost anisotropically in

vertical direction and therefore opens a window to the silicon at the foot of the

via (figure 4.7c). The SF6-plasma with its F−-ions etches the Si isotropically

as shown in figure 4.7d.

The etched depth is self determined by the oxide layer covering the front side

of the thinned silicon chip. This oxide is available on a CMOS chip as well

as on the simplified test chip to isolate the front side metallization from the

substrate. The extremely high etch ratio of 1:400 between SiO2 and Si allows

the use of SiO2 as an etch stop layer during via hole etch. Nevertheless,

extreme overetching is problematic, because the etch stop layer increases the

horizontal etch rate leading to ’footing’, a broadening of the bottom in the
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a) b) c) d)

Figure 4.7: Mechanism of the used anisotropic silicon etching following the

”Bosch Process” in an ICP reactor. a) thinned sample with the back side oxide

prepared as the etch mask; b) sample and etched structures fully covered with

the polymer deposited from the C4F8-plasma; c) polymer is etched back at all

horizontal surfaces in the SF6- plasma before the sidewalls are opened; d) SF6-

plasma etches the silicon isotropically and spares the silicon sidewalls covered

by the polymer. Once the sidewalls are uncovered, the next deposition cycle

starts.

vias [56, 57].

A cut through a chip-carrier stack with etched via interconnects is printed in

figure 4.8. Besides the vias, the Cu metallization on the front side is visible,

as well as glue and release layer between the thinned chip and the carrier.

The residual thickness is 10 µm as expected and the alignment between front

release layer (PMGI)

silicon carrier

mask (SiO2)

glue (BCB)

Cu

7 m

9 m

10 m thinned
Si wafer

via

Figure 4.8: SEM image of a cut of a thinned chip with etched via intercon-

nects and a Cu front side metallization. The via dimensions are 7× 7µm2 with

a depth of 10 µm. The Cu-pad measures 9 × 9 µm2 at a thickness of 4 µm.
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and back side allowed for accuracies of approximately 1µm. The back side

is still covered with the oxide layer mask, which will be used further as the

isolation between the back side metal and the silicon substrate.

4.5.3 Isolating via holes

In material systems without semi-isolating substrates, as silicon is, the iso-

lation of the sidewalls of all interconnects is an important step. All leakage

currents into the substrate, either from power or signal lines, disturb the func-

tionality of the circuit.

The following short description on via isolation is to complete the process

flow. The reasons for using this isolation method are discussed in more detail

in chapter 5.

The most common isolating material in silicon circuits is silicon dioxide, as

it is fully compatible with all process steps in any Si technology. There are

several methods to either form or deposit SiO2, ranging from thermally and

anodically grown to deposited out of the vapor phase. But not all methods

are suitable for the isolation of vertical sidewalls in interconnects. Thermally

grown SiO2 has the best electrical quality, but the process temperature of more

than 700 °C for reasonable growth rates, disqualifies this method [58].

Using chemical vapor deposition (CVD) the process parameters need to be

altered to reduce the temperature to a level below 250 °C to adjust it to the

process boundary conditions. Reducing temperatures usually means a de-

crease in oxide quality in terms of uniformity [59] and leakage, as the main

criteria here. When depositing PECVD oxide at low temperatures, the cov-

erage is not conform on vertical sidewalls [60]. The deeper the hole or trench

gets, the thinner the oxide is, even leaving areas at the sidewalls open. These

uncovered areas, called pin holes, allow the via metallization to form a metal-

semiconductor contact with the substrate, leading to high substrate currents.

Especially in vias etched using the ”Bosch Process” with rough sidewalls, ar-

eas are shaded preventing a completely closed isolation. Figure 4.9 a) shows a

via hole with imperfect sidewall isolation. The measurement in b) displays the

electrical behavior of one isolated and metallized via, when measured between

metal and substrate, as shown in the sketch below the diagram. The isolation

layer is deposited using PECVD with SiH4 and N2O at 250 °C.
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a) b)

Figure 4.9: a) Sketch of the deposition pattern of PECVD oxide in via in-

terconnects with a footprint of 5 × 5 µm2 and a depth of 10µm. Pin holes

form due to the weak sidewall coverage and the low temperature during the

process. b) Measurement of the leakage current in one via hole after depositing

200 nm SiO2. The electric behavior is similar to an ohmic contact, leading to

the conclusion of pin holes.

In order to create a fully closed isolation layer with low leakage currents, an-

odic oxidation is performed after the above described oxide deposition. Anodic

oxidation bears the advantage of growing SiO2 on silicon at room temperature

[61]. For anodic oxidation, the sample is placed in an electrolyte (details see

chapter 5.2.1) and a voltage is applied with the sample as anode and a plat-

inum wire as cathode. Of essential advantage is the ability of the process to

close all pinholes completely, as all open silicon surface exposed to the elec-

trolyte is oxidized. However, areas previously covered with SiO2 thicker than

the anodic oxide (here approximately 50 nm) like the bottom of the via or the

back side (the SiO2 etch mask is remaining during anodic oxidation) are not

influenced by the oxidation step.

Figure 4.10 a) shows the areas, where the anodic oxidation grows a thin oxide

layer and seals the weak spots. The improvement of the electric properties

after the anodic oxidation step is very good. The leakage current decreases

from 8 mA to 2 · 10−9 mA by a factor of 4 · 109. The measured curve is printed

in figure 4.10 b) together with a sketch of the measurement configuration.

The isolation to the substrate is now complete, but a through connection is

not yet possible. The metal contact pad on the front side of the thinned chip
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a) b)

Figure 4.10: Through chip interconnect isolation after anodic oxidation. The

sketch in a) shows the weak spots sealed by anodic oxide. The measurement in

b) shows the leakage current of less than 50 nA

mm2 (equals to less than 10−11 A

via
)

at 10 V.

is still covered with SiO2. A window is etched through the isolation layer on

the foot of the via using DRIE with CF4-Plasma, leaving an intact sidewall

isolation, as etching is anisotropic.

4.5.4 Metallization of interconnects

Finalizing the back side processes, the via interconnect metallization is de-

posited using copper electroplating. Electroplating is used here, as it runs at

room temperature and allows deposition of thick metal layers. Furthermore,

it creates fully metallized interconnects, which reduces the through resistance

dramatically.

One challenge in metallizing small vias is the bottom up deposition. This is

essential, because otherwise the via metal closes first on top, leaving voids in

the through metallization. Figure 4.11 shows the back side metallization on

the left and a cut through a chip with fully metallized vias on the right.

Since soldering uses a system with two different metals (Cu and Sn), tin is

deposited again using electroplating right after Cu plating, using the same

photolithographic structure.
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Cu Cu

10 m

cutting line

20 m

completely filled vias

Figure 4.11: Microscope image of the back side after Cu electroplating of

vias and solder pads. A cut through the chip shows the completely filled

interconnects.

4.6 Solder process

During the solder process, the thinned chip is electrically and mechanically

connected to a base chip or an existing chip stack. The process used is called

SOLID (SOlid Liquid InterDiffusion) and was further developed for the Cu/Sn

metal alloy system [12]. SOLID bases on a previously described diffusion

process in metal alloys, where a low and a high temperature melting metal form

an alloy phase, which has a melting point above the process temperature. This

behavior allows repeated stacking of thinned chips onto one another without

any degeneration of previous solder connections.

One important aspect of the SOLID process is the low thermal budget. With

a maximum temperature of 300 °C, it enables a wide field of different circuit

technologies and materials to be implemented, without circuit degradation.

4.6.1 Layout of the solder metal layer

The complete surface of both chips (upper and lower layer) needs to be con-

nected evenly, to achieve a sufficient mechanical stability. Hence, connecting

very large areas at once together with small electrical connections is not pos-

sible, as the aspect ratio between the largest and the smallest joint must not

be too high. Therefore, the chip surface contains rows of electrical joints
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(9×40 µm2) separated by areas with mechanical solder joints with dimensions

of 60 × 60 µm2. Figure 4.12 illustrates the solder metallization with mechan-

ical and electrical interconnects. The separation of mechanical and electrical

solder joints allows a more efficient area usage and a very regular structure. In

this setup, all signal line connections add equal capacities and inductances and

therefore, no different driver designs are necessary for different interconnects.

As shown in figure 4.12, all mechanical joints are the same on both sides (the

back side of the top chip and the front side of the bottom chip). This leads

to a maximum connection area, as it is important for mechanical and ther-

mal connectivity. Electrical contacts however are different. The main reason

therefor are the via interconnections through the top chip and into the metal-

lization layers of the bottom chip. At these areas, mechanical stability is least

and therefore a full solder connection is avoided. Instead, the signal is sent

through a short Cu metal line formed by the front side solder metal to the

solder joint. The small solder bar ensures the electrical connection from the

back side metal to the through chip via. The side view in figure 4.12 shows an

Mechanical
solder joints

Electrical solder joints

60 x 60 m2 15 m 15 m40 m 9 m

Cu

Cu3Sn Sn

SiO2with Al wiring

Si

Si

10 m

10 m

15 m

15 m

350 m to next via double row

Figure 4.12: Layout of the solder metallization between two chips in a chip

stack in top and side view. Mechanical solder joints cover most of the chip

area to give mechanical stability and to carry most thermal flux through the

stack. Electrical solder joints ensure the massive parallel connectivity of the

chip layers.
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electrical solder joint, where the signal runs from the metal stack on the left

part of the joint to the via on the top right.

The dimensions of the electrical solder joints are chosen by the estimated safety

distance between two via interconnects. A distance of 10µm is set as the min-

imum between two vias as well as the minimum between a via and any active

or passive structure in the silicon circuit design. This distance is expected to

ensure the mechanical stability along the rows of vias. For active structures,

defect free silicon is necessary, which should be guaranteed by this distance.

Nevertheless, experiments proving these expectations are not yet carried out.

In fact, reducing the safety distances should lead to higher via densities and

reduced chip usage.

4.6.2 Soldering a chip stack

Soldering is the key process in 3D chip stacking, because it determines certain

parameters. On one hand, the number of chip layers is limited when using

soldering materials with different melting points (higher temperature melting

solder is used in low soldering layers in the stack, while lower melting solder is

used higher up in the stack, preventing remelting of lower solder joints while

connecting higher chips). On the other hand, the solder joint dimensions and

thus the interconnect density strongly depend on the soldering technique. The

solder process used here, does not limit the stacking height (see chapter 3.3)

and allows solder joints with dimensions of 1µm [8].

The connection is achieved by heating the system, while pressing the top chip

with its carrier onto the base stack. The native oxide layers covering both

base chip

Cu

solder joint

10µm

thinned chip

thinned chip

base chip

Cu

Figure 4.13: Both SEM images show the side view of thinned chips with

a Cu/Sn back side metallization soldered on a base chip with Cu front side

metal.
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Base chip with
Cu metallization

Thinned chip with Cu
metallization on the
front side

Figure 4.14: Photograph in top view showing the front side of a soldered chip

stack with one thinned chip on a base substrate. The dotted line indicates the

shape of the top chip.

sides (on the base stack and the top chip) of the solder joints are removed by

an atmosphere of nitrogen saturated with formic acid in the process chamber.

After soldering, the carrier is removed and the mechanical stability for the top

chip is now given by the base substrate below. Figure 4.13 shows SEM images

of thinned chips soldered on a base chip.

Since the front side of the chip is prepared with Cu metallization previous to

thinning, further stacking is possible. Figure 4.14 shows the top view of a

base chip with one thinned chip soldered on top. The dotted line indicates

the shape of the top chip. Both chips, top and bottom, carry front side solder

metallization, which makes it difficult to differentiate.

Further stacking follows the same process as previous solder steps. A stack

with 6 thinned chips on a base chip is realized and shown in figure 4.15. Six

100µm500µm

base chip

base chip

a) b)

Figure 4.15: Mechanical chip stack with 7 chip layers (1 bottom chip and 6

thinned chips).
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thinned chips in one stack is the maximum created in this project, however

this is not the limit of the process. Most likely, other factors, like thermal

conditions, limit the stack height first (see chapter 6).

4.7 Electrical characterization

Besides mechanical properties and its effects on the functionality of active and

passive structures, the electrical properties of interconnects and solder joints

are of essential importance. As the main parameters, through resistance and

isolation are measured. The theoretical value for one interconnect can be

calculated with

Rvia = ρ(Cu)
lvia

Avia

= 1.7 µΩcm
10 µm

25 µm2
= 6.8 mΩ. (4.6)

For the theoretical calculation of the solder resistance, the area and the thick-

ness of the solder joint needs to be estimated at first. The joint area is

40 × 9 µm2 and the thickness is estimated with 5 µm. Using this values in

the equation for solder resistances, a value of

Rsolder = ρ(Cu3Sn)
tsolder

Asolder

= 8.9 µΩcm
5 µm

360 µm2
= 1.2 mΩ (4.7)

is calculated. Both values add up to the complete interconnect resistance of

Ri = 8 mΩ.

During electrical characterization, two different types of interconnects are

measured. In the first case, the connection leads from the top chip through a

via, across a Cu-bridge on the back side and back through a via to the front

side of the thinned chip. The image in figure 4.16 a) shows the electric path

of this measurement, while in b) the measured curve is printed. Subtracting

the internal resistance of the measurement setup (Rsetup ≥ 0.6 Ω mostly

because of the resistance between needle and Cu-pad) from the measured

value of Rmeasure = 2 Ω and dividing it by 2 (each via interconnect carries

the same resistance and the short back side bridge is neglected), a resistance

of Rvia ≤ 0.7 Ω can be assumed. This value is up to 100 times higher than

the theoretical value. This deviation could be due to the impurities in the

electroplated Cu and thus, leading to a higher resistivity compared to the

theoretical value for copper. Furthermore, a high resistance at the connection
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Figure 4.16: a) Image of the measurement path including the needle con-

nections, both measurement pads on the front side, two via interconnects and

a bridge connection in the back side metallization. The measurement curve

in b) shows the IV-characteristic of the bridge shown in a). The measured

resistance of Rmeasure = 2 Ω includes Rsetup ≥ 0.6 Ω, leading to a via resistance

of Rvia ≤ 0.7 Ω.

of front and via metallization is expected. For any metal layer, a diffusion

barrier is necessary, preventing any metal ion transport into the silicon bulk

material. These metal ions would form traps and thus change the properties

of any active components [52]. Diffusion barriers usually consist of tungsten

as the barrier material and parts of titanium as an adhesive material. The

resistivity of both metals is much higher than the resistivity of copper. Thus,

this barrier increases the through resistance. A further problem lies in the

processing of the back side metallization. Before Cu is electroplated, a seed

layer is deposited. Below this seed, a thin layer of oxide exists, also increasing

the resistance.

In a second measurement, the resistance of solder joints is evaluated. The

measured path runs from a measurement pad on the base chip along a Cu

line on the base chip to a solder joint. There, a solder connection to the

thinned chip connects the path through a via interconnect to a measurement

pad at the front side of the top chip. A sketch is shown in figure 4.17

a). The IV-characteristic of this setup in figure 4.17 b) gives a resistance

of Rmeasure = 2.57 Ω. Included in this value is the serial resistance of the

measurement setup with Rsetup ≥ 0.6 Ω and the resistance of the Cu-line

with RCu−line = lCu−line · ρCu−line = 2.8 mm · 4.2 Ω
mm = 1.17 Ω. Subtracting

this values from the measured resistance, a resistance of Rvia+solder = 0.8 Ω
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Figure 4.17: a) Sketch of the measurement setup from the base chip along

a Cu-ling through a solder joint and via interconntect to the measurement

pad on top of the thinned chip. The measurement curve in b) shows the

IV-characteristic with resistance of Rmeasure = 2.57 Ω.

remains. Taking the previously determined value for the via resistance into

account, a value of Rsolder = 0.1 Ω is found and shows that the resistance of

a solder joint is not critical, even for the use of high current carrying power

connections. Since all parasitics are larger than the resistance of a solder

joint, the measurement is not very accurate, but it shows that the resistance

is indeed low, which is very important.

Processing a 3D chip stack is very complex with thinning, via etch,

isolation and chip soldering. Complexity in processing is no hindrance in

semiconductor technology, as CMOS processing shows. The main criteria is,

whether process steps are on wafer scale or chip scale. The approach here

offers full wafer scale processing for all front side and back side processes,

even though it is not demonstrated here, due to limitations of the available

equipment.

The last step, soldering, is possible on wafer level, but not necessarily recom-

mended. Advantages of wafer scale stacking are the high throughput due to

parallel processing of numerous chips and thus the low cost. Disadvantages

however include lost wafer area on thinned chip layers, because the base chip

contains bond pads and is therefore larger. The area between two horizontally

neighboring thinned chips (chips on different neighboring stacks) is then

wasted. Furthermore, one defective chip destroys the complete stack, and a
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selection of known-good-dies is not possible in wafer level soldering.

Chip level soldering on the other hand has a lower through put, as each chip

is soldered individually onto the stack. Advantages however are the stacking

of known-good-dies with high yield and independence of base chip grid top

chip grid on the wafer, which saves chip area.



Chapter 5

Isolation of interconnects

Using through chip vias for electrical connections is standard in other ma-

terial systems, especially gallium arsenide (GaAs). However, the use of this

technique in Si requires more than etching holes through a chip, since semi-

insulating silicon substrates are not available. Therefore, an isolation layer

between the via metal and the Si substrate is essential. Developing a univer-

sal technology calls for more than low leakage currents necessary in digital

circuits, but ultra low leakage currents for analogue devices. A leakage of

Ileakage,via = 1 nA per via (approximately Jleakage = 500 µA
cm2 ) at a voltage of 1 V

was the chosen goal.

5.1 Sidewall isolation

Depositing high quality oxide layers on vertical edges in vias with aspect ratios

of 2 or more is difficult with any available process (LT-PECVD and sputtered

oxide) due to the limited temperature. Therefore, an investigation on oxide

quality was very important to achieve low leakage currents.

5.1.1 Oxide deposition using Plasma Enhanced Chem-

ical Vapor Deposition (PECVD)

As a very common method for isolation in CMOS and other semiconductor

processes, SiO2 PECVD is the first choice also in this case. The main problem

45



46 5. Isolation of interconnects

for a very high quality PECVD oxide is the limited thermal budget in this

process. The maximum temperature here is 300 °C, which is due to the glue

implemented and the release layer between the thinned chip and the carrier.

Reducing the temperature in a PECVD deposition process leads to a loss

in material quality of the deposited films. Two important factors for the

deposition at low temperatures can be found especially when performed in

small via holes with vertical sidewalls and aspect ratios larger than 1. First,

the chemical, mechanical and electrical quality of the oxide films decrease [62],

and second, the homogeneity of the film decreases with decreasing temperature

[59].

Temperature is an important parameter in most chemical reactions, as the

energy in the system increases with higher temperature. In a PECVD process,

the plasma produces the radicals necessary for the reaction, the reaction itself

takes place at the surface of the sample. Thus, the sample temperature is an

important criteria for the reaction speed and the quality of the deposited film.

In case of a silicon dioxide deposition, silane (SiH4) and nitrous oxide (N2O)

are broken up into radicals and follow the following equation:

SiH4 + 2 N2O → SiO2 + 2 H2 + 2 N2. (5.1)

Yet in the plasma, not only the wanted radicals form and react on the surface,

but also several other atomic bonds like Si-H, Si-N, N-O, Si-O-H, N-H, etc.

The lower the sample surface temperature, the more of these unwanted bonds

are created and form electrical traps and impurities in the deposited film. Es-

pecially the O-H bond affects the SiO2 as it decreases the density and the

refractive index and alters the chemical structure of the silicon dioxide film.

Furthermore, it functions as electrical trap and may therefore decreases the

electrical breakdown field. A higher trap density increases the leakage current,

which is an important parameter for the use of this oxide as an isolation film.

An effective dissociation of dangling Si bonds by annealing is not possible due

to the limited applicable temperature in the process.

The low oxide quality is one negative aspect of a low deposition temperature,

but the inhomogeneous film deposition at low sample temperature [59] is far

more problematic. Especially in via holes with its vertical side walls, a homo-

geneous deposition is not essential, yet it is necessary to prevent an only partial

coverage of the side wall and the resulting leakage currents. Experiments have

shown that the film thickness on vertical sidewalls tends to be smaller com-

pared to the horizontal film in one deposition run [7]. Especially deep down
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in small holes (hole size here is 5 µm), the vertical walls are either covered by

a very thin oxide film with pinholes or not covered at all. Both situations lead

to a direct contact of via metal and Si substrate, where high leakage currents

are the result. The reason for this deposition behavior is the low mobility of

all reactants at the deposition surface. Reasons for low migration are on one

hand the high sticking coefficient of silane (or its precursor species SiH3 or

SiH2 for instance) or the low sample temperature on the other hand [63]. In

this case, an inhomogeneous layer thickness results, due to an inhomogeneous

dissipation of reactants at surfaces with different orientation (e.g. horizontal

and vertical surfaces). Figure 5.1 shows the difference in deposition behavior

in small holes or trenches using a method with rapid surface migration (left)

and extremely low surface migration (right). Using deposition with different

reactants with low sticking coefficients (for example tetra-ethyl-ortho-silicate

(TEOS) and its precursors [63]) and high sample surface temperatures, films

with constant thickness, even at the vertical side walls, are the result. Lower-

ing the temperature, the migration slows down or eventually stops completely,

leading to a decreasing oxide layer thickness at the sidewalls deep in the in-

terconnect.
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Figure 5.1: Sketch of oxide deposition with rapid surface migration in a) and

no surface migration in b). (Sketch reconstructed from [64])

The oxide thickness at the sidewalls and the bottom of the via hole for low

temperature deposition with silane and N2O can be estimated using following
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equations:

φvia ≃ arctan
w

d
(5.2)

π

φvia

=
toxide, top

tox, bottom

(5.3)

=⇒ tox, bottom =
tox, top · φvia

π
(5.4)

φvia represents the opening angle, d the depth, w the width of the via and

tox, top and tox, bottom the top and bottom oxide layer thickness, respectively

[60]. Using this calculation and estimating the oxide deposition thickness with

200 nm on the horizontal sample surface leads to 29 nm oxide at the bottom

of vias with 5 µm width and 10 µm depth.

Since the available PECVD technology uses silane and N2O at a temperature

below 300 °C, which is limited due to process reasons, a extremely nonconfor-

mal vertical sidewall is expected. Experiments on PECVD oxide in via holes

gave results supporting this idea. Fabricating a via hole through a thinned
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Figure 5.2: Measurement of the leakage current in one via interconnect using

no isolation (orange curve) and PECVD oxide isolation (violet curve). Both

measurements show similar characteristics in terms of forward and reverse

current. The sketch on the right shows the measurement setup with the oxide

layer and the Cu filled via.
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chip is a very expensive process and therefore a simplification for these exper-

iments was used. A Si substrate was prepared with photoresist and via holes

were etched into the substrate using the ASE process described in chapter

4.5.2. The examined oxide layer was 200 nm thick at the horizontal plane and

therefore, a thickness of approximately 30 nm is expected at the bottom and

the lower sidewalls. After the oxide deposition, the vias were filled with Cu

electroplating. Figure 5.2 shows the side view sketch of this setup on the right.

The leakage current of the isolated via (violet) is shown in comparison to the

leakage current of a non isolated via interconnect (orange). Both curves show

similar characteristics in forward and reverse current. This leads to the con-

clusion, that the oxide layer is not fully closed in certain areas and therefore

direct contact between the silicon and the Cu metallization occurs. Consider-

ing the oxide deposition behavior discussed above, areas in lower parts of the

via sidewall seem uncovered.

Taking the via etching process with its sidewall ripple into account, as de-

scribed in chapter 4.5.2, open silicon surface in deeper areas of the via seems

likely. Since ASE is not forming a microscopically flat sidewalls, some parts

are shaded and the low migration rate at low temperature during PECVD pre-

vents a fully closed oxide layer. Putting all this assumptions together, the low

temperature PECVD oxide forms rather like shown in figure 5.3. Especially

Cu

Cu

Si

Si

pinholeSiO2

Figure 5.3: The sketch shows the expected detailed deposition pattern for

PECVD oxide at low temperatures. The low migration rate prohibits the

complete closure of shaded areas at the ASE ripples (pinholes). Direct con-

tact between Cu and Si leads to high leakage currents comparable to the non

isolated via.
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a non isolated area at the top of the ripples may give direct contact from the

via metallization to the semiconductor, which leads to the Schottky behavior

of the leakage current.

With uncovered areas at the sidewall present, the isolation layer is short cir-

cuited. Yet it is necessary to implement isolation layers between through vias

and the semiconductor, as the used material is not semi-insulating, in fact, the

thinning process even requires a highly boron doped and thus, a highly con-

ductive layer as etch stop (see chapter 4.5.1). Therefore, a method to improve

the isolation layer is necessary.

5.1.2 Isolation improvement

The first idea for creating pinhole free oxide layers is to increase the thickness.

Yet there are several problems with this idea. An increase in layer thickness

is not always possible, for example due to increasing mechanical stress in the

system. But there are more factors, which limit the thickness of the oxide

layer.

Depositing SiO2 with a thickness of 500 nm instead of 200 nm, results in a

sidewall isolation with a thickness at the bottom of 73 nm according to equa-

tion 5.4 in vias with 5µm width and 10 µm depth. Figure 5.4 b) shows the

nonconformal oxide deposited in a deep trench using silane/oxygen reaction

at 450 °C. Here the oxide grown from both sides narrows the trench on top

dramatically, while leaving an extremely thin layer on the bottom. In compar-

ison, part a shows the conform oxide deposition using TEOS at 700 °C leaving

a trench with equal width from top to bottom.

If a deposition of 500 nm SiO2 is necessary, a decrease in cross sectional area

is the result, compared to 200 nm oxide deposition. This leads to a decrease of

cross sectional area in a via with a diameter of 5µm from 16.6 µm2 to 12.5 µm2,

thus, a decrease by 25% at the upper end of the via. Signal lines might tolerate

this increase in resistance, but for power lines, an increasing voltage drop in

turn with an increase in heat might not be tolerable for many applications.

Two ideas seem logical in overcoming the cross sectional area decrease. First,

having more vias in parallel for high current connections decreases the total

through resistance and second, forming wider via holes decreases the through

resistance of each via. Both solutions are very expensive, as both cost wafer

space. As shown before, vias use up active area on the chip, as they completely
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a) b)

Figure 5.4: Part a) shows the conform oxide deposition using TEOS at 700 °C,

while in part b) the silane-oxygen reaction at 450 °C deposits a thick oxide layer

on top and a thin layer below [60].

penetrate the chip to reach the metal layers on top.

Facing all these difficulties with thick oxide layers in via holes, the key seems

not to close all open silicon surface by depositing thick oxide layers, but to use

a different method of oxide creation.

5.2 Full via isolation

The most important criteria for via through connects are low through resis-

tances and minimal leakage currents into the substrate. Since oxide deposition

with the available equipment (PECVD) and the possible temperature range

(below 300 C) does not fully cover the vertical sidewalls, other isolation meth-

ods are considered. Thermal oxidation with its high process temperature of

above 700 C [58] is not suitable as well as deposition methods enabling high

surface migration. One possibility offers anodic oxidation, as it forms high

quality oxides on silicon at room temperature [65, 66]. This enables anodic

oxidation as sealing process or maybe as replacement for PECVD oxide depo-

sition.
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5.2.1 Concept of anodic oxidation

Anodic oxidation is a long known process for forming thin oxide layers with

high quality on silicon [61]. The process takes place in a solution containing

OH−-ions with the silicon sample functioning as anode and a non reactive

platinum cathode. Once a voltage, the so called formation voltage Vf is ap-

plied, negative hydroxide ions a driven by the electric field towards the anode,

where they react with the silicon atoms to form SiO and SiO2. The necessary

electrochemical potential to start the reaction is given by the voltage drop

occurring at the interface between solution and Si. The following chemical

equations show the basic reactions at the Si interface (anode) and the cathode

using water as electrolyte [67]:

cathode:

2 H3O
+ + 2e− → 2 H2O + H2 ↑ (5.5)

in electrolyte:

2 H2O ⇆ H3O
+ + OH− (5.6)

anode:

Si + 2 OH− + 2 h+ → SiO2 + H2 (5.7)

Si + 4 OH− + 4 h+ → SiO2 + 2 H2O (5.8)

Si + 2 H2O + 4 h+ → SiO2 + 4 H+. (5.9)

Once a thin layer of SiO2 forms, OH− diffusion through the oxide starts. The

electric field across the newly formed layer is resulting from the applied forma-

tion voltage. It is then the dominating parameter in the system, as it regulates

the ion flow through the oxide. The system is self regulating, as a high field

drives a high ion current density, while a low electric filed drives less or no ions

through the oxide. The reaction depends on a critical electric field Ecrit across

the grown oxide. This means, by applying a maximum formation voltage,

the process is self terminating, as with growing oxide thickness, a decrease in

the oxide field occurs and thus the ion current density decreases and oxide

growth stops when falling below the critical field. This enables the process for

a very exact oxide thickness control through the maximum formation voltage.
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The dependence of oxide thickness and formation voltage was experimentally

derived using different electrolytic solutions. The critical field Ecrit varies for

different electrolytes. Reasons for this might be, for example, the different

electrochemical potential or different barrier energies between electrolyte and

oxide.

The linear relationship between oxide thickness tox and the formation voltage

Vf [68] is given by the reciprocal value of the critical electric field 1
Ecrit

plus a

constant thickness tconst:

tox = 1
Ecrit

· Vf + tconst. (5.10)

The experimental data shown in figure 5.5 proves this linear dependence of ox-

ide thickness and formation voltage. Three curves represent experiments with

different electrolytes. The upper curve gives the results of water as electrolyte

with Ecrit = 8.3 MV
cm . Middle and lower curve are representing experiments

with ethylene glycol and 0.05 M KNO2 and 0.05 M KNO3 (middle) and 0.02 M

KNO2 and 0.02 M KNO3 (lower curve after [68]) as additives. Both show sim-

ilar critical electric fields with Ecrit,red = 17 MV
cm and Ecrit,blue = 19 MV

cm .

During the process, the formation voltage is limited according to the desired

oxide thickness. Yet, the oxidation current density should be limited, as higher

current densities result in lower oxide quality [66]. With limited current den-
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Figure 5.5: Oxide thickness as function of formation voltage using water

(upper curve), ethylene glycol with 0.05 M KNO2 and 0.05 M KNO3 (middle

curve) and ethylene glycol with 0.02 M KNO2 and 0.02 M KNO3 (lower curve

after [68]) as electrolytic solution. The critical electric field, the limiting factor

for oxide thickness is depending on the electrolytic solution.
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sity, the applied voltage changes during the process from several volts at first

up to the maximum formation voltage. During this period, the current is con-

stant, while the voltage increases. Once the maximum voltage is reached, the

current drops until it reaches a constant level [65, 69].

Since anodic oxidation forms conform oxides with high quality, it seems to

fulfill all criteria necessary for via isolation. Yet, very long process time and

reactions with the front side metallization (discussed later in chapter 5.3.3)

limit the applicable oxide thickness. Due to the electrolyte oxidizing the front

metal at the via bottom, the oxide isolation layer is not etched open after via

etch, but left as protective layer during via isolation. This protector needs

to be removed after anodic oxidation to perform a full metal contact through

the chip using the back side metallization. Opening the via foot is done using

DRIE with CF4-Plasma, as it etches anisotropic and thus leaves the sidewalls

almost unaffected. Yet, the anodic oxide is thin, when grown at reasonably

low voltages, and is therefore hidden below a thick PECVD oxide covering the

top of the via. In figure 5.6 a), a via with anodic oxide isolation is sketched.

Before etching, the isolation is fully closed, whereas after etching, small areas

are opened to the silicon surface leading to substrate connections. In part b),

before etching after etching

open Si 
surface

Cu pad Cu pad

Si

anodic oxide combined oxide

etch
mask

contact
window

contact
window

before etching after etching

a) b)

Figure 5.6: The sketch in a) shows the via with anodic oxide isolation before

and after opening the window to the front metallization. Small parts of silicon

surface are unprotected leading to high leakage currents into the substrate. In

b), the prior to anodic oxidation deposited PECVD oxide layer narrows the

via on top slightly and thus protects the thin anodic oxide at the bottom from

the anisotropic SiO2 etch in CF4 plasma, where oxide is only vertically etched.
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the combined oxide prevents this scenario by providing thicker oxide at the

top of the via, where etching is most critical for the via isolation. Electrical

characteristics are not strongly influenced by this dual isolation process, as

shown in chapter 5.3.2

Growing anodic oxide after PECVD oxide deposition allows to seal all isolation

pinholes with oxide of a thickness given by the formation voltage. Yet, the

electric field is now not homogeneous like in the ideal case without previous

oxide deposition. However, all reactions remain the same, leading to higher

growth rate wherever oxide is thin and slow or no oxide growth at thicker

oxides. Figure 5.7 gives a detailed sketch of the reactions at the anode during

anodic oxidation as well asthe local electric field across the existing oxide layer.

Performing this dual isolation process adds one unknown parameter for the

anode Pt cathode

OH

H3O
+

H2 escapes

formation voltage Vform

OH

OH

~0 V

growth rate is driven by E field;
high electric field leads to high OH
flux and thus high oxide growth rate

electrolyte

Si
Si

ohmic contact

Vform

Si + 2 OH + 2 h+ SiO2 + H2

Si + 4 OH + 4 h+ SiO2 + 2 H2O
Si + 2 H2O + 4 h+ SiO2 + 4 H

+

Figure 5.7: The sketch describes generally the main process during anodic

oxidation. Two main ion movements are important in all electrolytes, namely

OH− movement towards the anode and H+ towards the cathode. Once OH−

ions reach the oxide layer at the anode, an activation is necessary for extracting

them into the oxide. The ion diffusion through the oxide is driven by the

electric field. The higher the field, the higher is the ion current and thus the

local oxide growth rate (see insert on the left: thin arrows represent low and

thick arrows high ion current). Drops the electric field below a certain value,

the oxide growth stops.
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anodic oxidation step. Since current density during oxidation is influencing

the oxide quality [66], the area of open silicon surface needs to be known.

Since no exact open area can be measured, as it depends on the coverage of

the PECVD oxide in the vias and the number of vias lying open in the oxi-

dation solution, a good estimation is essential for growing high quality oxide.

Considering the geometry of the oxidizing equipment used (described more in

detail in chapter 5.2.2 and figure 5.8) a chip area of 25× 25 mm2 is connected

to the electrolyte. With the chip layout shown in figure 4.12 the number of

exposed vias is calculated. Vias are placed on the chip in double rows with a

separation of 15µm. Each double row has a distance of 350µm to the next

via row. The via dimensions are measured using the via shown in figure 5.20

with a diameter of dvia = 6 µm and a depth d = 10 µm (the remaining chip

thickness after thinning). Since vias are pre-isolated with PECVD oxide, the

degree of coverage is the main information needed to calculate the oxidizing

area. Assuming that at the lower half of vias each scallop is covered half with

oxide (see figure 5.3) leads to 25 % coverage in vias (ccoverage = 0.25). Adding

up, the following calculation results:

2 rows
side length

row separation
= 2 rows

25 mm

350 µm
≈ 143 rows

row length

via separation
=

25 mm
row

15 µm
via

≈ 1667vias
row

143 rows · 1667vias
row ≈ 240000 vias (5.11)

dvia · π · d · ccoverage = 6 µm · π · 10 µm · 0.25 = 4.7 · 10−7 cm2

via

4.7 · 10−7 cm2

via · 240000 vias ≈ 0.11 cm2. (5.12)

Now all necessary parameters are available for performing a dual via isolation

process.

The main topic here is not the growth of anodic oxide and its examination in

terms of stoichiometry for instance, but two criteria are essential: the break-

down voltage needs to be higher than the supply voltage, which was planned to

be below 5 V, and the leakage current must be below 1 nA per via. Therefore,

these two parameters were mainly investigated during this work.
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5.2.2 Quality of anodic oxide

In several experiments on flat samples, the possibilities for isolation improve-

ment using anodic oxidation are investigated. For this purpose, polished

silicon samples are anodically oxidized to evaluate the necessary parameters

like time, electrolyte, formation voltage, current density and setup. Further-

more, the oxide quality needs investigation, as future plans for 3D integration

are directed towards the integration of analogue devices, especially analog

neural networks with signal currents of about 1µA. Considering this, the

maximum leakage current in one interconnect is limited to approximately

1 nA.

In the past, different electrolytes were used for anodic oxidation of silicon,

like concentrated nitric acid [61] or water [70]. In the 1960s, the aim was

mostly the growth of thin high quality oxide films used as gate oxide in

MOS transistors. Here usually organic solvents like methylacetamide or

ethylene glycol found use in combination with potassium nitride (KNO2)

and potassium nitrate (KNO3) [68]. Since 3D integration, with its complex

process, limits the choice of applicable solvents dramatically, the simplest

electrolyte, water, is chosen as it is fully compatible with the process and its

functionality was proven before [70, 71].

In a first experiment, SiO2 is grown on a flat boron doped silicon substrate

using a highly aluminium doped back side as ohmic contact. The equipment

used for oxidation consists of a sealed chamber with a metal contact to form

the electrical contact to the sample. The chamber has a window for the front

side of the sample, where contact to the electrolyte is made. The window

used here, has dimensions of 25 × 25 mm2. The setup is drawn schematically

in figure 5.8 a). The photo in figure 5.8 b) shows the setup in reality while

oxidizing a sample. The cathode is placed into the solution using a platinum

wire. It is coiled up on a ring centered above the window to minimize the

electrolyte resistance between cathode and SiO2 surface.

Oxidation using water as electrolyte

Since anodic oxidation uses OH− ions to form SiO2, a very basic material con-

taining OH−, namely water, lies near to be used. Deionized water is almost



58 5. Isolation of interconnects

+
_

sample

contact
plate

anode
contact

cathode
contact

platinum
cathode

oxidation
window

anode connection is sealed from electrolyte

electrolyte

a) b)

Figure 5.8: Part a) on the left shows the cross sectional sketch of the oxidation

setup used for 3D integration. Several specifications led to the final setup,

which enables the connection of the sample with the current source in an

electrolyte free environment. Furthermore, glue and especially release layer

are very sensitive to some electrolytes and also the attack of OH− ions. The

only contact between sample and electrolyte happens in the oxidation window.

insulating, due to self ionization, a minor conductance remains. During move-

ment of the H2O molecules and the opening of hydrogen bonds, occasionally

O-H bonds open and H+ and OH− ions remain in the solution. After a certain

lifetime, H+ and OH− react and form H2O. This reaction leads to an average

OH−-ion concentration in water of 10−7 mol
l at 22 °C [72]. Applying an electric

field between two electrodes in water, an ion current starts separating hydro-

gen and hydroxide ions. Using this self ionized OH− ions is the aim of anodic

oxidation in water.

An ohmic contact at the back side is formed. Removing native oxide before

oxidation is necessary to enable assumptions about the anodic oxide with-

out influences by any native oxide. The sample is mounted on the oxidation

equipment and placed into deionized water. To prevent very high oxidation

rates, a current source is connected, driving a current density of 0.03 mA
cm2 . A

maximum voltage in the supply is set to usually 40 V, which leads to approx.

50 nm oxide. Both values, the 40 V formation voltage and the current density
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with 0.03 mA
cm2 , are derived from previous experiments. Oxide thickness was

measured to be 47.6 nm with a refractive index of 1.46 using ellipsometry.

After depositing a photolithographically structured 100 nm thick aluminium

layer, several planar MOS-diodes with different areas are available for measure-

ment. As the ohmic contact in the system the previously annealed aluminium

contact on the back side is used. In a first measurement, the leakage current

and the breakdown voltage is determined.

The measured characteristic of anodically grown oxide in water is shown in

figure 5.9. Electrical properties of the oxide are a leakage current density of

1.6 · 10−2 mA
cm2 at 2 MV

cm and an electrical breakdown field of 9.4 · 106 V
cm for this

planar MOS structure. Calculating the equivalent leakage current in one via

a value of 13.9 pA can be extracted.

In addition to leakage current and breakdown field measurement, the

capacitance-voltage (C-V) behavior is investigated. With this method, it is

possible to get information about charges in the anodic oxide. Three different

types of charges are identified in thermal oxide (anodic oxide is expected to

behave similarly), which might influence the leakage current and the break-

down field. Mobile ionic charges Qm are associated with free moving ions like
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Figure 5.9: The measurement shows leakage current density J versus electric

field E of anodic oxides grown in water with Jstart = 0.03 mA

cm2 for 5 hours. The

measured voltage is given at the top axis. The measurement setup is shown in

the sketch in the right.
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Na+, K+ or OH−, while oxide trapped charges Qot are locally fixed in the

oxide. Fixed oxide charges Qf are thought to be bound to their position in an

intermediate layer of about 3 nm thickness between Si and SiO2 and cannot be

charged or discharged [52]. Figure 5.10 shows a sketch indicating the charges

in the MOS structure.

+ + +

+ + + + + + + +

K+
Na+

mobile ionic charge (Q
m
)

oxide trapped
charge (Q

ot
)

fixed oxide charge (Q
f
)

metal

SiO2

SiOx

silicon

Figure 5.10: Charges in oxidized silicon are found as mobile ionic charge

Qm, oxide trapped charge Qot and fixed oxide charges Qf . (Reconstructed

after [73])

All three charges are influencing the C-V measurement by a voltage shift of the

measured curve compared to the ideal MOS C-V curve. The flatband voltage

VFB is measured when flatband condition is reached or derived from the curve

at the flatband capacity CFB. This value is calculated using

CFB = C0 ·
tox

tox + ǫox

ǫs

√

kT ·ǫ0ǫs

NA·q2

, (5.13)

with oxide capacitance C0, vacuum permittivity ǫ0, relative permittivity of

SiO2 ǫox and silicon ǫs, Boltzmann constant times temperature kT , the accep-

tor doping NA (full activation is expected) and the elementary charge q [52].

Figure 5.11 a) sketches the voltage shift VFB between the ideal and the real

C-V curve.

Using VFB, the complete oxide charge density Q0, including all types of charges,

is estimated by

Q0 = C0

(

φms

q
− VFB

)

= Qf + Qot + Qm (5.14)

with work function difference between metal and semiconductor φms ≡ φm −

(χs +
Eg

2 − (Ei − EF )) [52]. φm represents the metal work function, χs the



5.2 Full via isolation 61

V
FB

C
FB

C0

C

V

idealreal

C

V

V

prebias point

prebias point

C
FB

a) b)

Figure 5.11: Part a) shows, where the flatband voltage VFB is measured and

the oxide capacitance C0 and flatband capacitance CFB. In part b), ∆V indi-

cates, where the mobile ionic voltage shift is extracted. The arrows next to the

C-V curves indicate the measurement direction with increasing or decreasing

voltage. (Part a) reconstructed after [52])

semiconductor electron affinity, Eg the semiconductor band gap, EF the Fermi

level and Ei the intrinsic Fermi level.

By measuring the C-V curve of MOS structures after applying a negative bias

with increasing voltages followed by a measurement with decreasing voltages

after positive bias is applied, a hysteresis is found in the curves, if mobile ionic

charges are present. This voltage shift ∆V quantifies the charge density of

mobile ions by

Qm = ∆V · C0 [74]. (5.15)

Figure 5.11 b) shows the hysteresis of two prebiased C-V curves and the re-

sulting voltage shift ∆V .

The C-V measurement of anodic oxide grown in water with a gold MOS contact

is shown in figure 5.12. The oxide capacitance is measured to be C0 = 7.9 pF

leading to a flatband capacitance of CFB = 5.23 pF. The flatband voltage is

then derived to VFB = −2.8 V and the voltage shift due to mobile ions to

∆V = 1.35 V. The complete oxide charge of the MOS capacitor is then calcu-

lated to Q0 = 2.1 · 10−11 C. The charge density is N0 = 2.2 · 1012 cm−2. For

mobile charges, a density of Nm = 1.1 · 1012 cm−2 is determined (detailed cal-

culations and material parameters are given in appendix B). In comparison,

in thermally grown SiO2, both, N0 and Nm, are above typical values of 1010

to 1012 [74].

The high process temperature during thermal oxidation might reduce the

charge densities. Therefore, annealing is performed at 200 C for 10 minutes.
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Figure 5.12: C-V measurement of anodic oxide grown in water with C0 =

7.9 pF, CFB = 5.23 pF, VFB = −2.8 V and ∆V = 1.35 V. The arrow indicates

the measurement direction. The measurement is performed on the sample

measured in figure 5.9. Important properties for the calculations are the silicon

doping of NA = 1 · 1016 cm−3 and an oxide thickness of 47.6 nm.

The following measurement on equivalent MOS capacitors is shown in figure

5.13. An oxide capacitance of C0 = 8.15 pF leads to an flat band capacitance

of CFB = 5.3 pF. The flat band voltage and the voltage shift are extracted

form the measurement to be VFB = −3.5 V and ∆V = 1.75 V, respectively.
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Figure 5.13: C-V measurement of anodic oxide grown in water after annealing

at 200 C for 10 minutes with C0 = 8.1 pF, CFB = 5.3 pF, VFB = −3.5 V and

∆V = 1.75 V.
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After calculation, the complete charge density with N0 = 2.8 · 1012 cm−2 as

well as the mobile charge density with Nm = 1.3 ·1012 cm−2 is increased. More

charges might be activated by the temperature treatment, or some ions like

OH−, which were previously compensating other charges, are driven out of the

oxide, leaving an evidently higher charge. Closer investigation on this behav-

ior, however, is not done, as the main interest here lies in the breakdown field

and the leakage current. Both have not changed during the annealing step.

In order to find the best process for via isolation, a second electrolyte was

tested.

Oxidation using ethylene glycol based electrolyte

Literature states several different electrolytes possible for anodic oxidation.

One alternative to water is ethylene glycol enriched with 0.05 M KNO2 and

0.05 M KNO3, which promises very low leakage currents [68].

After preparing two planar samples and native oxide removal, the sample

is oxidized using ethylene glycol based electrolyte. The parameters for the

process are determined to 80 V formation voltage for 50 nm oxide and a

current density of 0.8 mA
cm2 and 0.08 mA

cm2 , respectively. Two different current

densities are used to see the influence on leakage current and breakdown field

of the grown oxides. The oxidation duration is with 24 hours much longer

than in the case with water as electrolyte.

The oxide on both samples is measured to be 48 nm using ellipsometry. Com-

paring both samples, the performance of the low current anodic oxide exceeds

the high current oxide in both criteria, leakage current and breakdown field.

Figure 5.14 shows both measurement curves with leakage current density

versus electric field across the oxide. Also given is the measurement of oxide

grown in water as shown in figure 5.9. The measurement is performed on a

planar MOS structures using the back side ohmic contact and a deposited

titanium-gold (Ti lies below Au) metallization. The measurement setup for

this experiment is given on the right in figure 5.14.

Comparing all three samples, the breakdown voltage Vbr is almost identical in

all three oxide layers with about 9 MV
cm . However, differences in leakage current

densities J are apparent in all three measurements. Best is the oxide grown

in ethylene glycol with low current density with 1 · 10−4 mA
cm2 , followed by the

high current ethylene glycol oxide with 7 · 10−4 mA
cm2 (all measured at 2 MV

cm ).
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Figure 5.14: The measurement shows leakage current densities J versus elec-

tric field E of two anodic oxides grown with 0.8 mA

cm2 (red curve) and 0.08 mA

cm2

(blue curve) oxidation current density in ethylene glycol. Additionally given

is the measurement result of oxide grown in water with 0.03 mA

cm2 (green curve)

and Vf = 40 V (tox = 47.6 nm). The measurement setup is shown in the sketch

in the right.

The highest leakage current density is found in the oxide grown in water with

1.6 · 10−2 mA
cm2 , compared to both ethylene glycol samples higher by a factor of

23 and 160, respectively.

Here, again as before, the oxide charge is analyzed by C-V measurements. The

first measurement (red curve) is used to derive the flatband voltage, while the

second (blue) and the third (black) measurement with their hysteresis after

prebiasing allow to determine the voltage shift due to mobile ionic charge.

The measurement printed in figure 5.15 is taken on the sample with high

oxidation current (red curve in figure 5.14) and shows a flatband voltage of

VFB = −12 V and a voltage shift of ∆V = 1.95 V. The densities for complete

and mobile ionic charge lie at N0 = 7.1 · 1012 cm−2 and Nm = 1.2 · 1012 cm−2.

Both values are higher than in case of oxide grown in water based electrolyte,

however the ethylene glycol oxide shows better leakage behavior.

Annealing the oxide increased the charge density in case of the water based

electrolyte. The complete and mobile ionic charge for oxide grown in ethylene

glycol, however, is decreased after a treatment of 200 C for 40 minutes in N2

atmosphere, as figure 5.16 shows. The value N0 = 3.9 · 1012 cm−2 dropped by
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Figure 5.15: C-V measurement of anodic oxide grown in ethylene glycol with

C0 = 77 pF and CFB = 49 pF. The arrow indicates the measurement direction.

The first measurement (red) is used to derive VFB = −12 V, while the second

(blue) and the third (black) are used for ∆V = 1.95 V. The measurement is

performed on the sample measured in figure 5.14 (red curve)

a factor of almost 2, while Nm = 1.2 · 1012 cm−2 even decreased by a factor of

4. This change might be possible due to different oxide growth conditions in
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Figure 5.16: C-V measurement of anodic oxide grown in ethylene glycol

with C0 = 77 pF, CFB = 49 pF, VFB = −12 V and ∆V = 1.95 V. The arrow

indicates the measurement direction.
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ethylene glycol based electrolyte.

The second sample oxidized with ethylene glycol (low oxidation current den-

sity) shows similar behavior compared to the other ethylene glycol oxidized

sample (see figure 5.15). The flatband voltage is with ∆VFB = −13.2 V

even higher and the mobile ionic voltage shift lower than before (see fig-

ure 5.17). Complete and mobile ionic charge densities are calculated to

N0 = 7.4 · 1012 cm−2 and Nm = 9.1 · 1011 cm−2, respectively. A correlation

of oxide charges and leakage current is not found, as both ethylene glycol

samples have high oxide charges, while having low leakage currents. In

comparison to this, the sample grown in water shows lower charge densities

with higher leakage. A thermal treatment changes the oxide charge, but not

the leakage and breakdown characteristics.
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Figure 5.17: C-V measurement of anodic oxide grown in ethylene glycol (low

oxidation current) with C0 = 73 pF and CFB = 47 pF. The arrow indicates

the measurement direction. The first measurement (red) is used to derive

VFB = −13.2 V, while the second (blue) and the third (black) are used for

∆V = 1.6 V. The measurement is performed on the sample measured in figure

5.14 (blue curve)

Most important for anodic oxide is the question whether the oxide layer fulfils

the minimum criteria for through chip vias in terms of breakdown voltage

and leakage current. The requirement for breakdown voltage is given by

a minimum of 5 V, definitely met by a 48 nm thick oxide layer. In fact, a
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layer with 6 nm with the measured breakdown field fulfils this requirement.

In terms of leakage current, the maximum leakage for one via needs to be

calculated at first. Having vias in this process with 6µm diameter and

10 µm height and thus a sidewall area of 1.9 · 10−6cm2, leading to leakage

currents of 0.19 pA for the low current oxide grown in ethylene glycol. The

leakage current per via of grown with high current density in ethylene glycol

calculates to 1.33 pA, while the oxide grown in water has 30.4 pA equivalent

leakage current (all derived for 2 MV
cm ). All values are absolutely suitable for

interconnect isolation, even in analogue circuitry.

All in all, these experiments show that anodic oxidation has the potential

for growing oxides with sufficient quality and with its self sealing behavior it

opens a good possibility for via isolation. However, oxidizing very small via

holes in a 10 µm thick silicon chip is a more challenging than oxidizing flat

silicon surfaces.

5.3 Anodic oxide in interconnects

From oxidation experiments on flat samples to anodic oxide in vias, several

other process steps and boundary conditions need to be considered. Especially

handling thin wafers on carriers in different electrolytes is a challenge. Fur-

thermore, all thinned elements have a highly boron doped etch stop layer on

the back side (the side which was openly accessible) where oxide quality has

to be evaluated at first.

5.3.1 Oxidizing a thinned sample

As the thinning process stops on the etch stop layer of highly boron doped

silicon (see chapter 4.5.1), oxides grown on Si with a high boron content need

to be evaluated. Furthermore, there was no information found on the influ-

ence of anodic oxidation on thinned chips and since via etching is very time

and cost consuming, as it is done externally, first evaluations are done using

thinned elements without via interconnects.

The oxidation of thinned samples is done in ethylene glycol based electrolyte

and 0.05 M KNO2 and 0.05 M KNO3. The sample is prepared exactly following
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the developed 3D process until after wet chemical etching. To achieve a suffi-

cient electric contact to the sample, the highly boron doped layer at the back

side is used. Afterwards it is placed in the oxidation equipment described in

figure 5.8. For thinned samples, contact to the current source is created using

clamp springs from the metallic sample holder to the highly boron doped back

side. To achieve better connectivity, a metal ring is deposited on the highly

doped layer outside the oxidized area (see figure 5.18 a). In figure 5.18 b) the

slightly modified setup is printed, focussing on the sample and its electrical

connection.

contact improvement metallization

oxidation window

electrolyte

anode contact

p+-layer

carrier

Si

anodic oxide

contact plate

Pt-cathode

contact
spring

a) b)

Figure 5.18: Setup used for anodic oxidation of thinned samples. Part a)

shows the used contact improvement metallization ring of gold to ensure proper

contact between the contact springs and the highly boron doped layer. Part

b) shows the sample placed in the oxidation holder. Electrolyte is only in the

oxidation window in contact with the sample.

Due to missing information about oxidizing highly doped silicon layers with

boron concentrations of 8 ·1019 cm−3 anodically, current density and formation

voltage were set to 0.16 mA
cm2 and 80 V, respectively. The oxidation duration

lies above 20 hours. For electrical characterization, small MOS contacts with

dimensions of 150 × 150 µm2 are deposited, consisting of Ti/Au. Figure 5.19

shows leakage current measurements of the thinned sample (light blue) and

the planar samples in comparison, as well as the schematical measurement

setup.

The thickness is determined to approximately 48 nm by the applied formation

voltage of Vf = 80 V, as ellisometry is not suitable for thinned samples. Com-
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Figure 5.19: The light blue measurement curve shows the leakage current

density of oxide grown on a thinned sample on a carrier. The top surface of

the sample before growth consists of highly boron doped silicon. In comparison

to oxide grown on plane light doped silicon, the leakage current is increased,

but the breakthrough voltage remains the same. On the right side, the sketch

shows the measurement schematically.

paring the oxide on a thinned sample with the oxide having identical growth

parameters on a planar sample, a leakage current increase of up to a factor of

15 is found. This decrease in performance might come along with the strongly

suspected incorporation of boron in the SiO2. It seems that boron is not only

an acceptor in Si, but it also influences the leakage current of anodically grown

SiO2 negatively. Yet, comparing breakdown voltages, no significant difference

is found having 9.3 · 106 V
cm for the planar oxide and 9.6 · 106 V

cm for the oxide

on the thinned sample.

Besides the oxide quality, which is sufficient in terms of leakage current and

breakdown field, another important information results from this experiment:

It is possible to perform this process on a thinned sample glued to a carrier.

5.3.2 Oxide in via holes

Parallel to tests on oxidation of thinned wafers, the quality of oxides in via

holes needs to be evaluated. Therefore, the via process, using original dimen-
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sions of 5× 5 µm2 in a SiO2 mask, is performed on standard Si samples with a

thickness of 760 µm creating via stubs with a depth of more than 10µm. Us-

ing these test samples, different isolation methods are characterized. Besides

electrical quality of the isolation, another important issue in the process needs

experimental reassurance. Since ethylene glycol, the currently used electrolyte

basis, has high viscosity, wetting of all Si surfaces is uncertain especially in

very small via stubs. Thus, leading to two different isolation scenarios for vias,

where on one hand only anodic oxide is grown in the via hole. On the other

hand, previous to anodic oxidation, a PECVD oxide layer is deposited. Both

measurement results are set in comparison with characteristics of non-isolated

and PECVD-isolated vias.

During sample preparation, it is important to keep process influences of the

etch process at a minimum. Therefore, one sample is prepared with a thick ox-

ide layer and structured by lithography and dry reactive ion etching (DRIE).

The subsequent via etch process is performed using the ”Bosch process” as

described in chapter 4.5.2. The oxide side isolation. The sample in the SEM

image was prepared by cleaving to achieve a very good perspective from the

side.layer used as etching mask remains as back side isolation, enabling char-

acterization of the oxide in the vias only. Previous to the via etching process

with its oxide, an ohmic contact is created on the back side. This contact is

5 µm

10 µm

6 µm

900 nm

backside isolation / 
via etch mask

Figure 5.20: The SEM image shows the structure of test samples for isolation

tests. Due to process specifications, all samples are covered with a thick oxide

layer on the previous to via etching. This layer is used as etch mask and back

side isolation. Via dimensions on the test sample are 6µm diameter due to

process inaccuracy (mask design: 5 × 5 µm2) and 10 µm depth.



5.3 Anodic oxide in interconnects 71

used for electrical connection during anodic oxidation and later during oxide

characterization as substrate contact. Splitting the sample into four equal

pieces ensures no preprocessing differences and thus allows for measurement

comparison. Figure 5.20 shows the SEM image of one via with a 900 nm oxide

layer used as etching mask and back side isolation. The sample in the SEM

image was prepared by cleaving to achieve a good perspective from the side.

Having four equally prepared samples, different isolation methods are exam-

ined in terms of leakage current as the main quality criteria for the aimed

application. One sample is left non-isolated functioning as reference. The sec-

ond and fourth sample are isolated with 200 nm PECVD SiO2. Sample three

is oxidized anodically (Istart = 100µA ⇒ Jstart ≈ 0.23 mA
cm2 ), as well as number

four (Istart = 50 µA ⇒ Jstart ≈ 0.45 mA
cm2 ), after oxide PECVD. The voltage

compliance during oxidation of sample three and four was set to 80 V, which

lead to a thickness of about 50 nm oxides grown on planar samples. However,

due to corners and edges in the via as visible in the SEM image in figure 5.20,

a homogeneous electric field distribution is not guaranteed. Since anodic ox-

idation is field driven, a varying oxide thickness on via sidewalls seems likely,

but is not measurable.

In preparation for oxide characterization, all four samples are metallized using

electroplating as done in the 3D process described in chapter 4.5.4. The leak-

age current is measured using the ohmic contact at the back side and the via

metallization on the front side. Figure 5.21 shows the measurement schematics

on the right below. On the left, all four measured leakage currents are printed

showing very large differences between isolation with and without anodic ox-

idation involved. On the right axis of the diagram is the calculated leakage

current density given, showing two values at 4× 10−2 mA
cm2 with and 4× 106 mA

cm2

without anodic oxide at a voltage of 10 V.

As shown before in figure 5.2, PECVD oxide is not fully covering the via side-

walls. Once anodic oxidation is applied, all open silicon surface is oxidized

showing no difference between only anodic oxide and combined oxide. Both

samples show acceptable leakage currents of about 100 pA per via at voltages

up to 10 V.

Taking this result into account, wetting of all via sidewalls on the sample with

the electrolyte happens, as all measured test vias had similar IV-characteristic

with low leakage currents. However, the number of measurements is limited,

but the results prove the potential of anodic oxidation as either full via isola-

tion or isolation improvement method.
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5.3.3 Growing oxide in through chip vias

After determining the advantages of anodic oxidation for isolation improve-

ment on test structures, a thinned sample with etched through chip vias is

prepared for oxidation. Important during this process is to inhibit any con-

tact between electrolyte and the front side Cu metallization, as described in

chapter 5.2.1. Since not only silicon is oxidized in the electrolyte, the metal-

lization, once in contact with the electrolyte, would form copper oxide, which

could destroy the complete chip. To avoid this, the oxide layer isolating the

lowest metal layer on the chip from the substrate is not etched through right

after via etch, but kept as barrier for the electrolyte. Figure 5.22 a) shows

schematically the sample with its carrier prepared for anodic oxidation. In b),

the SEM image shows a side view of the cut chip, but some important details

like the highly boron doped layer or the isolation layer between metal 1 and

substrate are not visible, as well as a PECVD oxide layer deposited after via

etching.

In the experiment, a metallization contacting the p+-layer performs a low re-

sistive connection to the sample. The formation voltage for a first experiment
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Figure 5.21: The SEM image shows the structure of test samples for isolation

tests. Due to process specifications, all samples are covered with a thick oxide

layer on the previous to via etching. This layer is used as etch mask and back

side isolation at once. Via dimensions on the test sample are 6µm diameter

due to process inaccuracy (mask design: 5 × 5 µm2) and 13 µm depth.
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glue & release layer

Cu pads / metal layer 1

isolation between metal-
lization and substrate

vias

p+-layer

backside isolation / via 
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Figure 5.22: The SEM image on the right shows the thinned chip with via

holes glued to a carrier. At this status, the sample is prepared for anodic

oxidation. In the sketch on the left, important details are emphasized like the

isolation between metal layer 1 and substrate or the highly boron doped etch

stop layer.

is set, as in all experiments using ethylene glycol based electrolytes, to 80 V.

At start, a current of 1 mA is applied.

After an oxidation duration of 24 hours, as it was common in previous tests,

the sample surface is wavy and the electrolyte changed its color to light green.

Examining the sample closer shows missing pieces of the thinned chip and

via holes without Cu metallization underneath. One possible explanation for

this result is, that OH−-ions diffuse not only through thin oxide layers, but

also through the thick protective layer between the open vias and the Cu

pads, where Cu oxides form. If the oxidation time is too long, enough Cu

oxidizes and cracks the SiO2 layer with its increasing volume. Once open,

Cu pads oxidize even faster and begin to dissolve in the electrolyte changing

the color to green. Once release layer and electrolyte meet, the release layer

disintegrates and loses its function of adhesion and releases parts of the chip.

Further processing in this case is impossible. The three sketches in figure 5.23

demonstrate the three stages of pad oxidation, Cu-dissolution and release layer

disintegration.

A second attempt on oxidizing through chip vias failed as well, even with
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Figure 5.23: The three sketches show the three stages of front metal failure

and release layer disintegration. At first, defects in the protective oxide allow

OH− diffusion oxidizing Cu in the pad shown in a). This leads to an increase

in volume until the thin SiO2 layer breaks and full Cu oxidation takes place.

Secondly, copper oxide dissolves in the electrolyte as sketched in b). In c),

the now open PMGI release layer disintegrates in the electrolyte and loses its

function of adhesion.

reducing the oxidation duration to 4 hours. The destruction on the sample

was much less, but still far from an acceptable result. It seems that using

the given parameters of 80 V formation voltage and ethylene glycol based elec-

trolyte might not be suitable, as previous experiments have shown a minimum

oxidation time of 4 hours for good oxide quality.

Influence of electrolytic solution on oxide stability

During anodic oxidation, the electrolyte with all its components has much

influence on the oxide quality [61]. It seems plausible that also the effect de-

scribed above is depending on the electrolyte. Thus, experiments to evaluate

the influence are necessary, however preparing thinned chips with via holes is

extremely expensive and time consuming. Therefore, it is necessary to use a

simple and efficient replacement, which allows closer examination of the prob-

lem.

Looking in detail at the bottom of a via, the Cu metal pad forms the lowest

plane in this system. It is several µm thick and covered by a approximately
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Figure 5.24: The schematic drawing in a) shows the structure of test samples

used for oxide failure tests. On the right in b) is an image printed displaying

a test sample after 78 hours anodic oxidation at 80 V formation voltage. All

SiO2 in contact with the electrolyte has disappeared and the Cu underneath

is dissolved.

10 nm thick Ti:W layer functioning as diffusion barrier and adhesion promoter.

The following oxide layer between metal layer 1 and the substrate is at least

200 nm thick, depending on the device process. The used test structure is a Si

carrier overgrown by unstructured electroplated Cu and covered with 200 nm

PECVD oxide. Figure 5.24 a) shows the setup.

During oxidation, the samples are placed in the oxidation holder and constant

voltages are applied. In a first experiment, a test sample is oxidized in ethylene

glycol based electrolyte for 78 hours at 80 V to evaluate possible changes in

the Cu-SiO2 structure. After the process, no more PECVD SiO2 or Cu can be

found, instead all Si surface is anodically oxidized, as it was openly exposed

to the electrolyte solution. An image of the sample is printed in figure 5.24 b).

This special experiment shows that the SiO2-layer provides not enough barrier

function to minimize OH− diffusion and drift through the oxide layer towards

the Cu forming copper oxides. Furthermore, Cu diffuses into SiO2 [75], usually

forming traps and increasing leakage currents. Here, copper oxides form with

diffused OH−, leading to a destruction of the SiO2 structure form inside the

layer. Once the oxide layer breaks, all copper in the layer is dissolved in the

electrolyte coloring it light green.

In a second experiment, using again 80 V formation voltage and ethylene gly-

col based electrolyte, the oxidation is terminated after 30 minutes. A surface

inspection reveals several defects already in this early stage of oxidation. Com-
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Figure 5.25: Both images show the microscopic view of the same test sample

before (a) and after (b) anodic treatment of 30 minutes at a formation voltage

of 80 V. The oxide defect visible before turns into a severe damage with Cu

dissolution after treatment.

paring images of the test sample before and after oxidation shows that oxide

failure happens mostly on spots with optically visible defects previous to an-

odic treatment. Both images, before and after anodic oxidation are displayed

in figure 5.25 a) and b), respectively. The idea of weak spots and defects in

the oxide supporting OH− diffusion seems now very likely, as punctual SiO2

destruction is obvious.

Since water is used as basis for an electrolyte, too, an equal sample is treated

under similar conditions in the oxidation equipment. The process is again

terminated after 30 minutes while the formation voltage is reduced to 40 V.

This reduction is due to the differences in anodic oxide thickness on silicon,

previously determined. For comparison of both experiments, an evaluation

standard counting the defect density is used. In case of ethylene glycol based

electrolyte and 80 V formation voltage, a defect density of 470 defects
cm2 is counted.

For the water based electrolyte with 40 V formation voltage, the defect density

lies at 87 defects
cm2 and thus 81 % lower than before.

Both electrolytic solutions reveal defects during anodic oxidation, yet water

seems preferable. The reason for the improvement may lie in different ingre-

dients in the electrolyte or due to the lower voltage applied while using water.

The following experiments are therefore only carried out using water based

electrolyte.



5.3 Anodic oxide in interconnects 77

Formation voltage influencing the defect density

In another set of experiments, the influence of the formation voltage on the

Cu-SiO2 system is investigated. A voltage of 20 V was applied for 30 minutes.

Since formation voltage and oxide thickness are almost direct proportional,

an oxide growth of approximately 25 nm is expected [68, 69]. Reducing the

voltage to 20 V lowers the defect density from 87 defects
cm2 down to 15 defects

cm2 . This

equals to a reduction of 83 %, which is similar to the reduction found between

80 V in ethylene glycol and 40 V in water. It seems that the main influence on

the defect density is the maximum applied voltage.

By reducing the formation voltage and thus the electric field over the oxide

layer, a reduction by a factor of 5 in defect density is possible while reducing

the voltage by a factor of 2. Taking this into account, one suspects a defect

activation depending on the electric field across the oxide layer. This could be

due to the increased Cu diffusion at higher electric fields [75], leading to more

oxidized copper in the oxide layer. A higher electric field might also enable

OH− diffusion via small oxide defects and impurities, which might be inactive

at lower fields.

Time dependance of oxide defect formation

Besides the formation voltage, the oxidation duration might have high influ-

ence on the defect density, as diffusion is also a function of time. It is expected

that with shorter oxidation time a decrease in defect density correlates. There-

fore, in comparison with the sample with 20 V formation voltage and 30 min

oxidation time, an identically prepared sample is placed at a voltage of 20 V

in water based electrolyte. The duration is now limited to 10 min.

Oxidation time seems not the critical parameter as the defect density after

10 min was with 16 defects
cm2 very close to 15 defects

cm2 after 30 min oxidation. Yet

some difference in both samples is visible. While after 30 min more than 50 %

of all defects show oxide fracture, after 10 min is the oxide layer still intact.

Figure 5.26 a) shows a defect after 10 min and b) after 30 min oxidation time.

The influence of oxidation time on the defect activation seems very small com-

pared to the influence of formation voltage. Yet the level of destruction (oxide

fracture and also defect extension) is strongly depending on the process time.

Besides the possibility of protective layers between electrolyte and oxide or
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Figure 5.26: Both microscope images show defects in the test structure after

10 min oxidation in a) and 30 min in b). The defect density remains similar

after time reduction, but the oxide layer is still present. The bright circle in

the defect center on the right reveals the silicon substrate after Cu dissolution.

between oxide and metal, only a compromise between leakage current and

yield seems applicable so far.

Influence of additional layers

The idea to deposit different materials (here Al and Ti is tested) on top of

the oxide, is to prevent any OH− diffusion by forming metal oxides and thus

sealing possible defects. The schematic images printed in figure 5.27 show

the test sample setup for a protective layer on top in a) and between Cu pad

and oxide in b). One main advantage of a protective layer between oxide and

electrolyte is to deposit it before anodic oxidation. However, all experiments

following this system show a dissolution of the protective metallization and

finally even higher defect densities than without metal.

Placing a protective layer between SiO2 and Cu seems more successful, as the

material is unable to dissolve, as long as the oxide is intact. Yet using a 30 nm

thick Ti layer as barrier, no improvement is found even though it stops Cu dif-

fusion into SiO2 [75]. Indeed, the defect density is with 42 defects
cm2 higher than at

the unprotected sample with 15 defects
cm2 . But Ti slows down the OH− diffusion,

as all defects were smaller and only at 2 % of the defects, the oxide cracked

compared to 50 % in the other case.

Since Cu diffusion into the SiO2 seems not the main problem, a different bar-
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Figure 5.27: The sketch in a) visualizes the idea of protective layers deposited

on the oxide before anodic oxidation. Tested are Ti and Al with a thickness of

30 nm each. In b), the scheme shows a protective layer between Cu and SiO2

functioning as diffusion barrier for Cu into SiO2 and for OH− into Cu. Here

30 nm Ti on the one hand and 200 nm amorphous silicon on the other hand

are tested.

rier might might be more suitable to reduce the OH− diffusion into the copper

pads. Placing amorphous silicon (α-Si) between metal and oxide catches OH−

ions by forming SiO2. A test sample with electroplated Cu covered by 200 nm

α-Si and 200 nm PECVD-SiO2 is oxidized for 30 min in water showing only

2 defects
cm2 . Both defects were small compared to defects on other test samples

without α-Si barrier. The reaction of OH− with Si in the α-Si layer prevents

destruction in two ways. Firstly, by forming Si-O, the OH− is locally bound,

and thus cannot reach the Cu pad to form copper oxide. Secondly, OH− dif-

fusion through weak spots in the PECVD oxide into Si leads to oxide growth

at the interface and in this case, pinhole self sealing is established.

All in all, using protective layers on top of the PECVD oxide has no advan-

tages. More interesting are layers between Cu and PECVD oxide as they

reduce or prevent diffusion of Cu into SiO2 and OH− into Cu. Most promising

in this case is the use of amorphous silicon, as it reacts with OH− ions before

reaching the Cu pad.

5.3.4 Result summary

The optimum process for via isolation is a tradeoff between low leakage

current and high breakdown voltage on the one hand and reduced bottom
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substrate electrolyte Vf Jstart tox Jleakage EBr

[V] [ µA
cm2 ] [nm] [mA

cm2 ] [MV
cm ]

plane Si glycol 80 80 48 1 · 10−4 9.3

plane Si glycol 80 800 48 7 · 10−4 8.8

plane Si water 40 32 47 2 · 10−2 9.4

p+ Si glycol 80 160 48 1 · 10−3 9.6

via in bulk Si

anodic oxide only glycol 80 ∼ 230 ∼ 50 1 · 10−2 —–

combined oxide glycol 80 ∼ 450 ∼ 50 2 · 10−2 —–

Table 5.1: The table shows leakage current density Jleakage at 2 MV

cm
, break-

through field EBr and oxide thickness tox of anodic oxides with different ox-

idation parameters. Considered are substrate, electrolyte, formation voltage

Vf and oxidation current density Jstart.

oxide failure in the via on the other. High oxide quality is usually achieved

by long oxidation at high formation voltages in ethylene glycol. Yet this is

the exact opposite to the process necessary for low defect density arising

during the oxidation process. The results of all experiments in growing SiO2

anodically on different substrates are summarized in table 5.1. As mentioned

before, lower oxidation current densities in one electrolyte system leads to

higher oxide quality in terms of leakage current. Problematic is the increase

in oxidation time coming along with the decreased ion flow through the oxide.

Alternative electrolytes (here water) are possible with minor oxide qualities

but equivalent thicknesses at lower formation voltages. Experiments with via

stubs in bulk silicon prove the possibility of oxidizing extremely small through

connections uniformly with excellent leakage current of 200 pA up to ±10 V.

Considering the process with its effect on the front side Cu metallization,

high oxide quality and low oxidation defect density are partly complemen-

tary to each other. Especially Vf has much influence on via oxide failure,

which on the other hand decreases the leakage current and increases the

breakthrough voltage by growing thicker oxide. This influence is prominent
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electrolyte Vform defects duration protective layer

glycol 80 V 470 defects
cm2 30 min —–

water 40 V 87 defects
cm2 30 min —–

water 20 V 15 defects
cm2 30 min —–

water 20 V 16 defects
cm2 10 min —–

water 20 V 24 defects
cm2 30 min 30 nm Al on top of SiO2

water 20 V 33 defects
cm2 30 min 30 nm Ti on top of SiO2

water 20 V 42 defects
cm2 30 min 30 nm Ti betw. SiO2 & Cu

water 20 V 2 defects
cm2 30 min 200 nm α-Si betw. SiO2 & Cu

Table 5.2: All discussed oxidation tests are summarized here. Obvious seems

the influence of formation voltage on the defect density. Oxidation time is

only reducing the defect size, whereas amorphous silicon between Oxide and

Cu brings the best result.

in the summary of all oxide failure experiments in table 5.2. Besides Vf , no

influence of process time (in terms of defect density) or oxide thickness is

found. Up to now, the only satisfactory solution found is the implementation

of α-Si between Cu and SiO2, which reduces the defect density to a minimum.

Combining all the results leads to one possible process for via isolation,

which allows for reasonable isolation and low oxidation defect density. In this

process, amorphous silicon is deposited previous to Cu pad creation with its

Ti:W diffusion barrier forming a barrier for OH−-ions. All 3D integration

steps between front side metallization and via isolation remain as described

in chapter 4. Before anodic via oxidation, PECVD oxide is deposited forming

together with the anodic oxide a combined via isolation. For the following

anodic oxidation, water is used as basis of the electrolyte with its OH−

concentration of 10−7 mol
l at 22 °C. Using a formation voltage of Vf = 40 V

allows growing oxide with a thickness of 50 nm. The oxidation time is limited

to no more than 2 hours, preventing very extreme effects on the front side

metallization. Finally, through contact is achieved by dry reactive ion etching

(DRIE) with CF4-plasma. Both layers, the oxide layer at the via bottom and

the protective α-Si layer are etched in the plasma using the Cu-pad as etch
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stop. Figure 5.28 shows three steps during via isolation from via preparation

to anodic oxidation and metallized through via.

Cu
-Si

Si

glue & release layer

SiO2

H2O
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glue & release layer

Cu

glue & release layer

V
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Figure 5.28: Via preparation for optimum via isolation show in a) starts with

deposition of α-Si below the front metallization. After via etch, previous to

anodic oxidation, PEVD oxide is deposited as the first part of the combined

isolation. The anodic oxidation in b), is performed using a formation voltage

of no more than 40 V and a maximum duration of 2 hours in water based elec-

trolyte. For electrical through contact, bottom oxide and amorphous silicon

need to be etched in CF4-plasma before seed deposition and Cu electroplat-

ing as shown in c). This process allows for vias with less than 8 Ω through

resistance and more than 1 GΩ resistance between metallization and substrate.

Following this process, the oxide layer in the through chip via with its

thickness of about 50 nm allows voltages above 15 V with leakage currents

of no more than 10 nA. Using the α-Si as diffusion barrier for OH− brings

no electrical disadvantages but increases the yield extremely. The through

resistance of one via interconnect, as determined in previous experiments, is

0.8 Ω inclusive solder joint. No difference is expected when implementing via

isolation with combined oxide.

All in all, the results show that the combined via isolation fulfills the voltage

and leakage criteria for almost all applications where 3D integrations seems

useful.



Chapter 6

Thermal and mechanical simulation of

3D chip stacks

In research and development of microelectronic processes and devices, it is

very important to know limits during processing and for later applications.

As a main aspect for this technology, thermal behavior as well as mechanical

difficulties might affect process and design. In chip stacks, thermal and espe-

cially mechanical measurements are difficult, as most active layers are built

in the stack and thus, not accessible from the outside. Therefore, thermal

and mechanical simulations are performed to evaluate critical process steps

like soldering and the thermal-mechanical behavior of chip stacks with several

thinned chip layers.

The following chapter describes some simple simulations on chip stacks using

the previously discussed process and design. Two aspects are simulated here,

namely the thermal-mechanical behavior during electrical operation of the chip

and the thermal-mechanical influence during high temperature process steps

while stack fabrication.

During electrical operation, electrical energy in the chips is converted to heat.

This heat needs to be brought through the stack to a heat sink at the bottom

of the base substrate. Considering a single heat sink seems reasonable, as the

chip layer on top is planned to be a CMOS image sensor and thus prohibits an

additional heat sink on top. However, high temperature image sensors where

shown functioning up to 100 °C [76], which allows for some degree of freedom

with the temperature management.

The second scenario simulated is the mechanical stress during processing. Es-

83
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pecially soldering with its external pressure and the temperature of 300 °C

induces stress in the system. The maximum stress in the stack must lie below

the critical stress for defect formation (higher stress creates permanent defects

in the material). Especially vias seem highly critical, as metals generally have

higher thermal expansion coefficients than silicon or SiO2.

However, the simulations discussed in this chapter are meant to give a rough

overview over the thermal and mechanical behavior of a 3D chip stack. Espe-

cially all simulations on the electrical operation of chip stacks do not consider

different chip layouts or chip layers with different electrical power consump-

tion. The main goal was to evaluate limitations of the system.

Thermal-mechanical simulations are done using the FEM simulator ANSYS

11.0. There, a model with material parameters and boundary conditions is

split into finite elements and nodes with certain properties. Using these ele-

ments as the smallest parts in the system, different physical processes can be

simulated. The solution is calculated at each node which contains for example

temperature and heat flux in 2 or 3 dimensions in case of a thermal simulation.

The result is available as image showing the different nodal values encoded by

color.

6.1 Simulation model

Most important in simulation is the simulation model, which contains the

compromise between reality and model. Since realty is usually very complex,

a useful simplification for the model is necessary. Taking the 3D integration

as an example, a variation of small parts in extremely high quantity, like

interconnects and larger parts like oxide layers and silicon substrates needs to

be brought together into one model, able to be simulated in reasonable time.

Therefore, two different methods of simplification are brought into a model,

namely a simple structure at full chip stack size (large area model) and a small

chip section with detailed chip structure (small detailed model).

6.1.1 Finite element model

In the finite element method (FEM), all parts in a structure consist of small

elements, with defined physical properties. These elements are the smallest
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cells in the model and contain nodes and information about their physical

behavior. Nodes are located at edges and corners of elements representing

points in the model. Two or more neighboring elements share all nodes

at common edges and corners, influencing these nodes from two or more

sides. During simulation, the variables, the so called degrees of freedom,

are calculated at all nodes. In thermal simulations, the temperature T is

the result in the nodal solution, while the nodal displacement u results

from mechanical calculations. Physical dependencies between nodes are also

given in the elements to which the nodes belong. In thermal simulations the

thermal conductivity k and in mechanical simulations for Young’s modulus

EY and Poisson’s ratio ν are the main material parameters. In terms of

thermal-mechanical simulations for example, the coupling of thermal and

mechanical properties like thermal expansion coefficient ǫth is again given

for each element individually. Further information in the elements are the

dimensions length l, width w and height h. Using all this parameters, linear

static simulations, simulations with constant load and environment conditions

and the result showing the thermal-dynamical equilibrium, are possible

[77, 78, 79, 80]. Figure 6.1 shows a basic 2D FEM model with all parameters

necessary for thermal simulation.

All elements contain individual properties, not depending on neighboring

elements. This allows to form models containing different materials with
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Figure 6.1: Simple 2D FEM model separated into elements. All elements

contain nodes at their borders, which they share with neighboring elements.

All elements are associated with certain material parameters like thermal con-

ductivity k for thermal simulations and in all cases the dimensions length l,

height h and for 3D models also width w.
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sudden changes in properties from one element to the next. In case of

continuous property changes like in graded materials, the simulation uses

discrete property changes with the element size as the smallest step.

The very basic FEM model contains at first only linear materials, which

do not change their material parameters in different environments. This is

usually only valid when simulating extremely small temperature changes for

example and thus are seldom very realistic. Therefore, the possibility of

nonlinear material parameters is very important, but increases the calculation

time. During nonlinear calculations, several iterations are necessary, each

leading closer to the final result. During these iterations, the material

parameters are adjusted depending on the newly calculated conditions for the

next calculation to give a better result. This method is repeated until the

difference between two results drops below a certain limit.

The static result of a simulation might not be satisfactory for some ap-

plications. In this case, the model is extended by adding further material

parameters, like specific heat and density, allowing dynamic simulations. In

a dynamic simulation, time depending results are calculated compared to the

static simulation, where only the final static condition is given. This means

that for thermal simulation, not only the thermal conductivity k, but also

the specific heat c of all materials is needed, as now the heat flux is limited

by the finite thermal conductivity and different parts store certain amounts

of heat. Using this function, a time depending temperature map of a model

including heat sources can be determined.

6.1.2 Large area model

Basis for the large area model is a chip stack with an area of 5×5 mm2 as it is

commonly used during the experimental process evaluation described in this

work. As a first assumption, two symmetries are given, splitting each horizon-

tal side into half. This reduces the calculation effort to a quarter, as symmetry

is a very simple boundary condition in FEM simulation. In terms of thermal

simulation, symmetry means that no heat flux through the symmetry plane,

while for the mechanical case no movement orthogonal to the symmetry plane

is possible; whereas movements in both in-plane axes are unaffected. Figure

6.2 visualizes the symmetries applied for the model and the degrees of freedom
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Figure 6.2: The nearly symmetric design of the chip stack allows to simplify

the model by using symmetry planes. This reduces the simulation by a factor of

4, shown left. The enlargement on the right shows the simulated chip quarter.

The arrows indicate in which direction movement and heat flux is possible for

all nodes on the symmetry planes and the top side. In direction of red arrows

movement and heat flux is prohibited, whereas in direction of green arrows

both is allowed.

for all nodes on these symmetric planes.

As mentioned before, the high structural complexity in a 3 dimensional chip

stack using through chip vias requires the combination of very small parts like

interconnects or CMOS wiring. This would lead to an extremely high number

of nodes in each active chip layer, as each quarter layer contains more than

4000 vias and solder pads and diverse metal connection in the inter metal ox-

ide stack (IMOX). A reasonable number of nodes of up to five million is easily

exceeded by a factor of 10 to 100 using a fully detailed model. Therefore,

extreme simplifications are necessary.

At first, the IMOX stack is replaced by an solid oxide layer with equal thick-

ness, as metal lines in the stack are very thin and mostly short in length.

Secondly, interconnect vias with their Cu metallization are not simulated and

the holes are filled with silicon. The influence of vias is expected to be lo-

cally limited and by changing volumes containing through holes into simple

geometries like cuboids, structured meshing is possible using less elements and

nodes to calculate the FEM solution. Finally, Cu metallizations on front- and

back side are split into small electrical and large mechanical solder joints (see

figure 4.12 in chapter 4.6). As electrical solder joints show a complex vertical
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EY [GPa] ρ [ g
cm3 ] ǫth [10−6

K ] k [ W
m·K ] c [ J

kg·K ]

copper 130 [81] 8.92 [81] 16.5 [81] 400 [81] 385 [82]

yellow brass 105 [83] 8.47 [83] 19 [84] 116 [83] 380 [83]

Cu65%wtSn35%wt 109 [84] 380 [84]

Table 6.1: Comparison of material parameters of copper and yellow brass

(Cu3Sn), with Young’s modulus EY , density ρ, thermal expansion coefficient

ǫth, thermal conductivity k and specific heat c. All material parameters are

given for 20 °C.

structure and an expected similar thermal-mechanical behavior compared to

mechanical solder joints, they are replaced by mechanical solder joints in the

large area model. Generally, in all simulations, the influence of thermal contact

resistances is neglected and they are assumed to be ideal. This seems accept-

able, because all interfaces are formed in vacuum without creating unwanted,

thermally isolating compounds at the beginning of the deposition process.

IMOX

oxide only

via

Si only

electrical

mechanical

model close to reality large area simulation model

Cu/Cu3Sn joint

Cu only

Figure 6.3: The sketch on the left shows a cut through a chip stack with

via, electrical and mechanical solder metallization, IMOX thinned chip and

carrier. The simplified model used for large area simulations on the right

shows a reduced complexity. Through chip vias are neglected, electrical solder

joints are replaced by mechanical joints and IMOX is changed to oxide of the

same thickness.
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Furthermore, the layered Cu-Cu3Sn-Cu structure of solder joints is simulated

using full Cu joints, as most material parameters of Copper and Cu3Sn (yel-

low brass with Cu65%wtSn35%wt is the closest compound found in literature)

are very similar (see table 6.1), besides the thermal conductivity. However,

little influence of this reduced thermal conductivity compared to copper on the

simulation result is expected, as SiO2 is expected to be the main heat barrier.

All simplifications used for setting the large area model of a 3D integrated

chip stack are illustrated in figure 6.3.

The created model considering all simplifications discussed, is reduced to a

level which allows simulations using common simulation tools. Besides a re-

duced model complexity, all dimensions and material parameters need to be

realistic. Necessary parameters for thermal simulations are besides the geo-

metrical values the thermal conductivity k, the specific heat c and the density

ρ. Mechanical simulations require the Young’s modulus EY , the Poisson’s ra-

tio ν and the thermal expansion coefficient ǫth for thermal stress simulations.

All parameters used in the large area simulation model of a 3D stack are given

in table 6.2. The values for l, w and h are set by the simulated quartered chip

stack size with assumed measures of 5× 5 mm2. The base substrate is 100 µm

substrate thin chip IMOX/oxide solder joints

material Si Si SiO2 Cu

length l [µm] 2600 2500 2500 60
width w [µm] 2600 2500 2500 60
height h [µm] 700 10 5 8

k [ W
m·K ] 150 [85] 150 [85] 1.1 [86, 87] 400 [81, 82]

c [ J
kg·K ] 710 [85] 710 [85] 740 [87] 385 [82]

ǫth [10−6

K ] 2.6 [85] 2.6 [85] 0.5 [87] 16.5 [81, 82]

EY [GPa] 130 [85] 130 [85] 70 [86, 87] 130 [81, 82]

ν 0.28 [85] 0.28 [85] 0.17 [88, 87] 0.34 [81, 82]

ρ [ g
cm3 ] 2.33 [85] 2.33 [85] 2.2 [86] 8.92 [81, 82]

Table 6.2: Dimensions and material parameters of all parts used to create

the large are model, with thermal conductivity k, specific heat c, density ρ,

Young’s modulus EY , Poisson’s ratio ν and thermal expansion coefficient ǫth.

All material parameters are given for 20 °C
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Figure 6.4: The large area simulation model consists of base substrate and

two thinned chips. Using symmetry, only a quarter of the real size with 5 ×

5 mm2is simulated, measuring 2.5 mm side length for stacked chips and 2.6 mm

side length for the base substrate, as the base contains all bond pads necessary

for the circuit stack. Solder joints have dimensions of 60µm with a gap of

10 µm.

larger compared to the chip stack with the additional area carrying wire bond

pads.

The 3D chip stack model in figure 6.4 represents the large area model. It

consists of one Si base substrate and two thinned chip layers. The enlarge-

ment in b) shows the setup of mechanical solder joints used in the large area

simulation.

After model creation, the model is meshed. Here all single parts are subdi-

vided into a finite number of elements, consisting of the material parameters

given in table 6.2, and nodes, where the solution is calculated. While mesh-

ing, the trade off between a very fine mesh with more realistic solutions and

long calculation time and a coarse mesh with less precise solutions and fast

calculation is necessary. Especially in case of 3D stack simulations with its

thin single parts it is difficult finding the optimum. Since in this case, not

only the global effect is interesting, but also the behavior of the stack near
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mechanical solder joints. In this case, the elements around Cu joints must

be smaller than the dimensions of the joints itself. Otherwise, information

about stress dissipation and critical mechanical stress for example might be

extremely inaccurate. Especially where Cu with its high thermal expansion

coefficient (ǫth) is in contact with another material, here SiO2 or Si with low

ǫth, high stress is induced and thus making these areas of special interest for

a simulation, as rupture would there take place first.

In the used large area model, the maximum element size is set to 10µm for

all thinned Si substrates, SiO2-layers and solder joints. The base substrate is

meshed very coarsely, as due to its high volume, fine meshing would produce

an extreme number of nodes. Furthermore, the base substrate is not in con-

tact with small solder joints and thus, small elements are not necessary. The

meshed large area model is illustrated in figure 6.5 a), with an enlargement

showing the mesh near solder joints more in detail in b).

Since the model consists of several parts, contact between neighboring parts

is set as ideal contact. This means no additional thermal resistance between

a)

b)

Figure 6.5: Meshed large area model with maximum element size of 10µm

in the stack.



92 6. Thermal and mechanical simulation of 3D chip stacks

connecting areas for thermal simulations. For mechanical simulations, the

contact formed does not disconnect or damp mechanical stress and strain. It

is possible to modify these contact conditions according to reality, but due to

missing contact parameter, no change is implemented.

Finally before simulation, all boundary conditions need to be applied to the

model, which includes symmetries, heat sinks or mechanical fix points and

thermal and mechanical loads. Symmetries are set in x- and y-direction as

shown in figure 6.2. The heat sink is placed at the base substrate bottom,

where different constant temperatures can be applied according to different

environmental conditions. All loads are applied where they happen, as for

example the heat generation during circuit operation happens on top of the

thinned chip substrate. In this case, a heat flux is applied at the area between

thinned Si and the covering oxide layer. This heat generation can be var-

ied to simulate different power consumptions in the chip stack. Additionally,

pressure is applied for thermal-mechanical simulation of solder influences, as

during soldering the top chip is pressed onto the stack below. In a next step,

all starting conditions like heat flux and heat sink temperatures are set and

the simulation is started.

6.1.3 Small detailed model

Since the large area model covers especially the global thermal dispersion and

creates a global stress map including stresses at the edges of the chip stack,

a more detailed model is created to show thermal stress in and around vias.

The main difference of both models lies in through chip vias and solder met-

allization. Compared to the large area model, in the detailed model electrical

solder joints are implemented, as well as vias, but the SiO2 via isolation is

neglected. The only main simplification is the replacement of IMOX by an

oxide layer of similar thickness, here 5 µm. The more detailed model demands

for reduction of maximum simulated chip area, which is chosen to 350µm (the

distance between two via double rows) by 180µm (for detailed solder metal

layout see figure 4.12). The simulation model printed in figure 6.6 is a small

detailed model containing 8 thinned chip layers inclusive of electrical solder

joints and full metal through chip interconnects.

Again, two sides are set as symmetric planes. Problematic on the remaining

sides is to find sufficient boundary conditions. Since all large parts in the
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Figure 6.6: The small detailed simulation model consists of base substrate

and eight thinned chips. The model is reduced to a size of 350 × 180 µm and

contains through chip vias and electrical solder joints.

base and thinned chips consist of silicon and are thus dominating the thermal

expansion on a long range, no boundary conditions are applied. In a first

prediction, all areas on the two open sides always stay in plane, as silicon is

the dominating material in each layer. This means, the globally dominating

thermal expansion coefficient is the same in each layer. Cu with its high ther-

mal expansion coefficient would have major influence globally, but is separated

into many small parts, which has mostly local influence. In terms of thermal

simulation, an open side means no heat flux through it, which is realistic, as

no horizontal heat flux is expected since heat flux is mainly vertically through

the chip stack.

The mesh density varies again from very fine in vias to very coarse in the base

substrate. Since in this simulation the main focus lies on the stress induced

in and around vias as well as the influence of electrical and mechanical solder

joints, all neighboring parts need fine meshing, too. The meshed eight layer

chip stack can be seen in figure 6.7.

The used material parameters are identical to the ones used in the large area

model before, given in table 6.2. The heat sink lies at the base substrate bot-

tom and heat generation is again between Si and SiO2, where active circuitry
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fine meshing
around vias and 
small parts

coarse meshing
at large parts

Figure 6.7: Meshed small detailed model with 9 active chip layers. The mesh

is fine in and around vias and solder joints and coarse in the base substrate.

produces heat during operation.

6.2 Thermal-mechanical behavior of a chip

stack during operation

One of the main problems in a three dimensional chip stack during operation is

heat. Heat transport through several chip layers is therefore a very interesting

issue, as the structure is quite complex and simple estimations are very diffi-

cult. Furthermore, through chip vias seem most critical in terms of mechanical

stress, due to the extreme differences in thermal expansion coefficients ǫth of

copper and silicon. Mechanical simulations based on the calculated tempera-

ture map in the thermal simulations show the stress in the system, however

neglecting the built-in stress induced during process and soldering.

For both simulations, thermal and mechanical, the models previously intro-

duced are used. In all simulations, each active chip layer produces 40 kW
m2 ,

which equals to 10 W on a 5 × 5 mm2 chip stack.
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6.2.1 Heat dissipation and transport

During operation of the device, the electrical power is converted into heat.

This heat needs to be spread, when generated non-uniformly over the chip,

and conducted towards a heat sink. The heat sink is usually found at the

bottom of a chip, where the chip is connected to a cooling system. For a

single layer device, thermal energy is dissipated from the active area directly

through the substrate. In case of a 3D chip stack, additional heat is crossing

through active areas from devices situated above in the chip stack. Besides

extremely high heat densities (as the heat is generated in several chip layers)

a very complex structure disturbs the straight heat flux from top to bottom.

Furthermore, in single layer devices, heat is mostly generated in the active

region consisting of silicon. Considering a chip stack, heat from upper layers

also has to cross through IMOX layers consisting mostly of SiO2 with extremely

low thermal conductivity of kSiO2
= 1.1 W

mK compared to silicon with kSi =

150 W
mK . All these factors limit the maximum heat in each chip layer to a

certain value, which depends on different factors like chip size, thickness, solder

joint density, geometry and several others.

Finding a key figure on what to expect, is the main idea of first simulations,

which are based on the dimensions given by the process discussed in this work.

As mentioned before, the chip dimension used for this simulation is 5×5 mm2

with varying number of thinned chip layers on top. Each layer generates the

same amount of heat, namely 10 W equalizing to 400 mW
mm2 , which is uniformly

distributed over each chip. This power density is similar to that of modern

CPUs [89]. The heat sink, usually placed at the bottom of the base chip,

represents the only component, where heat can leave the system. Thermal

convection and radiation are not implemented in the model for two reasons.

First, chips are usually in a package with different thermal behavior compared

to air and second, convection and radiation at small dimensions below 100µm

are difficult to estimate. Therefore, only simulations with one heat sink at the

bottom of the base substrate with constant temperature are performed, as it

leaves the possibility for a top side image sensor, as planned in this project.

Stack with two thinned chip layers

At first, a chip stack containing a base chip and two thinned chips, all with

active circuitry, is simulated, using the large area model. As shown before
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during model development, only one quarter of the complete chip is simulated

using symmetries. The heat sink temperature is set to 20 °C constant while

all three active layers together generate 30 W heat. The heat is uniformly

across the chip. The simulation result in figure 6.8 shows the static thermal

condition with a moderate temperature of about 35 °C on most parts of the

upper chip surface. The extreme increase in temperature at the edges of the

thinned chips (see right insert) is due to missing mechanical solder joints at

these areas.

This temperature rise with values of more than 140 °C shows the importance of

mechanical solder joints all over the chip stack functioning as thermal bridges

between single layers. Furthermore, the distance between two joints is to be

kept small, as a distance of 50 µm between the joints (the undercut at the

chip edge is approximately 50µm) seems already too much for a homogeneous

temperature dissipation. All other areas, where mechanical solder joints are

separated by 10µm, are thermally homogeneous, which is expected to keep

thermally induced mechanical stress to a minimum.

142 123 107 93.1 81.0 70.4 61.2 53.2 46.3 40.2 35.0 30.4 26.5 23.0 20 °C

homogeneous temperature in each chip layer

missing solder joints

~ 31
°C

~ 27
°C

~ 35
°C

~ 95 °C

20 °
C

Figure 6.8: Chip stack simulation using the large area model with symmetries

in x- and y-direction showing one quarter of the complete chip. The heat sink

lies at constant 20 °C while each active chip layer (two thinned chips plus one

base chip) generates 10 W heat on 5 × 5 mm2 chip size.
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Using a chip stack with only mechanical solder joints seems not very critical

in terms of thermal load. Yet, difficulties and thermal problems might arise

using through chip vias, which are highly thermal conducting at the small via

footprint on one hand, but need higher separation distance from mechanical

solder joints on the other. Therefore, simulations using the detailed model are

carried out, identifying problematic spots around electrical solder joints.

Again, the model contains three active layers. Shown in figure 6.6 is the ex-

tended model carrying 8 layers, yet meshing remains the same in each layer.

The electrical load is again 400 mW
mm2 and the heat sink temperature at the bot-

tom of the base chip lies at 20 °C, for comparison with the large area model.

Symmetry areas in x- and y- direction form boundary conditions at two sides,

while both other sides are left open. Yet, horizontal heat flux seems extremely

limited, due to the highly homogeneous thermal dissipation found in the large

area model simulation previously. The simulation result is shown in figure 6.9

with a maximum temperature of about 32 °C.

31.2 30.4 29.6 28.8 28.0 27.2 26.4 25.6 24.8 24.0 23.2 22.4 21.6 20.8 20.0 °C

heatsink at base chip bottom with 20 °C

heat flux density 400

70
0

m

2
mm

mW

IMOX layer

Figure 6.9: Simulation of a two layer chip stack using the detailed model.

Symmetries are placed at two sides, while the opposite sides are left open. The

base chip bottom lies at constant 20 °C functioning as heat sink, while each

active chip layer (two thinned chips plus one base chip) generates 10 W heat

on 5 × 5 mm2 chip size. Most critical for overheating seem all IMOX-layers

with their small thermal conduction coefficient.
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In this detailed simulation, no extreme temperature rise in the different chip

layers is found. Even at through chip vias, temperature variations are very

small, which reduces the mechanical stress induced by different thermal ex-

pansions to a minimum. Obvious in the detailed simulation is the low thermal

conductivity for SiO2, where high temperature differences occur in the chip

stack, while silicon and solder joints have very little temperature gradient in

vertical direction.

Bringing the large area model simulation in comparison with the detailed

model simulation, both show similar results. Besides the homogeneous tem-

perature dissipation in all chip layers, the resulting temperatures are similar

with 35 °C for the large area and 31.2 °C for the detailed model. In the middle

layer, temperatures of about 31 °C and 29 °C establish. The temperature dif-

ference might arise due to different mesh densities in both models. The finer

the mesh, the better the result. Furthermore, copper filled through vias trans-

port more heat than silicon due to the three times higher thermal conductivity

of Cu.

The calculated temperature on top of the chip stack is no hindrance for placing

a CMOS image sensor there.

Chip stack containing 8 thinned chip layer

Since the introduced technology is not limited to chip stacks with two thinned

chip layers, simulation is carried out for a chip stack with 8 thinned layers,

having 9 active circuit levels available. Basis for this simulation is the model

shown and discussed in figure 6.6. Large area model simulations of high

stacks seem not very interesting as most information is already given in the

detailed model. This is shown in the above example with two thinned chip

layers. A change in temperature homogeneity with an increasing number of

layers is not expected.

All boundary conditions for the simulation of an 8 layer chip stack are equal

to the conditions applied before in the two layer stack simulation. Symmetry

is given on two sides, while both other sides remain open. The heat sink with

constant 20 °C is applied at the base chip bottom and each of the 9 active

layers carries a thermal load of 400 mW
mm2 leading to 90 W for the complete

circuit system. The convection of air and heat radiation are neglected.

The result of this simulation is shown in figure 6.10 with maximum tempera-

tures of 146 °C at the highest chip layer. The horizontal thermal homogeneity
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Figure 6.10: The detailed model given in figure 6.6 is used for the thermal

simulation of the chip stack containing 8 thinned chips. A 20 °C heat sink

at the base chip bottom collects all heat generated by 9 active chip layer (8

thinned chips plus one base chip) with 10 W on 5× 5 mm2 chip size. The high

vertical temperature gradient in the IMOX layer is clearly visible, forming a

bottle neck in the system.

is again very obvious in this result, proving very small horizontal heat flux,

due to the evenly distributed mechanical and electrical solder joints. The

temperature difference between two chips increases towards the bottom as

the vertical heat flux increases with each chip layer. As expected, the IMOX

layers with low thermal conductivity add a high thermal resistance to the

system, which increases the final temperature extremely.

Creating a thermal load of 10 W per chip is certainly an extreme situation,

but finding limits in the system is one of the ideas of these simulations. There

are several ideas on how to reduce the temperature in the upper chips. One is

to place the last chip in face-to-face technique on top and use the back side of

this chip as second heat sink, but with the cost of loosing the topmost layer

as image sensors or antenna.

Summarizing the results of all static thermal simulations with heat generated
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by electric energy in the active chips, a key figure is available on what quantity

of heat can be brought out of a chip stack with several active layers. The

simulated heat current density lies with 400 mW
mm2 very close to the heat current

densities in modern CPUs. There, peak values lie at 680 mW
mm2 for a system with

up to 3 GHz clock speed [89]. This shows that the heat transport through

a chip stack is sufficient for modern circuit applications. Yet, stacks with

more layers work more efficient by placing devices with high heat generation

rate lower in the stack, while devices with low power consumption are also

suitable higher up in the stack.

Besides the thermal problem of high power consumption high up in the stack,

the electric power supply also reduces performance when driving high currents

in higher stack layers. All current for the top most layer runs through all

layers below, seeing approximately 1 Ω in each through via. The higher the

current, the higher the voltage drop in each chip layer, forcing higher supply

voltages and producing more heat. The solution here is increasing the number

of power supply vias, but with the cost of more expensive chip area used for

via interconnections. All in all, placing low power consumers higher in the

stack has several advantages.

The specific case of a CMOS camera with neural signal processing is not

simulated here. The reason lies in the low power consumption of the planned

neural circuits with 100 mW to 1 W per chip. This low power density (1−10 %

of the simulated power density of 10 W) should not increase the temperature

on the top chip in a 9 layer chip stack by more than 15 °C to 20 °C (slightly

more than 10 % of the simulated temperature increase of 126 °C). Before

reaching the thermal limit for a CMOS image sensor of 100 °C [76], many

more chips can be stacked.

6.2.2 Mechanical stress in the chip stack

Since 3D integrated chip stacks consist of several materials with different ther-

mal expansion coefficients, mechanical stress might be at a critical value during

operation. Cu with its high thermal expansion coefficient compared to Si and

especially SiO2 induces high mechanical stress when heated. This might lead

to destructions in the system, when overheated. Using the above derived ther-

mal maps in the stack, mechanical stress dissipation is calculated identifying

critical spots with stress close to or higher than the critical stress.
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Basis for all mechanical simulations are the calculated temperature maps

shown before. Taking this static thermal solution, nodal displacements are

calculated according to the thermal expansion of the different materials, as

well as the mechanical behavior by means of Young’s modulus and Poisson’s

ratio. Important is the use of the same model as during thermal simulation,

but here using mechanical parameters instead.

All 3D integrated stacks are most likely initially stressed at room temper-

ature. So far no experiment was carried out to quantify this initial stress,

which makes it difficult to implement a reasonable value for initial stresses

into the simulation presetting. Thus, all models are designed without stress

at room temperature.

Stack with two thinned chip layers

In a first simulation, the thermal nodal solution of the large area model is

taken as thermal load for the mechanical model. Using additional material

parameters inclusive Young’s modulus EY , Poisson’s ratio ν and thermal ex-

pansion coefficient ǫth, ANSYS calculates a nodal solution with displacement,

stress and strain in each node. Most interesting for the evaluation of the me-

chanical behavior in a 3D stack is the stress, as it is directly comparable with

tensile and compressive yield strength. The maximum tolerable stress depends

on the material and ranges from 0.4 GPa to 4 GPa for metals ([90] gives only

values for Ni, yet most metals have similar values) and over 1.37 GPa for Si

up to 13.3 GPa for diamond [91].

Basis for the mechanical simulation of the large area model is the thermal

solution given in figure 6.8 with temperatures up to 35 °C on the chip. The

simulation result shown in figure 6.11 shows moderate stress with 2 to 14 MPa

in Si and SiO2 of all layers. The stress is lateral homogeneously spread over

the complete chip area, which is most favorable, as the higher stress in the

solder joints is not generating local stress maxima in the chip. Higher stress of

approximately 50 MPa in the solder joints is expected due to the higher ther-

mal expansion coefficient of Cu compared to Si and SiO2. The very hot edges

of the stack generate little mechanical stress due to its freestanding character,

which is responsible for the high temperature in the first place. This aspect is

most important in chip design, but not further discussed here.

Due to the difference in temperature of different layers, stress increases higher
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Figure 6.11: Mechanical stress simulation of a chip stack with two thinned

chip layers using the large area model. Basis for this simulation is the thermal

nodal solution shown in figure 6.8 with temperatures up to 35 °C on the highest

chip level.

up in the stack. Yet, all stress values found are far from any critical level,

which lies at about 1 GPa. Furthermore, all solder joints (joints in the middle

and at the edge of the stack are shown in enlargements in figure 6.11) in each

chip layer have very similar stress values, which enables the use of the detailed

model.

The overall stress in the chip stack seems non-critical during operation in a two

layer stack, but very fragile spots in the stack are not simulated yet. Especially

in and around through chip vias, high stress is expected, as there materials

with extremely different thermal expansion coefficients meet. Copper with a

high expansion coefficient is filling a through silicon via with low expansion

coefficient and thus, Cu is compressively stressed while Si is tensile stressed.

In both materials high stress is induced, which might lead to destructions, if

the stress is exceeding the limit. Favorable to the complete system are the

small dimensions of the through contacts, as here the forces remain small.

The simulation result based on the temperature derived in the thermal simula-

tion previously (see figure 6.9) shows no higher stress in the stack than already
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seen in the mechanical simulation of the large area model. A maximum stress

of 56 MPa can be found around vias. The stress in mechanical solder joints is

with about 40 MPa similar to the ∼ 50 MPa stress calculated in the large area

model. Noticeable in the simulation result given in figure 6.12 is the stress

increase in upper chip levels. This might be due to the increasing temperature

in higher layers.

Most important for the system is the fact that no area in the chip stack seems

to get close to any critical stress. Especially when rows of vias are imple-

mented, the Si chip might not compensate the thermal expansion and the

stack might brake along these rows. Yet, neither the simulation, nor first

soldering experiments discussed in chapter 4 have shown any problem of this

kind.

Comparing the large area model results in figure 6.11 with detailed results in

6.12, other similarities besides the maximum stress are recognizable. Highest

stress besides in and around through chip vias is situated in mechanical solder

56.8 32.7 18.9 10.9 6.3 3.6 2.1 1.2 0.70 0.40 0.23 0.13 0.08 0.04 0.03 MPa

2 – 10 MPa
~40 MPa

high stress (> 50 MPa) around vias

Figure 6.12: Stress simulation of the chip stack with two thinned chip layers.

The maximum stress of 56 MPa shown by the simulation is far below any

critical stress of about 1 GPa. The highest stress lies in and around inter chip

vias and in the solder joints, as here, materials with highly different expansion

coefficients next are in contact. Basis for this simulation is the thermal nodal

solution shown in figure 6.9 with temperatures up to 32 °C on the highest chip

level.
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joints, while thinned chip layers with its SiO2 remain low stress parts. The

influence of highly stressed solder joints on the Si chip is fairly low in both

simulations. Finally, the overall stress distribution is similar in both models,

which proves the quality of the models.

Eight layer chip stack

An increasing number of thinned chips is leading to an increasing temperature

in higher chip layers as seen in figure 6.10. Temperatures of above 140 °C

drive high stress into the system, as the total thermal expansion is very high

in the top layers. Mechanical stress of over 500 MPa is found in solder joints

and around vias. Small spots reach a stress level of more than 700 MPa, a

value close to the critical stress. The complete stress map of an eight layer

chip stack is given in figure 6.13.

Operating chip stacks under these high power conditions might not only

thermally affect any circuit in higher levels, but might also mechanically

damage these stacks. Most critical spots are the mechanical and electrical

solder joints as well as the silicon between neighboring through vias. Here,

long rows of vias are certainly mechanical weak areas. To keep the temper-

ature low in higher levels during operation is essential in extremely high stacks.

After simulating a small set of chip stacks, information about temperature and

stress in the stack is gather through simulations of the thermal-mechanical

behavior during operation. It seems that power dissipation and the resulting

heat is not a very critical issue in stacks with only a few thinned chip layers.

High power consumption especially in higher layers leads to a temperature

rise way above a critical level for most circuits. The maximum stress is close

to critical stress levels. These problems might be solved by reorganizing the

stack positions, with high power consumers lower in the stack or a top side

heat sink. There are certainly many more ideas and possibilities to deal with

the thermal problem leading to a practicable solution, but which are not

discussed here.

All in all, the possible chip stack height depends in terms of thermal-

mechanical behavior mostly on power consumption of each layer and is less

influenced by the stacking process. High stacks seem possible for memory

applications and neural networks (as it was the motivation for this work),
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Figure 6.13: The simulation result gives the stress distribution in an eight

layer chip stack. The maximum stress in the stack of more than 700 MPa

is getting close to critical values, which demands for one or more changes to

reduce the temperature in the stack. Basis for this simulation is the thermal

nodal solution shown in figure 6.10 with temperatures up to 146 °C on the

highest chip level.

while processor stacks and stacks with power amplifiers might be limited in

the number of layers earlier.

6.3 Simulating the process influence

Simulations of chip stacks show cases with critical thermal and mechanical

loads. Especially high stacks with power applications drive chip stacks to

theirs mechanical limits. Simulations of the solder process should reveal crit-

ical situations during stack processing. Soldering seems the most influential

step, as the temperature reaches 300 °C and an additional force of 20 N is

applied to the stack. The solder process parameters are given in detail in

chapters 3.3 and 4.6.2.

The temperature is increased from 150 °C (temperature held during fine align-



106 6. Thermal and mechanical simulation of 3D chip stacks

ment) following a 6
◦C
s ramp up to 300 °C, which is then held for 300 s for

solidification. The simulated time slot with the discrete simulation points is

shown in figure 6.14. The simulation keeps the stack on 150 °C for a second

to ensure stable starting conditions, which are given in reality, because the

fine alignment takes up to 10 minutes and finishes with pressing the thinned

chip onto the bottom chip stack. This condition before heat up is the starting

point for the simulation.
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Figure 6.14: Temperature load versus time used for thermal transient simu-

lation of a two layer chip stack. The simulation runs with loads from 150 °C to

300 °C with 6 C

s
. Results are calculated every second (marked by the red dots

on the curve) and stored in the result file.

Since during soldering, the top chip is on a carrier, some minor modifications

on the model are necessary.

6.3.1 Extended model for solder step simulation

Basis for the extended simulation model is the two chip layer version of the

model shown in figure 6.6. The main difference in the model is the additional

carrier used as mechanical stabilization for the new top chip. This carrier con-

sists of a silicon substrate with 700µm thickness and the BCB glue keeping

carrier and thinned chip together. The fact that the chip stack is not me-

chanically connected at first is neglected, as solidification of the solder joints

takes place fast by forming the Sn rich η-phase. Mechanical connection is then

ensured, but not yet high temperature stable, as the Cu rich ǫ-phase has not



6.3 Simulating the process influence 107

formed. The altered simulation model is shown in figure 6.15 with the glue in

green and the Si carrier on top.

glue

base subst
rate

carrier

chip 1

chip 2
~ 30 m

70
0

m
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m

Figure 6.15: The exteneded simulation model used for transient thermal-

mechanical process simulation consists of the detailed stack model with two

thinned chip layers and additionally the glue (green) connecting the chip to

be soldered on the stack and the carrier (top Si-substrate). The glue encloses

all solder joints on the topmost thinned chip. For solder simulation, the con-

nection between the chip stack and the single thinned chip is considered fully

connected, as it is in reality after a short time, once the first intermetallic

phase (η-phase) forms.

One interesting aspect for this process simulation is the temperature disper-

sion during soldering. The temperature applied to the system is not constant,

but ramped up, which creates a temperature gradient from the top and bot-

tom to the center of the stack where soldering takes place. This gradient

appeats due to the limited thermal conductivity of the substrate, the glue,

the carrier and the previously soldered chip stack. The heat flux is therefore

limited. Large temperature differences in a system lead to high stress, as hot

parts, now highly thermal expanded (in this case the base substrate and the

carrier), strain cooler parts (glue and chip stack) additionally to their ther-

mally induced stress. Finding stress maxima during these process steps is very

important, as damages might appear when heating the stack to 300 °C, as this

is the highest temperature applied to the stack.

Continuous simulations of process steps are not possible, yet ANSYS offers

the simulation of discrete moments, where all factors like transported heat,

thermal conductivity, specific heat, applied temperature and others are con-

sidered. The result then gives the temperature dispersion for this exact time.
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For transient simulations, model alteration, as shown above, and additional

parameters are necessary in comparison to the static simulations of a chip

stack during operation. Additional parameters are the specific heat c and the

density ρ of each material used in the stack. Both parameters are given in

table 6.2 for all materials besides BCB glue. The material parameters for

the glue are listed in table 6.3. The yield strength is neglected in the simu-

k c ǫth EY [100] ν[100] ρ σB

[ W
m·K ] [ J

kg·K ] [10−6

K ] [GPa] [ g
cm3 ] [MPa]

0.293 @ 24 °C 1247 39.4 + 0.127 · T 2.9 0.34 1.05 87

0.310 @ 45 °C

0.324 @ 66 °C

[92, 49] [7] [92, 49] [92, 49] [92, 49] [92, 49] [92, 49]

Table 6.3: Material parameters of BCB used as glue between the thinned chip

and the carrier. Parameters are used for the transient solder step simulation

and include thermal conductivity k, specific heat c, density ρ, Young’s modulus

EY , Poisson’s ratio ν, thermal expansion coefficient ǫth and yield strength σB.

All material parameters, besides the thermal conductivity k are given for 20 °C.

lation, but gives the stress value, when BCB deforms plastically. The value

for copper lies between 137 to 241 MPa, depending on the copper treatment

[93]. Exceeding the yield strength does not necessarily lead to destructions in

the chip stack, as for metals the ultimate strength is higher, but a deforma-

tion remains. In difference to metals, crystalline materials, such as silicon and

amorphous materials like SiO2 have no yield strength, as plastic deformation

at low temperatures is not possible. The ultimate strength is therefore the

maximum tolerable stress, which lies at 1.37 GPa for silicon. The value for

SiO2 is assumed to be similar.

Once all geometrical and material properties are set, the model is meshed and

the load points and symmetry planes are defined. In case of the soldering

model, the load is applied at the top of the carrier and the bottom of the

base substrate. The temperature is ramped from 150 °C to 300 °C following a

slope of 6
◦C
s as stated in figure 6.14 in these areas. During mechanical simu-

lation, a constant pressure is applied from top onto the carrier, pressing the

thinned chip onto the stack. The base substrate is virtually kept in place by

immobilizing the bottom of the base substrate for movements along the z-
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Figure 6.16: The meshed extended model of different regions with different

mesh densities. The elements in x- and y-direction have dimensions of no more

than 5 µm, whereas the z- direction has various element sizes. In the center

with all thinned chips, the elements are limited to 5 µm and increasing to about

50 µm towards the middle of the carrier and bottom substrate, respectively.

The red areas on top and bottom indicate the thermal load areas, where the

temperature is raised from 150 °C to 300 °C.

axis. Symmetries are used the same way as during previous simulations using

the detailed static model with symmetries in x- and y-direction, respectively.

Both other sides are left open, as in static simulations. The meshed model

with both, thermal load areas and symmetry planes, is shown in figure 6.16.

The maximum element size in x- and y-direction is limited to 5 µm, whereas

it is variable in z-direction ranging from 5µm to 50 µm in the carrier and the

base substrate.

All parameters are now set and the model is prepared for simulation.

6.3.2 Transient thermal simulation

The basis for any thermal-mechanical simulation is the calculation of the tem-

perature spreading. This map is derived at certain times along the temperature

load curve (see figure 6.14). For each simulation point, the temperature at the
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top of the carrier and the bottom of the base substrate is given, while the

temperature for the time between two simulations is assumed to be constantly

increasing. The heat flux is expected to be mainly in vertical direction. There-

fore, no orthogonal heat flux is possible at the four sides.

The environmental condition for this simulation is the vacuum condition with-

out heat convection or heat radiation at open surfaces of solder joints or the

chip bottom and top sides. Convection is extremely difficult to calculate, as

the exact conditions in the solder chamber are not known. The chamber is

flushed with nitrogen saturated with acetic acid from one side, and evacuated

on the other side to pump out N2 and acid. All in all, the uncertainty by using

an inaccurate model for convection seems higher than the inaccuracy given by

the simplification of simulating in a vacuum environment.

During transient thermal simulations, the main parameter is the amount of

heat flown through certain parts of the system. The stored energy is given by

the specific heat of each material, which allows to calculate the temperature

in each node. Basis for the heat transport calculation is the thermal conduc-

156 °C
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155.961 °C

222 °C

221.957 °C

222 °C

300 °C

299.956 °C

300 °C
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200
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p
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C
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Figure 6.17: Three snapshots of the transient thermal solder simulation at 1 s,

12 s and 25 s (156 °C, 222 °C and 300 °C), respectively. The maximum difference

between the load areas and the actual chip stack in the center lies at below

0.05 K. Convection and thermal radiation are neglected in the simulation.
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tivity, which gives the heat flux through a part depending on the temperature

difference on opposite sides. Combining both processes, a time depending sim-

ulation matrix is generated and solved for specific times.

In the simulation, the thermal solution is calculated each second during the

ramped heating, which takes 25 s. The number of time steps usually depends

on the simulated system. Calculating systems with extremely fast load changes

might need a shorter simulation interval after load change, whereas systems

with slow linear load change (like given here) need a longer simulation interval.

Since the temperature change is moderate, as shown below, and constantly in-

creasing, simulating the system every second is sufficient.

The result for the transient thermal simulation of the solder heat process is

given in figure 6.17. Since the simulation results after every second are very

similar, only three snapshots after 1 s, after 12 s and after 25 s are shown. In

each snapshot, the temperature difference between the thermal load areas on

top and bottom and the middle of the stack lies at below 0.05 K. This value

is extremely small. Even higher differences of several 10 K should be tolera-

ble, without inducing much more stress into the system by different thermal

expansion between carrier and base substrate and the embedded chip stack.

Of importance is, that all parts exceed the Sn melting temperature of 232 °C,

ensuring liquid tin and a proper diffusion process in the solder joints.

The transient thermal simulation shows no negative behavior of the system

during soldering. Yet, thermal-mechanical behavior is to be simulated.

6.3.3 Thermal-mechanical simulation

The chip stack system is driven to its limits during the solder step by reaching

a solder temperature of 300 °C. This temperature is the maximum during

the complete process and is therefore inducing the highest thermal stress in

the chip stack. More stress might only be induced when large temperature

gradients appear across the system, like seen in simulations of the electrical

operation of the chip stack. The highest gradient at the highest maximum

temperature is reached at 300 °C (simulated point at 25 s during soldering

heat ramp). Even then, the temperature difference is minimal and negligible,

as seen in figure 6.17.

Several aspects are of interest in the result of the stress simulation. First,

the glue with its extremely high thermal expansion coefficient might induce
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high stress on one hand, but on the other hand it is very soft compared to all

other materials, which might compensate the expansion. Second, the extreme

temperature during the solder step creates high stress in the stack, especially

when considering the results found in the simulation of a high chip stack with

8 thinned layers. There, temperatures up to 146 °C induce stress close to

mechanical limits of the materials. The difference to here is the temperature

gradient from 146 °C on top of the stack to 20 °C at the bottom of the base

substrate. Third, during soldering, a pressure of 800 kPa is applied to the

stack pressing the new top chip with its carrier onto the existing chip stack

at the bottom. This pressure ensures proper connectivity of the top Cu-Sn

pads and the bottom Cu pads. It is essential to prevent any ”displacement”

of the top chip on a few bottom chip solder joints, once the tin melts. The

influence of this applied pressure is also calculated in this simulation.

The boundary conditions are already set in the model shown in figure 6.16

with symmetry planes for x- and y-symmetry, as well as the open sides

opposite to the symmetric sides. The pressure is applied from top onto

the carrier, while the bottom of the base substrate remains immobile in

z-direction. Since heating takes place slowly, static mechanical simulation

is used. The thermal nodal solution derived before (ramp to 300 °C at 25 s)

forms the basis of this simulation by applying it as thermal load to the model.

All other thermally simulated steps are not mechanically simulated due to

lower temperatures and even smaller temperature gradients. Highest stress

will be found when the highest temperature is reached.

The result for this thermal-mechanical simulation is shown in figure 6.18,

with the complete stack on the left and different enlargements on the right.

Most parts of the stack are basically not highly stressed, which includes the

base substrate, the carrier and the glue. Here, the low Young’s modulus

compensates the high thermal expansion, leading to very low stress and thus

keeping it mechanically intact. The stress in the stack itself remains in average

at a high but tolerable level of about 300 MPa to 500 MPa. Especially around

via interconnects, a higher stress of 700 MPa is found, keeping mechanical

stability of the Si chip (see enlargement A). Maximum stress arises at the

interface of mechanical solder joints and the thinned Si chips with values of

above 1.3 GPa to 1.7 GPa (see enlargement B).

The highest stress in the chip stack found during soldering is located in the

mechanical solder joints. This value exceeds with up to 1.7 GPa the yield

strength of Cu, causing permanent deformation. The deformation is only
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Figure 6.18: Stress dispersion in a chip stack during soldering when reaching

the maximum temperature of 300 °C. Basis for this simulation is the calculated

temperature map shown in figure 6.17 on the right with an additional pressure

from above, pressing base chip stack and top chip with carrier together.

found at the corners of the pads and has therefore little influence on the

mechanical stability of the stack.

More important than the mechanical solder joints are the electric connec-

tions through the stack and their connecting solder joints. Since both,

the vias and the joints, are smaller than the mechanical joints, stress is

also lower. This is important, as the resistance changes with deformation.

The maximum stress found in electrical connections is approximately 550 MPa.

All in all, the process simulation, which enables a view into the stack

during the most critical step, the solder step, has not shown limits to the

3D integration process. In thermal simulations, a high temperature gradient

with its additional mechanical stress is not found, as the center of the chip

stack lies less than 1 °C below the heated areas on top and bottom during

temperature ramping. The thermal-mechanical simulation of chip stacks at

300 °C has shown high stress levels, but no part in the stack would suffer

fracture, which qualifies the solder process for 3D integration in terms of the

mechanical stability of the chip.

The simulations in this chapter are simple simulations, necessary to identify



114 6. Thermal and mechanical simulation of 3D chip stacks

problems and to define structures and processes for 3-dimensional chip

integration. The large area model contains simplifications on the one hand,

while the detailed model contains most details (with ideal dimensions) like

through vias and electrical and mechanical solder joints, but therefore on a

limited section of the chip. Nevertheless, thermal simulations of chip stacks

with a different number of layers under operational conditions have shown

some limits of chip stacks in terms of power consumption and chip order. It is

essential to place high heat generators near to the heat sink, while low power

circuits can be situated anywhere in the stack. Additional heat sinks on top

seem reasonable, if the topmost chip does not require to be open like image

sensors or antennas do.

The mechanical simulations have not shown any surprises. With increasing

temperature, the stress increases as it is expected. Comparing the simulation

of the operated chip stack with the mechanical simulation of the solder

process, both simulations show similar stress in the stack. The stack during

operation has most stress in the upper chip layers with high temperature,

while the stress in lower layers is quite moderate. During soldering, all

layers are stressed equally, as the temperature is almost equal throughout the

complete stack. In both cases, the limit is reached, with short high stress

during soldering and permanent lower stress during operation.

The simulations show that the mechanical stability is given after processing

the stack, which is supported by first soldering results. Furthermore, the

heat generated in the stack during operation is efficiently conducted to the

heat sink, which enables the stack also for applications with higher power

consumption.



Chapter 7

Conclusion

The goal for this work was the development of a 3D integration process

using through chip interconnects with high connection density and very low

substrate leakage currents. The main criteria for the process is to influence

any circuit process as little as possible, allowing only back end fabrication

and thus, limiting all process temperatures below a certain value. This limit

is chosen to be 300 °C, as it is necessary for soldering and the maximum

tolerable temperature for glue and release material. The most challenging

problems are the use of low temperature processes for oxide deposition and

metallization.

The main process characteristic, besides the soldering method, is the thinning

and via process. Most other approaches use the front side via etch in

combination with a CMP thinning. The decision for back side vias and a wet

chemical etch thinning is made, due to the extreme difficult CMP thinning

process. Here, thickness control and parallelism are most challenging, while

wet chemical etching with etch stop layer is self aligned, but with the cost

of a more complex material system. The use of back side vias is then easily

possible, as the etch stop layer carries alignment markers additional to the

thickness information.

The use of SiO2 isolation layers seems logical, as it is the standard isolation

method in Si technology. Yet, some alterations to existing processes are

necessary, as the temperature needs to be lowered. The main problem is

the low glass transition temperature of the glue and release layer system at

temperatures above 300 °C. Therefore, oxide deposition is developed for lower

temperatures, but with the cost of lower quality isolation in the vias. The

115
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sidewall coverage is not conform and pinholes in the isolation exist. Anodic

oxidation, described in chapter 5, is then used to seal these holes and create

vias with low leakage currents of less than 1 nA.

The metallization, usually deposited using MOCVD, is changed to electro-

plating, as it runs at room temperature and it allows the growth of very thick

layers, as it is necessary for soldering. One challenge for electroplating is the

filling of very small vias with aspect ratios of two and more. Special additives

in the electrolyte enhanced the growth deep inside vias, while it slowes the

rate at the surface. This allowed the complete filling of small vias and the

growth of back side metallization in one step.

The key step in 3D integration is surely the use of a repeatable solder step.

The SOLID process is one of the alternatives, as it forms highly thermal stable

interconnects at low soldering temperatures. Since the soldering temperature

and the melting temperature of the previously soldered joints differs, repeated

soldering is possible without destruction of older solder joints. This makes a

chip stack with theoretically unlimited chip layers possible.

The results given in chapter 4.7 show the functionality of the process. Through

resistances of less than 1 Ω and solder joint resistances of approximately

100 mΩ are very satisfactory values for interconnects of dimensions smaller

than 10 × 10 µm2 footprint. Studies on yield and long via chains are not

performed due to the limited time of the project. Furthermore, problems in

the availability of CMOS circuits carrying the etch stop layer prevented the

stacking of active chips. Nevertheless, all results seem very promising for

successful processing of 3 dimensionally integrated active chip stacks.

More encouraging results are given by simulations. The most critical step

in the process is the solder step with its high temperature and the external

pressure applied to the stack. The thermal-mechanical stress is very high,

yet not exceeding the ultimate strength of all materials. Because soldering is

very limited in time, high stress might not affect the functionality. Proof of

concept is demonstrated by the fabrication of chip stacks.

Other simulations on chip stacks show thermal-mechanical effects during

operation. A specific power is applied to each active layer in the stack. The

power is chosen to 400 mW
mm2 , which is comparable to the power density in

modern processors [89]. The power loss in the circuit is converted to heat,

which needs to be transported out of the stack to the heat sink. This leads

to specific temperature gradient, which induces thermal-mechanical stress.

Here, the thin chip layers and the large Cu solder pads (mechanical solder
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joints) conduct heat very well into lower chip layers, leading to moderate

temperatures and low stress. Nevertheless, high power consumers in the stack

are best located near heat sinks and the power supply.

Comparing this new approach with others, several advantages are found.

The implementation of the epitaxy layer before circuit processing, allows

an extremely accurate and simple thickness control while thinning. The

additional feature of implemented alignment markers makes this process

flow simple, as complicated back-to-front alignment is not necessary. The

possibility of back side lithography enables the use of small back side vias

with small parasitics. Low resistance, capacity and inductance are possible

due to the short length, as the via only reaches through the thinned chip onto

the lowest metal layer.

Another advantage of back side vias is a non perforated metal stack allowing

high wiring density and high interconnection density at once. Each via

through the metal stack forces designers to redirect wires and therefore

reduces the wiring density, especially when high interconnection density is

necessary.

A further advantage of this concept lies in the back side processing. The

sensitive front side is covered by a glue and the carrier right after front

side solder metal deposition. This protects it throughout the complete

process from harsh chemicals and other disturbing environmental influences.

Especially wet and dry chemical etching may destroy the front side, as Si, Cu

and SiO2 are the main components.

When focusing on hybrid integration with different material systems, the

main advantage of this concept might be the low thermal budget in the

stacking process. Since no step exceeds 300 °C, almost all materials like GaAs,

GaN, InP, diamond or even polymers are possible. This enables an extremely

wide range of applications. The integration of Si and diamond was shown

before, by implementing an optical diamond sensor for UV detection in a chip

stack [94].

The wide range of materials and circuits seems suitable for various ap-

plications in memory technology, sensing applications or processors, for

example. With its low thermal budget and very precise thinning technology,

it meets future requirements for smaller and more powerful circuits. All in

all, this concept certainly offers interesting aspects for chip stacking.





Appendix A

Definitions

A.1 Definition of notations

A definition of notations for most terms used in this thesis is shown in figure

A.1. This is to avoid any misunderstanding of the reader and to simplify the

process description by precise statements.

carrier

base chip

oxidefront side alignment marker

back side

glue / BCB

via / interconnect

via isolation

via oxide

solder joint

carriersubstrate

p--layer

p+-layer

front side metal

CMOS metal 

stack / IMOX

release layer

PMGI

thinned chip

Figure A.1: Definition of phrases for most parts described during the process

description
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A.2 Formula symbols and abbreviations

Formula symbols

Symbol Unit Description

l m length

w m width

h m height

E V
cm electric field

ρ g
cm3 material density

∆dmax µm maximum thickness difference

retch etch rate ratio between high and low boron doped Si

detchstop µm etch stop layer thickness

I A electric current

V V electric voltage

R Ω electric resistance

Rvia Ω electric via through resistance

Rsolder Ω electric solder joint through resistance

Rmeasure Ω measured resistance

Rsetup Ω resistance of measurement setup

Rvia+solder Ω combined electric via and solder through resistance

RCu−line Ω resistance of on chip Cu wire

t s; min; h time

T °C; K temperature

ρ(Cu) µΩcm specific resistance of copper

ρ(Cu3Sn) µΩcm specific resistance of Cu3Sn

ρCu−line
Ω

mm specific copper wire resistance

lvia µm via length

Avia µm2 cross sectional area of one via

tsolder µm solder metal thickness in the joint

Asolder µm2 cross sectional area of one elecrical solder joint
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lCu−line mm copper wire length from pad to via/solder joint

Nk,l node in matrix at colomn k and row l

ν Poisson’s ratio

ν[100] Poisson’s ratio in [100] direction

EY GPa Young’s modulus

EY [100] GPa Young’s modulus in [100] direction

k W
m·K thermal conductivity

c J
kg·K specific heat

ǫth
1
K coefficient of thermal expansion

Jleakage
A

cm2 leakage current density

Ileakage,via A leakage current per via

φvia opening angle of via at the bottom

d µm depth

tox,top nm oxide thickness on top surface

tox,bottom nm oxide thickness at via bottom

ccoverace factor of area not covered with isolation in one via

dvia µm via diameter

Jstart
mA
mm2 current density at the beginning of anodic oxidation

Jend
mA
mm2 current density at the end of anodic oxidation

Q0 C complete oxide charge

N0 cm−2 complete oxide charge density

Qm C mobile ionic oxide charge

Nm cm−2 mobile ionic oxide charge density

Qf C fixed oxide charge

Qot C oxide trapped charge

VFB V flatband voltage

CFB F flatband capacitance

C0 F oxide capacitance

∆V V mobile ionic voltage shift

V V voltage

C F capacitance

ǫ0
F
m vacuum permittivity

ǫox relative dielectric constant of SiO2

ǫs relative dielectric constant of silicon

kT eV Boltzmann constant times temperature

NA cm−3 acceptor doping density
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φms eV work function difference between metal and semicon-

ductor

φm eV work functiion of top metal

χs eV electron affinity of semiconductor

Eg eV semiconductor bandgap

Ei eV intrinsic Fermi level

EF eV Fermi level

Vbr V breakdown voltage

J mA
cm2 current density

Vf V formation voltage

Chemical Compounds

Chem. For-

mula

Compound name

SiO2 silicon dioxide

Si silicon

O2 oxygen

Ni nickel

Cu copper

Sn tin

Ti titanium

W tungsten

Al aluminium

Au gold

Cu3Sn ǫ-phase (yellow brass)

Cu6Sn5 η-phase

KOH potassium hydroxide

K+ positive potassium ion

CF4 tetrafluormethane

NH4Cl ammonium choride

HF hydrofluoric acid

Al2O3 sapphire

H42O water

C4F8 octafluorocyclobutane

SF6 sulfur hexafluorid

N2 nitrogen
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HCOOH formic acid

OH− negative hydroxide ion

GaAs gallium arsenide

SiH4 silanol (used here 2 % in Helium)

N2O nitrous oxide

H2 hydrogen

H3O
+ hydronium ion

KNO2 potassium nitride

KNO3 potassium nitrate

Abbreviations

Abbreviation Description

2D 2-dimensional

3D 3-dimensional

ASE Anisotropic Silicon Etch

B2F back-to-face (back side to front side connected)

BCB BenzoCycloButene

BGA Ball Grid Array

BMBF Bundesministerium fr Bildung und Forschung

CAD Computer Aided Design

CMOS circuit Complementary Metal Oxide Semiconductor circuit

CMP Chemical-Mechanical Polishing

CVD Chemical Vapor Deposition

C-V measure-

ment

capacitance-voltage measurement

DRIE Dry Reactive Ion Etch

F2F face-to-face (both front sides connected)

FEM Finite Element Method

ICP Inductively Coupled Plasma

IMOX Inter Metal OXide (circuit wiring)

ITRS International Technology Roadmap for Semiconductors

IV measure-

ment

current vs. voltage measurement

LT-PECVD Low Temperature Plasma Enhanced Chemical Vapor De-

position

M1-layer metal 1 (lowest wiring metal in circuit wiring)



124 A.Definitions

MOCVD Metal Organic Chemical Vapor Deposition

MOS Metal-Oxide-Semiconductor

p+-layer highly boron doped silicon layer

p−-Si silicon with boron doping for CMOS fabrication

PCB Printed Circuit Board

PECVD Plasma Enhanced Chemical Vapor Deposition

PMGI resist PolyMethylGlutarImide resist

SEM Scanning Electron Microscope

SoC System on Chip

SOI Silicon-On-Insulator

SOLID SOlid Liquid InterDiffusion

Sn(l) liquefied tin

Sn(s) solid tin

SoP System on Package

TMAH Tetra Methyl Ammonium Hydroxide

TEOS Tetra-Ethyl-Ortho-Silicate

α-silicon amorphous silicon
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C-V measurement

Material parameters

φm,Al 4.1 eV work function of aluminium

φm,Ti 4.1 eV [95] work function of titanium

χs 4.05 eV electron affinity of silicon

Eg 1.12 eV band gap of silicon

ni 1.45 · 1010 1
cm3 intrinsic carrier concentration of silicon

µp 450 cm2

Vs hole mobility in silicon

µn 1500 cm2

Vs electron mobility in silicon

ǫox 3.9 dielectric constant of SiO2

ǫs 11.9 dielectric constant of silicon

ǫ0 8.85 · 10−14 F
cm permittivity in vacuum

ρSi 5 Ωcm sheet resistivity of used silicon substrates

q 1.6 · 10−19 As elementary charge

All parameters are given in [52], unless cited differently.

Calculations on the C-V measurements

pp0 =
1

qµpρSi

(B.1)

=
1

1.6 · 10−19 As · 450 cm2

Vs · 5 Ωcm
= 2.8 · 1015 cm−3
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EF − Ei = kT ln

(

pp0

ni

)

(B.2)

= 25.3 meV ln

(

2.8 · 1015 cm−3

1.45 · 1010 cm−3

)

= 0.3 eV

φms,Al = φm, Al −
(

χs +
Eg

2 − (Ei − EF )
)

(B.3)

= 4.1 eV − (4.05 eV + 0.56 eV − 0.3 eV) = −0.16 eV

φms,T i = φm, T i −
(

χs +
Eg

2 − (Ei − EF )
)

(B.4)

= 4.1 eV − (4.05 eV + 0.56 eV − 0.3 eV) = −0.16 eV

Q0 = (φms − VFB) · C0 (B.5)

Qm = ∆V · C0 (B.6)

N0 =
Q0

AMOS q
(B.7)

Calculations for water as electrolyte:

Previous to annealing:

VFB = −2.8 V

∆V = 1.35 V

AMOS = (77 µm)2 = 5.9 · 10−5 cm2

Q0 = (−0.16 V + 2.8 V) · 7.9 · 10−12 F = 2.1 · 10−11 C

N0 =
2.1 · 10−11 C

5.9 · 10−5 cm2 · 1.6 · 10−19 As
= 2.2 · 1012 cm−2

Qm = 1.35 V · 7.9 · 10−12 F = 1.1 · 10−11 C

Nm =
1.1 · 10−11 C

5.9 · 10−5 cm2 · 1.6 · 10−19 As
= 1.1 · 1012 cm−2

After annealing:

VFB = −3.5 V

∆V = 1.75 V

AMOS = (77 µm)2 = 5.9 · 10−5 cm2
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Q0 = (−0.16 V + 3.5 V) · 8.1 · 10−12 F = 2.70 · 10−11 C

N0 =
2.7 · 10−11 C

5.9 · 10−5 cm2 · 1.6 · 10−19 As
= 2.8 · 1012 cm−2

Qm = 1.75 V · 7.9 · 10−12 F = 1.4 · 10−11 C

Nm =
1.4 · 10−11 C

5.9 · 10−5 cm2 · 1.6 · 10−19 As
= 1.5 · 1012 cm−2

Calculations for elthylene glycol based electrolyte:

High oxidation current density (0.8 mA
cm2 ):

Previous to annealing:

VFB = −12 V

∆V = 1.95 V

AMOS = rdio
2 · π = (160 µm)2

· π = 8.0 · 10−4 cm2

Q0 = (−0.16 V + 12 V) · 7.7 · 10−11 F = 9.1 · 10−10 C

N0 =
9.1 · 10−10 C

8.0 · 10−4 cm2 · 1.6 · 10−19 As
= 7.1 · 1012 cm−2

Qm = 1.95 V · 7.7 · 10−11 F = 1.5 · 10−10 C

Nm =
1.5 · 10−10 C

8.0 · 10−4 cm2 · 1.6 · 10−19 As
= 1.2 · 1012 cm−2

After annealing:

VFB = −6.75 V

∆V = 0.5 V

AMOS = rdio
2 · π = (160 µm)2

· π = 8.0 · 10−4 cm2

Q0 = (−0.16 V + 6.75 V) · 7.6 · 10−11 F = 5.0 · 10−10 C

N0 =
5.0 · 10−10 C

8.0 · 10−4 cm2 · 1.6 · 10−19 As
= 3.9 · 1012 cm−2
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Qm = 0.5 V · 7.6 · 10−11 F = 3.8 · 10−11 C

Nm =
3.8 · 10−11 C

8.0 · 10−4 cm2 · 1.6 · 10−19 As
= 2.9 · 1011 cm−2

Low oxidation current density (0.08 mA
cm2 ):

VFB = −13.2 V

∆V = 1.6 V

AMOS = rdio
2 · π = (160 µm)2

· π = 8.0 · 10−4 cm2

Q0 = (−0.16 V + 13.2 V) · 7.3 · 10−11 F = 9.5 · 10−10 C

N0 =
9.5 · 10−10 C

8.0 · 10−4 cm2 · 1.6 · 10−19 As
= 7.4 · 1012 cm−2

Qm = 1.6 V · 7.3 · 10−11 F = 1.2 · 10−10 C

Nm =
1.2 · 10−10 C

8.0 · 10−4 cm2 · 1.6 · 10−19 As
= 9.1 · 1011 cm−2



Appendix C

Publications / Workshops

C.1 Publications on 3D-Integration

A. Munding, A. Kaiser, P. Benkart, M. Bschorr, A. Heittmann, H. Hübner,

H.-J. Pfleiderer, U. Ramacher, and E. Kohn. ”Chip Stacking Technology for

3D-Integration of Sensor Systems”. Book of Abstracts 13th European Work-

shop on Heterostructure Technology HeTech ’04. Heraklion, Crete, Greece.

October 3–6, 2004.

M. Bschorr, H.-J. Pfleiderer, P. Benkart, A. Kaiser, A. Munding, E. Kohn, A.

Heittmann, H. Hübner, and U. Ramacher. ”Eine Test- und Ansteuerschaltung

für eine neuartige 3D Verbindungstechnologie”. Advances in Radio Science,

3, pp. 305–310, 2005.

A. Kaiser, A. Munding, P. Benkart, M. Bschorr, A. Heittmann, H. Hübner,

U. Ramacher, H.-J. Pfleiderer, and E. Kohn. ”3-D Integration Technology

for Sensor Systems”. Workshop on Compound Semiconductor Materials and

Devices WOCSEMMAD 2005. Miami, Fl, USA. February 20–23, 2005.

A. Kaiser, A. Munding, P. Benkart, M. Bschorr, A. Heittmann, H. Huebner,

H.-J. Pfleiderer, U. Ramacher, and E. Kohn. ”3-D Chip Integration Tech-

nology for Microsystems”. 207th Meeting of the Electrochemical Society, May

15–20, 2005, Quebec City, Canada. Meeting Abstracts - Electrochem. Soc.

501, 1763 (2006).
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P. Benkart, A. Munding, A. Kaiser, M. Bschorr, A. Heittmann, H. Hübner,

H.-J. Pfleiderer, E. Kohn, and U. Ramacher. ”3-Dimensional Chip Integra-

tion Scheme”. Proceedings Micro System Technologies 2005. International

Conference & Exhibition on Micro-, Electro-Mechanical, Opto & Nano Sys-

tems, Munich, October 5–6, 2005, pp. 281–288.

”Winner of Best Paper Award”.

P. Benkart, A. Kaiser, A. Munding, E. Kohn, A. Heittmann, H. Hübner, and

U.Ramacher. ”3D chip stack technology using through chip interconnects”.

IEEE Journal of Design & Test of Computers. Special Issue on 3D Integration,

22 (6), November-December 2005, pp. 512–518.

A. Kaiser, D. Kück, P. Benkart, A. Munding, G.M. Prinz, A. Heittmann,

H. Hübner, U.Ramacher, R. Sauer, and E. Kohn. ”Concept for diamond 3-D

integrated UV sensor”. Joint International Conference on New Diamond Sci-

ence and Technology & Applied Diamond Conference ICNDST & ADC 2006,

Cary, NC, USA, May 15–18, 2006.

A. Kaiser, D. Kück, P. Benkart, A. Munding, G.M. Prinz, A. Heittmann, H.

Hübner, U.Ramacher, R. Sauer, and E. Kohn. ”3D Chip Integration Concept

– Diamond DUV Sensor on Si”. IEEE EDS Workshop on Advanced Electron

Devices. Fraunhofer IMS, Duisburg, Germany, June 13–14, 2006.

P. Benkart, A. Munding, A. Kaiser, E. Kohn, A. Heittmann, H. Hübner, and

U.Ramacher. ”3-Dimensional Integration Scheme With A Thermal Budget

Below 300°C”. 3rd Asia-Pacific Conference of Transducers and Micro-Nano

Technology, APCOT 2006, Singapore, June 25–28, 2006.

A. Munding, A. Kaiser, P. Benkart, A. Heittmann, H. Hübner, U.Ramacher,

and E. Kohn ”Scaling Aspects for Microjoints for 3D Chip Interconnects”.

Abstract accepted oral presentation to ESSDERC 2006, European Solid-State

Device Research Conference, Montreux, Switzerland, September 18–22, 2006.

A. Kaiser, D. Kück, P. Benkart, A. Munding, G. M. Prinz, A. Heittmann,

H. Hübner, R. Sauer, and E. Kohn. ”Concept for diamond 3-D integrated UV
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sensor”. Diamond and Related Materials, 15, pp. 1967–1971, 2006.

M. Bschorr, H.-J.Pfleiderer, P. Benkart, A. Kasier, A. Munding, E. Kohn, A.

Heittmann, H. Hübner, and U. Ramacher. ”Yield-Improving Test and Routing

Circuits for a Novel 3D Interconnect Technology”. Advances in Radio Sciences,

4, pp. 225–229, 2006.

P. Benkart, A. Munding, A. Kaiser, E. Kohn, A. Heittmann, H. Hübner, and

U.Ramacher. ”3-Dimensional Integration Scheme With A Thermal Budget

Below 300°C”. Sensors & Actuators A, 139, pp. 350–355, 2007.

C.2 Other Publications

P. Benkart, M. Kunze, I. Daumiller, A. Dadgar, A. Krost, E. Kohn. ”GaN-

Based Electro-Mechanical Sensors”. Book of Abstracts 12th European Work-

shop on Heterostructure Technology HeTech ’04, Segovia, Spain, October 12–

15, 2003.

M. Neuburger, T. Zimmermann, P. Benkart, M. Kunze, I. Daumiller, A.

Dadgar, A. Krost, and E. Kohn. ”GaN Based Piezo Sensors”. IEEE Device

Research Conference, 1, pp. 45–46, Piscataway, NJ, USA, 2004.

T. Zimmermann, M. Neuburger, P. Benkart, F. J. Hernandez-Guillen, C.

Peitzka, M. Kunze, I. Daumiller, A. Dadgar, A. Krost, and E. Kohn. ”Piezo-

electric GaN Sensor Structures”. IEEE Electronic Device Letters, 27 (5), pp.

309–312, 2006.
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H. Hübner, H.-J. Pfleiderer, E. Kohn, and U. Ramacher. ”3-Dimensional

Chip Integration Scheme”. In Proceedings Micro System Technolo-

gies 2005 - International Conference & Exhibition on Micro-, Electro-

Mechanical, Opto & Nano Systems, Munich, October 5–6, 2005, pages

281–288, 2005.

[37] C. Adler, G. Klink, M. Feil, F. Ansorge, and H. Reichl. ”Assembly of ultra

thin and flexible ICs”. In Adhesive Joining and Coating Technology in



136 BIBLIOGRAPHY

Electronics Manufacturing, Proceeding of the 4th Internatioinal conference

on, pages 20–23, 2000.

[38] R. Reif, A. Fan, K.-N. Chen, and S. Das. ”Fabrication Technologies

for Three-Dimensional Integrated Circuits”. In Proceedings IEEE Inter-

national Symposium on Quality Electronic Design ISQED, pages 33–37,

2002.

[39] P. Benkart, A. Munding, A. Kaiser, E. Kohn, A. Heittmann, H. Huebner,

and U. Ramacher. ”Three-dimensional integration scheme with a thermal

budget below 300 °C”. Sensors and Actuators A: Physical, 139:350–355,

2007.

[40] L. Bernstein and H. Bartholomew. ”Applications of Solid-Liquid Inter-

diffusion (SLID) Bonding in Integrated-Circuit Fabrication”. Trans. Met.

Soc AIME 236, page 404, 1966.

[41] T. B. Massalski. ”Binary alloy phase diagrams”, volume 2 ; Cd-Ce to

Hf-Rb. American Society for Metals, 1990.

[42] L. Börnstein. Metal alloys. 2006.

[43] E. Yablonovitch, T. Gmitter, J. P. Harbison, and R. Bhat. ”Extreme

Selectivity in the Lift-Off of Epitaxial GaAs Films”. Applied Physics

Letters, 51(26):2222–2224, December 1987.

[44] A. J. R. de Kock, W. T. Stacy, and W. M. van de Wijgert. ”The effect of

doping on microdefect formation in as-grown dislocation-free Czochralski

silicon crystals”. Applied Physics Letters, 34(9):611–613, 1979.

[45] S.-Q. Wang, S. Suthar, C. Hoeflich, and B.J. Burrow. ”Diffusion Barrier

Properties of TiW Between Si and Cu”. Journal of Applied Physics,

73(5):2301–2320, 1993.

[46] A. Furuya and Y. Ohshita. ”Ti Concentration Effect on Adhesive En-

ergy at Cu/TiW Interface”. Journal of Applied Physics, 84(9):4941–4944,

1998.

[47] Frank Niklaus. ”Adhesive Wafer Bonding for Microelectronic and Micro-

electromechanical Systems”. PhD thesis, KTH Stockholm, 2002.



BIBLIOGRAPHY 137

[48] J. Oberhammer, F. Niklaus, and G. Stemme. ”Selective Wafer-Level

Adhesive Bonding with Benzocyclobutene for Fabrication of Cavities”.

Sensors and Actuators, A: Physical, 105(3):297–304, 2003.

[49] ”Dow Chemical Company. Processing Procedures for Dry-Etch CY-

CLOTENE Advanced Electronics Resins. (BCB 3000 series datasheet)”,

2002.

[50] ”MicroChem Corporation. Nano PMGI Resists, data sheet”, 2002.
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