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1 Introduction

1.1 Motivation

Modern integrated systems, for example those usddl@communications, medical and
consumer electronics, are characterized by higltimmality and complexity. Even though
the complexity of these products is increasing ditgathey tend to become smaller and
smaller at the same time [1].

As a result, there is a growing need for smallengonents that are used to assemble such
systems. Alternatively, the components may be la¢iddo flexible substrates (resulting in
flexible electronics), thus allowing the systemfitanto unoccupied volumes of the product
that would otherwise remain empty. Instead of pigcrigid components onto a flexible
substrate, the circuits themselves may be flexibke in polymer based thin electronic
circuits that achieve their flexibility by combirgrthinness with soft material properties (for
example a small Young's modulus and a large eléstit). The termpolytronics (which is
short forpolymer electronigsis generally used to refer to this kind of citcin example of
such a product is an A3-size electronic paper {pamer) that was fabricated on roll-to-roll
processing equipment, has a thickness of only 280and is capable of displaying 4,096
colors [2].

There is increasing research activity in the arfefemible devices that is also reflected in
the number of filed patents for flex displays, whiose from only 10 in 1991 to nearly 200 in
2006 [2]. In the future, flexible electronic assdied will enable new products in the field of
mobile telecommunication such as wrist-watch comigators, wearable medical control
units, concealed protective electronics, flexillentification and tracking devices for goods,
and anti-counterfeit devices [3]. The InternatioRaladmap Committee (IRC), that publishes
the International Technology Roadmap for Semicotutsc (ITRS) on a yearly basis,
presented the following vision on flexible electicmin its 2007 Edition:

"Flexible electronics is projected to grow into altibillion-dollar industry over the next
decade and will revolutionize our view of electami The unique properties of flexible
electronics, such as its compliant structures,aittrin profiles, low weight, and potential low
cost and high reliability could have enormous intpaic consumer electronics, aviation and
space electronics, life sciences, military applcas and telecommunications. Flexible
electronics will enable a broad range of devices applications not possible today. Smart
clothing with integrated electronics and displaygl mave many consumer, medical and
military applications. Realizing the possibility sifnart active bandages, and other medical
devices such as reconfigurable systems and sensuisto drug-delivery systems,
active/integrated prostheses and massively parafieture and fault free distributed
environmental field sensors will have the potenttathange the way people detect and deal
with disease and pathogen exposure.” [4]
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By going one step further and adding flexible comgaas to flex circuits, entirely flexible
systems may be achieved [1]. Even brittle devides silicon chips can be bent, if their
thickness is sufficiently reduced. For examplejliaan thickness of 30 um results in good
flexibility, similar to polymer films, and may lead the development of new techniques such
aschip in polymer, chip in multilayer printed circuioard (PCB), chip-on-chip, ultra-thin
assembly, thin chip embedded in redistribution lagadchip on bent surfacs], [6].

Therefore, thin semiconductor devices play a mage in the steadily progressing
development of highly integrated systems [3], am&l use of ultrathin chips with a thickness
below 10 um and of flexible substrates are cureeetis of research [1]. Chip thicknesses
between 40 um and 200 um have already been usschant card fabrication for about 5
years [7]. According to the 2007 ITRS Roadmap g minimum wafer thickness for
general products will be reduced from today's 50tad0 pum in 2012 and then remain at this
level. For special applications, such as smart;andwever, the current minimum wafer
thickness is 20 um and will decrease to 8 um in52@br 10 um wafers, manufacturable
solutions are either in practice or known, while 8&um wafers only interim solutions are
known. Some of the major challenges lie in the siefawafer thinning technology, stress
relief, wafer handling technology, singulation, diendling, and thinning of bumped wafers.

Since in standard complementary metal oxide serdiectior (CMOS) chips, the active
areas typically have a depth of 1 um to 2 um, ¢hipning is generally not expected to
influence chip performance to a large degree [8]nTBilicon chips may even perform better
than thick silicon chips, because parasitic capecifire reduced (similar to silicon on
insulator (SOI) substrates, which typically have autive silicon thickness of 0.2 um to
5 um [3]). However, the transistor characteristtSCMOS chips are sensitive to bending-
induced stress [9]. Since the magnitude of thisatffs known, it may be compensated by
adjusted CMOS design rules. Intrinsic stress iedsyleposited during the fabrication process
and stress resulting from assembly may have aasimifluence as the bending stress.

Generally, the chip thickness needs to be redusedauired by the application and viable
packaging technologies have to be developed inllegi#0]. Flip chip technology may be
used in combination with thin chips, if the pressexerted by the chip handling tool is
reduced to avoid chip breakage [10]. However, fipp assembly of thinned chips has to
overcome a number of problems [11]:

* no flux dip possible due to bumps with small height

» capillary flow underfill after reflow difficult (da to very small gap height),
» underfill may squeeze out and contaminate chip lnamtbol,

» die may float after placement or during reflow,

» standard solder masks (100 pum for stencil printadks) and gold stud bumps (typical
height: 40 um to 80 um) are too thick for thin chgplications.

e chips may be warped due to intrinsic stress frootgssing.
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Also, wafer bow needs to be minimized in thin sificapplications, because manual and
automatic handling of bent wafers during processsgery difficult. For thin chips, the
major problem associated with bowing is the plaganoé the chips onto the lead frame in
plastic housings [12].

At the Institute of Materials in Electrical Engineeringh@ir 1 (IWE1) at RWTH Aachen
University, where this thesis was prepared, a major resdactls is on flexible, telemetric,
medical implants. One such implant, calle®I-RET, is used to electrically stimulate the
retina in blind humans [13]. The implant is contosly being improved and recently 3
generation prototypes were successfully implanteseveral humans for up to 4 weeks [14].
The implant consists of a polyimide (PI) tape (khiess# =5 um) with electroplated gold
wires, stimulation electrodes, and a receiver ddie polyimide used to fabricate the implant
(type PI2611) is considered biocompatible [15]. iAd® and a capacitor are attached to the
flexible polyimide substrate using isotropicallynctuctive adhesive (ICA) and 2 CMOS chips
are flip chip attached using gold stud bumps. Tédat is encapsulated in silicone and then
implanted into the human eye ball with the 5 x &arof stimulation electrodes placed onto
the retina. The receiver coil is placed in the frohthe eye and receives information and
energy via radio frequency (RF) coupling from ang@onder unit outside the eye. The
transferred energy and information are used to rgémdoipolar current pulses that stimulate
the retinal nerve cells and lead to visual sensdfi6].

A 2" generation prototype of the implant prior to erszdation is shown in Figure 1.1. By
placing such an implant into a cylindrical formyhey about the same radius of curvature as
the human eyeball, the inflexibility of the silicahips becomes well visible (see Figure 1.2).

Receiver coil Micro cable

Capacitor Electrode array

/ Diode

Receiver chip

f{iest

Stimulation chip

Figure 1.1: 2% generation prototype of the EPI-RET implant (miedifrom [17]).
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CMOS chips

Figure 1.2: Middle section of the implant with twigid CMOS chips, placed into a cylindrical form
(modified from [18]).

By using ultrathin chips for the assembly of thepiamt, a more flexible device may be
obtained. However, when using ultrathin chips, stendard gold stud bumping technology
can no longer be used for assembly, because cfulbstantial breaking risk associated with
the large force required for stud bump intercormeé&utectic gold/tin solder, which is
composed of 80 wt.% gold and 20 wt.% tin, is a \Walbwn biocompatible solder. Replacing
the gold stud bumps with soldered gold/tin interexts would retain the implants
biocompatibility, but may significantly reduce mecical stress in the chips during assembly.
Therefore, thin chip fabrication and gold/tin soktk flip chip attachment of these chips to
flexible polyimide tapes is an important area cfet@ch. It is the purpose of this thesis to
advance the knowledge of the assembly processtuicéing ultrathin dummy chips (using
the Dicing-by-Thinning (DbyT) process) and flip phsoldering them to polyimide tapes,
similar to the ones used in EPI-RET implants. Beeasolder deposition in this thesis was
based on two consecutive electroplating stepsnaplneflow was required to obtain eutectic
solder caps prior to flip chip attachment. Howeuis bump reflow process results in
deformations of the chips and/or substrates whiakstnbe minimized to facilitate the
subsequent flip chip process. Understanding theiogiship between the reflow process and
measurable deformations is the main focus of tiesis. A model is devised and verified by
comparing simulation results with measured defoiwnatduring and after the bump reflow
process. Complete systems with functional testctiras, such as Daisy chains and Kelvin
contacts, were assembled and the mechanical sgatfilihese systems under forced bending
with a radius of curvature similar to that of thexan eye was successfully demonstrated.

1.2 State of the art

This section gives a detailed overview on reseadotivity relevant to this thesis.

The first part (Section 1.2.1) deals with differeagpects of thin chip technology and
flexible systems in general. Different areas oflaagion for thin chips are described, with a
focus on their production processes and assembhnigues. This part also touches on
related areas like polytronics.
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The second part is dedicated to the current goldftildering technology. Among the
topics are

» advantages of gold/tin solder,

» typical applications for gold/tin solder,
» solder deposition techniques,

» soldering processes, and

» soldering techniques for flex tapes.

The third and final part of this section includeswmmary on simulations involving thin
silicon chips and/or interconnects.

1.2.1 Ultrathin silicon chips and flexible systems

Applications using thin silicon chips

Thin silicon chips are used in a wide variety ofplagations with different silicon
thicknessessgf, like memory cards £t= 100 um), integrated circuit (IC) cards; & 50 pum),
and IC tags § =20 um to 30 um) [8]. Other major fields of apption for thin chips are
portable devices, such as mobile phones and ndtel@8]. Thin chips may also be used in
medical applications such as retina implants [2@fcording to [7], typical chip thicknesses
are 70 um to 200 um for power applications, 50 on¥® um in stacked memories, and
40 um to 200 um in smart cards. Thin silicon chgs also of interest in solar cell
fabrication, where the silicon material is the maxpense factor. In [21] functional solar cells
on 34 um thick silicon wafers were fabricated. db-type environments silicon chips with
thicknesses around 10 um have been achieved [8].

In many fields (such as automotive, microcontrgllerpower management,
communications, chip card controllers, and memaryjend towards integration of several
chips into one package can be observed, resultingoicalled systems in a package
(SiPs) [22].

While in conventional multi chip modules (MCMSs) thkips are placed directly onto the
substrate and are all connected to the substratetii@ same technique (e.g. wire bonding or
flip chip technology), in more advanced SiPs thp€may be stacked in order to save floor
space and increase the chip density. However, manection technologies are required for
systems with stacked chips. The chips may haverdifit sizes and be stacked such that the
bottom chip is largest and the top chip smallestying a small area near the edge of each
chip accessible for wire bonding. Another approasks equally sized chips with spacers
between the stacked chips for wire bonding. Théobotchip may be attached by a regular
flip chip connection while the other chips of thack are wire bonded. Or the complete stack
may be flip chipped, requiring through vias in allips except the topmost chip. A good
overview of these and other stacking techniquegvisn in [23]. In all these applications thin



12 1 Introduction

chips offer significant advantages, because trad stack height is greatly reduced, reducing
packaging volume and facilitating the connectiochtelogy. Stacked chips may be used in
applications such as ti&@obal Positioning SystetfGPS), personal digital assistants (PDAS),
visual phones, gigabyte memory and micro hard dr[8. A good example of a multi-chip
stack is the Toshiba memory MCM, which is compask@ chips, each having a thickness of
70 um. Interposers are placed between the chigdeawe space for wire bonding to the
substrate.

Thin chip and wafer fabrication

Because front side processing of thinned wafeexiseemely difficult, thinning of wafers
is typically performed after having created thevacCMOS areas [19].

A widespread thinning technique for silicon wafeéssgrinding with a ceramic wheel
embedded with diamonds in combination with wateoliogg and tape protection of the
CMOS on the front side. This technique resultsemaval rates of up to 5 um/s and a total
thickness variation (TTV) below 3 um (for 150 mmfera). The target thickness can be
reached with an accuracy of a few microns in amsikll style production. Because of the
surface damage resulting from the large pressuteees the diamond wheel and wafer
surfaces, the silicon surface is stressed, which lewd to substantial wafer bow. To remove
this stressed layer, a so-called stress-reliefga®ads carried out, like, for example, a wet
etching process (often based on a HF+HN@QPO, etching solution), a chemical-
mechanical polishing (CMP) step, or a dry etchitegp $3].

Although wet etching and CMP offer better surfacaliy than dry etching [19], plasma
etching has been shown to reduce warpage in grolbipd by a factor of 6 and increase die
strength by a factor of almost 7 [24]. Other sosréeund that dry etching can lead to
increased die strength compared to wet etched casfebecause dry etched surfaces are
smoother, reducing stress concentration effects [25

Plasma etching is also beneficial at the end ofthivening sequence of the Dicing-by-
Thinning process, if the trenches are created bgham@cal means, like predicing with a
diamond dicing blade. In this case the plasma nbt eemoves damage on the chip's back,
but also on its four edges [24]. Dry etching magiuce damage, which can, however, be
minimized by using an inductively coupled plasn@R) with a large ion density and low ion
energy [21].

Stress relief etching not only reduces bow, bub alsreases wafer and die strength [26].
This is especially important if samples are beptause residual defects in conjunction with
stress often lead to breakages [19]. In some agfits the removal of intrinsic damage
reduces leakage currents and increases minoritiecafetimes [26].

A conventional slurry based CMP process may leatbtmding of the chip edges. By
using fixed abrasion pads with a water based labtiadhe total thickness variation (TTV) and
surface roughness can be reduced substantially [27]
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Spin-etching is a wet etching technique, where wiader is rotated quickly while the
etchant is sprayed onto the upper side of the whafdi.0] spin etching of 30 um of silicon at
the end of the DbyT process was used for stress-r@hd resulted in very good damage
removal and a tensile strength of about 1.1 GPe-&phing has a fairly good homogeneity
of typically £ 5% (for removal of 20 um of silicof26].

However, silicon sidewalls of DbyT trenches etclnamogeneously in spin etching.
Therefore, some sidewalls are mechanically stroadter spin etching than others and the
breaking strength may vary largely from chip topchihe average breaking strength increases
with increasing stock removal by wet etching afiending. For example, removing 45 pum
compared to only 30 um increases the average lngdédice by over 50% (for chips with a
final thickness of 20 um) [3].

Spin-etching has the disadvantage of being very €lo an industrial scale and should
therefore be preceded by a much faster grindingga®[26].

Very recently a new production process for thiriceit wafers calledPolyMax was
developed at Silicon Genesis Inc. that is not basedthinning of initially thick wafers, but
creates thin wafers directly from the silicon ingdhe process is based on ion implantation
and subsequent wafer cleavage without the neea foarrier substrate. Wafers as thin as
50 um were fabricated, but the process may potBnti@ used to produce wafers with a
thickness of only 20 pum. Without further treatmehg wafers exhibited exceptional strength
of about 1500 MPa [28].

Singulation technology

Singulation of thin wafers is another major chajlenMechanical dicing is traditionally
used, but chipping at the side of the die may teactacks at a later stage. Therefore, gentler
singulation methods, such as laser dicing or plastohing, are required to obtain strong
dies [4].

Wafers with a thickness of only 30 um may be diegith a mechanical saw. However,
mounting of these wafers on dicing tape is vertiaaid, because uniaxial tension may lead to
wafer breakage. Also, a stress-relief processgsired after dicing to remove damage [11].

In the scope of the Flex-Si project, silicon chigth a thickness of 50 um were fabricated
by wafer thinning and mechanical dicing using sgaddfilm frame carriers and dicing
equipment. The resulting chips were bent mechdgibgl attaching them to a cylinder with a
radius of 25 mm using double-sided sticky tapeh@ligh all chips initially survived this
forced bending test and were electrically functlceféerwards, breaking would often occur
when the chips were left in the bent state overtr{igh

Other singulation techniques induce less defectlarfirst place, as for example water jet
guided laser, laser-induced stress cleavage, ¢asng, abrasion, and wet or dry etching [8].
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Dicing-by-Thinning

In this thesis, the Dicing-by-Thinning (DbyT) presewas used for thin chip fabrication.
This process is a singulation and thinning techgglevhich uses a combination of front side
dry etching of trenches and backside wafer thinrffoga detailed description of the process
sequence see Section 3.2.2). The chip separatewhisved, when the front side trenches are
reached during the backside thinning process. Tinel@oncept was investigated intensively
in [12], where the trenches were created by differeechniques, for example by laser
ablation, mechanical dicing, or plasma etching. plasma etched trenches yielded the best
results with respect to chip strength. After thechamical thinning of the 8" wafers, a stress
relief process was required. Although wet etchisgaiwell-suited method, it may lead to
contamination of the active areas of the CMOS chiavoid this disadvantage, stress relief
by plasma etching was tested. The wafer was atflatth@ carrier by a temperature release
adhesive tape (diease= 70°C). To reduce the temperature, a remote-@asoarce was used,
which resulted in very inhomogeneous removal rateess the wafer. By adding an aperture,
the homogeneity could be improved, but at abouD%8still fell short of the required
homogeneity of + 10%. Locally, the process resuitedood quality chips, which could be
picked and further processed. It was found thatbalbles enclosed during taping of the
wafer expanded during the vacuum plasma processiltireg in local bowing and hot spots,
leading to locally increased removal rates. By waecuamination, these air bubbles may be
eliminated. To avoid contamination of the activeaa of the chips during stress relief wet
etching, the trenches can be filled with resistaltechnique described in [12] a wafer was
attached face-down onto a carrier substrate byoddyered stack consisting of a temperature
release and an ultraviolet (UV) release tape. Att@rning, the tape was removed from the
carrier substrate by applying heat. The tape wighattached thin chips was then flipped onto
a standard dicing tape and the chips were tramsfdace-up to the dicing tape by removing
the UV tape. If the chips had a topography larg@ntl um (for example because bumps
were added in advance), an additional soft tapeusad on the active side of the chips during
thinning. Two alternative temperature resistantevattachment techniques were also tested
and shown to be compatible with temperatures of@30he first technique was based on a
water soluble silicate adhesive and the seconchigel used polyimide dots for gluing the
wafer to the carrier. To release the wafer aftemiing, the silicate adhesive was dissolved in
water, while the polyimide dots were removed by ld%er ablation through the quartz carrier
substrate. All these wafer handling techniquesndidallow for electrical backside contacting,
which is often required during wafer level chiptieg. By replacing the carrier substrate with
a support ring, glued to the front side of the wdfe silicate adhesive, successful handling
and electrical testing of thinned wafers was denrated [12].

When dry etching of trenches was used during thgTDdyocess, the chip outline did not
have to be rectangular as in mechanically diceggschRound chip corners and other chip
shape variations could be fabricated [3].
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The DbyT concept may also be used in conjunctigh wiechanical dicing by creating the
front side trenches with a dicing blade that dostspenetrate the entire thickness of the wafer
[19]. This technique is calledicing Before Grinding(DBG) and requires additional
treatment, such as wet etching to remove damadgeeochip edges [8].

Recently, the DbyT concept was successfully implaed to fabricate 12 um thick
CMOS image sensor chips. For thinning and hanglungoses, the wafers were attached to a
carrier by thermoplastic glue [29]. And in [30] e-calledsilicon e-cubewas presented that
has a size of 30 x 30 x 35 fimnd was fabricated using the DbyT concept.

Adhesive-based thin chip interconnects

A major contributor in the field of thin chip teablogy has been the InnoSi project [12].
The project covered many topics such as wafer thgansingulation, handling of thinned
wafers and chips, and assembly. Thin chips werdacted to a substrate by different
techniques. In a technique callebplanar contactinghe chip is attached to the substrate
face-up and the conductor lines are fabricated drges or stencil printing silver-filled
conductive adhesive along a path from the chip pact®ss the chip edge and to the tracks on
the substrate. By using a 50 um poly ethylene tehgpate (PET) substrate, 10 um die attach
adhesive, a 20 um chip, and 10 um conductor liadsfal system thickness below 100 um
was achieved. Isoplanar contacting was found ta lveell suited technique for thin chip
applications, because of the limited step heighivben the surface of the thin chips and the
substrate [5].

Adhesives may also be used for flip chip intercatmeMainly three types of adhesives
are available [6]:

» isotropically conductive adhesive (ICA),
» anisotropically conductive adhesive (ACA),

* non-conductive adhesive (NCA).

ICA typically consists of a thermosetting polymiletl with silver particles, which results
in sufficient electric conductivity. The applicatianethods range from screen and stencil
printing to dispensing and dipping techniques [6].

In ACA the conductive particles usually consistpoire nickel, gold-coated nickel, gold-
coated polymer or silver-coated glass. The pagitigically have a diameter of 3 um to
15 um and form part of the current path betweerstlstrate and chip pads, when the chip is
pushed against the substrate. In the sidewaystidinethe conductive particles do not touch
and are hence electrically isolated from each oth€®A is often used in low cost electronics
and may be snap cured resulting in only a smathtagload [6].

NCA is not conductive by itself and must be pertettdby conductive structures (such as
stud bumps) to achieve an electrically conductvenection [6].
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Regarding flip chip technology in combination witonductive adhesives, 3 different
techniques were shown to work well for contactinig thips [12]:

« ACA filled with 8 um gold spheres: a thin chipsi¢ 50 um) was attached to a
substrate, resulting in a contact resistance ofiab® to 2.

* |ICA on the pads and NCA sideways between the paflsrly low contact resistance
of about 1Q was achieved.

e ICA in conjunction with a geometric effect: a coatlue adhesive with fairly low
conductivity was used to coat the substrate aréerevthe chip was placed. If the
minimum distance between two pads on the chip aaly large and at the same time
the thickness of the conductive adhesive was vasallsthe contact resistance would
be 3 to 4 magnitudes smaller than the isolationstasce for purely geometric
reasons.

In [10] a 25 um thick flip chip was presented thats attached onto a polyimide tape
using copper stud bumps and ACA.

Since polymers are naturally flexible, they alloov ¥ery small bending radii in thin chip
applications. In [3], for example, a 25 um thiclantsponder IC, housed between two
polyimide tapes £ = 25 um each), was presented. The chip was attaitchéhe polyimide
tape by various adhesives and mechanical benditly aviminimum radius of 3 mm was
achieved.

In [9] a strain gauge based on the strain-indudeahge of the transistor characteristics in
ultrathin silicon chips & =10pum, sizee3x4 mm?) was developed. After CMOS
processing, individual thin chips were obtainedrbgchanical dicing of the wafers and a
subsequent thinning process based on lapping, teleing, CMP, and dry etching. Although
the CMP step resulted in a very good surface guahicknesses below 20 um could not be
achieved due to chip breakages. Therefore, a dhirgf step was carried out on the 20 um
thick chips to remove an additional 10 um. Theaeefquality of the dry etched chips is less
good, but, as a result of the reduced thickness, fldxibility was significantly increased.
4 chips were attached face-down to the backside pblyimide tape & =9 um) using an
underfill. The polyimide tape was prepared withdsounderneath the contact pads of the
chips, so that the chips could be connected by t€te gold tracks on the front side of the
polyimide tape. Since a non-conductive native oxiolened on the aluminum pads, they
could not be directly contacted by ICA. Therefdiee contact pads were previously coated
with a conductive 3-layer under bump metallizat{oiBM) of zinc, nickel and gold (using the
so-calledzincate procegs The mechanical properties of the fabricatedirstgauges were
sufficient for gluing to a torsion bar with a radiaf 15 mm. The system withstood a pressure
of 5 N/cm? that was required for gluing and alsevsed strains of up to 0.2% during
operation. It was found that the threshold voltagehe transistor did not change during
thinning, but that the drain current was reducedabput 5%. After assembly, the drain
current had decreased by another 20%, which wasaieed by the higher operating
temperature resulting from the thermal insulatibthe attachment glue and polyimide tape.
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Intrinsically conductive polymers (that means potymawhich are naturally conductive
and do not require filling with conductive partig)ehave fairly large resistivities of about
5Qcm [3]. Due to the small interconnect length i fihip connections and resulting small
contact resistance, they may still offer a viabileraative to metal-filled adhesives.

Thin chip assembly and integration

In [20] a silicon chip with a thickness of 20 prhat was fabricated using the DbyT
process, was bonded onto copper tracks on a palgirtape ¢ =25 um) by thermode
bonding of immersion solder bumps. By laminatingeaond polyimide layer over the chip
and the first polyimide layer, a chip-in-polymercgage was fabricated. Sandwiching the
silicon chip between two equally thick polyimidepés was beneficial with respect to
reliability during bending, because the chip laythe neutral axis and was exposed to less
stress [11].

In [31] the fabrication of CMOS chips with a thidss of 65 pm using a similar thinning
process as in this thesis is described. The chgre Went using a 4-point bending unit and the
transistor characteristics were measured, shovinaigthe transistors could withstand stress as
large as 350 MPa with only a small shift in thentigtor characteristics.

In the scope of th&uropean Flex-Si projedB], [11] an integrated module board (IMB)
was fabricated that was based on a flexible FR4do@azs= 100 um) and a silicon chip
(tsi= 50 um) with electroless Ni/Au (e-Ni/Au) bumps.hasle having the size of the chip was
drilled into the board and, using standard processepper tracks were added to the board.
An adhesive tape was laminated over the hole apdesdracks of the FR4 board. From the
opposite side, the chip was placed through the, Hiabe-down onto the sticky surface of the
tape. By encapsulating the chip into a molding pw@y that remained elastic after curing, a
completely flexible system was fabricated. Finatlye tape was removed and the tracks on
the board were connected to the input/output (B@nps of the chip by an additive printed
wiring board process based on electroless coppéngl

Using another strategy, thin silicon chips; €50 um) were successfully attached by
solder flip chip technology to a flexible substri8¢ [11]. The wafer bumping was carried
out before the thinning process. The bumps hadghhbetween 5 pm and 20 pm and were
based on electroless Ni/Au, followed by a dip soldansfer process. Although this process
achieved overall thin solder thicknesses, it hael disadvantage of a large bump height
variation, resulting in inhomogeneous pressure mrdoval rates during the subsequent
grinding. Therefore, a mechanical buffer tape wiached to the front of the wafer before
mounting onto the chuck of the grinding machinee Thinning process was carried out on
6" silicon wafers and consisted of a rough grindstgp down to 150 pm, followed by a fine
grinding and polishing step to a final thickness56fum. The wafers with a thickness of
50 um were handled with manual tweezers after thgnrBecause it was difficult to fill the
narrow gap between the chip and substrate witHlaapflow underfill after assembly, a pre-
applied no-flow fluxing underfill was used instead.
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In the European project SHIFT (Smart High-IntegnatFlex Technologies) an ultrathin
chip package (UTCP) was presented. It consisted tifinned silicon chip §=20 um to
30 um, edge length: 4.9 mm), which was attacheairigid carrier supported polyimide tape
(tp1= 20 um, type: PI2611) using benzocyclobutene (BABen, a second polyimide layer
was added by spin coating and this layer was opbwéalser drilling. Electrical contacts were
fabricated by photolithographic patterning of atsgned metal layer consisting of 50 nm TiW
+ 1 um Cu [32], [33].

In another European project callétidden Dies the integration of thin silicon chips
(tsi= 50 um, max. edge length: 10 mm) in polymer weayaed [33]. The aluminum pads of
the chips were coated with 5 um copper stud bumps.chips were then attached face-up
onto a standard FR4 board and covered with resatedacopper (RCC), consisting of 80 um
of resin on an 18 um copper carrier. The RCC rasohcopper were opened at the chip pads
by laser drilling and electroless and electroplatedper was added to fill these vias. Finally,
the RCC copper was patterned. To minimize defoonati an identical RCC laminate was
simultaneously added on the back of the FR4 baasdlting in a total thickness of the device
of 300 um. More detailed descriptions of the prdiducprocesses for both the SHIFT and
Hidden Dies projects are given in [34].

A possible solution for reducing stress in soldargdrconnects without using underfill is
the use of flexible electrical leads. Also, pilllke bumps may be used to relieve mechanical
stress [4]. An example, where such technology wgdamented, is given in [34]. A matrix of
5 x 5 metal pillars (diameter = 3 um, pitch = 6 [hmight = 10 um) was fabricated on a single
30 x 30 um?2 bond pad for bonding through pre-appkpoxy glue. This technique was
demonstrated to work well for connecting a 50 poktisilicon chip to another 140 um thick
chip.

Thin silicon in other applications

In the following paragraphs applications and redeasreas are presented, which go
beyond standard thin chip to flex substrate attaattrtechniques.

Wire bonded chip stacks have been used in recemtsye cells phones. By using a
technique calledcascade wire bondingstacks consisting of 8 chips have been fabricated
Each chip was wire bonded directly to the substoatéo a lower chip, which in turn was
connected to the substrate or a lower chip, armhdd].

In [36] a monolithic 5 x 5 array of CMOS compatilddicon chips connected by flexible
ultrathin silicon bridges was presented. The irdlrail chips were about 1 mm across and
300 um thick. The silicon bridges were either mafleneandering or straight, perforated
silicon, had a thickness between 1 um and 20 pmvesr@ up to 1.2 mm in length and
0.8 mm in width. The structures exhibited remar&aténding capabilities of 90° per bridge
for a bridge thickness of 5 um and of 180° per dwidor a bridge thickness of 1 um. The
devices were fabricated using SOI wafers, whichewsatterned by plasma etching on the
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front and anisotropic wet etching on the back. Aflamoval of the buried oxide layer, the
described flexible silicon chip matrix was obtairjad].

Instead of connecting rigid device islands by eilicbridges, stretchable metallic
conductor lines may be used. Such conductor linese wabricated on an elastomeric
polydimethylsiloxane (PDMS) substratedis= 1 mm) by evaporation and patterning of a
thin gold layer (t, = 25 pm to 500 nm). The gold wires survived strietg of the PDMS of
up to 60%, however, resulting in an increase of rimstance by a factor of about 3. By
mechanically pre-stretching the PDMS by 10% to 2p%ier to gold evaporation and
releasing the PDMS from the fixture after evapargtiwavy gold wires could be formed that
exhibit increased stretchability of about 90% witha significant increase in resistance [37].

For packaging of microelectromechanical systemsNMIEa technique based on a 20 um
thick silicon caps was demonstrated in [38]. A thilicon wafer was temporarily attached to
a pyrex glass carrier that was pre-structured watvities. Then, cavities and tethers were wet
etched into the silicon and lead/tin solder wasodépd onto the silicon fields around the
cavities by electroplating. The resulting silicoapcwas soldered onto a substrate, thereby
enclosing a MEMS device. The silicon cap was redasom the glass carrier by simply
breaking the silicon tethers [38].

In [39] wavy stretchable silicon structures werbrfeated by transferring ultrathin silicon
ribbons (k= 15 mm, wi =5 pum to 50 um,st= 20 nm to 320 nm) onto pre-stretched PDMS
(troms =1 mm to 3 mm) and then relaxing the PDMS. Thenmooystalline silicon ribbons
were fabricated from SOI wafers by patterning e silicon and then removing the buried
oxide using concentrated hydrofluoric acid. To grévthe silicon ribbons from being washed
away in the etchant, the ends of the ribbons weteatterned, but were left connected to the
wafer. After bonding the top silicon to a pre-stretd PDMS substrate the carrier wafer was
removed, leaving the silicon ribbons attached ® RIDMS. Upon releasing the pre-strained
PDMS a sinusoidal silicon structure with periodest between 5 um and 50 um and
amplitudes between 0.1 pm and 1.5 um formed. Acoraponents, such as pn photo-diodes
and metal oxide semiconductor field effect tramsst(MOSFETS) based on Schottky-
barriers, may be integrated in the top siliconte §OI wafer prior to ribbon patterning. To
keep the active side on top, the active compon#ations were first transferred to an
unstrained intermediate PDMS carrier and then tearexd to a pre-stretched PDMS layer as
before. The MOSFET and pn diode remained functiawan at strains of about * 10%.
In [40] the process was further developed to fabeidree-standing wavy silicon structures
with defined buckling characteristics. To achielistthe PDMS surface was treated to obtain
thin lines with strong adhesion interspersed wittlenlines of weak adhesion. Upon relieving
the pre-stretched PDMS a wavy silicon structurenfest with a periodicity defined by the
distance between the lines of strong adhesion.séhgples fabricated with this process allow
forced bending with a radius of curvature of 5 mam,stretchability of 100%, and
compressibility of 25%. Similar processes were alsed to create two-dimensional wavy
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surfaces (having a herring bone pattern) that ctldstretched in 2 directions and hence
allowed, for example, spherical deformations.

Radio frequency identification and smart cards

There is an ongoing trend towards ever thinner sozads [41]. Regarding minimum card
thickness, one has to differentiate between praoolucin an industrial scale and in the lab.
The thinnest mass-produced smart card availaldat®was developed by Texas Instruments
Inc. and had a total card thickness of 345 um [E&}t.radio frequency identification (RFID)
applications much thinner systems are availabldoasgxample, an RFID label with a total
thickness of 100 um (including a thin silicon chipQ].

Hitachi has a history of fabricating ultra smalllRFehips. In 2001 a 400 x 400 um2 RFID
chip with an external antenna was presented andyeacs later, the antenna was integrated
into the chip [43]. In 2003 a 300 x 300 um? RFIDipchvith a thickness of 60 um was
demonstrated and in 2006 RFID chips with an arebB560fx 150 pum?2 and a thickness of only
7.5 um followed [44]. A year later the chip sizeswaduced even further to 50 x 50 pm?2 [45].
However, these examples were only prototypes. Timalgst RFID chip manufactured on a
large scale was 400 x 400 x 60 um3 and was usalddat 20 million electronic tickets during
the World Exposition in Aichi, Japan in 2005 [44].

Polytronics

An alternative to thinned silicon chips is the usfeprintable electronics [46]. Many
different components such as thin film transisiaeuts (TFTCs), displays, batteries, sensors,
and microphones could in principle be printed oatsingle substrate, resulting in low cost
devices. The reel-to-reel (R2R) processing techmithat is used in the manufacture of
polymer electronics offers high throughput at véoy operating cost [47]. The major
disadvantage of polytronics is the small carrierbiiity (typically 0.2 cm?/Vs for printable
soluble organic compounds, and a maximum of 3.3\snachieved by Merck in 2007)
leading to fairly low operating frequencies [48JorFexample, in [49] a polytronic ring
oscillator with an operating frequency of 119 Hzswmesented. The oscillator was fabricated
in a reel-to-reel process and the transistors hd@ature size of 15 um, allowing the
integration of up to 12 transistors per cm? at st @ about 0.03 €/transistor. A feature size
reduction to 5 um is under development. Recentlg, fabrication of batteries in an R2R
process with a capacity of 2 mAh/cm? was demoredrfg0].

RFID tags are a major potential market for polytcenand estimates for RFID demand
are as large as 10 trillion () devices p.a., assuming a price below 0.01 US$azerAn
example for polymer electronics is the pressuresitea skin presented in [51]. The
integrated pressure sensors and transistors coitltstand a bending radius of 2 mm.
However, having a cycle time of 30 ms, these polytnansistors were far slower than
conventional silicon CMOS transistors. RFID tagsn che fabricated with complete
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biocompatibility as, for example, the edible RFIAgtthat was recently patented by
Kodak [48].

One particular field of application for flexible rcuits is wearable electronics [4].
However, due to the nature of textile use, simmading functionality does not suffice to
create reliable electronics. A certain stretchgbié also required. Electrical conductors made
of meandering copper tracks embedded in an elastitix are shown to be a suitable
technology for interconnect lines, allowing cyditetching in one direction of up to 40% [2].
However, for stretchability in two directions, asquired for use in textiles and in other
complex three-dimensional (3D) shapes (like sphereswy challenging designs are needed.
Possible solutions are using a conductive polymer mon-conductive polymer matrix highly
filled with conductive particles [4]. A detailed ewiew on current technology for smart
textiles is given in [52]. A very good source farther reading on flexible circuit design and
technology is [53].

1.2.2 Gold/tin soldering

General notes on solder connections

Solder interconnects typically consist of a soldemp with an under bump metallization
(UBM) and a substrate metallization. Apart from ft&in purpose to form an electrical
connection, the bump also serves as a structurialdnd dissipates heat during operation.
Apart from solder, the bump may be made of metallicds or conductive adhesives. The
UBM prevents corrosion of the chip metallizationedto ions in the encapsulation or
migrating solder (primarily migrating tin). Electess nickel UBMs typically have a thickness
of 5 um and result in mechanically stable interamtions by the formation of intermetallic
compounds (IMCs) between nickel and tin [6].

To achieve long term reliability, brittle Ni/Sn @jis should be minimized and the UBM
should exhibit little internal stress [21]. Undéri$ often used to locally constrain the thermal
mismatch caused by the difference of the coeffisi@i thermal expansion (CTESs) between
chip and substrate, further increasing reliab[B].

Creep, which is defined as a plastic deformatioouging after prolonged exposure to
stress, is often encountered in soft solders. Stheeamount of creep in different solders
depends on stress, strain rate, and temperatuee,solder may perform better in one
application and less good in another applicatiangared to other solders [55].

Instead of using a solder alloy, a single matéikal gold may be used to form solid state
bonds. Gold stud bumps on the chip are pressedsighie top gold layer of the substrate
pad. Thermal and/or ultrasonic energy is added dmptete the bonding process. The
resulting contact height is typically in the rangfe50 um to 100 pum [6]. This fairly large
connection height is a clear disadvantage of stuehg connections in thin chip
applications [19]. Also, the force required duripgnding may be fairly large, for example
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0.5 N/bump (for 10 minutes at 150°C) [56]. Thesechamical forces and constraints are
locally concentrated around the bumps and may ktreakhip.

In flip chip connections, the chip is placed faaeva with the chip pads onto the substrate
pads. Soldering of the bumped pads of the substaatdor chip is the most common
connection technique (as compared to adhesivesudrimimps) [3]. One advantage of flip
chip connections is that chip mounting and eleatricnterconnection are achieved
simultaneously. Other advantages are compactnegs,riterconnect density, and improved
electrical performance (due to the small lead len{f6]. Flip chip connections can be used
in chip scale packages (CSP), leading to substamtight and package size reductions [57].
Flip chip technology may also be used in conjumctiath flexible substrates (for example in
liquid crystal display (LCD) drivers), allowing tressembled device to be bent and hence to
occupy otherwise unused space in the final progirt Saving space is important in portable
electronic devices such as mobile phones and pagbeye small and light-weight features
are preferred by consumers.

In reflow soldered flip chip connections, the bungse usually electroplated or stencil-
printed onto electroless Ni/Au UBMs at the waferdleand, after dicing and placement onto
the printed circuit board, soldered in a belt fua§3].

Due to differing CTEs of the chip and substrateenals, mechanical shear stress occurs
at the flip chip interconnects after cool-down fréine soldering temperature. To reduce the
stress in the bumps, an underfil may be dispernsedill the empty space around the
interconnects. Having a CTE similar to that of themp material, the underfill evenly
distributes the thermal stress over the entire cdhipa, reducing shear stress in the
interconnects. The most common underfill is capilldow underfill, which is dispensed
close to the gap between chip and substrate alsdtlie entire gap by capillary flow.
Afterwards a thermal curing step is required talkarthe underfill [6].

Apart from reducing thermal stress, the underfldoaincreases shock and vibration
resistance in applications such as automotive, lmqbione, and other portable devices [58].
In order to achieve good reliability, the undenfillist have good adhesion to the substrate and
chip [57]. Flux residue can be critical for the adion of the underfill, reducing reliability of
the flip chip connections.

Advantages of gold/tin solder

For a solder to be acceptable for industry appboat it has to exhibit desirable material
characteristics, for example regarding melting terajure, wettability, electrical and thermal
conductivity, mechanical strength, creep and théfatague resistance, corrosion resistance,
manufacturability, and cost [59]. Gold/tin soldehich is mostly used at its gold-rich eutectic
composition (80 wt.% Au + 20 wt.% Sn, corresponding71 at.% Au + 29 at.% Sn), has
many favorable properties like:
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» flux free bonding, good wetting, low creep, goodrosion resistance, large tensile
strength (270 MPa compared to 40 MPa for euteetid/tin solder), slow IMC phase
growth at elevated temperatures, and high meltoigt j60],

» large yield strength at elevated temperatures [dB& at 150°C compared to 4 MPa
for lead/tin solder) [61],

e good fatigue resistance [62] (e.g. 75 cycles betw8°C and +100°C were achieved
in silicon chips that were flip chip soldered tdypmide tapes; by adding an underfill
the number of failures was reduced to zero evear 2100 cycles [63])

» compatibility to different UBM materials (e.g. NAu, Pt, Pd, Pd/Ag [60], or Cr [64]),
low intermetallic growth rates when used over Mi, & Pt [65],

* good thermal shock resistance (e.g. 40 cycles letw&96°C and +160°C were
achieved in silicon chips soldered onto aluminastaltes) [64],

* good thermal conductivity of 0.57 W/mK [64] (this important in applications where
the solder connection serves as a heat sink; ier lbar soldering for example a
temperature increase of 8°C during operation mdyehthhe expected operating life
[66]).

« good electrical conductivity [67], [68] (in [69] ®malue of c = 17.3510° Qcm is
given),

* good self-alignment capabilities in flip chip salit [70],
* biocompatibility [42],

» conforming to the European Directive 2002/95/EG HBo Directive on the
Restriction of the Use of Certain Hazardous Sulegtsinn Electrical and Electronic
Equipment), which prohibits the use of lead contajrsolders in most applications
since July 2006 [71],

* a thin gold coating may be deposited onto the uyider nickel layer prior to solder
deposition to avoid oxidation of the nickel; thisan advantage compared to lead/tin
interconnects, where a gold coating resulting gola content between 2% and 7% in
the solder may lead to the formation of brittle dgbh intermetallics (specifically
(Auo sNio 5)Sny) during thermal aging [72],

» when using a nickel barrier underneath gold/tilegla stable IMC, NBrp, forms at
the gold/tin to nickel interface during reflow [57]

» similarly, gold may be deposited on top of thettiravoid oxidation [73].

The fairly high eutectic temperature of 280°C ismarily an advantage, resulting in
interconnects that are stable at elevated tempermatuThis allows higher operating
temperatures or an additional soldering procesk widifferent, lower melting solder on the
same substrate (see [42] for an example of a tep-sbldering process based on gold/tin and
tin/copper solder). On the other hand, the theltoed on the device is larger during soldering
compared to many other lead-free solders suchn&sofiper (99.3Sn0.7Cu,mdi: = 227°C),
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tin/silver  (96.5Sn3.5Ag, Jet=221°C), or tin/silver/copper (96.5Sn3Ag0.5Cu,
Tmeit = 218°C) [59]. However, compared to other widelsed hard solders (for example
eutectic gold/silicon, Jeit = 363°C), gold/tin can even be considered low mglf64].

As a hard solder, gold/tin mainly shows elasti@istrwhen deformed, often leading to
larger stress than in soft solders (which typicalpw plastic deformation with small stress,
but increased fatigue and creep). Because mechatieas concentrates at voids, leading to
weakened bonds and solder cracking, voids poseldegon in gold/tin bumps and need to be
minimized. Also, interconnects with voids have & thermal insulation resistance, leading
to increased operating temperatures. Voids mayabeed by the segregation and formation
of materials such as oxides, carbon, and silicothermolten solder, which prevent the liquid
solder from forming bonds with the pads. Scrublnmay be used to break down the surface
film, however, this also disturbs the molten saatiand consequently reduces the
homogeneity of the melt and resulting bond [64]siBes the mentioned mechanical and
thermal disadvantages, voids also lead to the dagom of electrical characteristics [68].

Applications for gold/tin solder

Gold/tin solder is widely used in applications suah optoelectronics, high frequency,
MEMS, hermetic packaging, and in high temperatupplieations [60]. Gold/tin is the
preferred solder for precision optical componertiecuse of their sensitivity to high
temperature creep), MEMS devices (because of ifiwilerance to fluxes and their residues),
and biomedical devices, which require corrosionistasce along with good electrical,
thermal, and mechanical properties [74]. Packad® dind heat sinks are also often solder
attached using gold/tin [75]. Specific examplegait/tin solder applications are:

* mounting of laser bars [76],
« hermetic wafer level packaging of RF device [75],

* MEMS packaging: soldering of a cap wafer with Ni+/An+Au metallization onto a
substrate wafer with Ni+Au metallization [77],

* biocompatible chip mounting [42],

« flip chip attachment of a 21 x 12 mm2 GaAs chiphwR608 I/Os onto ceramic
substrates as part of an optical switch [78],

» flip chip attachment of silicon chips onto BCB suhtes with gold/tin interconnects
with diameters between 15 um and 50 um; the ladganeter bumps (50 pum) were
reflowed before soldering to obtain good bonds,levkihe smaller diameter bumps
(15um to 30um) were aged instead by high temperatstorage prior to
soldering [79],

» laser soldering through transparent flex tapes, [57]
« tape automated bonding (TAB) inner lead bonding@adonding [63],

e flip chip on flex in commercial hearing aids [63].
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The latter example is fairly similar to the apptioa targeted in this thesis and is
described in more detail in the following. The chigachment in the hearing aids was based
on gold/tin flip chip connections to copper traaks a polyimide tape. The chips were
electroplated with gold bumps. A thin tin layer wealed to the gold bump and/or the copper
tracks. The optimal thickness for tin on the goldrips was found to be between 2 um and
3 um. Using tin on both the gold studs and the eopracks increased the wettability and
resulted in fewer voids. Gold/tin was used, becaiudil not remelt in the subsequent (lower
temperature) soldering of passive devices to theesaubstrate. The soldering was carried out
consecutively for 7 flip chips on the same flexnpitby pulsed-heat thermode bonding with a
heating rate of 100°C/s. Only the top part of tbEldump formed an intermetallic compound
with the melted tin, leaving a defined stand-offghe between chip and substrate. Because
the tin and gold needed to interdiffuse to formiatde bonds based on the eutectic
composition, a minimum temperature of 309°C waslireql, resulting in fast solid-liquid
interdiffusion and preventing the formation of thettle 8 ande phases. Below 309°C, slow
solid-state diffusion took place with formationtbk 6 ande phases (for more details on the
intermetallic reactions during soldering of gold/tsee Section 2.1). In order to improve
wetting, a non-residue flux (2% adipic acid in isgganol) was used [63].

Au/Sn solder deposition techniques

Gold/tin solder may be applied in various forms asthg different methods, for example
preforms, solder paste, evaporation, and electaxigpn [62]. For micro bump fabrication,
thick resist lithography (siss= 20 um) followed by gold/tin solder evaporatiamdaa lift-off
may be used [80]. Preforms are the most common/tgolsolder application method [81],
however, with the downsizing of connection areasfggm handling becomes increasingly
difficult [67], [68].

Historically, preforms are used in hermetic selts. wafer level packaging, solder pastes
are more suitable. However, due to the potentiatémtamination, cleaning may be required
during processing [75].

Solder pastes may be applied by printing, dispgnn pin transfer and generally have
low production costs, but often exhibit problemshamroid formation. The number of voids
can be reduced by minimizing the generation of gake&ing soldering through optimized
preheat temperatures and hold times. Also, redutiagxygen content in the metal powder
used to fabricate the solder paste and optimizmgyamount of activator in the flux may
reduce voids. Finally, avoiding tin-rich phases &greful control of the solder paste
composition can reduce voids [67].

In [29] solder paste was successfully stencil pdndnto a 55 um thick silicon wafer that
was attached to a mobile electrostatic chuck amd teflowed. One disadvantage of stencil
printing is that certain design rules must be ligifi to achieve good paste transfer (examples:
stencil mask opening area / wall area > 0.66 and Width / stencil thickness > 1.5) [82].
When screen printing solder spheres, a metal coofeD wt.% to 90 wt.% is typically used
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in a thixotropic carrier and a fluxing agent is addOut-gassing of volatile compounds may
condense on the device surface or be trapped itisgdeackage [65]. Among the solder paste
processes, stencil printing is the most cost affecand widely spread. However, in 2004
minimum pitches of 200 um were feasible in masdpecton and pitches of 100 um to

150 pm in the lab [6].

Another technique for solder application is reaetion sputtering. In [83] a sequence of
Cr-Sn-Au was deposited by sputtering and used ifemlavel MEMS packaging. Gold/tin
may also be co-sputtered (i.e. simultaneously spad) as shown in [84]. An alternative to
sputtering is evaporation, which is a very cleancpss and offers good thickness and
compositional control [62]. The deposition may hehiaved by alternating electron beam
evaporation of gold and tin or by evaporation @fodd/tin composite [67], [68]. Pulsed laser
deposition (PLD) has also been used successfutheposit gold/tin [85].

Electroplating of gold/tin can be done using diéfer approaches. Either the elemental
materials are plated sequentially in a two-stegse [78] or they are plated simultaneously
from a single electrolyte [62]. A detailed analysisthe layer growth dynamics for gold
electroplating of gold on tin is given in [86]. Thetial gold deposit reacts with the tin grains
resulting in an AuSncoating, followed by gold clusters forming on tjrain ridges that keep
growing and eventually connect to each other. Adiogrto [57], the height variation across a
4"-wafer for electroplated layers is typically anou+ 1 pm, allowing this technique to be
used for flip chip connections.

In simultaneously plated gold/tin layers, the toed not oxidize when exposed to air [62].
However, this technique requires very precise cbmtf the plating parameters to obtain the
correct eutectic composition [87]. The use of caRrplg agents is imperative to narrow the
reduction potential gap between Au and Sn ionstanstabilize the plating bath [88]. The
eutectic plating bath lifetime may also be very rshfor example 3 days in [62]). The
simultaneous plating technique may be modified Ir@atingly plating thin layers of AGn
and AuSn from the same bath by varying the curdamtsity [89]. In this case, the final
composition of the stack only depends on the piatime ratio for the gold-rich and tin-rich
phases. When electroplating tin, the bath temperatas to be kept below 35°C to avoid
oxidation of the stannous tin (8hto stannic tin (SH) [62].

In general, electroplated gold/tin offers a supedomensional control at small feature
size, a tight pitch, and a high feature density gared to solder preform placement or solder
paste printing. However, electroplated gold musfrbe of organic contaminants that could
adversely affect solderability. When plating goldeo tin, the gold plating bath may be
contaminated with tin ions, because tin readilysdiges in acids and bases. When using the
opposite plating order, the gold dissolution in timeplating bath is negligible. For tin plating,
methane sulphonic acid baths are preferred, bedhasearbon content is lower, resulting in
good reflow characteristics on a gold top layersrAall increase of the gold content in the
solder, for example due to a gold surface finishtenUBM, also yields a strong solder joint,
however with a slightly increased melting point][65
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A problem often encountered in pure tin depositthéformation of tin whiskers, which
may lead to short circuits and device failures [90]e mechanism behind whisker formation
is the deposit's tendency to decrease internabgr{&r example mechanical stress) through
recrystallization and grain growth. Whiskers cange in length from a few microns up to
several millimeters [90].

Meniscus bumping is yet another technique for apglgold/tin solder. The wafer with
electroless Ni coated aluminum (Al) pads is dipped the liquid solder, which adheres only
to the UBMs. Since the bump height variation iglyalarge (x 5 um), this technique is not
suitable for general flip chip applications, butiveeiited for flip chip on flex [57].

In [91] an ink jet technique was presented, whicdswsed to apply melted solder balls
with a minimum diameter of about 90 um by piezouattbn. The maximum device
temperature was 360°C, making it suitable for gold#utectic solder ball deposition.

Gold/tin solder heating methods and soldering pesfi

The peak oven temperature for gold/tin solderincglly lies between 330°C and 350°C,
with dwell times at maximum temperature betweersdéonds and 3 minutes [83], [61].

In [78] electroplated gold/tin bumps were reflowsddipping the whole wafer in a heated
liquid medium at 180°C and then heating the liqui@85°C, before removing the wafer from
the bath.

In thermode bonding, thermal energy is transfefrexh the heated chip carrier to the chip
by physical contact, resulting in fast heating saded low thermal load for the substrate and
chip [6]. Typical process cycle times are betweendnd 20 s [3]. Therefore, this technique
can be used for cheap temperature sensitive flestiates [57].

Even faster heating rates and a thermal load cemfto the solder joint area can be
achieved by laser heating [57].

Another laser-based gold/tin soldering techniquéhes SB2-Jet process [92]. A eutectic
gold/tin solder sphere is held inside a taperedlaeapand melted by a laser pulse. Propelled
by a slightly larger pressure inside the capillahg solder sphere slips out of the capillary
and lands on the target pad, solidifying upon ocintath the pad.

In [93] a eutectic gold/tin bond was achieved byding a gold-tin-gold coated chip at
240°C. At this temperature, the molten tin dissdlviee adjacent gold, increasing the gold
concentration in the melt and thereby raising thelting temperature of the gold/tin
composite which consequently solidified at 240°6-¢alled isothermal solidification). Due
to the large interdiffusion speeds of gold andfttie, gold concentration was further increased
by solid state diffusion, leading to a remeltinmpeerature above 280°C.

Under bump metallizations

A typical under bump metallization may consist dagers: an adhesion layer, a diffusion
barrier, and a layer, which prevents oxidationha tinderlying barrier layer. Nickel is often
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used as a diffusion barrier for tin-containing sw&l[94]. The intermetallic compound (IMC)
growth characteristics for gold/tin on nickel a¢\edted temperature are favorable compared
to other barrier metals such as platinum and paihad95].

The mechanical properties of solder joints not odgpend on the composition and
thermal history, but also on the reactions at tiides-to-substrate interface. For example, in a
sequential AsSn and AuSn electroplating process, the interadbietween the solder and
nickel UBM depends on the sequence of depositian$A deposited after or prior to AuSn).
The reason for this lies in the different solidudmlities of nickel in the AgSn and the AuSn
phases, which are 1% and 20%, respectively [96].

When using a thick gold base underneath the tseparate barrier metal underneath the
gold base may not be required. In [78] the thiclddmase was only partly consumed by the
tin during reflow. The amount of consumed tin, dm@hce the solder composition and solder
cap height, depended on the geometry of the burdghrenreflow conditions. If the tin layer
was fairly thick, a high temperature storage hadgrecede the reflow to obtain a planar
interface between the solder and gold base aftiemreThis pre-reflow aging step lead to the
growth of the AgSn phase. The growth characteristics of thgShulayer as a function of
storage temperature and time were analyzed in [ifler certain circumstances thes8n
layer may even act as a natural diffusion barrgf].] However, one disadvantage of this
approach is that the A8n layer may consume the entire eutectic goldéyerd on top during
bump reflow [61]. Because of its high melting pooft 519°C, the AsSn phase does not
remelt in the subsequent gold/tin soldering procesxslering the reflowed bumps useless.

By using a defined diffusion barrier underneath sbé&ler, the available solder volume,
resulting cap height and solder composition arelgfieed, independently of the reflow
profile. By depositing a gold base underneath tiffugion barrier, shear forces can be
reduced, because pure gold is a fairly soft matg&j.

Atmospheric conditions during soldering

In [99] different atmospheric conditions during @fin soldering were compared with
respect to process time, yield, and wetting. It veamd that an active atmosphere works far
better than either a pure nitrogen or hydrogen gphere. For example, a residual oxygen
concentration of 8 ppm (parts per million) in aogien atmosphere resulted in a bond yield of
only 75%. By using pure hydrogen, the yield wageased to 98%. The authors argue that
the thickness of the oxide layer is determined Hiy atmosphere and is responsible for the
bond vyield. In [100] hydrogen was found to be dugafor removing oxides in gold/tin
soldering, if the temperature exceeded 350°C. Bil]Jlthe oxidation of gold/tin during
soldering was analyzed. While the native oxide fation on gold/tin is a self-limiting
process, the oxidation during soldering dependetherpartial oxygen pressure. Good bonds
were achieved in a vacuum soldering oven at 0.1Heavever, in order to achieve good
alignment, the oxides had to be reduced, for exangl introducing hydrogen during the
soldering process. The hydrogen may also be aetivet a plasma. In [102], for example,
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bumps made of tin-rich gold/tin eutectic were ssgsbdly reflowed in a hydrogen plasma.
Fluorine-based plasmas (such as,@f, CFK, or Sk) are not as suitable, because reaction
products may remain on the solder surface and becoatrosive upon contact with
atmospheric humidity [80].

In [63] the wettability of a tin pad metallizatiovas improved by adding 2% adipic acid in
isopropanol prior to soldering. Formic acid mayoale added to reduce tin oxidation and
promote alignment. In [103] a detailed analysistteg alignment performance of lead/tin
bumps as a function of formic acid concentratiothi nitrogen carrier gas is presented. Very
good performance was achieved for formic acid cotratons above 0.7 vol.%.

Tin oxides in the melt lead to voids in the bum@4JL The tin oxide thicknessgbxcan be

calculated using
-Q
tsnox = /Do - t - €RT, (1.1)

where I = 3.7-10® m#/s is the volume diffusion coefficient, t thené, Q = 33-19J/mol
the activation energy, R = 8.314 J/mol-K the ma@as constant, and T the temperature in
units of Kelvin [63]. For storage at room temperatéor one day, a tin oxide thickness of
0.65 nm is calculated. At the soldering temperanfr@30°C, the same oxide thickness is
reached after only 80 s.

Bonding with gold/tin in an inert atmosphere withasing any flux is also possible [105].
The bonding was carried out between two completedférs and the tin layer was protected
from oxidation by a thin electroplated gold layklowever, about 2% of the soldered area
contained voids.

Chip alignment

The distance between the chip and substrate ajtéersng is the result of the geometry
based minimization of the surface energy of thetemosolder [99]. The self-alignment effect
is caused by the same effect of surface energyctiedu Using solder deposited in Vernier
patterns (lines of varying distances), the seljralient capabilities of gold/tin solder were
analyzed in [99]. A chip placement accuracy of #10 was found to be sufficient for a
self-alignment accuracy of £ 3 um, when a hydrogeactive atmosphere was used and the
oxygen concentration was around 8 ppm. In [101El&adignment accuracy of 2 um was
achieved, by using hydrogen as a flux substitutendusoldering. However, a time-span of
2 minutes was required for sufficient oxide removlhen using conventional flux in
combination with punched out ribbon preforms, aocusacy of + 1 um could be achieved in
all directions (x, y, and z) [106]. The self-aligant capability decreased with decreasing
aspect ratio (height/width) of the bumps.
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Alternative interconnect technologies

In [107] a flip chip solder connection based onlastic core solder ball (PCSB) was
presented. The connection was based on a smdicdasere with a diameter of 170 um that
was coated with a 5 um copper layer and 10 um aikgllead/tin solder. Because of their
flexible plastic cores, these interconnects couldsise up to ten times as many thermal
cycles as regular solder connects. Although testédd lead/tin solder, these interconnects
might also work well with gold/tin solder. By replag the polymer core with air, the so-
calledaircore bumpwas fabricated [108]. The air bubble inside thielesiohad a diameter of
about 300 um.

For small pitches (below 150 um), conventional spldrinting is not suitable. A cost
effective alternative technique calledmersion solder bumpingSB) was presented in [6].
The complete wafer was moved through the liquidieglwhich adhered only to the pads.
The solder height of a few microns depended onptéw size and surface tension of the
molten solder. A pitch of 40 um has been realizét this technique.

In [15] an alternative connection technique betwpelyimide tapes and silicon chips
(with standard thickness) was presented. The padgntape was prepared with holes that
were aligned to the contact pads of the chip. Aldpalll, such as used in ball wedge bonding,
was pressed onto (and eventually partly througk)Hble in the polyimide tape onto the
connection pad on the silicon chip. By applyingthesad ultrasonic actuation, a mechanical
and electrical fixation between the tape and chag achieved.

Special considerations for thin chips

The shear strain resulting from thermal mismatcinversely proportional to the bump
height. Since in thin chip applications the totatckness of the system is often minimized,
stress is generally more severe. By using smalfligscthe stress from thermal mismatch can
be reduced [6].

In [109] stencil printed tin-rich gold/tin eutectaolder (composed of 95% tin and 5%
gold) was successfully used to connect thin chigs=(L00 um) to 50 um thick polyimide
tapes with 17 pum thick copper tracks. Bonding wasied out in a hydrogen atmosphere at
150°C for 3 minutes, achieving nearly void-freeengbnnects with a diameter of 200 um and
a thickness of 20 pm. The same research group \echisimilar bonding results with
sequentially electroplated gold and tin [110]. Bowgd with gold/tin solder in an inert
atmosphere was also shown to be almost void-fréeeitin layer is protected from oxidation
prior to soldering by a gold top layer [111], [86].

Regarding solder ball attachments to thin silidbwere have been some recent advances.
In [29] for example, successful solder ball bumpimgo 55 um thick silicon wafers has been
demonstrated. In preliminary trials of this thesistectic gold/tin solder balls with a diameter
of 80 um were successfully attached to gold pad&topm thick silicon chips using the SB2-
jet process (see Section 1.2.2, page 27 for a gsatescription).
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Soldering to flex tapes

In [97] standard silicon chips with gold stud bunfps = 18 um) were flip chipped onto
Pl flex tape @ =25 um to 40 um) with copper trackg,@E 8 um to 18 um), which were
coated with an electroplated layer of tig & 0.5 um to 1.0 um). The substrate was heated to
a maximum temperature of 180°C to avoid oxidatibnhe tin coating, while the chip was
heated to a temperature between 300°C and 380°€ siibstrate and chip were joined by
thermocompression bonding with a bonding time olyohs. The( phase that formed
between the copper tracks and the eutectic goldémwved as a natural diffusion barrier,
slowing down the phase growth between the coppetlam eutectic and hence reducing void
generation. A capillary flow underfill with veryrfe fillers was successfully introduced in the
gap between chip and substrate. The resulting bexidbited very good mechanical stability
with zero failures in all reliability tests. Theiph with a size of 4.5 x 6 x 0.5 mm3 contained
182 1/0Os with an approximate pitch of 100 um armianp width below 75 pum.

1.2.3 Simulations based on the finite element method

General notes on simulations

In most simulations of solder joints based on théd element method (FEM) the main
objective is the influence of thermal stress onrtibility of the joints. Historically, tin/lead
solder joints were often analyzed regarding thesrfggmance during cool-down after
soldering or during thermal cycling (see [112] &or example of such an analysis using the
ANSYS simulation software). The quality and rellapiof simulation results depends on the
accurate representation of the relevant physicatagteristics of the simulated device in the
model. Therefore, complex systems require large etspdvhich in turn require excessive
computational resources and/or simulation time.hWte continuous advances in computer
technology, ever more complex devices can be siedilddowever, according to the 2007
ITRS Roadmap, one major bottleneck for complete r8iRbility simulations is seen in the
excessive simulation time [113]. In general, firgda simple, but correct model is a key issue
in successful FE analyses.

According to [53], many companies are beginningpéoform mechanical finite-element
modeling of flexible circuits to validate the deasigith respect to long-term reliability before
committing the product to manufacture. Finite elatmanalysis (FEA) modeling tools are
widely available and can lead to substantial savibg eliminating iterative prototyping,
provided the modeling parameters are wisely sealecte

Gold/tin solder joint simulations are very scaregpecially in conjunction with thin chips.
A few examples of such or related simulations avergin the following.

Simulations involving thin silicon chips

The stress resulting from flip chip soldering dfilkcon chip (8~ 150 um) to a GaAs chip
(tcaas~ 100 um) was simulated in a 3D FEM analysis in [1Each interconnect had a
height and diameter of about 35 um and consistetheoolder material (either gold/tin or
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tin/silver) in between two gold stud bumps. Becatisefeatures size varied between 100 nm
(UBM and passivation thickness) and 10 mm (sizthefentire package) an FEM model was
devised that consisted of a local model that weegnated into a global model. Apart from the
stress resulting from the soldering process, tHkiance of thermal cycling was also
analyzed. Due to the large CTE difference betweean8 GaAs, stress in excess of 1 GPa
was observed in the gold/tin interconnects and uhderlying UBMs, leading to UBM
delamination. In the viscoplastic tin/silver solaeuch smaller stress values (in the range of
70% to 80% of the gold/tin values) were observedding to fatigue failures instead.

In the framework of the European projétidden Dies(see Section 1.2.1, page 18) the
heat dissipation during operation and, to a limieedend, package deformations caused
during cooling after resin hardening of a PCB véthintegrated thin chipgt= 50 um) were
simulated. An FE simulation was carried out to gralthe influence of thermal vias, which
connected the chip to the back of the FR4 boarerethy serving as heat sinks for the
embedded chip. To reduce computational time, amsyaxnetric two-dimensional (2D)
simulation was devised. In non-axisymmetric paftéhe system (like near the chip edge)
averaged material properties were required to mdbel system correctly. Parametric
modeling was used, which allows varying parameterthin certain bounds without
remeshing. In another simulation, a 3D model wasisde, using the simulation tool
PATRAN in conjunction with a local-global approacksulting in a model size of 330,000
nodes. This model was used to analyze packagendafions and stress concentrations at vias
due to the cooling process after resin hardeniag][1

In [114] the same group presented a simulation inih@é comprised a stack of two thin
chips and made use of 3 symmetry planes, thus iregitite model size by a factor of 8. It
was found that the mechanical stress on the vaased by the cool-down, was insufficiently
described if stress from the production processe{h@a copper plating at 40°C) was not
taken into account.

In [116] FEM simulations of the bow of silicon ckitressed by the thinning process
were presented. The silicon thickness was variégddmn 4 um and 1000 um and an almost
linear proportional dependence of the radius ofa&wre on the silicon thickness was found.
Substantial bow reduced the stress in the damatieshssurface. For example, assuming a
25 um silicon chip with a stressed layer of 1 punckimess (with an intrinsic stress of
o =500 MPa) resulted in a radius of curvature dd @iin and a stress reduction by 10% to
450 MPa.

In [117] silicon chips with a thickness of 48 umrevdabricated using the DbyT process
and then characterized in a 3-point bending tdst. force required for bending was measured
and calculated by a 2D FEM simulation. Good agregrmtabout 5% between the simulated
and measured displacement force was achieved.

In [118] an implantable flexible pressure sensos waesented that included a silicon chip
(tsi< 50 um) mounted face-up onto a polyimide tapeth®rmocompression bonding. The
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electrical connections were achieved by electragdaand a second polyimide layer (type
PI12611) was added to fully encapsulate the chipméhical analyses were carried out to
calculate the maximum stress during bending of @r@0thick chip attached to 30 um thick
polyimide film. The silicon was assumed as isottopesulting in an error of only a few
percent. The radius of curvature was varied betviegrm and 50 mm in the simulation and,
as expected, the von Mises stress was found tonmxsely proportional to the radius of
curvature. At a radius of 10 mm, the von Misesssti@ the silicon was about 0.6 GPa, which
was considerably lower than the tensile strengtilafon of 1.2 GPa. Silicon samples with a
thickness of 25 um, 40 um, 80 um, and 100 um werg bntil breaking occured and the
radius of curvature just before breaking was ldetermined from captured optical images. A
radius of curvature of 3.6 mm was found for thetieist sample at the breaking point. These
breaking experiments were simulated assuming @osiliensile strength of 1 GPa. The radius
of curvature was larger by 20% to 100% in the mesament than in the simulation. A
possible explanation for these deviations was #&se&dual stress from the thinning process,
even though wet etching was the last step of timaithg process.

Simulations involving interconnects

In [119] the influence of voids on gold/tin interotect reliability was simulated by FEA.
It was found that the strain maximum appeared texte voids. Because damage developed
along phase boundaries, cracking only partiallycioied with the strain maxima.

In [120] the influence of the type of used undédih thermal stress in soldered flip chip
assemblies for smart cards and the resulting mgealesto failure as a function of creep
strain were investigated by FEA. For hard underdilstress maximum was found at the chip
edges between the silicon and underfill, while goft underfill, the interconnects took most
of the thermal stress. Different material modelsevased for the various materials, for
example, the metal contact plate was modeled atiefaastic, while the lead/tin solder was
modeled using time dependent (creep) and time erbgnt plastic strain rates.

In [121] the stress distribution in solder internents was simulated in an FEA and
correlated to experimental observations of craakedi inside the interconnects. The
simulations were carried out for different bump metries (truncated spheres and cones) and
for varying distances to the neutral point (DNP)I Bumps embedded in hard underfill
showed very similar equivalent creep strain. Fdt aaderfill, however, the corner bumps
(corresponding to a large DNP) showed much largeivalent creep strain than the center
bumps. Also, the equivalent creep strain differenoetween the two bump geometries were
more pronounced. Although the qualitative agreemwmetiveen measured and simulated
strains was good, the absolute values were lower flagtor of about 5 in the simulation. This
difference between simulation and measurement raasd back to an anisotropic coefficient
of thermal expansion of the underfill.

In finite element analyses of thermal stress ima@d lead/tin interconnects, the bump
material was simulated using rate dependent pigstithe copper tracks were considered
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elastic-plastic and the polymers (for example thdeufill) were considered viscoelastic with
temperature dependent elastic constants [54]. & feand that for flip chip connections
without underfill, the stress in the interconnewatas proportional to their distance to the
neutral point and that interconnect failures tyflycatarted at the interconnects farthest away
from the neutral point. When using underfill, theess was more homogeneously distributed.
By adding SiQ to the underfill, the CTE may be adjusted to Imeilsir to the solder material,
further homogenizing the stress. Because thesea giarticles often settle, a two-layered
underfill model had to be used in the FEA.

1.3 Obijectives of the work

Today, thin silicon chips are used in many appiicet and there is a growing trend
toward thinner and more flexible silicon chips. @mtanding and predicting deformations
during different processing steps in such systemsiportant in order to improve the sample
design and fabrication process. In this thesispmeditions during the reflow and soldering
process are analyzed and the following topics ddeessed in detail:

* use of the Dicing-by-Thinning process to fabricateps with a silicon thickness
between 3.5 um and 45 pm,

» electroplating of the chips with gold tracks, golidkel UBMs, and gold/tin solder
prior to the Dicing-by-Thinning process,

* measurement of temporary deformations during buafipw,

* measurement of permanent deformations after buffgpwand flip chip soldering,
» development of suitable FEM models for predictingse deformations,

» analysis of the dependence of deformations onhiedesign and chip thickness,

« measurement and simulation of local silicon defdioms under and around individual
bumps,

» assembly, mechanical and electrical characterizadioflip chip attached ultrathin-
silicon-to-flex-polyimide systems.

By using the well known Dicing-by-Thinning procadgrathin chips are fabricated. These
chips are prepared with different geometries otigohcks, under bump metallizations, and
gold/tin solder bumps in order to analyze tempodifprmations during the bump reflow and
permanent deformations remaining after the subseqseldering process. The metal
structures also serve the purpose of electricatacherization after soldering. One of the
major objectives of this thesis is to establishirautation model that can predict these
deformations, but which is considerably less complean the fabricated samples, for
example by using linear-elastic material models mxaghy geometric approximations. In this
scope, the dependence of deformations on the abggnl and their relation to the chip
thickness is of special interest. Local deformatjooccurring under and around individual
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bumps, will also be analyzed. Finding a suitableasneement technique and simulation
model for these rather small deformations is patthe work.

To show the viability of flip chip attachments diirt silicon chips to flexible substrates
using gold/tin solder, complete systems were asksindnd characterized electrically and
mechanically. Therefore, fabricating robust thisttehips and establishing an assembly
technique for these chips based on gold/tin softier chip interconnects was a major
technological task.

In summary, the results in this thesis enhanceutigerstanding of chip deformations
during reflow and soldering and, consequently, daailitate future design processes,
allowing deformations to be minimized by choosimgéficial geometries and/or materials.

The structure of this thesis in described in thdlofang. In Chapter 2, a
phenomenological view on several topics relevantthis thesis is given. The gold/tin
soldering process is described with a focus on/tgoldhterdiffusion and the formation of
intermetallic compounds in adjacent layers of pgo&d and tin, like the ones used in this
thesis. This is followed by a section on generaidieg and deformation concepts and a
section on the influence of crystal damage on lvelility of silicon chips. After describing
the different sample designs, fabrication processethin silicon chips and polyimide tapes,
and the gold/tin soldering process development apgfer 3, a detailed description of the
developed simulation model follows in Chapter 4Clmapter 5, the major results of this thesis
are presented. This also includes measurementitesfor deformations and thicknesses of
deformed chips. A detailed section follows thattet measured deformations during and
after the bump reflow or soldering process to satiah results. The adjustments of the
simulation model are described and possible exptama are given for the observed
deviations. Then, in Chapter 6, the viability of foroposed assembly process is analyzed. For
this purpose, shear tests were performed on soitenconnects between silicon chips with
standard thickness. Functional, soldered systerssdban thin chips and flexible polyimide
substrates were also fabricated and the bump wettl contact resistances were measured
using Daisy chains and Kelvin contacts. Finallychamnical tests prove the robustness of the
soldered systems in forced bending situations. Tfesis concludes with a summary of the
major accomplishments and a section on possibleduesearch areas in Chapter 7.
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2 Fundamentals

2.1 Gold/tin soldering

The intermetallic reactions at the interface betweere gold and tin layers at room
temperature and during reflow are fairly complexs ithe aim of this section to describe these
dynamic processes in detail.

Properties of the Au-Sn system

The two solder constituents in this thesis are d@l@ments gold and tin. For eutectic
gold/tin solders, 80 wt.% gold and 20 wt.% tin aeguired. Volume-wise the required
percentage of tin is much larger (almost 40 vol 8, $ecause its specific weight is about 2.6
times smaller than that of gold. More physical dateelemental gold and tin is given in
Table 2.1.

Table 2.1: Properties of elemental gold and tin][61

Gold (Au) Tin (Sn)
Position in PTE" 11. sub-groupg 4. main group
Atomic number 79 50
Molar mass [g/mol] 196.97 118.69
Density [g/cm3] 19.32 7.31
Atomic radius [nm] 0.144 0.151

1) PTE = periodic table of elements

The properties of gold/tin alloys are best describg the gold/tin phase diagram, which
represents the phases that exist in a gold/tity altwl the equilibria between these phases as a
function of temperature and gold-to-tin ratio. Aagk is defined as an area in the phase
diagram where the mechanical and physical progertie not change abruptly [61].
Generally, a phase is formed from the pure metadgaa their intermetallic compounds and
usually has a varying fractional chemical valen©éien, the intermetallic compounds and
pure metals are also referred to as phases. Thedddgnamic equilibrium gold/tin phase
diagram is shown in Figure 2.1.

A gold/tin solder interconnect may contain sevgyhbses. Therefore, the mechanical
characteristics of a solder joint are defined ®/kind, number, concentration, and amount of
phases that are present in the joint [61].

The gray dots and numbers in the diagram repreatistihct gold/tin concentrations (in
at.%) while black numbers represent phase bounganperatures. At the bottom and top of
the diagram the tin concentration is given in atoifait.%) and weight (wt.%) percentages,
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respectively. Due to its 5 intermetallic compouads their interaction with each other a large
number of phases exist. The IMCs are included enpghase diagram as vertical boundary
lines between adjacent phases and are marked wabkGettersfi, (', 6, €, andn; order by
increasing tin content). The melting points of gqb64°C) and tin (232°C) are quite
different. They are included in the diagram asvaieies of the liquidus line at the pure metal
concentrations. The notification in parentheseg. (Au)) indicates that the material is not
pure. Gold, for example, can absorb up to 7.1 atf%in without changing its crystal
structure, or, in other words, the homogeneity eangf gold ranges from
0 at.% to 7.1 at.% Sn. The region of liquid goluf various concentrations is marked with
the capital letter L. All regions bordering on theegion along the liquidus lines are a
mixture of solid and liquid material. All other riegs below are purely solid and are
separated from the solid-liquid regions by so-ch#ielidus lines. During cooling of elemental
tin, it changes its crystal structure at 13°C frimttagonaB-Sn to diamond-cubie-Sn in an

allotropic transformation [122], [123].
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Figure 2.1: Phase diagram of the Au-Sn binary abggtem (modified from [122]). The gray humbers
indicate Sn concentrations in atomic percent.

For several phases (marked with dashed lines igakatin diagram), the properties and
boundaries are still not well determined [123]. éwer diagram was calculated by Liu in
2003 [124]. Because experimental verification fois tdiagram is missing and because the
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differences to the diagram by Okamoto and Massatsktigure 2.1 are only minor with
respect to the described gold/tin soldering prqoctss diagram in Figure 2.1 is used. The
gold-rich eutectic's melting point is given as 2285y Okamoto and Massalski, while in [60]
a differential scanning calorimetry analysis is gamted, which indicates a melting
temperature of 281°C. In recent publications aruthriecal data sheets a value of 280°C is
mostly given, which is therefore used throughott thesis [98], [125], [126], [127].

The terminal solid solutions of gold and tin ané th intermetallic compounds have a
number of different crystal structures and latjp@@ameters. For completeness, this data is
given in Table 2.2.

Table 2.2: Crystal structure and lattice parametexsb, and ¢ of elemental gold, tin, and their
intermetallic compounds [128].

Phase Structure a [nm] b [nm] ¢ [nm]
fcc
Au . 0.40784 0.40784 0.40784
(face-centered cubic)
he
X 0.2904 /. 0.9536
(hexagonal)
Au;oSnh orf H
cp 1) 1)
0.2908 A 0.4785
(hexagonal close-packed)
AusSn or{’ hex 0.29% . 0.4777
AuSn ord hex 0.43218 J. 0.55230
AuSn, or orth 0.6867 0.7004 1.1784
e ore (orthorhombic) ' ' '
AuSn, orn orth 0.6446 0.6487 1.1599
bct
B -Sn 0.3182 0.3182 0.5832
(body centered tetragona1l)

D' At 12.7 at.% Sn.
2 At 16.7 at.% Sn.

The Au-Sn system has two eutectic points, at edethach the liquid L solidifies into a
microcrystalline, lamellar texture of 2 distinctnshituents upon cooling. The crystallization
(i.e. the solidification) takes place simultanegusir both constituent phases. The formation
of the lamellar microstructure is a consequencethef transition from complete liquid
miscibility to limited solid miscibility of these 2onstituents [129]. The two gold/tin eutectics
are compared in Table 2.3.
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Table 2.3: Composition, constituent phases, andimgetemperature for the tin-rich and gold-rich
gold/tin eutectic.

| Composition [wt.%] | Constituent e
Eutectic . o

Gold Tin phases | [°C]

Tin-rich 10 90 n + (B-Sn) 217

Gold-rich 80 20 C+5 280

The tin-rich eutectic has the advantage of a coatpaly low melting point of 217°C and
reduced cost due its low gold content of only 10%wtHowever, it contains the brittle
n-phase (AuSy) which often leads to reliability problems aftevldering of gold-coated
UBMs with tin-containing solders [59]. In [123] iwas shown that under certain
circumstances strong interconnects can be prodws#uly non-eutectic tin-rich solders
(specifically the 20Au80Sn and 5Au95Sn compositimagues in atomic percent)). The joints
were shear tested after soldering according totdmjli Standard (MIL-STD) 883C, which
resulted in breakage of the silicon. However, lelity testing (thermal cycling, high
temperature storage, or elevated temperature + ditymstorage) was not investigated.
However, the gold-rich eutectic is generally ddssdi as more robust and stable in the
literature, having many advantages (see page 22).

There are also 4 peritectic points and one congrpeimt in the gold/tin phase diagram.
All transitions and additional data are listed able 2.4.

Table 2.4: Distinct phase transformations in theldgm system, according temperatures,
concentrations &, and schematic reaction formulas.

Transformation Temperature Csn Reaction
type °C] [at. %]
. 279 29 L— C +0
Eutectic
217 93.7 L (B-Sn) +n
532 9.1 L + (Au)— B
o 519 13.7 L C
Peritectic
309 72 L¥oe
252 88.5 L +e <
Congruent 419 30 k> 5
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Eutectic solder formation from pure tin and golgdas

In this section the metallurgical reactions duringnp reflow or soldering of a gold-tin
sandwich with combined eutectic composition is dbsed. The eutectic is formed from the
pure metal layers in a complex dynamic process.

Diffusion in the Au-Sn system at room temperature

In this thesis, a sandwich structure of gold anddiplated onto a nickel diffusion barrier.
Taking into account the target composition of 8Q&Au + 20 wt.% Sn and the densities of
gold (19.32 g/cm3) and tin (7.31 g/cm) the depaisdeld layer has to be about 52% thicker
than the tin layer. This is fulfilled by first elieoplating 5 um of gold, followed by 3.25 pum of
tin.

Hugsted et al. [130] found that in evaporated dwidinterdiffusion couples the gold
diffuses into the tin layer along the tin grain hdaries by the very fast interstitial mechanism
and the AuSn phase is then formed at the tin gbminndaries. Because the tin grain
boundaries are less densely packed (due to crgstatts and edge dislocations, which are
often found where different crystal orientationset)ethe speed of the interstitial diffusion of
gold along the tin grain boundaries is further @ased [61]. Once the grain boundaries are
saturated with AuSn, the gold continues to diffis® the tin grains by interstitial bulk
diffusion, forming the AuSnphase. The tin grain size in Hugsted's experimemats varied
between 50 nm and 500 nm by changing the subd&aiperature during evaporation. He
found that in tin layers with smaller grains thenfiation of the AuSn phase is faster, probably
due to the increased number of tin grain boundailibe grain size in the electroplated tin
layers in this thesis is between 500 nm and 100@s&® Figure 2.2) and hence slightly larger
than in Hugsted's evaporated samples. Therefas,tie grain boundaries are present, most
likely resulting in a slower AuSn phase growth. Tiase formation at room temperature and
during bump reflow, however, should be similar. Bwerage (per area) AuSn concentration
increases with a square root of time dependenceceé{¢he AuSn phase formation is believed
to be limited by the gold diffusion through the mgviormed AuSn phase at the tin grain
boundaries. The Augmphase growth, however, shows a linear time depwgjendicating a
reaction limited process [130].
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Figure 2.2: Scanning electron microscope (SEM) sitev image of an electroplated Au/Sn bump.
The tin grains are well visible.

The described AuSn and AuSn4 phase formation tpke® at room temperature due to
the large number of vacancies at the tin grain Hatias. Whether the AuSn phase forms
immediately upon the diffusion of gold along the grain boundaries is a matter of debate.
Nakahara et al. [131] argue that at the start efdiffusion process AuSrs first formed at
the tin grain boundaries, because the large vacdengity at the tin grain boundary allows
the AuSn phase to form with almost no disturbance of thysted structure of the pure tin. On
the other hand, the surplus of gold at the tinrgtaundaries would generally favor the
formation of AuSn. However, this would require thgcleation and growth of AuSn islands.
Against these arguments Matijasevic [132] and BUédrd8] suggest that the formation of
AuSn precedes the formation of AuSiThe combined process of AuSn and Aughase
formation is reaction limited in the beginning, hewer, once the AuSn and AuSkayers
have reached a sufficient thickness, the reactemoimes diffusion limited, because the gold
atoms have to pass the newly formed AuSn and Au&rers to reach unreacted tin for
further phase formation. In [130] an overall gotthcentration of &, = 10 at.% was found at
which the process turns from reaction limited (wlittear time dependent layer growth) to
diffusion limited (with square root of time depenti&ayer growth). After sufficient AuSn and
AuSny thicknesses have been reached, an AgpBase forms between the AuSn and AuSn
layers, separating these layers [132]. The diffusb tin from inside the tin grains through
the AuSn phase at the tin grain boundaries is aBdimes slower than gold diffusion in the
opposite direction. Hence, the tin diffusion onlgys a secondary role [134].

Diffusion of tin into the original gold layer alonthe gold grain boundaries is also
observed. However, because this process is basaduobstitution diffusion mechanism, it is
several orders of magnitude slower than the difiusf gold into tin [130]. The assumption
that gold diffuses faster in tin than tin in go&lgupported by the observation of Kirkendall
pores at the gold/tin interface inside the goldargKirkendall pores are generally formed in
the presence of a concentration gradient (heredesgtwgold and tin). Also, the two diffusion
species need to have largely differing interdiffuscoefficients. The species with the larger
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diffusion coefficient leaves vacancies behind.hége cannot disappear at a sink, they may
agglomerate and become microscopically visiblecas[131].

On a macroscopic scale the continuing gold/tinrditeision at room temperature and the
low energies required for phase formation leadh® growth of a multilayer structure of
Sn/ AuSn/ AuSn / AuSn / Au in gold/tin diffusion couples. In [6&] bump consisting of a
two layer structure of 40 um Au + 10 pm Sn wasestat room temperature for 30 months.
During this time, the tin layer thickness was restliby about 40% due to the consumption of
tin for the formation of the AuSn, Augmand AuSy interlayers. Each of these intermetallic
compounds had a thickness of approximately 2 um.

For long storage times 30 months), where local effects such as tin gkmondary
diffusion und bulk diffusion into the tin grains lgmplay a minor role, the layer thicknesses
can be estimated by the parabolic growth law [61]:

t
tausn = tausn, = tausn, = 2 pm - /m, (2.1)

where husn tausnz and kusnsa denote the layer thicknesses of AuSn, ALl&md AuSg,
respectively, and t denotes the time.

After a storage time of only 1 month at room tenapare the three phases (AuSn, ApSn
and AuSp) have reached a combined thickness of approxignatglm. The IMC formation
may be halted if samples are stored at -150°C [1Bb][61] the IMC thicknesses are
minimized by reflowing the bumps immediately afgold/tin deposition by dipping the
wafers in a liquid heated to 285°C. This liquid miipy process has the advantage of a very
homogeneous temperature across the sample witlogab dverheating. Also, oxidation is
greatly reduced, because the eutectic gold/tin esotukidizes much slower in air than
elemental tin [61].

Bump reflow and soldering profile

The process of eutectic gold/tin formation fromaseped gold and tin layers was analyzed
in detail in [61] and is briefly described here.eTholdering profile used in this thesis is
similar to that used by [61] and is shown in FigRr& The bump reflow process starts with 2
evacuation and nitrogen purging cycles to reduce dakygen concentration inside the
chamber to below 5 ppm (reflow oven manufacturgpiscification for the described process
sequence). This is necessary to avoid oxidatighefin surface during reflow. There are two
temperature hold segments at 50°C and 70°C foreg®ks to stabilize the oven and to reach a
defined state for the ensuing ramp-up to 330°C.5t(2s. Upon reaching a temperature of
70°C the nitrogen atmosphere in the chamber (charnddame: 7¢) is enriched by purging
with 5.5 sIm of 5% formic acid in nitrogen usindgaamic acid/nitrogen bubbler. Formic acid
is known to be a suitable reduciagent that breaks up the native Séyer, which forms on
the tin surface during exposure to air betweenetie of the electroplating process and the
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start of the reflow process. If not removed, th©glayer with a melting point of 1127°C and
a thickness of a few nanometers [136], [101] dossdmssolve in the molten tin leading to
inhomogeneous reflow results (for details see 8r@&i3).
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Figure 2.3: Profile for gold/tin bump reflow andldering.

After ramp-up the heating plate is held at a terajpee of 330°C for 15 s before being
cooled down to room temperature at approximatehNC/A by a nitrogen nozzle, which is
pointed at the bottom side of the plate. The slamp-down rate allows for a better relaxation
of mechanical stress in the solder.

Eutectic solder formation during reflow of gold-8andwich

The dynamic diffusion, IMC formation, and meltingppesses during the reflow of a gold-
tin bumps composed of a stack of pure gold andrinfairly complex. This is in part due to
the large number of IMCs in the gold/tin system #meir differing physical properties, like
the temperature range of existence and the sdlidbiity ranges of atomic gold and tin in the

IMCs. In Table 2.5 these data are given for aldgol IMCs, elemental gold and tin, and the
{ phase.
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Table 2.5: Tin concentration and temperature rargjeexistence for the different phases in the
gold/tin system [61].

Csn Temperature range [°C]
Phase
[at.%] from to
(Au) 0to 6.81 <0 1064.43
B or AueSn 9.1 <0 532
¢ 10 to 18.5 120 519
' or AusSn 16.7 <0 195
d or AuSn 50 to 50.5 <0 419
e or AuSn 66.7 <0 309
n or AuSn 80 <0 252
(B-Sn) 99.8 to 100 13 231,97
(a-Sn) 99.994 to 100 <0 13

The diffusion properties also vary greatly for therent IMCs and generally depend on
the diffusion species and temperature. Diffusioefgmtors @ and diffusion activation
energies [k for several combinations of hosts and diffusioecegs in the Au/Sn system are
listed in Table 2.6. For better comparison the udibn coefficients at the distinct
temperatures of 20°C and 150°C were calculated thghfollowing formula and included in
Table 2.6:

—-F
D=D,-e¥l, (2.2)

where D is the diffusion coefficient, k is the Bmttann constant (= 8.617-1@V/K), and
T the absolute temperature. When available, thepeéeature ranges for which the given
values of @ and E are valid are listed in the two rightmost colunoid able 2.6. Nearly all
values are valid for 150°C. Extrapolating them @@ may result in an error. However,
considering that there are no phase transformabehseen 20°C and 150°C (except for the
(-phase), the error is expected to be small comp@arede overall variations. The diffusion
coefficients are in accordance with the above detson of room temperature interdiffusion
of gold and tin, that is gold diffuses much fasiertin than tin in gold. Apart from the
important role of the grain boundaries for the whifobn of gold in tin, there is also a strong
dependence of the diffusion speed for gold on tlistal orientation of the tin host. Parallel to
the basal plane of the tin crystal the diffusioreficient is more than three orders of
magnitude larger than in the perpendicular directfachich is the principal crystal axis).
Between different IMCs the variations are also tatisal, like for example the diffusion of
gold and tin in AuSxnand AuSg. Here, diffusion in the AuSrhost is about 5 to 7 orders of
magnitude faster, with the differences being lagethe lower temperature of 20°C. For the
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diffusion in eutectic gold/tin (that is in the 4&n and AuSn phases) the data in Table 2.6 is
incomplete. However, a qualitative estimate basedreflow experiments of evaporated
Ni+Au+Sn samples is deducted in [137]. There, itfoasnd that in AuSn the dominant
diffusion species is gold, while in A8n tin is the primary diffusion species.

Table 2.6: Prefactors and activation energies fdfudion of gold and tin in their own host systems
and intermetallic compounds [61], [138]; from thedata the diffusion coefficients are calculated for
20°C and 150°C; in the two columns on the rightdhginal temperature range, for which,land E,
are valid, is given.

Host Diffusion Do Ea D @ 20°C D @ 150°C T [°C]
species [cm?/s] [eV] [cm?/s] [cm?/s] from to
B-Sn () Y Sn 10.7 1.09 1.71-1® | 1.06-10% | N/A | N/A
B-Sn () ? Sn 7.7 1.11 556 -1 | 4.39-13° | N/A | N/A
B-Sn (1) Y Au 0.0058 | 0.52| 6.26 10 362-10 | 125 | 232
B-Sn () ? Au 0.16 0.86 237-19 | 8.76-10% | 125 | 232
AuSn, Au, Sn | 0.00509 1.00| 2.90-1¢° 595.10° | 68 | 212
AuSn, Au,Sn | 0.00634 0.59 425.%0 | 578-10° | 68 | 212
AuSn Au N/A® | 0.59 N/A N/A -170| 150
¢ Au, Sn 0.0399| 0.63| 546-10° 9| 1.21-1¢F | 100 | 250
Au Sn 0.0027| 1.65 952 -1 | 5554-13° | 689 | 1003
Au Au 0.09 1.81| 5.52-.-10° 2.28 - 1% | N/A | N/A

" Diffusion parallel to the basal plane of the caysattice unit cell

2 Diffusion perpendicular to the basal plane ofthestal lattice unit cell
¥ N/A = Not available

*) Correctness of value uncertain

The dynamics of the eutectic solder formation framdividual gold and tin layers,
described in the following, is mainly based on [&hH [98], where the bump reflow of 10 pm
of electroplated tin on top of 40 um of electropthgold was analyzed. The described process
dynamics hold true for bump diameters equal tcaogdr than 100 um, which is comparable
to bump diameters in this thesis. The gold layahisker than necessary for eutectic Au/Sn
bumps and hence is not completely consumed byirihéfter the bump reflow a gold base
remains which is separated from the eutectic Aufgnan AwSn layer. In this thesis,
however, the electroplated gold and tin thicknesgeie chosen such that they result in the
formation of a eutectic 80Au20Sn layer during bureflow (ta, =5 um andd, = 3.25 um).

A nickel layer was electroplated underneath thal dayer to serve as a barrier against tin
diffusion along the gold tracks.

Upon heating the sample, the thickness of the INtE€seases rapidly. This is due to
increased diffusion through the already existingCBvi The diffusion coefficient for diffusion
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of gold and tin through the Au$Hayer for example increases by a factor of abdiit 1
between 20°C and 150°C. Since Ay$nthe IMC with the smallest diffusion coefficieot
the three main IMCs and its thickness is compartabtfat of the other IMCs (i.e. the AuSn
and AuSa layers), it predominantly defines the IMC layeowgth in the diffusion limited
case, that is after sufficient IMC thicknesses hasen formed [61], [98].

At 232°C, the §-Sn) phase melts, forming a liquid spherical captioa solid IMC
interlayers. The IMC layers start to dissolve ia thelted tin phase by solid-liquid diffusion.
Depending on the heating rate, the Au$ayer may not yet be fully dissolved when its
melting point of 252°C is reached. Using the reflpwfile in Figure 2.3, the temperature
increases further and at 280°C a liquid phase tctia gold/tin forms underneath the IMCs
(towards the gold base), resulting in the coexistenf the melted tin (with some dissolved
gold) above and the melted eutectic 80Au20Sn phakmv the IMCs. The IMCs continue to
dissolve in the bordering molten materials. The IMi&solution is fastest in the bump middle
where the amount of liquid tin is largest (duehe spherical shape of the melted tin). As a
consequence, the two liquid phases first come aéotdact at or near the bump middle. The
mixing of these two liquids with largely differinin-to-gold ratios results in an exothermal
reaction, mainly heating up the middle section fed bump. The Sn-rich liquid, now in
contact with the gold layer, strives to become 82@%n leading to the dissolution of the gold
base. Moreover, the gold dissolution process il gge in the bump middle due to the
increased temperature. Meanwhile, floating solicCIMemnants continue to dissolve in the
melt. Because the gold base dissolution contirthesgold concentration in the melt and with
it the melting point increases steadily. If the péaris held at a constant reflow temperature,
the melting point will increase until it is equal the current temperature. At that point, the
melt starts to solidify in a process called isothalr solidification [61], [98].

For the gold/tin reflow in this thesis the situatis slightly different, because the size of
the gold reservoir is matched to the amount oftedptated tin. A nickel diffusion barrier is
used to prevent consumption of the underlying gddks. Once the liquid Au/Sn reaches the
nickel diffusion barrier, the gold dissolution comtes sideways until the defined gold volume
is dissolved resulting in the eutectic gold/tindsslcap.

According to [61] and [98], the formation of a cesteaped interface between the Au/Sn
and gold layer is observed, if the bump reflow psxis aborted just before the two
coexisting melts come into contact in the centethefbump. However, this problem can be
eliminated by storing the as-plated samples (10gft®n on top of 40 um of Au) in an oven
at 200°C for 1 to 4 hours prior to reflow. Due hosthigh temperature storage the tin layer
completely transforms into AuSn, AuSand AuSg, which remain mostly solid during the
ensuing bump reflow. Hence, the formation of a loeiing spherical tin-rich solder cap
during bump reflow is avoided. Accordingly, the gh@rmal mixing of two liquid phases is
avoided as well, resulting in a more homogeneouspbreflow, visible by a more planar
interface between Au/Sn and gold. Apart from terappincreased temperatures in the bump
middle during bump reflow, the mixing of the twoesisting liquids is expected to have no
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major influence on the reflow process in this theSiherefore, the high temperature storage
before bump reflow, as suggested by [61], is omhitte

In [59] the IMC formation between eutectic Au/Snlt@nd an electroless nickel diffusion
barrier were analyzed in detail and no excessiv@dtion of Au/Sn/Ni intermetallics during
soldering was observed. The interaction of theelitkBM and the gold/tin solder depends on
the specific circumstances. In [139], for exampgeld/tin evaporated onto sputtered nickel
resulted in an Au/Sn/Ni IMC with a thickness of egppmately 1.7 um after 30 s at 330°C. At
lower temperatures, the phase growth is much slolm€il40], for example, the IMC layer
thickness between electroplated gold/tin and nigkdl um after deposition and only slightly
increases to 2 um after 400 h at 200°C.

2.2 Deformations in flexible systems

General notes on deformations in silicon wafer gssing

When stressed layers are grown or deposited onito wafers, the wafers bow
accordingly. The direction of the bow is determin®gdthe type of stress (compressive or
tensile). In isotropic samples (round isotropicstdde in conjunction with isotropic stress in
the added layer) the deformed shape resemblesialdison-isotropic samples (for example
due to the anisotropic properties of monocrystallsilicon, or due to the presence of
structures without radial symmetry), the deformbedpe may be better described as cylinder-
like. Depending on the actual circumstances, tHerded sample can take an intermediate
form between the spherical and cylindrical shaperddver, for large deformations, two
stable states may exist [12].

Layers added during standard CMOS wafer processiagften stressed. The stress can
result from a CTE difference in combination witlnjgerature changes, which either leads to
compressive stress (example: cooling after theroxadlation of silicon) or tensile stress
(example: cooling after physical vapor depositiblaminum) in the added layer. The stress
may also be structurally motivated, for exampleaasesult of different doping levels in
adjacent layers. In CMOS wafer processing a silioiinde (SgN4) passivation layer is
generally added at the end of the process by plammhanced chemical vapor deposition
(PECVD). By adjusting the plasma deposition paranseta stress-free passivation layer can
be created or, if necessary, a passivation layén vansile stress can be fabricated to
compensate compressive stress in the underlyiregdayWafer bow can also be compensated
by a backside metallization. Depending on the dépaosmethod and the type of metal or
alloy, tensile or compressive layers can be formedow compensation is not an issue,
bowing caused by the backside metallization camimmized by combining a compressive
and a tensile layer with adjusted thicknesses [12].

For regular unthinned waferssi(¥ 625 pm), the bow from standard CMOS processes is
typically in the order of a few microns to sevetahs of microns. Since, as a first
approximation, the wafer bow b is inversely projoral to the square of the wafer thickness
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(b ~ 1t%), thinned wafers show substantially larger bow fakawith a thickness of 200 um
may, for example, show bowing in the order of a femadred microns [12].

Relaxation during subsequent tempering processesltange the stress level (example:
tempering of plasma grown low-stress silicon oxate 1100°C more than doubles the
compressive stress after cool-down). But also goet room temperature may change stress
levels and types significantly. Depending on thedenoof deposition (sputtering or
evaporation), the metal layers are not in thernoglildrium after deposition. By physical
processes, such as room temperature diffusiomrtiperties of the layers may change, which
can be observed as a change in wafer bow [12].

The layer stress after deposition strongly depeowlsthe deposition parameters. In
sputtered layers, for example, a lower pressuréhé deposition chamber leads to more
compressive stress [21], and in electroplated &atfes intrinsic stress is generally a function
of the plating current density [141].

Analytical calculation of bending angles

The analytical calculation of bending states ingdaand shells is fairly complex and many
books have can been written on the subject (fomgka[142]). For very simple geometrical
conditions and homogeneous material propertiedytace formulas often exist that allow
deformations to be calculated with only a smalloeriThe small error results from the
approximations that were made to derive the formQlae such example is Stoney's formula
(see formula (5.8) in Section (5.3.1)) that canubed to calculate the stress in a thin layer
deposited onto an underlying much thicker layemfrihe measured radius of curvature, the
layer thicknesses, and the material properties. rhore complex structures (for example
multi-layer structures or structures with layersswhilar thickness) analytical models involve
lengthy calculations.

One such model is described in [143], where deftiona of thin coated plates are
calculated analytically using the free energy cphcdhe model is expandable, allowing
several deposited stressed layers to be incorgbrdiee calculations distinguish between
deformations directly after (or even during) theastion of each layer and deformations
caused by stress after deposition of all layers @wample resulting from temperature
changes). Thermal stress and intrinsic stress aife ibcluded in the model. Because the
model is based on the assumption of homogeneopemies within each layer, errors occur
when considering samples with anisotropic propgrtitowever, a distribution of mechanical
properties along the normal direction, as oftemtbin deposited layers, can be taken into
account by splitting up the inhomogeneous layeo itvt0o or more homogeneous layers.
Information on the distribution within the layernc@e obtained by observing deformations
during the deposition process or by analyzing thess distribution in the normal direction
after deposition, for example using infrared spestopy. Because the formulas become
increasingly complex with each added layer, a comiaksoftware calledElastica3.0 was
developed by Advanced Surface Mechanics GmbH [14d} incorporates the described
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analytical model. The calculations are purely atedy and are faster than equivalent finite
element analyses (FEA) by a factor of about 10@wéVer, geometrical variations other than
multi-layer composites cannot be handled by théwsoE and require other methods like
FEA.

The interaction of layer thicknesses in intrinsentding

But even in simple geometries, like a stack of tvamnogeneous layers, analytical models
quickly become inaccurate if assumptions made erdérivation of the model about the layer
thicknesses are no longer fulfilled. The followithgpught experiment illustrates this problem.
We assume a silicon wafer with homogeneous isatramaterial properties and a standard
thickness of, say, 625 um, and coated with an esséd gold layer with a thickness of 2 um.
Upon cooling, the gold layer contracts relativehe silicon, resulting in tensile stress in the
gold layer and compressive stress in the silicofew®s a first approximation the stress can
be calculated from the temperature decrease, fifieradice of the coefficients of thermal
expansion, the Young's modulus, and the Poissatits IAs a consequence, the wafer both
contracts laterally and stretches upwards witledge, forming a dish. Both effects (lateral
contraction and dish formation) are fairly smallit,ononetheless, influence the originally
calculated stress in the gold layer. By continupustiucing the thickness of the silicon, both
effects steadily increase. The reason for the bwnease is the reduction of the geometrical
moment of inertia of the silicon (which is proporial to §3), while the increased lateral
compression is caused by the decrease of the seatisnal area of the silicon. For very thin
silicon (i.e. for silicon with less than about half the metal layer thickness), however, the
bowing is reduced again, while the silicon conimactcontinues to increase. The bow
reduction is a consequence of the reduced forcengonent) that the thinner silicon can exert.
And the increased lateral contraction of the silige caused by the increasing gold cross
section relative to the silicon cross section. Té$itsiation becomes clearer, if the silicon
thickness is reduced to close to zero. The goldrlapw almost behaves as if no silicon is
present at all, that is, it remains flat and cartgaccording to the temperature difference and
its coefficient of thermal expansion. The silicon the other hand contracts exactly at the
same rate as the gold, because it is attachec tgald layer and cannot exert any substantial
force on the gold layer. These effects, and esfhedle transition from the thick silicon to
the thin silicon regime, are difficult to captune analytical calculations. If several layers
come into play or a truly three-dimensional geometiconsidered, the analytical calculations
become even more complex. Here, finite elementyaisamay be a suitable tool to analyze
and predict deformations.

Maximum flexibility

The termflexible is ambiguous, because it can denote either a sawigth can be bent
quite easily (applying only a small force) or a géenwhich can be bent to a very small radius
(like a polymer foil, which can be rolled formingrearrow tube, or even folded without
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breaking). With respect to flexibility in thinnedlison, however, both definitions are
generally fulfilled.

If a thin chip is, for example, placed onto two gop beams with distanceynd pressed
down by the force F, applied to a third beam innhiddle between the two support beams,
the resulting bow b is calculated by
1 F ¢ dgb

-® T (2.3)

where E is the Young's modulus of silicon, and & ¢fgometrical moment of inertia
(J = 1/12-wt3, w = width, t = thickness) [12]. Obusly, the thin chip can be deformed more
easily if its thickness t (and hence its geometnoament of inertia J) is reduced.

The moment required for bending a homogeneous péatde calculated by

E-t3

M=—
12(1 — v®)R

(2.4)

where E is the Young's modulus, t the plate thiskne the Poisson's ratio, and R the
radius of curvature [145]. The maximum stregs« is found at the plate surface and can be
calculated by

_3.M 2.5)

Omax = E : W ,
where w is the plate width [10]. From formulas {2ahd (2.5) it is found that the
maximum stress is proportional to the plate thigsnpef all other parameters, including the
radius of curvature, remain the same. Becausertaking risk is directly associated with the
stress level in the surface layer, thinner samplesinherently less prone to breaking at a
defined bending radius. Therefore, thinned silig@amples can also be considered more
flexible with respect to the minimum radius of catwre that can be achieved.

2.3 Effects of crystal damage on flexibility

Silicon is a very brittle material that does nofadm plastically when stressed, but rather
deforms elastically and then suddenly breaks ifftvee becomes too large [146]. It is the
purpose of this section to illustrate correlatitbe$ween the presence of crystal damage at the
silicon surface and the tendency of damaged clopsrack under mechanical loading or
intrinsic stress. The process of crack evolutiod growth is fairly complex and not included
in this section. A detailed analysis is given id 1

In standard silicon wafer fabrication the wafers aliced from a single crystalline ingot
using a mechanical multi-wire saw. The surfaceaavily damaged by this process and a
three-step treatment follows to obtain a good qua$iurface for subsequent CMOS
processing. Traditionally, the surface is lappeteving most of the damage from the wire
saw process, but also adding a new layer of damalgeh is, however, thinner and more
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homogeneous than the original damaged post-saayay.I Then, the lapped layer is removed
in wet etching, resulting essentially in a defeeef but uneven surface. Finally, CMP
polishing is carried out on one side of the wafesulting in a very even, defect-free surface,
suitable for CMOS processing. Although lapping,ndimg, and wire slicing are quite

different processes, the nature of the inducedtalrydamage is very similar in these
processes. The removal process can be dividedtwaogroups: ductile and non-ductile.

Because silicon is a brittle material, the duatilede can only be achieved if the cutting force
is small enough to avoid fracture. With only a dnfaice, the volume that can be removed is
also very small, implying that small abrasive s are required and that the resulting
removal rate is fairly small [148].

When working with ultrathin silicon wafers or chjgle breaking risk is increased for two
reasons: defects at the silicon back surface [t%tahe chip edge [8] reduce mechanical
strength and may result in breakage when the sanapéeintentionally or unintentionally bent
(for example during handling). The chipping lengihthe back of silicon chips is a good
indication of crystal defects caused by mechandieing. In Figure 2.4 the strength for
mechanically diced silicon chips is given as a fiorcof backside chipping length. Increasing
the chipping length from 10 um to 50 um decreaseslie strength by almost 75%.
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Figure 2.4: Die strength as a function of backsaiépping length in chips that were first diced and
then ground (modified from [8]).

Additional thinning steps are required to remove Itlackside and edge damage, like wet
etching, dry etching, or CMP [8]. The damage deptth hence the required stock removal for
effective defect elimination not only depends oe thinning technique, but also on the
processing parameters. Typical defect depths aweebea 2 um for fine grinding and 20 um
for rough grinding. Other sources give similar eador grinding depths, for example 6 pm
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in [27] and 5 um to 15 um in [10]. However, wheralgming sample strength as a function of
removed layer thickness in wet etching, the optimsimften found to be larger, for example
30 um in [26] or 45 pum in [149].

Hadamovsky devised a model for subsurface damagédiecon wafers after mechanical
treatment, such as grinding or lapping. The modslimes four zones with different structural
properties. The topmost zone at the silicon surfadairly thin (t<2 pum) and is called the
polycrystalline zone. It is made up of small pieoésnonocrystalline silicon, packed very
densely. The packing density is however smallen ihaundamaged monocrystalline silicon,
resulting in compressive strain in the polycrystallzone. Underneath, extending to a depth
of about 15 um, lies the crack zone with a largesdg of cracks. Between a depth of 15 um
to 20 um the cracks vanish in the so-called treomsizone. Finally, between 20 um and
100 um the stress zone is located, which expersenersile stress resulting from the
compressive stress in the disturbed layers abdy§l#8].

Instead by a reduced packing density of the postatine layer, the stress in the damaged
layer may be explained by the oxidation of theceili in the damaged layer, which requires a
larger volume and therefore results in compressirass [48].

The stress in the disturbed layer may vary gre&dlyexample between 40 MPa after fine
grinding and 400 MPa after rough grinding [116].cBese this stressed layer is removed
along with crystal defects in the last step ofttiianing sequence, this step is often referred to
as the stress relief process. Although the steshsction increases with the amount of silicon
removed in this process, the bow may first decraaskethen increase again [26]. The reason
for this observation is that, with continuing streslief, the total thickness is reduced, making
the wafer less rigid and resulting in bending cdusgstress in the active areas on the front.

Regarding the ability of thin chips to be defornvathout breaking, the surface quality at
the back and the edges of the chip play a maja jbd]. The defect density in the bulk
silicon may also have an influence on the maximam-destructive deformation. Therefore,
float zone wafers, which typically have a lowerat#fdensity than Czochralski grown wafers,
are preferably used [9].

The theoretical tensile strength for silicon vamgth crystal orientation. In Table 2.7 the
theoretical (defect-free) tensile strength is given different crystal direction. Because all
naturally occurring crystals have defects (vacacm@acks, pores, and most importantly
surface defects), which lead to stress concentratiee large theoretical values in Table 2.7
are never reached in reality [150].
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Table 2.7: Theoretical tensile strength of defeee silicon, assuming simultaneous breaking of all
atomic bonds in the respective plane [150].

Crystal plane Otheor [GPQ]
{100} 58
{110} 46
{111} 33

Although other sources calculated different valiseghe maximum theoretical strength of
silicon (for examplesiensie= 23 GPa andshear= 6.5 GPa in [141]), they are commonly much
larger than typically achieved tensile strengthfalricated samples, which are usually in the
order of 350 MPa. In [9] a very detailed overviewrmaximum achieved tensile strengths for
different silicon samples and on typical defecietyn silicon is given.

Another aspect, influencing flexibility in thin ®bn samples, is the geometric shape of
the wafer edge, which changes during mechanicahthg from the initial round shape to a
razor-like shape. These very sharp edges can dagék off during handling, representing
starting points for cracks [12].
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3  Sample preparation

This chapter first gives an overview on the dedegtures of the samples analyzed in this
thesis. The silicon chip and polyimide tape desiggguired to fabricate flexible ultrathin-
silicon-to-polyimide systems are described in dethiincluding the Daisy chain and Kelvin
contact structures, their working principles, aypidal layer thicknesses. Then the fabrication
steps for ultrathin chips (including the Dicing-Binning process) and for polyimide tapes
are described. Finally, the bump reflow and soldgprocess development is detailed.

3.1 Sample design

Ultrathin and standard thickness silicon test chipigh Au-Sn bumps of different
geometries were fabricated. For flex tape fabrcgtivafers with a thickness of 525 um were
used as carrier substrates for the processing of-osp polyimide (type PI2611 by
HD Microsystems). Three different silicon chip dgs and one polyimide tape design were
implemented. In Table 3.1 these designs are listgkd information on the bulk material,
sample dimensions, metal structures and the puspifdbese structures. Because Design C is
the most complex, it is considered in detail infibllwing sections.

Table 3.1: Silicon test chip and polyimide flex dagesigns and their bulk materials, dimensions,
structures, and usage.

. Bulk Sample
Design material dimensions Metal structures Used for
Au/Sn lines on Au-Ni-
UBM with line widths | In-process observation of
I=5mm and spacings of 25 umj chip bow during reflow;
A Silicon w=5mm 50 um, 75 pum, 100 pm,analysis of local silicon
ts = 2 to 45 pm| 150 pm, and 200 pm | deformations; FEM
and line lengths of model verification
4.8 mm
=5 mm imizati
. _ Cylindrical Au-Sn Optimization of bl.Jmp
B Silicon w=5mm . reflow and soldering
bumps on Au-Ni UBM .
ts= 525 um process; shear tests
. | =10 mm 30 Daisy chains and 18 Reflpvv_ of thin ch|ps and_
Silicon w=10 MM | Kelvin contacts with a | PCYIMide tapes; analysis
tsi = 2 t0 40 um| total of 1014 Au-sn | OF loca! silicon _
, .| deformations; Soldering
Bumps on Au-Ni UBM,;
C .t process between flex
| =15 mm gold tracks as electrical tapes and flex chips:
- _ connection between pes PS,
Polyimide| w=15mm electrical measurements
bumps and ) .
tp =5 um measurement pads (yield and quality of
interconnects)
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Test chip and substrate designs

The complete test chip and polyimide flex tape layaf Design C is shown in Figure 3.1.
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Figure 3.1: Complete substrate and chip layout esign C; several areas are enlarged 3-fold: top
middle: IWEL1 logo, pad numbers (I1, 14, and 31)daptical chip alignment structures; top left:

3 Kelvin contacts, each comprising 4 contact padd @ires connected to 3 bumps; top right: chip
counterparts of 3 Kelvin contacts, each consisthgne wire and 3 bumps; middle: U-shaped wire
that connects two adjacent Daisy chains; bottonrtgpaf Daisy chains no. 29 and 30, each part

comprising 5 gold tracks and 10 bumps; bottom righip corner with individual chip number and
round chip corner from plasma etched dicing trersche

Daisy chains

A Daisy chain is a structure that is used to mea#iug connectivity of a large number of
interconnects in a single resistance measuremienbonkists of a sequence of wires on the
substrate and chip that were connected by bumgs that a long continuous current path
through all bumps is formed. In this design thespaihains are running from left to right and
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have a sideways pitch of 300 um. The polyimide sabs part of each Daisy chain
comprises:

» 15 short gold tracks (length = 500 um, width = @0, spacing = 100 pum),
* 2 long electrical measurement tracks at each emgjith = 1000 um, width = 200 um),

e 32 circular Au/Sn interconnects on Au-Ni UBMs.

The silicon chip part of each Daisy chains comgrise

* 14 short gold tracks (length = 500 um, width = @0, spacing = 100 um),

» 2 halves of U-shaped wires to connect all 30 Dalsins to form a single 900 bump
Daisy chain that can be measured through Pads 3@ntithe substrate,

* 32 bumps with a pitch of 300 um.

The individual Daisy chains are referred to by nemsbranging from 1 for the topmost
chain to 30 for the bottommost chain. The Daisyirthaan be electrically measured by
contacting the long connection wires on the lefd aight side of the polyimide substrate.
Every fifth of these connection wires is slightlyoster to facilitate counting. The 30 Daisy
chains are split in 3 groups, each containing 1@yehains with bumps of the same diameter
(200 pm, 150 pm, and 200 pum, respectively). A ceesgion schematic of a Daisy chain is
shown in Figure 3.2.

R

U

meas

Figure 3.2: Schematic Daisy chain with 4 bumpsuAent I/l (dashed line) is forced through the
series of alternating gold/tin interconnects anddgacks from left to right. Meanwhile, the voleag
drop UneasiS measured and used as an indicator for an openit.

Kelvin contacts

A Kelvin contact is a structure consisting of thieterconnects that is used to perform
electrical 4-point-measurements on individual iobenects. The 18 Kelvin contacts are
located near the top and bottom edges of the &aiph Kelvin contact comprises 4 measuring
lines and 3 interconnects. A schematic of a Ketantact is shown in Figure 3.3. The contact
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resistance of the interconnect in the middle is sue=d by applying a constant current
flowing up through the left interconnect and backvd to the substrate through the middle
interconnect (dashed line in Figure 3.3). Meanwhike voltage drop through the middle
interconnect is measured by help of the right cdanect, which serves as a connecting line
to the top of the middle solder joint. Because \thkage measurement itself requires only a
very small current, the voltage drop in the voltageasuring lines is negligible and,
consequently, the reading on the voltage meteresgmts the voltage across the middle
interconnect. For all Kelvin contacts the left anght interconnects have a diameter of
150 pum while the middle interconnect has varioasrditers of 100 um, 150 um and 200 pm.
The interconnect pitch within a Kelvin structure880 pum.

[ |Au/Sn

B Nickel
U | |Gold

I Polyimide

Figure 3.3: Schematic of Kelvin contact for elecdti4-point-measurements of a single interconnect.
The silicon of the flip chip is omitted to offefrae view of the interconnects. The current patti e
voltage measurement path cross in the middle iotarect only, allowing the middle interconnect's
resistance to be determined.

Altogether the Daisy chains and Kelvin contactooné soldered system comprise 1014
interconnects, each of which is obtained by sofdedf 2 gold/tin bumps. A schematic cross
section of an individual solder interconnect withpeoximate dimensions is shown in
Figure 3.4.
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ts; (20 pm)

t twire(C) (2 pm)

tawsn (16 pm)

ttNi(S) (2 pm)
ttbase(S) (2 Mm)
ttwire(S) (2 l-"m)

tpr (5 pm)

Figure 3.4: Schematic cross section of gold/tindeolinterconnect between a thin silicon chip and
polyimide tape; symbols and approximate thicknedses for all layers are included (the indices C
and S denote the chip and substrate, respectiviélg)current path starts at the left end of thetdoot
gold wire, then goes through the interconnect ®tthp and continues to the right end of the toglgol
wire.

3.2 Fabrication of ultrathin silicon chips and polyimide tapes

This section is divided into 3 parts. First, thefevdevel fabrication processes for gold
tracks, gold-nickel UBMs, gold-tin solder, and &iin trenches are described. Then the
Dicing-by-Thinning process is described that isousethin and singulate the chips of a single
wafer. Finally, the fabrication processes for polige tapes used as substrates for flip chip
soldering of flex chips are described.

3.2.1 Fabrication of tracks, bumps, and silicon trenches

In Figure 3.5 the fabrication steps required tdizeachips with Daisy chains, Kelvin
contacts, and silicon trenches are shown schertgtica
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Figure 3.5: Schematic cross-sectional overviewatfritation process for wafers with gold tracks,
gold-tin solder bumps (on a gold-nickel UBM), arehthes etched into the silicon. The wafers can be
used to produce thin flexible chips using the Qjery-Thinning process described in Section 3.2.2;
a) Starting wafer with a 50 nm Cr + 200 nm Au pigtibase; b) electroplated gold tracks defined by
patterned resist; c) resist removed; d) patternedist for UBM and solder plating; e) sequential
electroplating of 2 um Au + 2 um Ni + 5 um Au +52m Sn; f) resist removed; g) wet etching of

plating base; h) patterned resist for silicon trénetching; i) dry etched silicon trenches (for chip
singulation); j) resist removed.

e)

All resist exposures described here were carrieédising laser-printed prototyping masks
that are about 10 times cheaper than regular quaaigks. These masks allowed for fast
prototyping at the expense of a slightly ruggedeedefinition with a typical deviation from
the design lines of about 5 um. The above desenpif the fabrication process is reduced to
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the important steps. Most deionized (DI) waterirgs baking steps, and in-process control
(IPC) measurements were omitted. The designatitigréein the following detailed process
description are the same as in Figure 3.5.

a)

b)

f)
9)

h)

Starting material: standard 4" p-type (100) silicowafers (§ =525 um,
resistivityp = 1.5Qcm to 4Qcm, Czochralski grown). The wafers were coated with
evaporated chromiumgt= 50 nm) and gold {t = 200 nm). The gold layer served
as a plating base and the chromium layer serveahaslhesion layer for the gold
layer. Chromium was preferred over titanium as @imeaion layer, because it could
be etched selectively against the tin layer ofsthider.

Using a Karl Stiss RC8 spin coater, the wafer wasecbwith 15 um of the positive
resist AZ4562. After exposure on a Karl Suss MAGknaligner and development
in AZ400K the wafers were electroplated with 2 pfngold using a pulse plater
with an alkaline sulphite bath (type Enthone BDDRU0rhis step defined the gold
tracks necessary for Daisy chains and Kelvin cdstac

The resist was removed.

The wafer was again coated with AZ4562 (t = 15 parjposed, and then developed.
This layer defined the UBM and bump layout.

A 4-step electroplating sequence followed that resfi the UBM (2 um of gold +
2 um of nickel) and solder (5 um of gold + 3.25 phtin). These two layers were
later reflowed to form a gold/tin eutectic. For tpald plating the same pulse plater
as above was used. For nickel an Enthone Nickalsaf EL electrolyte was used
and for tin plating a Dr. Schilétter SAT20 electtelyfbased on methane sulphonic
acid) was used.

The resist was again removed.

The plating base was etched in two steps: the odgh lgyer was etched using an a
iodine (3) + potassium iodine (KJ) etching solution. Thecefeplated gold was also
etched by this solution. However, with a thickneaso of 10 : 1 (electroplated
gold : gold plating base) the effect is minor. Timederlying chromium adhesion
layer was then etched in a potassium hydroxide (K@Hbotassium ferricyanide
(K3[Fe(CNs)]) etching solution. Both etching solutions showgdod etching
selectivity against the tin top layer of the bump.

The wafer was again coated with 15 um of AZ45608rd, and then developed.
This layer defined the trenches in the silicon sunding each chip area. After
development, the wafer was placed onto a hotplate heated to 130°C. After a
temperature hold segment of 1 minute, the wafersgated down by switching off

the hotplate. This temperature treatment increéisedesist's mechanical stability,
improving its resistance against the ensuing drlieg process.

Dry-etching of silicon trenches using a reactive e&icher (type RIE80 of Oxford
Plasma Technology). Various dry-etching recipeseviested, resulting in different
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trench profiles and surface qualities. Three ofs¢heecipes are described in
Table 3.2 and corresponding images are given inr€ig.6. Each etching recipe
offered different advantages. The optimal recipaidaender a smooth vertical
sidewall with small inhomogeneity at fast etchirages. The main quality criteria
was the surface roughness and the trench profilechvwere best fulfilled by

Recipes a) and b). Because the trenches later ca#meontact with wet etching

chemicals, the rough surface for Recipe a) did pmge a problem. Therefore,
Recipe a) was mostly used with these additionaktithiing parameters:

- pressure: 100 mTorr(13.3 Pa) and
- etching time: 20 min to 100 min (depending mtended chip thickness).

}) The resist was again removed.

Table 3.2: RIE etching parameters and resultinghietg rate, trench profile, surface quality, and
etching depth homogeneity (per wafer) [18].

Recipe Power | SK/ O, Etching Trench Surface | Homogeneity
[W] [sccm] rate profile quality [%]
[Lm/min]
a) 100 78125 0.4 Vertical Rough 2.5
b) 100 4.7/0.0 0.5 Round Smooth N.A.
C) 150 7.8/5.0 1.0 Round Rough 5.0

Figure 3.6: SEM images of trench profiles and scefajualities for 3 different dry etching recipes
given in Table 3.2; a) vertical profile and roughiriace; b) round profile and smooth surface;
¢) round profile and rough surface [18].

3.2.2 Dicing-by-Thinning

The Dicing-by-Thinning process was introduced bgufhofer 1IZM [30] and was used in
this thesis to fabricate ultrathin silicon chipshel schematic process flow is shown in
Figure 3.7.
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Figure 3.7: Schematic Dicing-by-Thinning processl a) silicon wafer with CMOS or Daisy chain
areas; b) plasma-etched trenches around CMOS osyahain areas; c) gluing of wafer to carrier
substrate with wax (type Logitech OCON-200, meltpant ~ 69°C); d) backside thinning by
sequential lapping, chemical mechanical polishiagd wet etching; e) chip detachment by wax
dissolution in limonene or heated isopropanol [18].

The advantage of this process was that the chipsedgre not defined by mechanical
dicing, but by plasma etching (see Figure 3.7 Bhis allowed for almost any chip outline
and resulted in very little crystal damage at thgp @dges. Because crystal damage was the
most critical parameter, limiting the maximum bdvatt could be applied before breaking the
chip, the dry-etched edges were preferred over arecal dicing lines. Plasma etching of an
ultrathin wafer posed several problems. The rgsistessing on an ultrathin wafer was only
possible when using a carrier substrate for hagdilinis however changed the dynamics of
the lithographic process, requiring a completelw meocess development. Also, a glue was
required for attachment of the wafer to a carrat tcould withstand hardbake temperatures
of 130°C and did not gas out in the vacuum plashanber. In ultrathin wafer applications
out-gassing of glue poses a major problem, becthesehin wafers cannot mechanically
withstand the local pressure caused by out-gasgisa@ result the silicon bulges or breaks.
The DbyT process circumvented all these difficgltiy first performing the plasma-etching
of silicon trenches on the front side of a standalidon wafer and then thinning the wafer
from the backside. Upon reaching the trenches th&emseparated into individual chips
(giving this process its name, because the thinpirugess is the final step of the dicing
process). By dissolving the wax glue, these sirtgdl@hips were detached from the carrier
substrate. The wax used in this thesis (OCON-20Qdgtech) had an approximate melting
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temperature of 69°C and could be dissolved at réamperature in limonene (Ecoclear by
Logitech) or at elevated temperatures in isopropaBecause the thinning process was
stopped when the trenches were reached, the tdapth defined the resulting chip thickness.

The maximum bow that can be applied before chiplrng occurs not only depends on
the chip edge quality, but also on the surfaceityuad the wafer backside [66]. Therefore, the
thinning process was very critical and is descriloeddetail here. The thinning process
consisted of a sequence of lapping steps on aeagit P50 lapping system, followed by a
CMP step, which was also done on the LP50. Finallyet etching step was carried out using
an etching solution composed of hydrofluoric acidric acid, and acetic acid (also called
HNA solution). A list of all thinning steps is gimen Table 3.3.

Table 3.3: Process steps for thinning a siliconewdfom 525 pum to 20 um.

Step | Process Silicon thickness | Removal Purpose
[Lm] rate
before after [um/min]
. Fast stock removal with
1 Lapping 525 100 S substantial surface damage
. Medium stock removal with
2 Lapping 100 40 2 reduced surface damage
3 Laobin 40 30 1 Slow stock removal with
pping minor surface damage
_ Planarization and surface
4 CMP 30 25 ~0.1 damage reduction
5 HNA 25 20 ~2 Surface damage removal

Processing details for the three lapping steps

The LP50 lapping system mainly consisted of

* an automatic slurry feeder (set to approximatedydp of slurry per second),
e arotating, grooved, cast-iron lapping plate,

» a lapping jig that held the glass carrier (to whilkh wafer was attached) by vacuum,
and

e a monitor jig that continuously checked and coeddhe rotating plate's planarity in-
process.

The lapping jig was a round, passive, mechanicaicdethat was placed onto the lapping
plate. Two ball bearing wheels prevented the jigrfrmoving around with the lapping plate,
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however, without preventing rotation of the jig abats own center axis. The tangential
velocity of the lapping plate increased with ragdigsulting in a larger tangential force on the
jig near the lapping plate edge than near the tapplate's rotation axis. This force difference
lead to a momentum on the jig, resulting in thatioh of the jig about its own center axis. In
summary, both the lapping plate and jig are rotpéibout their respective center axis, leading
to a continuously changing direction of the localhtive motion between wafer and lapping
plate and hence to a more homogeneous materiavegnfdthough generally increasing with
speed, the removal rate may be reduced at verg rgeds due to hydroplaning. This was
mostly a problem in plain (i.e. non-grooved) lagpplates. The grooved plate, that was used
throughout this thesis, reduced the likelihood @flfoplaning significantly, even at the
maximum rotation speed of 70 RPM (revolutions penute) used in the first and second
lapping step. The removal rate also depended ofothe used to press down the wafer. This
force could be changed between O N and 40 N byiagspmechanism.

The lapping slurry used in this thesis was an agsieolution containing 10% aluminum
oxide (ALOs3) powder with a particle diameter of 15 um. It sl for sufficient removal
rates of 5 um/min that are comparable to removakréor an aqueous solution of 9 um SiC
powder, but resulted in less crystal damage. Algholiner powders generally resulted in less
mechanical damage, they exhibited one problemdigtance between the silicon surface and
the cast-iron lapping plate was relatively smaliefiefore, thickness variations of the lapping
plate or break-away silicon particles could causenanent damage to the sample. Both 3 um
and 9 um AIO3; powders were tested, but both often lead to camptbip destructions,
especially in chips with a final thickness below 1.

The lapping jig was equipped with a dial indicatoth a 2 um division that could be used
to check the total stock removal and removal rat@rocess. A micrometer gauge was
additionally used to measure the total thicknesshef glass carrier + wax + wafer. By
comparison with the total thickness at the statheflapping process, the amount of removed
material was calculated. In order to obtain a hoenegus silicon thickness across the wafer
during lapping, several conditions had to be met:

* homogeneous wax thickness: this was best achieyassing a very thin wax layer
(twax =1 um to 3 um). To accomplish this, the wax waatéd to about 120°C (which
was about 50°C above its melting point, makingwtlag less viscous) and by applying
a large force of approximately 500 N between théewand glass carrier during wax
attachment (more efficiently squeezing out excems)w

» small wedge error between the wafer and the lappiatg: this was best achieved by
planarizing the lapping jig (i.e. the outside riagd the chuck holding the glass
carrier) and using a planarized glass carrier, and

» good planarity of the lapping plate: the flathegsmitor continuously checked the bow
of the lapping plate. By automatically moving thetriess monitor and the lapping jig
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slightly towards or away from the rotation axistbge lapping plate, the bow was
corrected. Typically, a flatness of + 0.5 um isiagkd.

Processing details for the CMP step

The chemical mechanical polishing was also cawigdn the LP50 system. The cast-iron
grooved lapping plate was replaced by a plain peljiane plate and a colloidal solution
(Syton SF1 by Logitech) of Siparticles (diameter 30 nm) with an approximatevaitie of
10.5 was used instead of the®4 slurry. The flathess monitor was not requiredtfee CMP
process and the position of the lapping jig wasgled continuously by a sweeping action of
a few centimeters. The force pressing down the maf@s set to 60 N (by attaching an
additional weight to the lapping jig). Because thalyurethane plate was not grooved,
hydroplaning could occur, requiring the rotatioresgp to be reduced. Typical maximum
rotation speeds before hydroplaning occurred weterden 30 RPM and 40 RPM. Instead of
the hard polyurethane plate an expanded rubbee igpe Chemcloth Polishing Cloth by
Logitech) could be used, which generally did naivglnydroplaning effects and resulted in a
near perfect optical grade surface. However, thime at the expense of good planarity. The
soft foam rubber squeezed into the opened silicenches, increasing the pressure and
removal rate near the chip edge. This effect reduht an increased stock removal of up to 2
microns on the chip edge.

In the first few minutes of the CMP process the oeah rate was fairly large (about
0.5 um/min), because the crystal damage and rautggice remaining after lapping facilitated
the removal of the silicon material. The removéaé rdecreased and reached a stationary value
of 2.5 um/h after about 40 minutes. Because of ékeedingly slow removal rate after the
first 5 microns were removed, the CMP was not biatdor further thinning. The long-term
removal rate could be increased substantially bBiglpog a small number of chips instead of
a whole wafer. This was, however, contradictoryhi® DbyT concept which is a wafer based
process. Therefore, the main purpose of the CMPs#s not to remove substantial amounts
of silicon material, but rather to reduce the stefaoughness left by the preceding lapping
process, so that the ensuing wet etching was daoug¢ on a more planar starting surface.
After the CMP process the wafer was cleaned ofak# chemicals by using large amounts
of water on the polishing plate and keeping thejighe rotating plate for 2 more minutes.

Processing details for the wet etching step

The wet etching was performed using a combinatidmydrofluoric acid, nitric acid, and
acetic acid (called HNA etching solution) for apgdroately 3 minutes to remove most of the
subsurface damage and to round off the possiblgpstiap edges. Wet etching was chosen
for stress relief, because it generally leads $s @defects than dry etching [19]. Because the
HNA etching solution also etched glass, the glemsiar's backside was protected by a
commercial blue tape. In Figure 3.8 the backsidea dilicon wafer with a partly opened
trench intersection and its evolution during wethetg is shown. The increasing roughness
was a good indication for subsurface defect rem&jl
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Figure 3.8: HNA wet etching of CMP polished siliceurface; a) silicon surface directly after CMP,
trenches partly opened; b) after 1 minute of HNAhelg, trenches further opened, surface
roughening at crystal defects; c) after 2 minuté$blA etching; d) after 3 minutes of HNA etching,
trenches completely opened [18].

The HNA etching process can be described as tlmesecutive reactions. First, the nitric
acid oxidized the silicon surface. Then, the siicboxide reacted with the hydrofluoric acid
to form a salt, which then dissolved in the acaticd. The etching rate largely depended on
the availability of all three etching componentstla silicon surface and the removal of
dissolved reaction products. Agitation of the etghsolution by use of a rotational shaker
resulted in improved etching rate homogeneity. Atbe heat generated by the exothermal
etching reaction was better dissipated. Othervwaskcal temperature increase sped up the
local etching rate, further increasing the tempeggtresulting in a very inhomogeneous
etching rate across the wafer. Also, good heatipdisen minimized the risk of local wax
melting, which would have resulted in the loss lups.

HNA etching had the big advantage that the soluitsdo came into contact with the
sidewalls of the dry-etched silicon trenches, rauyccrystal damage at the chip edge.
Although the HNA etching reduced the planarity tué silicon surface significantly, the chips
became more flexible, because crystal defects eéreiently removed. After the HNA
etching step a final CMP might have been adde@ptanarize the silicon surface. However,
this came at the risk of reintroducing crystal dgemdrom breakaway silicon particles.
Therefore, the HNA etching step was preferablyléisé step of the thinning process.

After HNA etching, the chips had to be removed frilva glass carrier. The best method
was to cover the bottom of a container with a pieceloth, add isopropanol and then place
the glass carrier into the container and heat gbpropanol to about 80°C. The wax melted
and slowly dissolved in the isopropanol. The lookgs were washed down from the glass
carrier by carefully using an isopropanol jet. Byrieving the piece of cloth with the chips
from the container and drying in air, the risk ahthge to the chips was minimized. The chips
now had to be handled with great care to avoid oestal damage on the edge or backside.
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Good results were achieved by handling with a vatanozzle end effector with only a slight
vacuum of about 50 mbar below ambient.

3.2.3 Fabrication of polyimide tapes

The fabrication process for polyimide substratescdbed here was very similar to the
fabrication process of thin chips in Section 3.21ie major differences were:

» the starting wafers had a sacrificial layer of ATHinstead of a Cr + Au plating base,
e spin-on polyimide was added and patterned bef@&relplating of tracks and bumps,

« no silicon trenches were etched. Instead the palignapes were detached from the
carrier wafer by etching in 2% hydrochloric acicheTbumps were protected by a
resist.

The fabrication process is schematically showniguie 3.9.

3.3 Bump reflow and soldering process development

Most of the reflow and soldering trials were cadraut in a closed chamber rapid thermal
processing (RTP) oven with vacuum and formic a@agabilities (type SRO-704 by ATV
Technologie GmbH). Using the reflow and solderimgfipe in Figure 2.3, the manufacturer
guaranteed a maximum oxygen concentration of 5 ppm. oven was equipped with 8 IR
guartz lamps with a total power of 6 kW for heatthg bottom side of a thin aluminum plate
onto which the chips were placed. A nitrogen nozziderneath the heating plate was used
for cooling. The oven could follow the set profiery closely, except for the last phase of the
cool-down (below 100°C), where the temperature elesd exponentially instead of linearly
and had a maximum deviation of 10°C above the aletev The ultra thin silicon chips often
had a weight below 10 mg and were blown away dughgmber evacuation or nitrogen
cooling. Therefore, the samples were fixated byeadte tip during reflow using a force of
20 mN. For soldering, a flat weight piece was pihoato the silicon chip, also exerting a
force of 20 mN. To compensate for heat absorbethéyweight piece, the time at the peak
soldering temperature was increased to 5 minutesordler to observe the chip bow in-
process, a flip chip bonder (type Fineplacer Lambgarinetech) equipped with a heating
plate and forming gas module was used. Howeverfoiimeing gas unit had to be removed to
allow observation of the samples during reflow.

Tin is known to oxidize in air at room temperatfimeming an SnO/SnPlayer of a few
nanometer thickness [136]. Upon heating the tin aim, the oxidation accelerates
substantially [101]. By using 5% formic acid in noigen, the oxide thickness could be
reduced significantly. In Figure 3.10 two samples shown that were reflowed in a formic
acid atmosphere and in ambient air, respectivelholigh reflowing gold-tin contacts in air
resulted in poor electric performance due to tirdation, it was assumed that the oxide layer
has only a minor influence on deformations duriefiprv of thin chips with gold-tin lines.
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Figure 3.9: Schematic cross-sectional overviewatritation process for polyimide tapes used as
substrates for flip chip soldering of flex chips) starting wafer with 1000 nm Al + 30 nm Ti
sacrificial layer; b) 5 um of spin-on polyimide adtj c) patterned resist for polyimide patterning;
d) polyimide patterned; e) resist removed; f) CrAt plating base evaporated; g) electroplating of
gold tracks, Au-Ni UBM, and Au-Sn solder and pligtirase etched (see Figure 3.5 b) to g) for more
details on the process sequence); h) protectivestrgmtterned; i) sacrificial layer etched; j) resi
removed and tape detached from wafer.
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a) Reflow in 5% formic}
acid + 95% N, N

Figure 3.10: Top view of reflowed Au-Sn lines withwidth of 100 um; a) reflow in reducing
atmosphere (5% formic acid); b) reflow in ambiemtvaith strong indication of surface oxidation.

When directly soldering as-plated samples, a langmber of voids were present in the
gold/tin eutectic. By reflowing the bumps before soldering process (see Figure 3.11), the
voids were substantially reduced. Using a reflomgerature of 300°C, almost void-free
interconnects could be fabricated during solderingzigure 3.12 this effect is demonstrated
with 4 interconnects that were reflowed at tempees of 270°C, 280°C, 290°C, and 300°C,
respectively, prior to soldering. Possible explamet for the observed voids in samples that
were directly soldered were out-gassing of orgammnants from the plating bath electrolyte
or air (or nitrogen) trapped between the roughlaseg tin surfaces. Although a bump reflow
temperature of 300°C was sufficient for nearly vbige solder joints, the bump reflow
temperature was set to 330°C for convenience inynak bump reflows in this thesis.

Figure 3.11: Solder process modification to redwogds after soldering. The as-plated bumps were
reflowed prior to soldering.
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Figure 3.12: Cross sections of soldered Au/Sn aaenects between two 525 pum thick silicon chips.
The solder was separated from the gold bases byntelel diffusion barriers. Before soldering at
330°C the bumps were reflowed at different tempeeat a) bump reflow at 270°C; b) bump reflow
at 280°C; c) bump reflow at 290°C, voids slighyduced; d) bump reflow at 300°C, almost void-free
interconnect.

An explanation for the observed reduction of vaglgiven in Figure 3.13, where bumps
are shown that were reflowed at different tempeestand for different time spans at the peak
temperature. In the sample reflowed at 280°C fos ¥brugged topography can be seen.
Obviously, the tin had started reacting with thedentying gold, but without forming a
spherical cap. When two such surfaces were planeu each other and soldered, gas would
likely be trapped, resulting in voids. Increasirge ttime at 280°C to 60 s improved the
eutectic formation, but still did not yield a spicat solder cap. At 300°C, a nice round solder
cap was formed. Further increasing the reflow teatpee to 330°C lead to similar round
solder caps. Round caps like these only touchedsatgle point during soldering. This way,
gas trapping was avoided. Also, the high reflowgerature possibly allowed remnants from
the plating bath electrolytes to gas out beforesthidering step.

300°C

Figure 3.13: Top view of gold-tin bumps on a goickel UBM reflowed at different temperatures for
different time spans. At 300°C and above, roundesataps are obtained.
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Based on these results, a reflow of the as-plaathkes was deemed necessary to obtain
void-free interconnects. However, the ultra thilicen chips and polyimide substrates were
bent after reflow. To align the samples for soldgrithey were manually flattened and fixated
to microscope slides using 2% adipic acid in ispprml. Upon evaporation of the
isopropanol at room temperature, the adipic acrthéa solid crystals that could keep the
chips and tapes flat on the microscope slides. iBdipid also served as a reducing agent,
possibly eliminating tin oxides [151]. By using moscope slides as carriers for the polyimide
tape, it was possible to see through the carridrtape at the silicon chip and manually align
the chip and polyimide tape. In Figure 3.14 a sditeancross section of the Daisy chains
fabricated this way and a corresponding top viewgeof an actual Daisy chain are shown.
A cross section corresponding to A-A' in Figure43id shown in Figure 3.15. Reflowing the
bumps to form round solder caps prior to solderggulted in almost void-free interconnects
with functional electrical contacts between ultrantsilicon chips and polyimide tapes.

Silicon

— L — L —
N1\
| — |

Au —_— @ — |
Polyimide

Silicon

100 pm

Gold wires on polyimide Gold wires on silicon

Figure 3.14: a) Schematic side view of Daisy cHadtween a polyimide tape and thin silicon chip;
b) corresponding top view micrograph of such a Raikain through the transparent polyimide. The
Daisy chain is oriented left-to-right. The chromiumackside of two gold wires attached to the
polyimide tape are visible as black rectangleshétween these rectangles the bright surface oflé go
wire on the silicon chip is visible. The positiasfsthe 4 interconnects sandwiched between the wires
are indicated by dashed circular lines. A micrognagprresponding to the cross section A-A' is shown
in Figure 3.15.
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20 pm Raluiide

Figure 3.15: Cross section of a gold/tin intercoohwith two nickel diffusion barriers and gold base
and wires. The interconnect has a diameter of 1®0and the silicon chip has a thickness of
approximately 20 pum.

In order to obtain in-process data on the bendfngta thin chips during reflow, samples
were reflowed in air on a Fineplacer flip chip bendvithout using a fixation. The heating
mechanism on an open hotplate and the missing fotagion resulted in reduced thermal
coupling between the heating plate and the sanpierefore, the time at peak temperature
was increased to 40 s. In Figure 3.16 the bendmgieas plotted as a function of dwell time
at 330°C. The major deformations occurred in the 20 s at 330°C, suggesting that the 40 s
time span was sufficient in reflow experiments mbéent air without chip fixation using the
flip chip bonder. In another experiment a silicdnpcwas held at 330°C for a total of 150 s.
Here, apart from random fluctuations, no significamange of the bending angle was
observed after the first 40 s at 330°C.
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Figure 3.16: Optical in-process bow measurementsfohip with gold/tin lines as a function of hold-
time at 330°C. The bending angle is strongly reduséhin the first 20 s at 330°C and then slightly
between 20 s and 40 s.
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4  Modeling

First, the geometry of the system and the mechbpicperties of the used materials were
input into the FEM simulation program. In a proceaedmeshingeach geometric unit was
subdivided into a sufficient number of elementshsiiiat each element could be considered to
have homogeneous properties. Due to the large nuaidl®imps and wires on the chip and
substrate and their complex individual shapes withny round surfaces and edges and
because of the very small thickness of the chip sutzstrate compared to their widths and
depths, the number of required simulation elemevdas very large. In order to achieve
practical simulation times, the model was reduced small section of the actual system. For
example, for the reflow simulation of bumps on & thilicon chip, this section represented a
small unit of the spatially periodic chip layouat could be used as a building block for
almost the entire chip. An external influence, edlhload, was applied and the reaction of
the system was calculated by the simulation so&w#rrough the solution of a large set of
equations by the so-callesblvel). In the case of solder process simulations, tael lwas
generally represented by a temperature changeinteao different thermal expansions (or
contractions) for geometric units composed of déifé materials. If attached to each other,
stress built up between these connected units lemdéample deformed. This situation was
similar to a bimetal that bends under thermal lo&#cause of the many model
simplifications, the simulation results that arérasted from the model needed to be further
analyzed and verified by comparison with measuresnen actual samples. Because different
models were required for the different steps ofshlelering process, the individual simulation
results were superimposed to calculate the regutkziormation of the system after soldering.
Therefore, linearity of the simulation model waguieed.

4.1 Material properties for finite element simulations

In general, FEM simulations require all used materio be defined via their material
properties. The required set of parameters dependsghe simulation type and may for
example include parameters describing electriclbopeance, mass density, or magnetic or
mechanical properties. In this thesis, the geometeformations caused by thermal stress
from the soldering process were analyzed. Thergtbeemechanical parameters of all present
materials were required for the simulations. Thesee:

* Young's modulus E and Poisson’s ratiolrequired for all predominantly isotropic
materials: gold, nickel, eutectic gold/tin soldand polyimide),

» elastic constants ¢ ¢, and G4 (required for silicon), and

» coefficient of thermal expansian(required for all materials).

For all isotropic materials the FEM software ANS¥&culated the shear modulus G from
the given Young’s modulus E and Poisson’s ratising
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E

= ary

(4.1)

Therefore, the shear modulus did not have to bereditseparately.

Very thin layers, like the thermal silicon dioxi@gio. = 300 nm) and the chromium-gold
plating bases §t.a, =50 nm + 200 nm) were not expected to have avaateimpact on
deformations and were therefore omitted in the rha&lthough the material properties of the
individual lamellae of the eutectic gold/tin werelikknown (see [152] for details), the solder
was modeled using homogeneous solder material grepeThe complete set of material
properties is shown in Table 4.1. The referencesefch parameter are discussed in the
following.

Table 4.1: Material properties for mechanical FENMnsilations of deformations caused during the
reflow or soldering process.

Material [pprz °CJ Youn?('sspr;l]odulus Poisson’s ratio
Gold 14.5 78 0.42
Nickel 14.3 195 0.312
80Au20Sn 16.2 72 0.405
PI12611 3.0 8.5 0.35
Elastic constants for (110) silicon:
C11=C%= 194.48 GPa;
Silicon C33= 165.78 GPa
3.12 Cio= Cc21= 35.24 GPa
(anisotropic) C13=C'31=C13=C3,=63.94 GPa
C14=C’s5= 79.62 GPa;
C66=50.92 GPa

Material properties of gold

Young's modulus for gold

In monocrystalline gold the Young’'s modulus showsteong dependence on crystal
orientation. For example the Young’s moduli in ##00>, <110>, and <111> directions are:
Eau<100-= 43 GPa, ki<110-=81 GPa, and A&<111>= 117 GPa [153]. For the Young's
modulus of gold a value of 78 GPa is generally giwethe literature [154], [155], [156] with
some small deviation upwards or downwards dependimthe manufacturing process (cast,
wrought, annealed, or not annealed, etc...). Howawethin film gold the values show a
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much larger spread ranging from 39 GPa to 116 GB4d][ [158], [159], [160], [161], [162].
The effects influencing the actual Young's moduinsthin films are the crystallographic
texture, possible strain gradients, the mean gsee [160], and contamination or alloying
with trace elements [163]. Generally, the Youngduus for gold is larger for smaller mean
grain sizes due to denser packing and confinenfadte such as strain gradients [164].

For electroplated gold the available mechanicah datvery scarce. Electroplated gold
may be present in varying grades of crystallinitthwdifferent predominant crystal
orientations resulting in different Young’s moduh. [157] electroplated gold layers showed
a Young’'s modulus of only 35 GPa to 42 GPa foriptaturrent densities of 2 mA/cm?2 and
4 mA/cm? and layer thicknesses of 3.4 um and 4.0 paspectively, while in [165] much
larger values were found depending on the layektigss (150 GPa fokt= 0.3 um, 94 GPa
for tay = 1.19 um, and 79 GPa fof,t= 5.12 um). Because of the large spread of litiegat
values for electroplated gold, the Young's modituslectroplated gold should preferably be
determined experimentally for the specific platsanditions. Due to the complexity of such
measurements, the standard literature value of H& fGr the Young’'s modulus of gold was
used.

Poisson’s ratio for gold

In the literature a value for the Poisson’s ratiggold of 0.42 is usually given and was
adopted in this thesis [154], [155].

Coefficient of thermal expansion for gold

Generally, the coefficient of thermal expansioneatefs on the temperature range that is
being considered. Although the temperature usethglgoldering or bump reflow in this
thesis ranged from 20°C to 330°C, the maximum exietemperature for FEM simulations is
280°C. This is because most of the deformation et caused during the heating step from
280°C to 330°C, would vanish when the sample wasecoto 280°C.

A CTE value for gold at room temperature of 14.tfiC is generally given in the
literature (for example in [155]). However, the CdEgold rises with temperature. In [155] a
formula for the temperature dependence of the CiTgolal valid for a temperature range of
0°C to 950°C is given. According to this formulagtCTE of gold rises from 14.20 ppm/°C at
room temperature (RT) to 14.26 ppm/°C at 280°Cultiey in an average CTE of
14.23 ppm/°C. Because of the large temperatureeréorgvhich the formula is deemed valid,
it may not offer the best values for the tempemtange considered in this thesis. In [166]
actual length measurements of an expanding golglsaat various temperatures are given.
For 18°C an elongation versus 0°C reference leafjth= AL/L = 0.248- 10° is given, while
for 279.6°C a value of, = AL/L = 4.063- 10° is given. From these values a CTE for gold
between T=18°C and 7= 279.6°C can be calculated:

€2 — € ppm
oc = = 14.58 .
XAy, 18..279.6°C T, — T, °C (4.2)
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Because this calculation is based on elongationegalor gold at temperatures very close
to the actual relevant temperatures in the FEM kitiuns, the resulting value of
aay = 14.58 ppm/°C was considered most suitable. Heweas a compromise this value was
slightly reduced towards the value calculated friie formula in [155] and a final value of
aau = 14.5 ppm/°C was used to build the FEM materiatiel.

Material properties of nickel

Young’'s modulus for nickel

The values for the Young's modulus of nickel foundthe literature vary between
158 GPa and 247 GPa [167]. The elastic moduluslextreplated nickel layers produced
using the same electroplating module as in thisisheiere previously analyzed in [164].
Different measurement techniques were used regubhirslightly differing values, as shown
in Table 4.2. In this thesis, the three resultsewaveraged and the resulting value of
Eni = 195 GPa was used.

Table 4.2: Young’s modulus for electroplated nidkglers determined using different measurement
techniques [164].

. Young’'s modulus
Measurement technique (GPal
Stress-strain diagram 192
Laser-acoustic measurement on
e 207
vibrating beams
Nanoindenter 185

Poisson’s ratio for nickel

The Poisson’s ratio for nickel is generally given@31 [168]. In [167], however, a more
precise value for soft unmagnetized nickel of 0.&lgiven.

Coefficient of thermal expansion for nickel

In [166] elongations of a nickel sample at 20.1%@ &279.2°C were determined. Using
formula (4.2), a CTE for nickel afyi’ = 14.33 ppm/°C was calculated from these vallres.
[169] the CTE of nickel layers, electroplated usangickel sulfamate bath, was determined.
Depending on the solution composition and tempegatange slightly different values were
found, as shown in Table 4.3.
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Table 4.3: Coefficient of thermal expansion forc&leplated nickel layers from two different nickel
sulfamate plating baths [169]. Values are giventmperature ranges relevant to gold/tin reflow and
soldering in this thesis.

Temperature range CTE [ppm/°C]
[°C] Plating bath A| Plating bath B
25t0 271 14.3 14.2
25 to 295 14.4 14.3

Taking the average of all 4 given values in TabBwyleldsayi = 14.3 ppm/°C. Because
this value resulted from measurements on nickelpgesnfabricated with similar nickel
plating baths as in this thesisy = 14.3 ppm/°C was assumed to be the best valuEEM
material models in this thesis.

Material properties of eutectic gold/tin

Young's modulus for eutectic gold/tin

For eutectic gold/tin, data on mechanical propsrigevery scarce. In [170] bulk samples
of eutectic gold/tin were analyzed using a dilatneThe room temperature value was found
to be 70.6 GPa. In [152] a nanoindentation tool usexd to measure the Young’s modulus not
only of eutectic gold/tin, but also for the indivia phases making up the lamellae of gold/tin.
A value of 74 GPa was found for eutectic gold/@ecause the dilatometer measurement
generally has a smaller margin of error, a weiglategrage value of 72 GPa was used in this
thesis.

Poisson’s ratio for eutectic gold/tin

Regarding the Poisson’s ratio for eutectic gold/tinly one independent source could be
found. From a diagram given in [170] a value of0®.4vas extracted.

Coefficient of thermal expansion for eutectic girhd/

In [170] different values for the Young's moduldsB6Au20Sn are given for heating and
cooling and for temperatures below and above&thé' transition temperature of 190°C.

Table 4.4: Coefficients of thermal expansion foteetic Au/Sn during heating and cooling at
temperatures below and above 190°C.

Reflow or CTE [ppm/°C]
soldering phase T < 190°C T >190°C
Heating 16.2 17.0
Cooling 16.8 15.6
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Because silicon deformations are caused by CTEerdifices during ramp-down, an
average value of 16.2 ppm/°C based on the coolag@ values was used.

Material properties of silicon

Stiffness matrix for silicon

Because silicon is an anisotropic material, the ngds modulus and Poisson’s ratio
depend on the direction relative to the crystaidat For the three standard directions the

values are given in Table 4.5.

Table 4.5: Young’s modulus and Poisson’s rationfmmocrystalline silicon for different directions in

the crystal [171], [172].

Crystal Young's modulus b, icc s ratio
orientation [GPa]

<100> 130.2 0.064

<110> 168.9 0.361

<111> 187.5 0.262

If a predominant direction is considered, the valtmr the according direction can be
taken from Table 4.5. In this thesis, however, datections were relevant, because three-
dimensional deformations occurred during reflow aswdering. Therefore, the silicon
material was better described by its 6x6 stiffnesstrix. The stiffness matrix for silicon
completely describes the mechanical behavior afosilin all 3 dimensions by representing
the correlation between the 6 strain values and thieess values according to

Ox C11
ay €21
Oz | _| €31
Ty | | Ca1
lyz Cs1
Tzx Ce1

where e1, Cip,

..., Cs5, Cs6 are the

C12 €13 C14 (15
€22 C23 Ca4 (35
C32 C33 C34 (35
Ca2 Cu3 Cyaq Cus
Cs2 €53 Csg  Css
C62 Co63 Cea Cos

C16 Ex

Co6 &y

C36 | | & (4.3)
Cs6 ' Yy |’

C56/ )/yz

Cs6 Vzx

36 stiffness coefficients, &y, €, are the direction

strains,yyy, Yyz Yzx are the shear strains,, oy, o, are the direction stresses ang ty,, 1.« are
the shear stresses according to Voigt's notatignTBe X, y, and z directions are oriented
parallel to the [100], [010], and [001] directiookthe silicon crystal lattice. In silicon many
of the stiffness coefficients are zero and due itwos’'s cubic symmetry only three
independent stiffness coefficients exist, greatiypdifying formula (4.3):
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Ox €11 €12 €12 O 0 0 Ex
Oy Ci2 €11 €12 O 0 0 \ &y
Oz | | ¢12 €12 ¢11 O 0 01| | &
T [T 0 0 0 cu 0 0| |w (4.4)
Ty, 0O 0 0 0 ¢y O / Vyz
Tzx 0 0 0 0 0 cCyq Vzx

The values for g, ¢, and g4 are generally referred to as the elastic constaingdlicon
and can be found in the literature based on a ouatel system oriented along the <100>
directions of the silicon crystal. The crystal ilztin silicon wafers used in this thesis was
oriented such that the wafer flat was parallelhte €110> direction. Accordingly, with the
chip design being parallel to the wafer flat, thgpcedges were also oriented in the <110>
direction. Therefore, the stiffness matrix in folm(4.4) had to be transformed by a 45°
rotation. The transformation formulas were takemf{9]:

11 = (114 + 124)611 + 21,2 1,%(C1p + 2€44) (4.5)
ciy = 2L %1% (c1y — 2¢40) + (" + 1Y) Caa (4.6)
Ci3 = C12, (4.7)
C33 = C11, (4.8)
Ca4 = Cas ) (4.9)
Cos = 211" 1,7 (e — c12) + (12 = 1) caa (4.10)

where g1, ¢, and G4 denote the original elastic constantS;, &C12, C13, C33, Ca4, Cos
denote the transformed elastic constants for <ldflented silicon, and;land } are the
direction cosines, defined as the cosine of thdeabgtween the rotated x-axis and the
original x- and y-axes. For a 45° rotation a vahfieos (45°)=1/+/2 is obtained for both|
and b. Using the new stiffness coefficients, formuladjdransforms into:

Oy €11 €12 €13 0 0 0 Ex
oy Ciz €11 €13 O 0 0 &y
Oz C{3 C{3 Cé 3 0 0 0 &z

= : 4.11
Txy 0 0 0 ca 0 0 Vxy #11)
Tyz 0 0 0 0 ciu O Vyz
Tzx 0 0 0 0 0 ¢ Y=

The elastic constant for the <100> and <110> aaitgard of silicon are listed in Table 4.6
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Table 4.6: Elastic constants for silicon for the 60> and <110> orientations of the coordinate
system (values for <100> silicon were taken fronY3JlL while values for <110> silicon were
calculated using formulas (4.5) to (4.10)).

Elastic constants for <100> Elastic constants for <110>
silicon silicon
Symbol Value [Gpa] Symbol Value [Gpa]
C11 165.78 C'11 194.48
Ci2 79.62 C'12 35.24
Cas 63.94 C'13 63.94
C's3 165.78
C'aa 79.62
C'e6 50.92

Coefficient of thermal expansion for silicon

The thermal expansion of silicon strongly dependshe temperature range that is being
considered. For room temperatures values arourtd@h®/°C can be found in the literature
[174], [175]. In [176] the CTE of silicon was datd@ned for a large temperature range and
compared to results from 7 earlier publications. ajaproximation function for temperatures
between 100 K and 1400 K was calculated that dessthe CTE of silicon within 5% to 6%:

T T
= — 15.2459 + 3.43026 In <E) — 5394-1073 <—)

pp K

as;(T)
m
K

(4.12)
2 -1

T T
+1.286-107° (—) — 88.6853 (—) ,
K K

whereas; is the coefficient of thermal expansion of silicand T is the temperature in
units of Kelvin. Using formula (4.12), an averag€ECfor silicon ofagi = 3.12 ppm/°C was
calculated for the temperature range from 20°C3(r €.

Material properties of polyimide P12611

P12611 is distributed by HD Microsystems. The mawtirer only provided the Young's
modulus and coefficient of thermal expansion fmmaemperature [177]. The Poisson’s ratio
was taken from [178]. These values k1= 8.5 GPagp = 3.0 ppm/°C, andp, = 0.35) may
change with temperature. In [179] for example, ifechanical properties of polyimide from
another supplier (type Upilex-S by Ube Industrie].) were analyzed as a function of
temperature. The Young’'s modulus was found to drom 8.3 GPa at room temperature to
5 GPa at 277°C, while the Poisson’s ratio incredsmd 0.35 to 0.38 (values extracted from
diagrams in [179]). However, due to the lack ofilamdata for the temperature dependence
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of the mechanical properties of P12611, the roompterature values were used for the whole
reflow and soldering temperature range in thisighes

Possible errors for material parameters

Mechanical properties generally change with tenmpeea For example, according to
[155], the Young's modulus of nickel drops from 28®GPa to 179.27 GPa when the
temperature is increased from room temperature @0°@ Also, phase transitions or
annealing may occur at elevated temperatures, fisignily changing the mechanical
properties. For example eutectic gold/tin undergoplase transition at 190°C, which results
in a lower Young’s modulus below 190°C [170]. Moreqg intrinsic stress, as observed after
plating, changes significantly during heating. Klaibet al. [168] found an increase of intrinsic
stress from 76 MPa in as plated nickel layers t IgPa after storage at 250°C for 1 hour.
These nickel layers were fabricated using the galateng bath as in this thesis. Even though
some of the thermal stress at elevated temperatsiresmpensated by the deformations of
flexible systems, it was expected that relaxatioocesses still took place reducing thermal
stress. However, the extent of these dynamic clsisgegmknown. Because of the multitude of
factors influencing the actual mechanical propsraiethe flex systems, the simulation results
needed to be correlated to measurements of deflomsaif actually reflowed samples.

The properties of electroplated layers not onlyesi@pon the plating parameters, but also
on the material, crystallinity, and crystal oridida of the substrate. For example, if nickel is
plated at low current densities 2 mA/cm?) onto electroplated copper having a désaed
surface, the resulting nickel layer has isotropioperties with small amounts of (111) and
(110) oriented crystals [164]. At larger currennsiies £ 20 mA/cm?) the resulting nickel
layer is (100) oriented. However, if a gold laydatt was deposited by physical vapor
deposition (PVD) is used as a plating base, thd tgoter may show a predominant (111)
surface, leading to a (110) oriented nickel layelow plating currents and a (100) oriented
nickel layer at larger currents. This analysis weasle on samples that were fabricated using
the same electroplating equipment as in this thesis are described in detail in [164]. The
grain size also influences mechanical propertienegally, smaller grains show less ductility,
because smaller grains exhibit a larger grain bapgndensity and these grain boundaries are
obstacles for slipping of atomic layers. At elepteting current densities used in this thesis,
the grain size increases with increasing curremisite (in accordance with the inhibition
mechanism). At much larger current densities, tihaingsize may, however, decrease
again [164].

One factor that can influence material propertissthe size of the object being
considered [115]. Small solder joints, for examptegy have different properties than the
bulk material [59]. In [114] the properties of a aingold/tin solder joint (size: 30 um to
40 um) were analyzed using a nanoindentation todhe cross section of such a solder joint.

Even contamination with trace elements in the fdiskfamate electrolyte can change the
intrinsic stress in the deposited nickel at the &t0.1 MPa per ppm contamination [163].
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In [180] it was found that BPDA-PDA type polyimidehich is similar to PI2611 used in
this thesis) shows anisotropic properties. Spedlficthe in-plane and out-of-plane CTEs of
spin-on polyimide are very different. In 5 um thipklyimide films the lateral CTE was
determined as 5.7 ppm/°C, while the vertical CTE whmost 20 times larger (108 ppm/°C).
Moreover, the lateral CTE was found to increaséd \palyimide thickness, while the vertical
CTE was found to decrease. Two possible explaratare given, stating that either the
regular orientation of molecules, caused by tha-spi process, was to blame, or that the
biaxial confinement of the spin-on layer duringv&wit evaporation resulted in biaxial tensile
stress, which lead to anisotropic material properti

4.2 Model simplifications

When defining a simulation model, the similaritytseen the model geometry and the
actual sample geometry should be as good as pessitthout increasing the complexity to a
point where the simulation time increases to imficatvalues or the model cannot be solved
by the used simulation computer at all. These adinfy aims are best tackled by reducing
the model complexity significantly and comparinge tlextracted simulation results to
measurement results of actual samples. If therdiflees are small, the model is a useful tool
in order to understand the causes of observed sgongberties and to predict the influence of
design changes on sample properties in prototymécttion. The model may also be used to
optimize existing products. The simplifications ftte FEM model used in this thesis
concerned the material properties or were of geocneature.

Major geometric simplifications:

* model size reduced to a square-shaped fractidmeabriginal sample size by replacing
the complete sample design with a small unit ofgpatially periodic design that can
be used as a building block for the entire chip Qiesign C (see Figure 3.1), for
example, the chip perimeter had almost the sanuk @mad bond density (per chip
area) as the center of the chip, resulting onky gmall error),

e in Design C the polyimide substrate was 50% widemgared to the silicon chip,
which was taken into account by increasing the iputle thickness by 50% instead,

e chips and substrates with homogeneous metal gepiftetierences of the periphery
not taken into account) and homogeneous silicarkti@ss distribution,

* no stress or thickness distribution for electragdatayers across the wafer or within
individual samples,

» cuboid-shaped electroplated gold tracks with valtgide walls and without round
corners or a rugged edge shape (caused by usgmetofyping polymer masks for
resist exposure),

* no thermal misalignment (which usually was causgdifierent thermal expansion of
the chip and substrate at the soldering temperafuz80°C),
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» electroplated layers considered as a homogeneotesiahavithout grains and grain
boundaries,

» solder considered as a homogeneous material witlmds$ or lamellar microstructure
of alternating AuSn and ABn layers,

* no oxidation of tin or gold/tin,

» no surface roughness for electroplated layers ¢etebed silicon,

» thermal silicon dioxide neglected;@,~ 300 nm),

* no over etching (especially of nickel) during phatibase etching taken into account,
* Cr-Au plating base neglected(t 50 nm, t, = 200 nm),

e gravitational impact on solder shape of refloweddfm ignored (for long gold/tin
lines a truncated cylinder and for round gold/tinrips a truncated sphere was used),

» impact of weight piece during soldering represettg@ homogeneous 30% overhang
of the solder for all bump diameters (that is tbhlEler's maximum diameter within an
individual interconnect was equal tg4d+ tsoer” 1.3, Where @y is the pad diameter
and toger the solder thickness). Due to the surface tensiothe liquid solder the
shape of the solder surface generally resemblasnadted sphere. However, with an
external force being applied to hold down the athiping soldering, the liquid solder
slightly bulged out to the sides. This effect léacn overhang of approximately 30%
relative to the solder thickness. Because the examthang has only minor influence
on the simulated deformation, the 30% overhangugas for all simulations.

» the thicknesses of electroplated layers were asstonee equal to the set thickness.

Major simplifications for the material properties:

 use of linear material properties (examples: Yangiodulus assumed to be
independent of stress; coefficient of thermal espamaveraged over the considered
temperature range). Where necessary, average valees calculated for the
considered temperature range.

* material properties were mostly taken from theditere (the exact material properties
often depended on the mode of deposition and theepsing parameters),

» directional dependence of Young's modulus in spipalyimide ignored,

» eutectic solder with 80 wt.% gold and 20 wt.% tas@med (deviations may occur due
to inhomogeneous electroplating),

* intermetallic compounds forming at the interfaceéwsen nickel and gold/tin were
neglected. In [57] it was shown that as8h, layer develops at this interface and
grows with a square root of time dependence. A& s at 175°C this layer reached a
thickness of 0.8 um, which was a good lower esenfiat the thickness of this layer in
this thesis, where the reflow temperature was al@seC for typically 240 s.
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While the impact of the different simplificationsh dhe simulation results may have
varied, the overall impact was assumed to be sidallvever, a comparison of the simulation
results and measurements was necessary to proeertieetness of the model.

Apart from the mentioned simplifications regardimgaterial properties and model
geometries, the dynamics of the reflow and soldeprocess were neglected. These include
for example the heat distribution, which was asditoébe homogeneous.

By implementing 2 symmetry planes (i.e. the xz plamd the yz plane), the model size
was further reduced by a factor of 4, without iasiag the error. For Design C only a single
bump remained that was used to build the model gégmand for the Design A (see
Table 3.1) two gold/tin lines remained.

The silicon chip comprises 3 main areas with déferbump diameters. Each of these
areas deforms differently during the reflow anddsahg process. Therefore, a different
model geometry was used for each of the 3 mairsarea

4.3 Deduction of model geometry from sample design

With a width-to-thickness ratio of more than 13 thips required a very large number
of elements to build the simulation mesh and obgmiod quantitative results. The UBM, a
two-layer structure with a total thickness of odlyum, and the sharp solder edge, which
resulted from the cylindrical or spherical approatian of the solder shape for the cool-down
phase, further increased the element count. Fopbwmith small widths, the required number
of elements was beyond the capabilities of the extad license simulation software used,
which allowed for a maximum of 500,000 nodes, cponding to approximately 100,000
elements. Also, the simulation time increased suttstlly with increasing node count.
Therefore, the model was reduced to a small sqgext®on of the original sample.

In Figure 4.1, this is shown for the ramp-up modela thin chip with 200 um wide
gold/tin lines on a gold-nickel UBM. Only the centea (making up 1/9 of the total chip
area) was simulated. The size of this area wastedidpr each chip design to comprise 4
lines and spacings. Hence, the simulated modefarsion parallel to the chip surface was
between 1600 um (for lines 200 um wide) and 200(fomlines 25 pm wide). Using the two
symmetry planes A and B, the size of the FEM maodes further reduced by 75%, without
any loss of accuracy.
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Figure 4.1: Deduction of simulation geometry frdm sample design of a thin chip with 200 um wide
gold/tin lines on a gold-nickel UBM. The left sclatim shows the complete geometry for ramp-up
(without solder) and the right schematic shows alargement of the center area comprising 1/9 of
the original sample. The symmetry planes A and & weed in the simulation to further reduce the
model size by a factor of four.

A é_s‘//{k’%;‘ €t

R R N oy o Y i
s s e % i A 7 M Nickel
[0 Gold
M Silicon
1,
b) c) 2 ]'wire(C)

Figure 4.2: Deduction of reflow simulation modet ®licon chips prepared for Daisy chains. The
schematics show the ramp-up geometry (without gpldeDaisy chain area without U-shaped tracks
on the sides; b) unit of 4 UBMs and 2 tracks oriex@ of the silicon chip. Two symmetry planes are
indicated by dashed lines; c) actual simulation elodeduced from b) by making use of the two
symmetry planes. All major dimensions are alsaneefin this schematic.

Similarly, in Figure 4.2, the model size reduction a chip prepared for Daisy chains is
shown. The main Daisy chain area (disregardingUkshaped tracks on the side) was a
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homogeneous matrix of 14 by 15 square units. Eadhcamprised 2 gold tracks and 4 round
Au-Ni-Au/Sn bumps. One such unit was simulateduogty the number of required elements
by a factor of 210. Once again two symmetry planese used to further reduce the model
size by 75%. The size of the models for the reflawpolyimide tapes prepared for Daisy
chains and for completely soldered polyimide-sitidtex systems were reduced in the same
way. The effect of the model size reduction on $aton results was analyzed for thin chips
with lines of gold/tin. For each line width, thesudts from two models with different size
reductions were compared. The geometries of thelivgomodel and the four-line model are
shown in Figure 4.3.

a)

Figure 4.3: Simulation model for the ramp-down 8fian thick chips with 100 um wide gold/tin lines;
a) model based on 4 lines; b) model based on 2.line

The simulated local deformations have a maximumiadiewm below 1% between the
2-line and 4-line model for all line widths. Foethadius of curvature the deviations between
the two models were generally around 1%. Only lier ¢case of 25 um and 50 pm line widths
the differences were larger (about 6% and 2%, cts@dy). For line widths larger or equal to
75 um (corresponding to a minimum simulated siliem@a of 300 pm x 300 pm) the model
size reduction only played a minor role. Detaileduits for this simulation study are given in
Table 4.7.

Table4.7: Radius of curvature extracted from the ramp-daimulation of thin chips with a silicon
thickness of 28 um and different line widths. Tihmikations were carried out with the standard model
based on 2 lines and a larger model with 4 lindge Telative deviation between the simulation result
is also given.

Line width Radius of curvature [mm] Deviation
[um] | Model with 4 lines| Model with 2 lines [%]
25 15.642 16.563 5.89
50 14.862 15.144 1.90
75 14.569 14.737 1.15
100 14.480 14.608 0.88
150 14.618 14.757 0.95
200 15.272 15.474 1.32
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4.4 Geometries

The complete geometry was made up of a hierarchgeometric elements of different
dimensions. The volumes represented the most abggametric form and were defined by
their bordering areas. The areas in turn were ddfiny their bordering lines, which were
defined by the two key points at their ends (foaight lines). For round lines, the radius of
curvature and a third keypoint, defining the plaighe arc, were additionally required. To
define this complex geometry, two approaches existe

the top-down approach:

only the geometry of the volumes was defined byubker. All other objects (areas,
lines, and keypoints) were automatically generégthe program and numbers were
allocated to each object. The numbering algorithas wery complex and difficult to
predict. Also, in the top-down approach double olgjevere created in a dimension
where objects of the next higher dimension toucfied example, two neighboring
volumes had 2 areas at their interface). These ldaljects later had to be merged
into a single object, resulting in the allocatidmew object numbers.

the bottom-up approach:

all objects were defined by the user, starting \thih keypoints, followed by the lines,
then the areas, and finally the volumes. This ptaoe was very time consuming, but
had the great advantage that all objects were nigdbaccording to the user's
preferences and that no object merging was negesszsulting in a more stable
model with better control of the sequential simolatstages. Because a large number
of simulations with different geometrical and/or teréal parameters were
programmed using macro code, the model had to kstadde as possible to avoid
simulation halts or software crashes. Therefore,dbttom-up approach was chosen
for all simulation models.

The FEM model geometries for Design A are showhRigure 4.4 with a small section of
each geometry enlarged to the right. Different tagequences and/or geometries were
required for the 3 steps of the reflow process.
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Figure 4.4: FEM model geometries for different t|gf the reflow process of thin chips with a
silicon thickness of 20 um and 100 um wide goldities on gold-nickel UBMs. The images were
exported from the original ANSYS models; a) geomettras-plated sample for ramp-up simulation,
valid for temperatures below the melting pointiof b) geometry for temperatures above the melting
point of gold/tin; c) geometry for ramp-down sintida with the gold/tin having the shape of a
truncated cylinder.

In Figure 4.5 similar images for Design C are showhe first 3 images represent the
different stages of the reflow process of a siliahip, while the # image represents the
soldering process.
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Figure 4.5: FEM model geometries for different sta@f the reflow or soldering process of samples
with Design C (for a bump diameter of 150 um arsdliaon thickness of 20 um); a) geometry of as-
plated silicon chip with gold track and Au-Ni-Au-Bamp layer sequence for simulation of the ramp-
up stage of the reflow process for temperaturesvioehe melting point of tin. To the right, a clage-

is shown that includes labels for all layers; bpgeetry for temperatures above the melting point of
gold/tin; c) geometry for ramp-down simulation witte gold/tin having the shape of a truncated
sphere; d) geometry for simulation of completeldaied system; the gold track and gold-nickel UBM
on the polyimide tape are only partly visible. hie right, a close-up is shown, again with labels fo
all layers.

4.5 Meshing

The finite element method is based on the appraxameof the model geometry by
individual simulation entities calledlements All elements together are referred to as the
mesh of the model and the generation of these elisme calledmeshing For all volume
meshes, the structural solid 10-node element SO&TD&as used, because of its tetrahedral
shape (necessary for automatic meshing), the aopsot material property capabilities
(necessary to model silicon), and quadratic digytent behavior (which delivered better
results for irregular meshes). In order to extrdata at a homogeneous distribution of
locations on an area (greatly simplifying furthetalanalysis), this area needed to be meshed
in a mapped style. For this, the 2D 8-node elenfRdANE183 was used, which also had
guadratic displacement capabilities. The generalnggries of SOLID187 and PLANE183
elements are shown in Figure 4.6.
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Figure 4.6: Geometries of two ANSYS meshing elanahthe element SOLID187 is a 3D 10-node
structural solid with a tetrahedral shape. The Ilas (marked as black dots) are labeled with Istter
(corner nodes: I, J, K, and L; midside nodes oflthee plane: M, N, and O; all other midside nodes:
P, Q, and R). Because every line comprises 3 ndlgeg.can assume a bow. This is generally referred
to as quadratic displacement; b) the element PLABEEL a 2D 8-node element with quadratic
displacement capabilities. It is suitable for mappeeshing of areas. In the schematic, the corner
nodes and midside nodes are labeled with lettdrsll' and M' to P', respectively.

In Figure 4.7 the ramp-down geometry of a silicdnpcprepared for Daisy chains is
shown. The model was meshed with tetrahedral S®lidlements.

Figure 4.7: Meshed simulation model for the rampvdmf a silicon chip with a thickness of 20 pum.
The chip was prepared for Daisy chains and includegbld track with a thickness of 2 um, a circular
gold-nickel UBM (t, = tyj = 2 pm) with a diameter of 150 um and a euteabiclfin solder cap.

4.6 Solution

In all simulations, the sparse direct solver wasdysvhich involves a direct elimination
process starting with the decomposition (factormgtof the solution matrix [K] into lower
and upper triangular matrices, [K] = [L]-[U]. Théorward and back substitutions using [L]
and [U] are made to compute the solution vector[{t81].

The loads were applied as a single incident withebutamic effects such as inertia or
damping. The analysis type was therefore calleticsfas opposed to transient dynamic
analysis, which may include loads that change dwee). Although a static analysis was
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carried out, the solution process could be splitiugmaller load steps, to achieve more
accurate results. The initial number of substeps sed to 5 and, depending on the accuracy of
the results, the auto time stepping function cagédin solve the model with a larger number
of substeps. The simulations were carried out withwnlinear material properties, which
could have been used to model changing materiglepties (for example in the case of large
deformations, plasticity, creep, or stress stiffigni In the case of very large deformations the
shape of the model might have changed significatftlyecessary, this could have been taken
into account via the nonlinear geometry command GEDM, on), which would have
allowed for the repetitive adaptation of the equatnatrix to the new model shape. In this
thesis, however, the model size was reduced sathhé deformations within the model were
small enough, not to require an adapted solutiotixna

4.7 Results extraction

The local and global deformations were calculaterinf displacement data at certain
points of each simulated model. In order to readdgplacement data at a certain point, this
location had to be occupied by a node. This wageaet by defining so-called hard points at
the read-out positions before meshing. The meshtiaes created such that the predefined
hard points were included. The coordinates of &tsolocated in the same plane were
required to calculate the radius of curvature usiegformula in Appendix B.

The results extraction could be divided into fortoups:

» global deformations (bow) in thin chips with longldytin lines: 15 hard points were
defined on the bottom silicon surface such thathibe along the two gold/tin lines
and along 3 more lines (on the left, right, and&tween the gold/tin lines) could be
determined. In Figure 4.8 a schematic with the &%l Ipoints is shown. The radius of
curvature R underneath the left gold/tin line, for example,swalculated from the
displacement data of locations A2, B2, and C2. bdw underneath the gold/tin lines
was always slightly larger than halfway between gwdd/tin lines. To obtain a
representative value for the radius of curvatuig, Fhe 5 values (RR»,..., Rs) were
averaged such that the bow underneath and betweegotd/tin lines were weighted
equally. The following formula was used:

1
Ravg =5 (Ri +2:- (R + R3 + Ry) + Rs), (4.13)

» local deformations in thin chips with long gold/tines: the hard points labeled A and
B in Figure 4.8 were used to calculate values erlbcal deformation D underneath
A2, A4, B2, and B4. For example, to calculate theal deformation [ underneath
A2 the following formula, based on the z coordisatq, za,, and z; underneath Al,
A2, and A3, respectively, was used:

1
Daz = > (Za1 + Za3) — Zaz, (4.14)
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Figure 4.8: Definition of readout locations for sitations of chips with long lines of gold/tin.

* global deformations in thin chips prepared for Daikains: 9 evenly distributed hard
points were added to the silicon surface of eactuksition model and used to obtain 3
radii of curvature (for bending around the y-axiS)milarly as above, a weighted
average was calculated from these 3 values. Fogjinpiole substrates prepared for
Daisy chains, the same method based on 9 hardspaoirthe polyimide surface was
used. For silicon-polyimide flex systems only haaints in the silicon surface were
used to extract displacement data from the sinarlanodel,

* local 3D profile of silicon surface in chips preedrfor Daisy chains: the silicon
surface area was meshed with a regular patter® by 30 square elements of type
PLANE183. Each element had 4 corner nodes and dideichodes, leaving a nodeless
spot in the center of each element (see Figuré}iér a schematic representation of
an individual element). Displacement data of aRP8odes in the silicon surface area
was extracted from the model and used to interpdle displacement at the center of
each of the 900 planar elements. The combined dat then used to generate
3D graphs and analyze local deformations.

4.8 Linearity of the simulation models

Most simulations of the reflow process in this thesonsisted of 3 different steps with
separate results, which were then superimposearder for this superposition to be correct,
the model had to be linear, meaning that the sinomaesult (for example the bending angle)
had to be proportional to the input variable (farample the thermal stress). For a wide
variety of simulations, the simulation results weompared to results based on thermal stress
reduced by 50%. The bending angle or local defaonatwere expected to be reduced by
50% as well. Indeed, the observed reduction wagdifp in the range of 49.9 to 50.0%. In
the ramp-up simulation of local 3D profiles of thiicon surface, the average deviation was
found to be below 1 nm and the maximum deviatios W& nm, which was much smaller
than the ramp-up displacement values, typicallthearange of a few microns. Therefore, the
superposition of individual simulation results ofépd to a small acceptable error.



4.8 Linearity of the simulation models 95

5 Deformations

This chapter describes all aspects of deformationfiex silicon and polyimide tapes
during reflow and soldering of gold/tin bumps amderconnects. Several examples of
samples in their deformed or undeformed statefawess in Figure 5.1.
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Figure 5.1: Reflow or soldering induced deformasian different samples; a) silicon chips with long
lines of gold/tin (running from top to bottom) witlack widths and spacings of 25 um, 50 um, 75 um,
100 pm, 150 um, and 200 um. The top row showsassepbamples, which were not bent, and the
bottom row equivalent samples after reflow withirttelaracteristic bow; b) as-plated silicon chip
prepared for Daisy chains and Kelvin contacts. Tdreas with different bump diameters are
separated by dashed lines and labeled with theipeetive diameters; c) a similar chip after reflow.
The chip bow and its dependence on bump diametdeasly visible; d) polyimide tape prepared for
Daisy chains and Kelvin contacts after reflow. Tosv was much larger than in the reflowed silicon
sample; e) soldered silicon-polyimide system witicfional Daisy chains and Kelvin contacts.

In order to facilitate the understanding of thetisecon measurement techniques a brief
description of observed deformation types and ptessiauses for these deformations is given
first. Because the measurement techniques had tebeloped in parallel to the sample
fabrication, reflow, and soldering processes, samt@al experimental results are included in
the measurement techniques section. Several sect@low that describe and compare
measured and/or simulated deformations in

» thinned 4" wafers with different electroplated nhédgers,
» reflowed thin chips with gold/tin lines (Design A),

» reflowed thin chips with gold/tin bumps for Daisyhains and Kelvin contacts
(Design C),

» soldered silicon-polyimide flex systems (Design C),

» reflowed thin chips with round gold/tin bumps (DgsB).
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In each of these sections the simulation modetiépted or refined to improve agreement
with the measurement results.

5.1 General notes on deformations

5.1.1 Temporary deformations during reflow

Apart from the measurable deformations after th#owe process, many different
temporary deformations occurred during the reflaacpss. These are schematically shown
in Figure 5.2. The coefficient of thermal expansiminsilicon was typically 4 to 7 times
smaller than for the electroplated metals and d&atgold/tin solder. Therefore, temperature
changes lead to deformations. Whether the defoomatiter reflow was convex (as shown in
Figure 5.2 e)) or concave primarily depended onsitieon thickness, as will be shown later.
For extremely thin silicon samples, the concaveoeition at the solidification point of
280°C was so large that it could not be fully inedr during ramp-down, resulting in a
concave deformation. The magnitude and direction tiké local deformations in
Figure 5.2 were valid for samples where the silieaas stiff compared to the metal layers
(that is where the silicon was thicker or at least significantly thinner than all metal layers
together). An experimental confirmation of thesgeamoted deformations is presented in
Section 5.4.2.

Sl‘l—u ] A

1 — Liquid Au/Sn
Ni

|

a) As-plated d) T 2280°C

b) TS232°C ¢ e T=20°C
Liquid Sn

©) TR 232°C

Figure 5.2: Schematic cross section of expecteghdeany and final local deformations in ultrathin
silicon chips with gold/tin bumps and gold+nickeBM during reflow; a) as-plated layers; b) concave
deformation just before reaching the melting paifttin; c) slightly reduced concave deformation
upon reaching the melting point of tin; d) furthesduced concave deformation after formation of
eutectic 80Au20Sn; e) convex deformation afteriogab room temperature.

5.1.2 Definition of local and global deformations

In this thesis, the terdocal deformatiorrefers to the height difference D on the backside
of the silicon chip between the position directlyderneath a bump and the position in the
middle between this bump and an adjacent bump. aplgcal definition of D is given in
Figure 5.3. Each of the local deformations not aelsulted in a local curvature of the silicon
surface, but also in a small bending angle. Glgbahese bending angles added to a
macroscopically visible chip bow as can be seethénschematic in Figure 5.4. The bending
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angle not only defines the amount of bending, & &s direction. If the chip's back has a
convex shape, the bending angle is defined as imegdthe termchip bow however, can
refer to convex or concave deformations. So laime ban either mean a very large positive
bending angle or a very small negative bending eanfbr an actual image of global
deformations see Figure 5.16 on page 112.

a) Before reflow:

| | Sn =P |
ﬁ Ni Eﬂ‘“

b) After reflow:

Figure 5.3: Schematic cross section of 2 gold/uimps + gold-nickel UBM on thin silicon a) before
and b) after reflow. In the bottom schematic thealasilicon deformation D is defined. For clarity o
presentation, the local silicon deformation caubgdhe reflow is not to scale.

a) Before reflow:
Sn

Ni Au

b) After reflow:

-q1

Figure 5.4: Schematic cross section of 4 gold/timps + gold/nickel UBM on thin silicon a) before
and b) after reflow. In the schematic after refldve global silicon deformation after reflow is well
visible. With each bump the cumulative bending @aghcreases 1¢,l > lail, etc...). For clarity of
presentation, the silicon warpage caused by theweis not to scale.

5.2 Measurement techniques

5.2.1 Measurement of chip thickness

The silicon thickness had a large influence on e&tions during reflow and soldering.
Therefore, knowledge of the silicon thickness whprofound importance to understand the
type and magnitude of deformations. The siliconpshin this thesis were generally
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lightweight and flexible and could be easily danthgiiring measurements. Therefore,
special attention had to be given to chip thickmasasurement techniques.

5.2.1.1 Chip thickness measurement using a micrometer gauge

Micrometer gauges were used to measure chip thsslesewith a precision of about 2 pm.
However, due to the direct contact of the micromefauge and the chip, damage was
probably induced in the silicon surface, increadimg risk of breakage during bending. For
very thin chips, the measurement itself sometinessited in immediate chip breakages. The
micrometer gauge had a mechanism, which limitednta@imum momentum applied to the
adjusting screw and hence reduced, but did noiredit®, the risk of surface damage. Another
problem with micrometer gauges is that any str@swn the silicon, like gold/tin bumps,
may have been deformed or damaged during the nesaeuat. This was, of course, not
intended and would have lead to incorrect readiAisgether, micrometer gauges were used
to measure chip thicknesses, if surface damagel deutolerated.

5.2.1.2 Chip thickness measurement using profiler scans

Using a Tencor profiler P-10 allowed to preciselgasure step heights down to about
10 nm. While the profiler needle moved sidewaysrdfie surface its distance to the wafer
chuck was measured and recorded. In order to me#seithickness of thin silicon chips, the
needle had to move across the chip edge. Duringhgesurement, the chip had to be secured
by vacuum for two reasons:

« the needle exerted a small, but sufficient forcehanchip to move it sideways,

« thin chips were often bent. Therefore, when thedlee@assed the chip edge, the
measured step height was often much larger thaadiuel silicon thickness.

The fixation of the chip by vacuum, however, leaddeformations in turn, falsifying the
measurement. This can be seen in the profiler stadfigure 5.5. Therefore, profiler scans
were in general not suitable to measure the thekioé thin chips.

150

100 // _1
50 /
I 4

0 1000 2000 3000 4000 5000 6000
X [um]

Figure 5.5: Tencor profiler scan of a thin silicaip. The indentation in the middle was caused by
the vacuum fixation. On the left side the chip waled flat onto the wafer chuck and a silicon
thickness of about 10 um was determined from te. €8n the right side, however, the chip was bend
upwards giving a false chip thickness reading @ fu#n.
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5.2.1.3 Chip thickness measurement using an optical microscope

Optical measurements offered the advantage of beiog-contact techniques, not
inflicting any damage on the sample. The chip wasupright onto the microscope table and,
using the ocular scale inside the eyepiece, ti@githickness was measured. Using a stepper
motor actuated xy table with digital position reatd@ould improve the accuracy of the
measurement to about + 0.5 um. To prevent the febip falling over, a mechanical support
had to used. This measurement technique turnetbdug the most reliable and was almost
always used to measure silicon thicknesses incthis in this thesis. Because a clear view of
the chip edge was required to carry out opticalkiiness measurements, the most reproducible
results were obtained, if the round edge of a deéakr chip was observed. In order to account
for thickness variations across a chip and to redueasurement errors, the thickness was
measured on the left, middle, and right of the tauend edges of each deformed chip and then
averaged per chip edge using

tiere + 2+ ti + t,
to = left middle right ' (5.1)
4
where & is the resulting average silicon thickness aggl tmigge and fign: are the
measured silicon thicknesses on the left, middid,raght of one edge, respectively. The chip
thickness was then calculated as the arithmetiageeof the thicknesses of two chip edges.

5.2.1.4 Chip thickness calculated from chip weight

Weight measurements are an interesting alternabivibe above described optical chip
thickness measurements. High precision scales ltidvié¢type HK 60) with an accuracy of
10 ug were used to measure the chip weight. Ifgix@metries and densities of the metal
structures on the chips were known, their weightgncould be easily calculated and
subtracted from the measured maggd31 Taking into account the chip area.f and the
density of silicorps; = 2.3 g/cm? the silicon thickness was calculatsidg

__ Mmeas~Mmetal

tsi = AchipPsi (5.2)

The density of electroplated layers depended onplagng conditions. Because this
density data was not available for the electroplaetals, the bulk metal values found in the
literature were used. This lead to an error, whiels, however, assumed to be small, because
the electroplated layers were found to be compaatl (hot porous) in optical inspections.
Also, the error should have been very similar fibrchips, because the plating conditions
were not varied between samples. Using the weigithaoa to determine the silicon thickness
had the disadvantage that no data on the thicksisg#ution across the chip was collected.
On the other hand, this method returned an avettagkness of the chip, also taking into
account the silicon thickness away from the chigesd It will later be shown that the
thickness distribution played an important roledigtermining deformations. Therefore, the
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weight method was preferably used for chips witltoemogeneous silicon thickness, while the
optical measurement technique was preferred insolifh a notable thickness distribution.

Based on the resolution of the scales, the theateticcuracwts; for the weight method
applied to square chips with an edge length of 5and0 mm was found to be + 0.17 pum and
+ 0.043 um, respectively. These values were obdafiren:

_ Amgcales

Atsi - - (53)

Achip'Psi
whereAmqcaesiS the resolution of the scales.

In a reproducibility study for the weight methodvatving 28 chips with 10 um edge
length and a total calculated metal weight of 5188chip, the accuracy of the scales was
found to be about ten times less exact than expettes correlation of weight measurements
done on two different days is shown in Figure §.6Taansforming the measured weight
difference into a silicon thickness difference gl that 22 of the 28 measurements showed a
deviation between 2 measurements of the same ¢Hgs® than 0.5 um and the maximum
deviation was 2.1 um. The correlation between apiad weight thickness measurements is
shown in Figure 5.6 b) for 12 of the 28 chips franove. The deviation was generally
between 1 um and 2 um. For individual thicker chiyfmsvever, it reached almost 5 um.
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Figure 5.6: a) Reproducibility of weight measuremeh regression line was added; b) correlation
between optical silicon thickness measurement asritbed in Section 5.2.1.3 and silicon thickness
determined from weight measurement results. Adeageen by the regression line the weight method
yielded a silicon thickness slightly smaller th&e optical measurement for chips with a thickness
below 10 um, while for chips with a thickness arbdi® um the weight method yielded larger than
expected silicon thicknesses.
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5.2.2 Measurement of deformations

5.2.2.1 Chip bow measurement at room temperature

Two measurement techniques are discussed in tttisise

* using a surface profiler and

» using optical focus depth measurements.

Measuring the chip bow with the surface profilefeoéd the advantage of an automated
measurement with continuous bow readout over thelevbhip area. However, as in the
thickness measurement, the lightweight chips weowen by the scanning needle of the
profiler or, if a vacuum fixation was used, thepshivere deformed by the fixation, falsifying
the measurement.

The optical focus depth measurement technique was rhetter suited to determine the
chip's curvature. The chips were lying on a steppetor actuated microscope table with
digital position readout. The xy table was seqwdiytimoved over three defined points lying
on a circular slice of the cylindrically deformehlig. At each point, the microscope focus was
adjusted to the chip's surface and the z-positias @determined with an electronic Heidenhain
linear encoder (type ND 221) attached to the mawps table. Using the trilateration formula
derived in Appendix B, the radius of curvature wigtermined. Although this method was
very time-consuming and yielded the radius of ctumain only a single plane, it was the
preferred method for bow measurements, becauds ekcellent reproducibility. Individual
z-coordinates could usually be measured with aodhpnibility <2 um, typically resulting in
a deviation of the radius of curvature between measurements of less than 1%. In another
trial, the bow was first measured in the originaéotation and then after the chip was flipped
over. No significant difference between these meamants was found, indicating that the
chip weight had a negligible influence on the dhawv. Alternatively, the three points for the
trilateration could be obtained by placing the aguight onto the microscope table and using
only the xy table readout to obtain the point camates. The disadvantage of this procedure
was that only points on the chip edge could be oreds Also, the chips required a fixation to
prevent them from falling over, which modified thew.

Apart from the bending radius of a chip, the begdamgle was a good indicator for the
degree of curvature. Because for most causes pfddiormations, the silicon thickness had a
more linear relation to the bending angle tharheoliending radius, the bending angle was the
preferred method for comparing bows in chips wiffecent silicon thicknesses. The bending
anglea can be easily calculated from the bending radiasa&the edge length;lof the chip
using

a= % [rad] (5.4)
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i
= -— |deg].
-m R [deg]

5.2.2.2 In-process chip bow measurement

The reflow was generally carried out in a nitrogemic acid atmosphere inside a reflow
oven. However, using the heating plate of a flippdbonder equipped with a digital camera,
the chip deformations could be observed duringéfiew process. In order to take sideways
images of the chips during reflow, the forming gasdule chamber was removed and the
reflow was carried out in ambient air. During tleflow process, sideways images were taken
and later the bow was determined by analyzing thages. In Figure 5.7 an example of a
thermally bent chip with gold/tin lines is shown.

Figure 5.7: Optical side view image of thermallynbehip taken with a digital camera during reflow

at 210°C. The measured valugs ¥, ¥z, 4%, andAx, are used to calculate the radius of curvature
and the bending angle with a trilateration formulehe bending angle of the chip in the image is
defined as positive.

Because a digital camera with a large focus distduacl to be used to keep a safe distance
from the heating plate, the images had a low réisolof approximately 5 um. Compared to
the total deformations of typically several hundred microns, this error was negligible. In
Figure 5.8 an example of in-process bending angtassrements on 3 chips with silicon
thicknesses of 6 um, 12 um, and 18 pm is shownthHéosake of argument, the bending angle
was defined such that it increased with tempergfiorean example of a chip with a positive
bending angle see Figure 5.7). The dependenceeafdformation on temperature and silicon
thickness is clearly visible. For a detailed dgstevn of the different parts of the diagram
refer to Section 5.4.2.
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Figure 5.8: Optical in-process bow measurement8 @ilicon chips with gold/tin lines as a function
of silicon thickness and temperature during refldlwe arrows indicate the sequence of measurements

during the reflow cycle.

The measurements were well suited to pick up smidlerences between chips. In
Figure 5.9 two chips with only a slight thickneséfeslence of 3 um are compared. The
thinner chip is slightly more bent at the peak temapure of 330°C and after reflow at 42°C,
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Figure 5.9: Optical in-process bow measurement® ailicon chips with gold/tin lines as a function
of temperature during reflow. The thicknesses ef Zhchips were very similar, resulting in only
slightly different deformation curves. As expecthd,thinner chip had a larger concave deformation
at high temperatures and also larger convex defoionaafter ramp-down.
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The accuracy of bow measurements based on sidamwagges is a point of interest. In
Figure 5.10 results for bow measurements of 6 bhigs using an optical microscope and
images taken with a digital camera are compared.chips had different silicon thicknesses,
resulting in different bending radii.
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Figure 5.10: Bending angle of 6 thin silicon chipith long Au/Sn lines after reflow. Two different
methods were used: direct measurement using asabptiicroscope and indirect measurement by
analyzing images taken with a digital camera. A g@n regression curve was added.

The microscope measurements were carried out aldng through the chip center, while
the camera measurements were performed on theadigg. Because of non-uniform silicon
thickness distributions within the chips, the siicthickness at the measurement location had
to be taken into account in Figure 5.10. Althoulgére is a slight tendency for bending angle
values obtained from camera measurements to berlalgn those obtained with the
microscope, the distribution of the data pointsuarb the regression curve is fairly tight.
Possible causes for the observed deviations fremetression curve were:

» temperature differences at the time of measurentleistieffect, however, had only a
small influence, leading to a bending angle diffiees between 0.2°/°C (for the
thinnest chip) and 0.1°/°C (for the thickest chip),

» viewing angle of the camera: the camera's angétivelto the heating plate was about
9°. This lead to a small errog@; in the measured distances d in the images of

derror = €0s(9°) — 1 = —1.25%, (5.5)

» silicon thickness measurement: the silicon thicknesthe chip middle could not be
directly measured, but was calculated by the awved® measurements on the chip
edge,
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* mechanical coupling between edges in a chip withirdmomogeneous thickness
distribution: the thinner measured edge was infteenby the bow of the opposite
thicker edge, generally leading to reduced bow irgmdon the thinner side and
increased bow readings on the thicker side.

Because the measured deformations are stronglyndepton the silicon thickness on the
edge, where the measurement was carried out, b@surement data was preferably related
to the actual silicon thickness at the measuremigat In Figure 5.11 a silicon chip before,
during, and after reflow is shown. The chip hadliaan thickness of 12 um in the front and
2 um in the back, leading to larger deformationthanback at 330°C. During cool-down, the
concave deformation in the front was inverted iatconvex deformation, while the concave
deformation in the back was not completely reversed

a) Before reflow - b) At 330°C

Figure 5.11: Silicon chip with Au/Sn solder lingar(ning from left to right) and Au-Ni UBMs. The
front part of the chip had a silicon thickness @flim and the back part of only 2 pm; a) beforeowefl
(at 40°C)— no deformation visible; b) at peak temperatureiggrreflow (at 330°C)— medium
deformation in the front, strong deformation in thack; c) after reflow (at 42°C)~ convex
deformation in the front, slight concave deformatio the back.

5.2.2.3 Local deformationsin chipswith gold/tin lines

Apart from the macroscopically visible bow, the pghiwith gold/tin lines also exhibited
local deformations between the silicon under thil/ga lines and the areas between the
lines. In Figure 5.12 both the chip bow and lodlid@n deformations are illustrated. Because
local deformations are usually in the sub-micromgs they could not be reliably measured
using measurement principles based on optical soomes. Surface profiler scans were
much more accurate and could easily pick up defoomsiaround 10 to 50 nm.
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Figure 5.12: Schematic of reflowed chip with gatdlines. The solder lines are facing down and are
oriented in the y-direction. The macroscopicallgilviie, stress induced chip bow was around the
x-axis. Because this schematic is not to scaleloited deformations are also visible as a wavy scef
profile along the x-axis. The amplitude of this waattern was defined as the local deformation D fo
chips with gold/tin lines.

However, as discussed earlier, this required the afisa vacuum chip fixation, which
forced the flexible chip to assume the contourhef ainderlying chuck, modifying its global
and local shape. Also, the vacuum lead to subsiasi¢iformations of the chip at and around
the vacuum holes, which also modified the profdeans and often destroyed the chip. In
Figure 5.13 an image of a three-dimensional pnoféan of an ultrathin silicon chip is shown
that visualizes these problems. To minimize theatfbf the vacuum holes and the uneven
chuck surface, a polished aluminum chuck was fabedt with a vacuum hole diameter of
only 0.5 mm. While the influence of the vacuum haleuld be reduced this way, the
guantitative influence of the vacuum on local defations away from the hole was not
known. A better alternative to measure local defroms, was the reduction of the vacuum
to almost ambient pressure and using the Berneffidct of streaming air to very slightly pull
down the chip. Because most chips had a cylindricatonical shape after reflow, this
technique worked well and was extensively used éasure local deformations. The vacuum
reduction was achieved by opening bypass holekarchuck. The number of bypass holes
was adjusted, so that the chip was just tight enowg to be moved by the profiler needle.
This way the adaptation of the chip shape to theck’s surface was avoided. However,
global vacuum induced deformations could still accliherefore, the optical focus depth
measurement principle was still the better altéveatio measure global deformations, while
the profiler setup with very slight vacuum was thest method to determine local
deformations.
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Figure 5.13: 3D profiler scan of the silicon suréof a chip with an approximate thickness of 20 pm.
The vacuum hole of the underlying chuck lead toagildeformations. The chuck's uneven surface that
was impressed onto the chip is also visible.

Before the simulation results and measurementshef lbcal deformation could be
compared, disturbances in the profiler measurerdata had to be eliminated or minimized.
These disturbances generally were global chip deitions, non-leveled profiler output data,
and the silicon surface roughness. Because thalgli@bormations in chips with long gold/tin
lines were generally cylindrical, with the goldfines bent around the imaginary cylinder's
axis, a single profiler scan perpendicular to tlé&fin lines should have yielded only the
wavy profile illustrated in Figure 5.12. In pra@jctowever, the data had to be leveled and the
silicon surface roughness needed to be eliminatgdsuperimposing many individual
measurements.

In Figure 5.14 a) an example of original profiletal points from a single surface scan on
the backside of a reflowed chip is shown. The 3000scan was oriented perpendicular to
the gold/tin lines, which had a width and spacih@@0 um (i.e. a 400 um pitch). Hence, the
scan resulted in the measurement of the silicoordeftion of 7 and a half parallel gold/tin
lines. Due to data export limitations of the prefisystem the saved data points had a spacing
of 20 um. Although the 400 um pitch of the siliateformations was well visible in the data,
quantitative results required further data analy§tobal deformations were reduced by
calculating a regression line and subtracting lthesfrom the profiler data. The resulting data
points are shown in Figure 5.14 b). The local deftions were more clearly visible now.
However, the signal was still jittery due to thegbness of the silicon surface. Hence, a much
better quantitative result could be obtained if #0® pum periodicity of the signal was taken
into account and averages were calculated frond#te based on the superposition of seven
and a half 400 um segments. The resulting gragghasvn in Figure 5.14 c). Here the local
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deformation D for the single scan could be extihdig simply subtracting the minimum
z-value from the maximum z-value.
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Figure 5.14: Extraction of local deformation dateorin profiler measurements; a) original profiler
data and regression line; b) original profiler datarrected by regression line; ¢) 400 um periogicit
of signal used to superimpose the z-values oftdlli4dm segments and calculate D from this data.

To improve data quality, 150 scans with a sidewaysh of 20 um were taken on each
chip and individually analyzed in the described wHyerefore, the scanned area comprised a
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square with 3 mm edge length with a total of 22,88t points per chip. The 150 individual
results for the local silicon deformation D for bdime scan were then averaged per chip.

5.2.2.4 Local deformationsin chipswith round gold/tin bumps

Local silicon deformations under and around circaédlowed gold/tin bumps were even
more difficult to measure, because the chips asdumeomplex three-dimensional shape,
which needed to be compensated to extract locafmaftion data. Like in chips with gold/tin
lines, profiler scans were the best measuremehhigge to detect these local deformations.

In Figure 5.15 step-by-step data extraction of ledecon deformations from a thin chip with
a thickness of about 20 um is shown.
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Figure 5.15: 3 x 3 mm2 profiler scan of the backsad a reflowed thin chip with gold/tin bumps on
Au-Ni UBMs and gold tracks. The local silicon defiation data was extracted from this scan step by
step; a) original profiler data; b) three-dimensinapproximation function; c) difference between
original profiler data and approximation functiod) average of 81 local deformations.

5.3 Deformations based on stress in as-plated layers

The gold and nickel electroplating required tempees of 50°C and 40°C degrees,
respectively, leading to tensile stress during iogoto room temperature after deposition.
Apart from this thermal stress, the plated laydss axhibited intrinsic stress, resulting from
the crystal growth process during plating. Afterfevathinning and detachment from the
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carrier substrate, the total stress (that is thmbined thermal and intrinsic stress) lead to a
small convex deformation. The intrinsic stress hadce the deformation depended on many
parameters such as bath temperature, current gesainple and feature size, convection,

sample agitation, electrolyte composition, and aefroughness [163]. Apart from this, the

room temperature electroplating of tin also infloeth deformations. Because the tin layer

exhibited very little total stress, it merely stiffed the bumps, hence reducing deformations
after chip detachment from the carrier substrate.

5.3.1 Determination of plating stress from wafer bow

In an experiment based on three thinned 4” silwafers, each plated with either a nickel,
gold, or tin layer of 10 um thickness, deformatievese found, which could be explained by
the presence of intrinsic plating stress and stieghie thinned silicon back surface. The
wafers were first lapped, then CMP polished, andlly etched with HNA etching solution to
relieve stress in the silicon surface. During theAHwet etching of the silicon, the plated
metal layers were protected using standard dicapg.t The wafer bow of each wafer was
measured before and after the HNA etching steporiBeHNA etching all wafers showed
cylinder-like deformations with bending around {i®0] crystal orientation of the silicon.
The bending orientation indicated tensile stresthenplated layers. After HNA etching the
bow decreased in all wafers. In the wafer platethwin the bow was even decreased to
negative values indicating compressive stressdrptated tin layer.

The bending radius measurements of all 3 wafersréeind after HNA etching, as well as
calculated film stress values, are listed in T&ble The required material properties for
calculating the film stress are given in Table 5.2.

Table 5.1: Bending radius R and calculated methh fstress before and after HNA etching. The
resulting stress reductioffis; is also given.

R [mm] Calculated metal film
Plated stresss; [MPa]
Act [MPa]
layer | pefore after before after
etching etching etching etching
Au 306 354 96.8 58.5 -38.3
Ni 386 490 95.4 54.7 -40.7
Sn 939 -3366 43.3 -10.1 -53.4
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Table 5.2: Material and process parameters relevianthe wafer bow of 10 um thick metal layers
plated onto silicon wafers, which were thinned ppr@aximately 100 um after metal deposition.

Young's | Poisson’s
Layer AT om (at RT) modulus E, | ratiovy
[°C] [ppm/°C] [GPa]
Au -30 14.36 78 0.42
Ni -20 13.10 195 0.312
Sn 0 23.5 49.9 0.357

Because the metal layer thickness was very smatipeoed to the silicon substrate
thickness, the expected thermal stress could loalleééd using

whereAT is the difference between plating bath tempeeaturd room temperatur&g is
the difference of the coefficients of thermal exgan of the metal layer and silicon, ang E
Is the Young’s modulus of the metal layer. Becatieresulting wafer bow was generally
cylindrically shaped, the elongation of the metaldrs along the y-axis (i.e. the cylinder’s
axis) was close to zero. Taking into account tlaxiai stress state, the stress was increased
by a factor based on the Poisson’s ratiof the metal layer [182]:

AT (1 - Vm) (1 - Vm)

(5.7)

The total stress (that is the combined thermal iatrthsic stress) could be calculated
from the bending radius R, the layer thicknessesjng’s moduli, and Poisson’s ratios of
silicon (i, Esi, andvs;, respectively) and the plated metal, (E.,, andvy, respectively) using
Stoney’s formula [145]:

_ Eg;
6-(1—vs) R-th -

OR

1-— Vsi Em . t?n
: (5.8)

s+ .
g s
m

Because the substrate thicknegsvas much larger than the plated metal thicknggartd
because the respective Young's moduli and Poissatiss were similar) formula (5.8)
simplifies into

2
Es; - t§;

“6-(1-vs) Rty &9

OR

Because silicon is an anisotropic material, thedb®y stiffness depended on the direction
of the bending axis. The wafers used in this studyge (100) oriented and therefore bending
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around the <100> or <110> axis was expected. Taesg were oriented at an angle of 45° to
one another. The relative stiffnesses around thrss were calculated in an FEM simulation
and the stiffness for bending around the <110> wés found to be approximately 22.6%
larger than for bending around the <100> axis. &hesnulation results are in good
agreement with the Young's moduli of silicon in tk&00> and <110> directions of
130.2 GPa and 168.9 GPa, respectively. Therefamdlibg of the wafers around the <100>
axis was expected to dominate. Indeed all wafersbérd the expected bending direction.
Accordingly, the Young’s modulus and Poisson’sadtir the <100> direction had to be used
in (5.9). Because the wafer bow was relatively §ndifferent samples were selected to
illustrate the dependence of deformations on crgstantations in Figure 5.16.

Figure 5.16: Two examples of thin silicon samplestkaround the <100> axes because of stress of
different origins. In both samples the chip edgesan110> oriented; a) thermal stress in a chiplwit

a homogeneous matrix of bumps and a silicon thekmé about 15 pm at 200°C; b) thermal stress
between Si and Si@t room temperature caused by the cool-down dlfterSiQ growth at 1200°C.
The chip had a thickness of only 5 um.

The coefficients of thermal expansion in Table Wete taken from the literature for the
relevant temperature rangesa( and an; were taken from [166] ands, was taken from
[183]). For gold and nickel the Young’s modulus dPdisson’s ratio were the same as in
Section 4.1, while for tin the values were takemf{167]. From the data in Table 5.2 and
Esi<100-= 130.2 GPa [171]ysi<100-= 0.064 [171], andusj = 2.45 ppm/°C [176] the thermal
stress, total stress, and intrinsic stress wereulzed in Table 5.3. It should be noted that
using Stoney's formula for stress calculationshis experiment was not entirely correct,
because the observed large wafer bow caused $&athconsequently stress) reductions in
the stressed layers. However, the calculated stedgss are useful as a first approximation.



5.4 Reflow of chips with gold/tin lines

113

Table 5.3: Thermal plating stresgr calculated from the temperature drop after remafahe wafers
from the plating bath, total stress calculated from the bending radius and layer thiesses, and
calculated intrinsic stress resulting from the crystal growth during plating.

Plated| o, calculated| o; calculated | Intrinsic stress
layer from AT from R Gi = Ot - OAT
[MPa] [MPa] [MPa]
Au 27.87 58.51 30.64
Ni 41.54 54.71 13.18
Sn 0 -10.08 -10.08

5.4 Reflow of chips with gold/tin lines

5.4.1 Simulation and measurement of chip bow in as-platedamples

The relative amount of plating stress with respedbtal stress after reflow gave an idea
of the impact of plating stress on the final defation. In Table 5.4 this ratio was determined
for 3 chips with different silicon thicknesses. &atio of 7% to 10% was found, that could
substantially influence chip bows after reflow ahérefore needed to be analyzed in more

detail.

Table 5.4: Silicon thickness, chip bow before aftdraeflow for 3 chips with gold/tin lines on Au-N
UBMs. From these values the plating stress befeflew was calculated as a percentage of the stress

after reflow.

Bending radius [mm]

Initial stress rel.

tsi [um] to stress after
Before reflow| After reflow reflow [%]
17.9 104.6 10.24 9.9
20.8 118.2 11.24 9.5
27.8 198.3 14.17 7.1

Using the plating stress for gold, nickel, and tin calculated in SectioB8.3, the expected
deformations for thin chips with gold/tin lines wesimulated using the FEM software
ANSYS and then compared to bow measurements diibZhip samples after electroplating
of Au-Ni-Au-Sn lines. The results are shown in Fgb.17. In order to correlate different
analyses for the same group of chips, the samplésis and the next section are referred to
by their respective sample group labels (e.g. Ad,. A A7 for the 7 different groups of chips

with Design A).
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Figure 5.17: Simulated and measured bending anglea function of silicon thickness for ultrathin as-
plated chips with gold/tin lines on an Au-Ni mettion (sample group Al). The simulation was
carried out with the calculated film stress valdesm the wafer bow experiment (squares in the
diagram) and with film stress values reduced by 4§eay circles in the diagram).

The simulation based on the film stress values ftbenwafer bow experiment yielded
deformations that qualitatively matched the meakgeiep bows. However, the absolute bow
values were about twice as large in the simulatig@bviously, the different plating
conditions (whole wafer plating versus microstruetplating) lead to much lower film stress
in the flex chip samples. By reducing all film sses in as-plated metals by 45% in the
simulation, a very good fit between simulation anelasurement was achieved. As expected,
the deformations increased with smaller silicorckhess for the prepared samples. For
extremely thin silicon § <5 um) the simulations predicted a reduction efbdnations. An
explanation for this effect is that in very thinigh the plated metal layers were very stiff
compared to the silicon substrate and hence thmglstress merely lead to a contraction and
not to a bow of the whole system (also see theghiexperiment on page 50).

The simulations in this section were based on FEbdiets with a gold/tin line width of
100 pm. The line width only had a minor influencetbe chip bow, as long as the combined
footprint of all lines per chip was the same. Igle 5.18 simulations of the bending angle in
as-plated samples due to plating stress are showa fine width of 25 um and 200 pm.
Results for all other line widths were in betwekese results.
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Figure 5.18: Simulation results for plating stregsduced bending angle of thin chips with
Au-Ni-Au-Sn lines. The bending angle is given dargtion of silicon thickness for line widths of
25 um and 200 pum.

For large silicon thicknessess;i(* 17 pm) the deformation was slightly larger f@0Zu4m
lines than for 25 um lines. This was expected andldc be explained by transverse
contraction effects. The plating stress was assumée isotropic and therefore comprised a
sideways component (i.e. a stress component iwéfer plane, perpendicular to the Au-Sn-
lines). This lateral stress lead to the narrowihthe lines. Because of their large aspect ratio,
which was 8 times larger than in 200 um lines, 26gum lines could narrow more easily.
Accordingly, the wide lines showed less sidewaystraxtion, but rather transferred the
sideways plating stress component via transveragamion into the main direction of the
gold/tin lines. For smaller silicon thicknesses<t17 um) this effect was inverted. A possible
explanation was that thinner silicon showed lalgeal deformations leading to a stiffening
with respect to global deformations (i.e. the macapic chip bow). In 200 um lines the local
deformations were larger, possibly leading to iases stiffness and reduced bending angles.

The deformations resulting from the plating stres<hips with different gold/tin line
widths could not be compared directly, becauseclailbs had different silicon thicknesses,
which had a much larger influence on the chip bleantthe line width. If the silicon thickness
had been precisely known, its influence on the dlopy could have been calculated and a
comparison of the bows of chips with different limglths would have been possible. For lack
of sufficiently accurate silicon thickness dataiffedent analysis technique was used, which
eliminated the need for silicon thickness datarg&m temperature the chips typically had a
convex shape. By increasing the temperature sjightl about 40°C to 70°C) the bow was
reversed resulting in nearly flat chips, a statéctvis calledzero bendingn the following. At
this temperature the silicon was nearly stressdreehence its thickness only had a minor (if
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any) influence on the bow. The thermal stress (Wwkias compressive in the metal structures)
resulting from the slight temperature increase camspted the tensile stress from plating. A
larger temperature required for zero bending tloeeeindicated larger plating stress (in
absolute values). In Figure 5.19 the temperatuyaired for zero bending of 22 thin chips is
presented as a function of gold/tin line width. Evbough there was some fluctuation in the
data a slight tendency towards higher required &atpres for larger line widths was found.
This observation is in accordance with the abowmdifigs, that the plating stress of smaller
structures (i.e. gold/tin lines) was found to bé&®Smaller than the stress in large plated

structures (i.e. whole wafers).
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Figure 5.19: Diagram showing the temperature reqdito compensate the mechanical stress from
plating for chips with different gold/tin line witkt. The data was obtained by heating 22 as-plated
chips (sample group A2) and measuring the bendimgjeaas a function of temperature. Using a

linear regression for each chip, the temperatursuleéng in zero bow was calculated. Because the
results were independent of the silicon thickneSsaxh chip, this method allowed the direct

comparison of chips with different gold/tin lineditis without compensating for silicon thickness.

Although there is slight fluctuation in the data averall tendency to higher temperatures for wider
lines was observed.

5.4.2 Bending angle measurement during reflow in air

As described in Section 5.2.2.2 the bending anglddcbe measured in-process, if the
reflow was carried out in ambient air and sidewiaiyages were taken of the bent system. In
Figure 5.20 results from bow measurements on desthon chip during reflow are shown.



5.4 Reflow of chips with gold/tin lines 117

30
— ¢ D
¥ ¥ E
20 1 Y 00"““"‘( F
E / ‘EW ’00‘;
O] | *
2 naet N id
@ o Eﬁ” Y2 G
o 0 A P 4 0”" Y4 g
£ % oA Y
S f oot TH
S0l A P o “
o 0/:
20 ot Vs
-20 .
*
J\". i
-30 T T T T T T
0 50 100 150 200 250 300 350

Temperature [°C]

Figure 5.20: Example of in-process bending angleasneements during reflow of a chip with a
silicon thickness of 18 um. Each data point wasiokd by analysis of an image taken with the flip
chip bonder camera during the reflow process in Biotable gradients and points are labeled with

Greek lettersy; to ys and Roman letters A to J, respectively, and aggaixed in Table 5.5 and
Table 5.6.

Table 5.5: Explanation of distinctive results frahe in-process bending angle measurement of an
18 um thick chip with gold/tin lines during reflanFigure 5.20.

TenEE ce:]r ature Eﬁ;? r[]% Explanation
A 40 -1.3 Small convex bending angle from platitrgss
B 50 ~0 Tensile plating stress compensated by thernadresion
C 251 19.2 Tin top layer melts, reducing the begdingle gradient
D 287 19.8 Maximum concave deformation
E | 296— 305 | 19.2- 14.5| Rapid gold dissolution in molten tin
F | 305— 330 | 14.5- 11.9| Slow gold dissolution in molten tin and/or streskxation
G 330 11.9- 10.1| Stress relaxation at constant temperature heldGa
H 188 ~0 { — (' phase transition at approximately 190°C
| 188 ~0 Thermal t(_ensile sold.er stres_s compensated by therma
compressive stress in Au-Ni UBM.
J 42 -27.0 Large convex bending angle after reflow

The different process sections in the diagram abeléd and are explained in detail in
Table 5.5 and Table 5.6. The image-based bow memsmt technique was suitable to
determine macroscopic deformations in-process. fbHewing sections deal with several
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distinctive parts of the diagram and how they cohtl simulated using the FEM tool

ANSYS 11.0. For better comparison of the analysith whe diagram in Figure 5.20, the

labels of the different process sections that liésthe observed temperature range are
included in the title of each subsection.

Table 5.6: Temperature range, bending angle gradiemetal layers, and explanation of different
gradients in the diagram in Figure 5.20.

Temperature Bending
[EC] angle gradient Metal layers Explanation
[°/1000°C]

Y1 70— 107 113 Au-Ni-Au-Sn Steep gradient at low temperatures

v | 1795 215 93 Au-Ni-Au-sn Reduced gradient due to softening of
metal layers at elevated temperatures

vs | 330 286 53 AU-Ni Shallow gradient because molten
solder has no impact

va | 256— 218 74 Au-Ni-Au/Sn|  Shallow gradient fgphase

vs | 128— 99 178 Au-Ni-Au/Sn| Steep gradient f@mphase

5.4.3 Chip bow between 20°C and 80°C (process sectigy)

The silicon thickness of 18 as-plated thin chipghwlines of Au-Ni-Au-Sn (sample
group A3) was measured using optical techniquesersef the chips were reflowed using the
standard reflow profile and the bending angle weteminined by optical means during the
reflow process. Eleven more chips were not runutinothe complete reflow cycle, but
analyzed at only three temperatures: 40°C, 70°@,180°C. In order to reduce the impact of
measurement errors a linear regression was fittezhth set of three bow measurements and
the bending angle at 80°C was calculated from thgression. By using a maximum
temperature of 100°C, significant metallurgical mi@s of the tin layer were prevented,
allowing the chips to be analyzed a second tim#) thie bow at the opposite chip edge now
being observed. Apart from these measurementfethéing angle was also simulated for the
given temperature of 60°C above room temperatureFigure 5.21 the simulation and
measurement results are compared. By only takimg déformation resulting from the
temperature increase into account, no sufficienbaance between simulated and measured
bending angles was achieved. However, by incluthegsimulated bow caused by the plating
stress (based on 55% of the whole wafer platingsstvalues) the measured and simulated
bows showed good accordance.
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Figure 5.21: Simulated and measured chip bow aC8®ample group A3). The original simulation
(squares in the diagram) was corrected by the ptatstress resulting in a good fit between
measurement (triangles in the diagram) and simafafcircles in the diagram).

These results indicated that the plating stresklamat be neglected and that the adapted FEM
model with all 4 electroplated layers (Au-Ni-Au-Swell reproduced actual deformations
during the early part of the ramp-up.

5.4.4 Chip bow at 330°C (process section G)

Because the tin and underlying gold layer weresfiammed into liquid Au/Sn eutectic
during reflow, their original plating stress no ¢@m influenced the chip bow at 330°C. The
plating stress in the nickel diffusion barrier ayald layer underneath, however, still had an
influence. In Figure 5.22 simulation results foe timfluence of the plating stress in these
layers on the bending angle as a function of silitllickness and gold/tin line width are
shown. The qualitative curve shapes were similathéo Au-Ni-Au-Sn simulation results in
Figure 5.18. However, the bending angle differdmegveen 25 um and 200 um lines at large
silicon thicknesses was less pronounced. A possiyanation for this result is, that the Au-
Ni layers were about 70% thinner than the Au-Ni-Bwm-layers, leading to a fairly small
aspect ratio for all line widths.
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Figure 5.22: Simulation results for plating stresduced bending angle of thin chips with Au-Ni$ne
The bending angle is given as a function of silitookness for line widths of 25 pm and 200 pm.

Because of excessive processor time required snthmerical solution of models with
very thin silicon thicknesses, the simulations wemgted to 100 um lines in the following. In
earlier simulations, the results from 100 um linedels were similar to averaged results for
line widths between 25 um and 200 um. Figure 5d8pares the bending angle in thin chips

due to plating stress in Au-Ni and Au-Ni-Au-Sn kn&ith a widths of 100 um as a function
of silicon thickness.
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Figure 5.23: Comparison of simulated plating streésduced bending angle in thin chips with Au-Ni
and Au-Ni-Au-Sn lines as a function of silicon kiniess. To achieve reasonable simulation times at
very small silicon thicknesses, only the 100 e \rdth was considered.
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For large silicon thicknesses;(t 12 pm) the Au-Ni lines showed less bow than the Au
Ni-Au-Sn lines. This was expected and was due ¢oldinge tensile stress in the 5 um gold
layer, which dominated the combined stress in theSA layer. For small silicon thicknesses
(tsi< 12 um), however, the bow increased substantiedigucing tensile stress in the outer
layers (away from the silicon substrate). For theM-Au-Sn simulations this effect was
more pronounced, because here the total metalnbsskwas about three times larger than in
the Au-Ni simulations. Therefore, Au-Ni simulatioakowed larger bow than Au-Ni-Au-Sn
simulations at small silicon thicknesses. For vemall silicon thicknessess(k 2.7 um for
Au-Ni and &< 6 um for Au-Ni-Au-Sn) the silicon became lesgortant for deformations
and the bow was ultimately determined by the matadrs and their relative stress, thickness,
and Young's modulus. Interestingly, the maximumodeifation was about twice as large in
Au-Ni simulation compared to Au-Ni-Au-Sn simulation

In Figure 5.24 the measured bending angle at 3306f® chips with gold/tin lines is
compared to simulation results with and withoutiptastress.
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Figure 5.24: Measured bending angle at 330°C fothih chips (sample group A4) with different
silicon thicknesses and gold/tin lines. Simulatiforssilicon thicknesses between 1 pm and 40 pm and
gold/tin line widths of 100 um are also includedhie diagram. The measured samples were reflowed
in air and only 1 chip edge was considered. Thaginal simulation results, simulation results
corrected for plating stress, and simulation resudaised on plating stress and only 60% of thermal
film stress are presented in the diagram.

Even though the qualitative similarity between oréd simulation and measurement was
good, the absolute measured bending angles wengt 8386 smaller than the simulation
results. For one single chip the results showed gerod similarity. This was, however,
considered a random result, because this chip hathasually large thickness range on the
measured edge between 4 um and 9 um. Taking ictwuatthe plating stress improved the
agreement between simulation and measurement amly slightly. Reducing the thermal
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stress in the simulation by 60% and including thetipg stress, however, lead to a good
agreement between measurement and simulation. bRosstplanations for the observed
deviation between measurement and original sinorlaare relaxation processes in and
softening of the nickel and gold layers at elevda&dperatures. In Figure 5.25 the gradient of
the bending angle (with respect to a temperatuaa@d) is given as a function of temperature
(i.e. Ad/AT=f(T)). The graph is based on data for temperatjust below the melting point of
tin. Although showing large fluctuations, the dataggests that the bending angle changed
less for a constant temperature increase at etbtaeperatures. The regression line fitted to
the data yielded a reduction of the gradignt Aa/AT by about 50% between 50°C and
230°C. This large decrease of stiffness was noe&eg, but was possibly due to structural
reorganization of the electroplated metal layetse $oftening was believed to continue when
the temperature was raised to 330°C. On the othed,hat 330°C the relevant metal layer
system was different, consisting of only 2 um adfdgand 2 um of nickel. At this temperature,
the proportion of the high melting element nickelsamuch larger and the very soft tin was
missing completely. These arguments suggested Hesrgeadient than in the Au-Ni-Au-Sn
layer system. Altogether, a stiffness reductiondbB96 in the Au-Ni layer system at 330°C
was reasonable.
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Figure 5.25: Measured bending angle gradient asrecfion of temperature for the ramp-up of a thin
chip with gold/tin lines. A regression line wadeit to the data in order to analyze the results
guantitatively.

5.4.5 Chip bow during ramp-down from 330°C to 280°C (pro@ss sectiorys)

Although deformations during this part of the refloycle should, in theory, not have an
impact on deformations after reflow, they were usedrerify the simulation model. The
gradient of the bending angle (sgein Figure 5.20) was measured for 10 thin chipsndur
reflow and correlated to FEM simulations. The resin Figure 5.26 showed good agreement
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between simulation and measurement. Two chips svithll silicon thicknesses had slightly
lower gradients than calculated in the simulatidhis could, however, be explained by the
very inhomogeneous silicon thickness distributiothese two chips. The range was between
4 um and 9 um for the one chip and between 2 pmlandn for the other. The simulation,
however, was carried out for an average silicooktiess, possibly causing the observed
deviation between measurement and simulation.
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Figure 5.26: Simulation and measurement of bendimgle gradient4a/4T) as a function of silicon
thickness for thin chips with gold/tin lines at fmmatures above the melting point of gold/tin. The
measured data was based on 10 chips (sample gréydak which the bending angle was measured
between 330°C and 280°C.

5.4.6 Chip bow during ramp-down from 190°C to 20°C (proces sectionys)

During ramp-down from 190°C to 20°C, the bendinglarshowed a linear dependence
on the temperature. Therefore, bending anglesisrntémperature range were analyzed for the
representative temperature segment between 10@f@RAC .

19 chips that were reflowed in a formic acid atniesp were later heated to temperatures
of 40°C, 70°C, and 100°C using the flip chip bonded the bending angle was measured in-
process on two sides of each chip. From this degebending angle gradient was calculated
and is drawn as a function of the silicon thickniesBigure 5.27. For comparison, simulation
results were also included in the diagram. Becadfiseechanical coupling between the two
measured edges of the chip, the bending angleslikelgto influence each other. Therefore,
silicon thickness values and bending angles weeeaged per chip and are presented in the
bottom diagram of Figure 5.27. With the exceptidriveo outliers with silicon thicknesses
above 40 um, the measurements averaged per chiwedhgood agreement with the
simulated bending angle gradients.
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Figure 5.27: Bending angle gradient as a functidrsibicon thickness for reflowed chips. The bending
angle was simulated for chips with 100 pm wide Mioldines and silicon thicknesses between 1 pm
and 45 um. The measurement results were based ohid® (sample group A5) reflowed in a formic
acid atmosphere. Each chip was analyzed afterwefig measuring the silicon thickness on 2 edges
and the according bending angles at temperature403C, 70°C, and 100°C. From these bending
angle measurements the bending angle gradient \a&ulated; a) silicon thickness and bending

angle calculated separately for the 2 edges of edulp; b) silicon thickness and bending angle
averaged per chip.

5.4.7 Chip bow during ramp-down from 280°C to 190°C (pro@ss sectiory,)

During ramp-down, eutectic gold/tin solder undegydee(—(' phase transition at 190°C
[122], [170]. This effect can be seen in the begdamgle measurements during cooling
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shown in Figure 5.28. To calculate the actual iteomstemperature from these measurements,
two regression lines were added for data point$ \eittemperature above or below the
expected 190°C transition temperature. The intdmeof these regression lines yielded a
transition temperature of 194°C, which was reaslhnalose to the literature value. The
deviation between the measured and the literataitees for the transition temperature may be
explained by errors in the bending angle measurenfenreduce these errors, the bending
angle data of 10 chips was superimposed, regrefisies were determined, and a transition
temperature of 186°C was calculated. The deviaifodfC from the ideal value of 190°C can
be explained by thermal lag between the heatinig jglad the chip.
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Figure 5.28: Optical in-process bow measurementsafeingle chip with gold/tin lines as a function
of temperature during ramp-down. Regression linesed on the data below and above fhel
transition temperature of 190°C, were added. Thergection of these two regression lines was
determined as 194°C, which is only slightly off thgected value of 190°C. The two phases have
largely differing mechanical properties, visiblethg two different bending angle gradiepsandy,.

The regression lines in Figure 5.28 were used toulzie material parameters for the
FEM simulation above 190°C. Fgs¢ the simulation was previously shown to agree wih
the measured bending angle gradient. The gragiest66% smaller compared tg for the
chip in Figure 5.28. Taking into account the terapare ranges for the two different
gradients, a combined gradient of gold/tin betw2@tC and 280°C was calculated:

v - (190°C — 20°C) + v, - (280°C — 190°C)

_ 5.10
Va5 280°C — 20°C (-10)

Here, the gradients was assumed to be valid between 20°C and 190°€r{anonly for
the measured range of 42°C to 190°C). The dataipleigure 5.28 supports this assumption,
because for temperatures below 100°C the data shearty linear behavior.
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The resulting gradienf, s was 23% smaller compared ¢ for the chip in Figure 5.28.
The reduction of4 5 andy, compared tgs depended on the silicon thickness. In Figure 5.29
measurements of the gradients for 10 thin chipsnducooling are shown. Exponential
regression curves were added for better compariBoritansform this reduced gradient into
adapted material parameters for the simulation,ctireelation between individual material
parameters and the bending angle had to be knowsetAf simulations was carried out,
where the effect of a small change of individuattenal parameters by 1% on the bending
angle was determined. The results are shown inr&igu30.
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Figure 5.29: Bending angle gradieM/4T) as a function of silicon thickness. 10 thin shipample
group A6) were reflowed in air and the bending a&nglas measured during ramp-down between
280°C and 42°C. Because eutectic gold/tin undergogbase transition at 190°C (resulting in the
change of mechanical properties), the measured dais plotted separately for temperatures above
and below the transition temperature. The combuted was also plotted and exponential regression
curves were added for each of the 3 data setsc@hwined data plot is closer to the data points for

T <190°C, because this temperature range spanf@iC compared to only 90°C for temperatures
above 190°C.
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Figure 5.30: Correlation between material parametetanges and the resulting bending angle
change during ramp-down for a silicon chip withtackness of 28.5 um. The material parameters
were increased by 1% and the resulting bending errflange was calculated in individual FEM
simulations for each parameter. Acronyms used éndlagram: t = thickness, CTE = coefficient of
thermal expansion, E = Young's moduhus, Poisson's ratio.

Both the coefficient of thermal expansion and theuivg's modulus of eutectic gold/tin
had a positive correlation with the bending angleis correlation was, however, dependent
on the silicon thickness as can be seen in Figid® Svhere the CTE respectively Young's
modulus of gold/tin were reduced by 10% for a wiralege of silicon thicknesses.
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Figure 5.31: Simulation results for the influenck a0 10% decrease of the coefficient of thermal
expansion or Young's modulus on the bending angléient during cooling as a function of silicon
thickness. The bending angle gradient was norndhliedts values for unchanged CTE and Young's
modulus. The graph was based on simulation refaidta chip with 100 um wide gold/tin lines.
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A CTE decrease of 10% resulted in the reductiothefgradient £a/AT) for all silicon
thicknesses, while a Young's modulus decrease #y reBulted in smaller gradients at large
silicon thicknesses and larger gradients at verglissilicon thicknesses. In [170] the Young's
modulus of eutectic gold/tin was shown to be sliglarger at temperatures above 190°C than
below 190°C (70.6 GPa vs. 69.0 GPa). This very kmatease of about 2.5% suggested a
bending angle gradient increase of about 1% farkéri silicon chips §~40 um) and a
bending angle gradient decrease of about 0.5% Hownér chips @~ 1um). These
percentages were calculated by multiplying the eslin Figure 5.31 with -1/4. The actual
gradient change at 190°C was about -66% and caildenexplained by the slight increase of
the Young's modulus. The observed gradient chahd®GfC required a larger CTE below
190°C. In [170] it was found that the CTE of aneela(250°C for 4 days) eutectic gold/tin
increased from 15.6 ppm/°C to 16.8 ppm/°C duringliog at 190°C. This small increase by
7.6%, however, could also not explain the largaligirat differences observed during reflow
of thin chips. Assuming a CTE increase of 25% dynoling at 190°C resulted in a better
approximation between measurement and simulaticcaade seen in Figure 5.32. At small
silicon thicknesses, the agreement was good, vehilarge silicon thicknesses the simulated
gradients were still too large. Contrary to thediitgs for eutectic gold/tin in [128], the CTE
of solder generally rises with temperature, while Young's modulus decreases. According
to [55], for example, the CTE of several commorded typically increases by 10 to 15%
when comparing the 20°C to 100°C range with the’CO® 150°C range, while the Young's
modulus is reduced by 10% to 50% at 150°C comptoeits value at room temperature.
Recalling the different influences of a Young's miod decrease and a CTE decrease as
calculated in Figure 5.31, a better approximaticas vexpected by decreasing the Young's
modulus and the CTE at the same time in simulatfonghe temperature range between
190°C and 280°C. Due to the large number of posstdgmbinations and consequently
required simulation time, this avenue was not fmtpursued. However, considering the
gradient over the complete temperature range fr86fQ@ to 42°C also allowed for a good
approximation between simulation and measurementadgpting only the CTE. A CTE
reduction for eutectic gold/tin by 10% was suitalalethis temperature range. The results are
shown in Figure 5.33.
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Figure 5.32: Comparison of simulated and measureading angle gradients!/4T) as a function of
silicon thickness for 190°C < T < 280°C for 10 chisample group A6). The simulation was carried
out with the original CTE of Au/Sn and with a CEguced by 25% to 12.15 ppm/°C.
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Figure 5.33: Comparison of simulated and measureding angle gradientd@/4T) as a function of
silicon thickness for 42°C < T < 280°C for 10 chiample group A6). The simulation was carried
out with the original CTE of Au/Sn and with a C'Efluced by 10% to 14.58 ppm/°C.

5.4.8 Summary of bow measurements and simulations of thinhips with gold/tin lines

The bending angle evolution during reflow of thimps with gold/tin lines was analyzed
intensively in the previous subsections. A multgudf results was found and a good
understanding of the macroscopic deformations duthre reflow process of chips with
electroplated gold and tin layers was gained. Bselts are summarized in Table 5.7.
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Table 5.7: Summary of major results regarding tigeeament between simulation and measurement
of deformations in thin chips during reflow. Thades in the first column refer to the differentriseaof

the bending angle diagram in Figure 5.20. The tégumalitative" refers to the similarity of the curve
shapes of simulated and measured deformationdascéion of silicon thickness.

Agreement between Sim. and Meas.

Description o o Graph in
Qualitative Quantitative
. ) ] ) S
A Bending anglex in as good good (using 55/0 of the wafe Figure 5.17
plated samples level plating stress)
Aa/AT for Au-Ni-Au-Sn .
" | petween 40°C and 100°¢ ~ 9°° good Figure 5.21
G | Bending angle at 330°C good good (including plating stress Figure 5.24

and using 60% thermal stress)

Ao/AT for Au-Ni between

Y3 330°C and 280°C good good Figure 5.26
Aa/AT for Au-Ni-Au/Sn medium (using a CTE for .
¥4 | petween 280°C and 190°Cc  9°°¢ Figure 5.32

Au/Sn that is reduced by 25%)

Aa/AT for Au-Ni-Au/Sn

¥s | between 190°C and 42°¢ ~ 9°°¢ good Figure 5.27
Aa/AT for Au-Ni-Au/Sn o0od good (if CTE of Au/Sn is Figure 5.33
45| petween 280°C and 42°C 9 reduced by 10%) g '

Nearly all parts of the reflow were simulated wgghod agreement between simulation and
measurement. The ramp-down between 280°C and 18@%¥the only section, where good
gualitative similarity between simulation and measwent was obtained, but where
significant quantitative differences around 50% aevad. This inaccuracy of the model,
however, could be circumvented by simulating thenglete cool-down of solidified gold/tin
in one step. This simulation mode yielded good itptale and quantitative results. Finally,
the simulation results for individual parts of theflow were merged to obtain a resulting
simulated bending angle after reflow. The simulatiesults were merged in two ways. In
both cases the bow in as-plated samples and tloentitions during cooling from 280°C to
20°C were included. The deformations at 280°C, h@wnenere either obtained by simulating
the ramp-up from 20°C to 330°C and adding the ogoliesults from 330°C to 280°C
(Simulation ) or by directly simulating the bow at 280°GSiifwulation 2. Results for both
simulation paths and actual measurements of retlach@s are compared in Figure 5.34. The
two simulation paths lead to similar results arel dlierall agreement with measurements was
very good. Because Simulation 2 is less complexyas favored. For very small silicon
thicknesses, only one data point was availablechvhvas gained by measuring the bow
locally for a chip with a silicon thickness of 4 pahone end of the analyzed chip edge. This
data point proved that the FEM model was valid efegrvery small silicon thicknesses and
that the bow reduction predicted by the simulatiorsuch chips after reflow was indeed
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present after reflow. At a silicon thickness of i3,uthe simulation predicted a positive
bending angle (that is a concave deformation) at##ow. One chip was fabricated with a
local silicon thickness on the edge as small asn2amd indeed this chip showed a slight
concave deformation on this thin side after ref(éov an image of this chip see Figure 5.11).
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Figure 5.34: Measurement of bending angle aftelorefand results of the complete simulation of the
reflow process. One group of measurements wasezhoiut on chips that were reflowed in a formic
acid atmosphere and held down by a fixation, wttie other group of chips was reflowed in air
without use of a fixation. The simulations wererigar out in two ways. Both simulations included the
plating stress and ramp-down between 280°C and 208CSimulation 1 the bow at 280°C was
simulated by calculating the bow for 330°C and tlaiding the deformation reduction between
330°C and 280°C, while in Simulation 2 the bow&Q2°Z was directly calculated.

5.4.9 Local deformations

A total of 30 chips with gold/tin line widths betex@ 25 pm and 200 um were reflowed in
a formic acid atmosphere and the local silicon defdgions were measured using a profiler.
Three chips broke during handling, so that 27 chgadd be measured. The individual results
are shown in Figure 5.35. Chips with the same Width showed similar local deformations,
proving that the analysis technique for local siicdeformations described in Section 5.2.2.3
was reliable. Regarding different line width, a draic dependence of the local deformations
on the line width was found.
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Figure 5.35:Measured local siliconeformations in 27 thin chips (sample group A7) veithaverage
silicon thickness of 28m and gold/tin line widths betweer um and 200 pm.
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Figure 5.36: Simulated and measur local silicon deformations in reflowed chips with anerage
silicon thickness of 28m and gold/tin lines of varying width (sample grAir). The simulatiowas

carried out in three stepaccording to thesequence of Simulation 2 in tipeevious sectiol This

simulation sequence wacomposed of separate simulations for the rup, cooldown, and the
plating stress influence on deformations. Withaut further parameter tunir, very good agreeme

between simulation and measuren was obtained.

In orderto compare the measured local deformations withulsition results, the measur
data was averaged for each line widThese averaged values and according simul:
results are shown in Figure36. The simulaton results were obtained using the s
optimized simulation sequeng¢&imulatior 2) as in the previous section, consisting of
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plating stress (using 55% of the wafer level platstress), the ramp-up to 280°C (using 60%
thermal stress), and the ramp-down (using a CTEetdectic gold/tin reduced by 10%).

Without further parameter adjustments, very goode@ment between simulation and
measurement is obtained.

5.4.10 Influence of chip fixation during reflow on bendingangle

When the reflow was carried out in the solder owena formic acid and nitrogen
atmosphere, the thin chips needed to be fixated fiye needle tip as shown in Figure 5.37.
This needle tip prevented the chip from deformingcroscopically during heating, because
the rising of the chip center was blocked. Durirmglmg, however, the edges of the chip
started rising, which was not impeded by the neggle

Figure 5.37: Bow of a thin silicon chip with longld/tin lines at 330°C and 42°C, with fixation (lef
images) and without fixation (right images); a)3&0°C without fixation; b) after ramp-down at 42°C
without fixation; c) at 330°C with fixation; d) aft ramp-down at 42°C with fixation. The fixation
prevents concave deformations at 330°C (c), but du¢ impede convex deformations after cooling
(d). All 4 images show the same chip for betterpamson.

Quantitative measurements of the bending angle antth without fixation are shown in
Figure 5.38. The chip was reflowed prior to the sugaments and already had a strong bow
at the beginning of the reflow process. During raumppthe deformations were reduced and at
approximately 210°C the chip was entirely flat. ther heating allowed the chip without
fixation to lift its center off the heating platesulting in a concave bow. The chip with
fixation, however, was restrained and remaineddlan at 330°C. At the eutectic point of
gold/tin of 280°C, there was a notable bow diffeeif 3.5° between the process runs with
and without fixation. This meant that the bow a¢ #olidification point was different if a
fixation was used. After ramp-down to 42°C thisfeliénce was still visible as a 2.3° gap
between the two process runs. Using a fixationeased the bow by 9.1% in the case of the
chip in Figure 5.38.
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Figure 5.38: Bending angle measurement resultsndureflow of the chip in Figure 5.37. During
ramp-up, the chip showed different behavior abo®@°€, where the fixation prevented further
deformation in the one chip. During ramp-down, wkies eutectic temperature of 280°C was crossed,
the fixated chip was about 3.5° less bent comp#wettie case without fixation. This bow difference
partly remained after ramp-down to 42°C, wherergmmaining bow difference was about 2.3°.

5.5 Reflow of chips with Kelvin contacts and Daisy chais

The design of the thin chip samples considered ther® described in Section 3.1. The
chips were four times larger in area than the chipls gold/tin lines in the previous section.
Therefore, silicon thickness fluctuations acrosdivildual chips were expected to be larger.
Extremely thin chips with thicknesses between 3am 7 um were fabricated, where small
thickness deviations had a large impact on defaomst In order to reduce the influence of
errors resulting from the measurement of the silituckness on the chip edge in samples
with an inhomogeneous thickness distribution, th&eknhess was calculated from the
measured weight of each chip. Each chip comprisedappr areas with different bumps
diameters. These areas showed different deforngthort, due to their mechanical coupling,
could not be considered separately. In Figure b&#ling angle measurements as a function
of bump diameter and silicon thickness are presefte 3 chips with varying thickness
distributions.
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Figure 5.39: Measured bending angle in 3 reflowagps as a function of the local silicon thickness.
In each chip the bending angle was measured seglgrédr each of the 3 areas containing only
100 pum, 150 pum, or 200 um bumps. The silicon thgkon the chip edge was measured on two sides
(near the 100 um and 200 um bumps). To obtain ilieors thickness for the area in between
(containing the 150 um bumps), the thickness measemts were averaged.

Chip 1 had a thickness of 10 um on the side wieh200 um bumps and of 5 um on the
side with 100 um bumps. This combination yieldechcdt identical bending angles in the
different areas. Chip 2 on the other hand had adgemeous silicon thickness, resulting in the
continuous increase of the bending angle (in alsaalues) from the 100 um to the 200 pm
area. In Chip 3 this effect was even more pronoginbecause the silicon thickness in the
200 um area was about half of that in the 100 pea.arherefore, in order to better compare
the measured and simulated chip bows, averagethalcalculated per chip (based on three
bow measurements in the three different chip araasd) also for each set of simulations
(consisting of three individual simulations for th@0 pm, 150 pm, and 200 pum bumps).
Unlike in thin chips with gold/tin lines, the bendiaxis was not generally parallel to the chip
edge in chips with gold tracks and round gold/tumips. In the following section this
observation is analyzed in detail and an explagatadel is given.

5.5.1 Angular shift between bending axis and chip edge

In this thesis, reflowed chips with gold tracks aatelctroplated gold-tin bumps on a gold-
nickel UBM generally showed cylindrical deformatsorafter reflow. The axis of this
deformation cylinder (also called bending axis)allsuwas not parallel to the chip edge. By
projecting the bending axis onto the chip surfagehsthat the projection runs through the
chip center, an angkewas formed between this projection and the chgeedhis angle was
a good quantitative measure for the direction ohdiey. In Figure 5.40 this angle is
illustrated for6 = 0° and® = 45°. Measuring the z coordinates of the chimiae locations
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marked M1, ... , M9 in FigurB.40 allowed the calculation of the an@leising a comple
algorithm. In Figure 5.41he nine measured z coordinates of thecon surface in each
four bent chips are depicted as a function of theoordinates. The calculated directions
the different bending axes can be qualitativelyfiezt by the diagram

L d

Figure 5.40: Schematic illustratioof the angled between the bending axmojection (continuous
line) and the chip edge (dashed line); a) bendirig directionand chip edge are paralleb = 0°).
The 9 measurement locations M1, ..., later used to determine the bending adiection are also
marked; b) bending axis projecti@md chip edge are at an angled = 45°
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Figure 5.41 Measured z coordinat of the silicon surfacat 9 locations in each of 4 reflowed ch
with different siliconthicknesses. All chips shed roughly cylindrical deformations with differe
anglesd between the bending axisojection and the chip edge (which was identicathe y-axis in
these measurements). 5 6°, tsi=~ 3 um. The increasing bow for increasibpgmp diameters (froi
100 um at y=1500 um to 2Q0n at ‘=7500 um) can also be seen; ébF 12.5°, t= 6 um;
C) 0 =22.7° ;=8 um; d)d = 42.5°, 5= 40 um.
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The direction of the bending axis and the measunérdata at the nine locations were
used to determine the radius of curvature for eaddp using the trilateration formula in
Appendix B based on corrected x coordinates reguftiom the anglé (see Appendix C for
details). In Figure 5.42 the andldoetween the chip edge and the bending axis projes
given as a function of the silicon thickness forr2flowed chips. Discarding 4 outliers, the
remaining 23 chips suggested that for larger silitucknesses a 45° angle was more likely,
while for smaller silicon thicknesses an angle 6of 0° was more likely. Linear and
logarithmic regression curves were added in thgrdia. Because thiegradient was larger at
small silicon thicknesses, the logarithmic appraadion was more accurate.
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Figure 5.42: Angle between chip edge and bending axis projection ametion of silicon thickness
for 27 chips (sample group C1). 4 of these chipseveaitiiers and were not included in the further
analysis. For the remaining 23 data points a linead a logarithmic regression were calculated.

The observed behavior can be explained by two ctngpeeffects. Because of its
anisotropic mechanical properties, the bulk siliggeferably bent around the <100> axes
(which corresponded tb = 45°). The track design, however, resulted iniaimmal stiffness
for bending around the <110> axes (corresponding #00°). In Figure 5.43 the major
bending axes are shown. The proportion of goldhenttacks that was deformed by the stress
in the reflowed solder was minimized for Axes Bddsi' and maximized for Axes A' and A".
In between, the gold track cross section area a@whsteadily. Although cross contraction of
the gold tracks also favored bending around Axear®l B", this effect was considered
negligible due to the small height of the gold ksacompared to their widths (2 um vs.
100 pum to 200 pm).
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Axis B Axis B"

Axis A"-.

B Nickel
O Gold
I Silicon

Figure 5.43: Schematic of silicon chip area witly@d tracks and 4 gold/nickel UBMs. The bending
stiffness for bending around axes B' and B" waallemthan for bending around Axes A' and A" due
to the smaller gold track cross section that neeieble compressed when bending occurred around
B'and B".

For thick chips @ > 30 pum) the anisotropic mechanical properties lafasi dominated,
resulting in the bending axis being closer to tA®G> direction (that is at an angle of 45°
relative to the designated axes in Figure 5.43)leafbr thinner chips g < 10 um) the track
design dominated, resulting énbeing closer to 0°.
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Figure 5.44: Simulated bending angle ratio for bparallel to the chip edge and diagonally across
the chip as a function of silicon thickness. Atileean thickness of about 12.65 um, the bows were
equal, resulting in a predicted bending axis directof 22.5° (that is half-way between the chipeedg
and the diagonal). For thinner chips the bendingsaxas expected to be shifted towards the chip
edge, while for thicker chips the bending axis egsected to be shifted towards the diagonal.

When the simulation model was devised, the obsedeggéndence o on the silicon
thickness was not expected. Either only 0° or of8y values ford were expected for all
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chips. Therefore, the model only contained refezgumints to read out the bow fd= 0° and

0 = 45°. This data was available for a range of sated silicon thicknesses and was used to
verify the correctness of the simulation model.Aigure 5.44 the ratio of the simulated
bending angle: around the <110> axes and the <100> axes is gAerexpected the ratio
was larger at small silicon thicknesses (resulimgreferred bending around the <110> axes
in very thin silicon samples). For larger silicdncknesses, the preferred bending axes are the
<100> axes. The gradients @ft=0°) / a(6=45°) in Figure 5.44 are also in accordance with
Figure 5.42, wher® changes more steeply at small silicon thicknefisas at large silicon
thicknesses. Finally, the silicon thickness for ethi(6=0°) equalsy(6=45°) was calculated
as ki = 12.65 um from the simulation data. For thisceii thickness the angle between the
bending axis and the chip edge was expected t=b22.5° (that is half-way betwe&=0°
and06=45°). Calculating the angle values of the linead ¢ogarithmic regression curves in
Figure 5.42 ford; = 12.65 um yielde@ values of 20.4° and 24.7°, respectively. Thesaesl
were gained from regression curves of actual measemts and were very close to the value
of 6 = 22.5° predicted by the simulation fgs £ 12.65 um, indicating a correct simulation
model.

5.5.2 Bending angle measurements and simulation results

In Figure 5.45 simulated and measured bending arajter reflow as a function of silicon
thickness are compared. The silicon thickness whsilated from a weight measurement and
the optically measured bending angle was corrdayadking the angle between the chip edge
and the deformation cylinder axis into account.
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Figure 5.45: Measured and simulated bending angleagfunction of silicon thickness in 27 chips
(sample group C1). The simulation model allowediltsgo be extracted for bows parallel to the chip
edge (0°) or diagonal across the chip (45°). Fdicen thicknesses 8 um the difference between the
simulated curves is only a few percent, while beBquwn substantial differences exist.
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All bending angles (simulation and measurement)ewsormalized to a chip size of
10 mm. The simulation was carried out in 3 stepsomting to the optimized simulation
sequence in Section 5.4.8, where the plating strassp-up and ramp-down deformations
were considered separately and then superimposazhuBe the chips comprise 3 different
bump diameters, each diameter was simulated sepagatd then the results were averaged.
The simulation results were extracted bothfer 0° andd = 45°. As expected, the absolute
simulated bow for thinner silicon was largerfat 0° and for thicker silicon it was larger at
0 = 45°. The differences between these simulatida dats were generally in the range of a
few percent. However, thin chips witl £ 8 um tended to show larger bending angle
differences betweeth= 0° andd = 45°. The qualitative agreement between the sitadland
measured bending angles was very good. Howeveryredameasured data points exhibited
smaller bow (in absolute values) than predictedheysimulation. A possible explanation for
this deviation is the ramp-up part of the 3-stemudation sequence, which may require
different parameters. In Section 5.4.8 the metatitictures on the silicon chip (that were
relevant for the bow at 280°C) consisted of equéimes of gold and nickel. Here, however,
the total nickel volume was about 6 times smalantthe gold volume relevant for the bow
at 280°C. This significant difference justified adaptation of the 60% stress proportion used
for the ramp-up in Section 5.4.8. By increasings tiproportion to 68%, the agreement
between simulation and measurement was improvestanutially. These results are shown in
Figure 5.46.
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Figure 5.46: Measured and simulated bending angleadunction of silicon thickness for 27 chips
(sample group C1). For silicon thicknesse$3 pm the simulation data fér= 45° was used and for
smaller silicon thicknesses the simulation datader0°. The simulation was carried out with the
optimal simulation sequence from Section 5.4.8n{u€0% ramp-up stress) and with an adapted
simulation sequence based on 68% ramp-up stresslatter yielded a very good agreement between
simulation and measurement.
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5.5.3 Local deformations

The local deformation profile in a reflowed chiptiwiDaisy chains and Kelvin contacts
was measured using the surface profiler. The desi@m slightly different from the earlier
samples, because a gold base thickness of 5 pmnaade the nickel diffusion barrier was
implemented (which is two and a half times thickktean the regular 2 pum). The measurement
was based on an average value for 81 bumps to cwatee for the surface roughness.
According simulations were carried out using thd#éerent approaches. 3D surface profile
diagrams of the measurement and 3 different sinomdaypes are shown in Figure 5.47. A
different presentation of the same data sets iengimm Figure 5.48 in the form of 2D

diagrams. Here, the position of the gold track bocthp are marked as dashed lines in the
measurement data set.
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Figure 5.47: 3D diagrams of (a) measured and (b), &nd (d) simulated local silicon deformations in
a reflowed silicon chip with a thickness of approately 10 um and a bump diameter of 200 um. The
bumps consisted of approximately 3 pm of tin orofdp pum of gold. The bumps were separated from
the gold tracks by a 2 um nickel diffusion barrged a 5 um gold base. The axis units are all in pm
and were excluded in the diagrams; a) original gesf measurement based on the average of 81
bumps; b) simulation without line constraints, & a three-step simulation; c) simulation with 4

line constraints, also based on a three-step sitimria d) single step simulation based on a CTE
reduction for gold/tin by 30%.
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Directly underneath the bump, the silicon surfacefile resembled a rotated parable.
Outside this core area the shape was more compésat. the sides of the gold track, the
deformations were stronger than near the cornetseofjold track. This can be explained by
the larger distance between the bump edge andatle corners. The deformations at the gold
track edges on the side toward the next paralledyDzhain were larger than for the gold track
edges toward the next link of the same Daisy chElis distortion is visible in Figure 5.48 a)
as slightly oval contour lines.
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Figure 5.48: 2D diagram of (a) measured and (b), énd (d) simulated local silicon deformation in a
reflowed silicon chip with a thickness of approxiei 10 pm and a bump diameter of 200 um. The
bumps consisted of approximately 3 um of tin orofdp um of gold. The bumps were separated from
the gold tracks by a 2 um nickel diffusion barggrd a 5 um gold base. The axis units are all in um
and were excluded in the diagrams. Each ring (darkght gray) represents a 50 nm height change;
a) original profiler measurement based on the ageraf 81 bumps. The approximate position of the
gold track and Au-Ni-Au/Sn bump structures werdughed as dashed lines; b) simulation without
constraints, based on a three-step simulationjimuation with 4 line constraints, also based on a
three-step simulation; d) single step simulatiosdzhon a CTE reduction of gold/tin by 30%.

The simulation was carried out in three differendaysa: First, the same simulation
sequence as in the previous sections was implecheantd local deformation data was
superimposed for all three simulations (based &b 65the wafer level plating stress, 68% of
the ramp-up stress, and a ramp-down based on ar&ugtion for gold/tin by 10%). The
global deformation (i.e. the radius of curvatureaswcalculated and subtracted from the
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simulation results for clarity of presentation. Thesulting diagrams are shown in

Figure 5.47 b) and Figure 5.48 b). The similaritgtviieen the measured and simulated
diagrams was very poor. The subtraction of thedajlgbal deformations from the simulated

data probably induced errors resulting in the uabsumulated silicon surface profile with a

generally convex shape and local concave indentatrmlerneath the bump. By varying the
parameters of the simulation, the indentation cduddreduced, but significant deviations

between the simulated and measured surface prefilained nonetheless.
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Figure 5.49: Individual and superimposed simulatiesults for the silicon surface profile during
reflow of a chip with 200 pum bumps. The edges efditicon surface were constrained in the
z direction to avoid global deformations. All axigits are in pum; a) simulation of plating stress,
based on 55% of the wafer level plating stresssitmulation of ramp-up, using 68% stress;
¢) simulation of ramp-down using a CTE reductiondold/tin by 10%; d) superposition of all three
simulations.
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To analyze the influence of the correction of thabgl deformations on local deformation
profiles, the three-step simulation sequence wasedaout once more with a slight model
variation. The four lines making up the edge of Hikcon surface were constrained in
the z direction. This way, no global deformatiomaild occur, but local deformations were
influenced slightly as well. The results of theiindual and the superimposed simulations are
shown in Figure 5.49. The final result is more &mio the measured surface profile than the
simulation without the four partially constrainedds. However, the measured complex shape
of the edge could not be reproduced by the sinuratnis way. Also, the height difference
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between the outside edge and the tip in the cevdsrabout 37% smaller for the simulation
with 4 line constraints compared to the measurement

Finally, a single step simulation was tried basadle ramp-down geometry only. The
CTE for gold/tin was reduced to 70% of its standaatle and all other CTEs were set to
zero. The CTE reduction for gold/tin was necessargompensate for concave deformations
during ramp-up and for the contraction of the eiticgold track, and gold-nickel UBM during
cool-down. The resulting 3D and 2D diagrams arewgivn Figure 5.47 d) and Figure 5.48 d),
respectively. The qualitative agreement between ghigle step simulation and the measured
silicon surface profile was very good. Comparing keight difference between the edge and
the center point underneath the bump for the sitiamand measurement, a deviation of less
than 13% was found. This good agreement betweenlaiion and measurement is also
visible in Figure 5.50, where cross sections ofrtteasured and simulated 3D profiles were
compared for all three bump diameters. The crosBoses were perpendicular to the x-axis
and included the point of maximum deformation oé tkilicon surface. The single step
simulation with a CTE reduction for gold/tin by 30%elded a good agreement between
simulation and measurement for 100 um bumps. FOrutb bumps the agreement is even
slightly better and for 200 um the similarity isanly perfect.
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Figure 5.50: Measured and simulated cross sectiohsilicon deformations in areas with bump
diameters of 100 um, 150 um, and 200 um. The sexgfons were parallel to the yz plane and ran
through the point of maximum silicon deformatioor Elarity of presentation, the curves for 150 um
and 200 pm were shifted in the z direction by @r2gmnd 0.4 pum, respectively.

5.6 Reflow of bumps on a polyimide tape with Kelvin cotacts and Daisy chains

As described in Section 3.3 the solder connectietwéen two electroplated gold-tin
bumps was nearly void-free and hence mechanicallerstable if both bumps were reflowed
before soldering. Hence reflow of the bumps ongblimide tape was necessary for good
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quality solder connects. In this section the reflmvwa single flex tape is analyzed which was
fabricated using spin-on polyimide with a thickne$$ um. The tape was fabricated with the
silicon chip masks (and not the polyimide substragsks) in order to obtain a polyimide tape
with an edge length of 10 mm and gold/tin bumpse&lto the sample's edge. The results in
this section were used to gain a basic understgnafirthe bending behavior of polyimide
tapes during bump reflow.

5.6.1 Bending angle measurement during reflow in air

The bow of the sample was measured in-procesg tisinflip chip bonder camera and is
shown in Figure 5.51.
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Figure 5.51: In-process bending angle measuremamning reflow of a polyimide tape with a
polyimide thickness of 5 um and an edge lengttOohm. Each data point was obtained by analysis
of an image taken with the flip chip bonder canduang the reflow process in air. Notable gradients
are labeled with Greek letteps to y,'.

The diagram exhibits many differences comparedh¢oréflow diagram for a thin silicon
chip with the same track and bump design (see €i§#0). The major differences are:

» strong convex deformation in as-plated samplessiplescause: intrinsic compressive
stress in the polyimide tape; for details see §adi6.3),

* large gradient decrease at 120°C during rampayp=@y2). This decrease was
centered around the temperature of zero bendingpossible explanation were
temperature dependent material properties. Howelier,assumption did not answer
the question, why these material properties chaadpedptly at 120°C. A more likely
explanation were differences in the ability of #ample to deform, depending on the
mode of contact between the sample and the heplatg. When the sample's bow
changed, the distance between the left and rigig etianged as well. Below 120°C,
these edges were not in contact with the heatiate @nd could easily slide together
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or move apart. Above 120°C, however, the edgeshenithe heating plate and the
sample's weight rested upon these two edges. Tneredeformations above 120°C
required sliding of the left and right edge oves tieating plate surface, resulting in a
slow-down of deformations. For an illustration bist effect see Figure 5.53,

momentary almost horizontal gradient around thetpoi zero bending during ramp-
up. This may be explained by two effects:

1.) at zero bending the whole chip was lying flatthe heating plate. This possibly
caused significant sticking (also callstiction), retarding the lifting of the sample's
center and hence the bending angle change,

2.) below 120°C, the sample's weight supported ipgndvhile above 120°C the
sample's weight slowed down bending. At 120°C, thiect might have been
observed as a bending angle gradient of zero.

Unfortunately, bending data for the point of zerenting could not be measured
during ramp-down. Independent of the nature ofddese, a similar bow retardation
was expected during ramp-down,

the tin melting is clearly visible as a step (amd just a gradient reduction as in the
silicon sample) in the reflow diagram between 24@nd 250°C. The delay relative to
the melting point of tin of 232°C was similar teethkilicon sample,

the gold dissolution started very early at 280°@, the resulting bending angle step
was relatively small. However, at 305°C the bendingle gradient changed abruptly,
possibly indicating further gold dissolution. Thietardation was probably caused by
local temperature differences, resulting from tleav [thermal conductivity of
polyimide and the different thermal mass densityhie 100°C, 150°C, and 200 um
bump areas. Another possible explanation is thegtid dissolution accelerated again
upon reaching the peritectic point of gold/tin &93C (see the phase diagram of
gold/tin in Figure 2.1),

the polyimide tape was mechanically bistable afeflow with 2 possible bending
states (predominant bending around the x-axisarrat the y-axis; see Figure 5.54 b)
and c) for an illustration). Because the 100 um jpuanea deformed faster during
ramp-down, the back of the chip (where the 100 wumgs were located) tried to
assume a convex shape, while the front (where @i®eu2n bumps are located) was
still concavely shaped. As a compromise the baaiest rolling forward, resulting in
global bending around the x-axis after reflow. l@s@f this observation are shown in
Figure 5.52. Due to this bending behavior, no ioepss bending data was available
during ramp-down from the zero bending point onwarifter reflow, the tape was
manually flipped into the second stable bendingestand an individual image was
taken at 20°C, resulting in this data point beingilable for the reflow diagram.



5.6 Reflow of bumps on a polyimide tape with Kelemntacts and Daisy chains 147
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Figure 5.52: Deformation of polyimide tape durirgmp-down. The 100 um bumps were in the back
and the 200 um bumps were in front; a) at 200°C ploé/imide tape was flat in the back and
concavely shaped in the front; b) at 180°C the bstekted to roll forward, while the front was still
concavely shaped; c) at 160°C the back was moiblyisolling forward, while the front now had
reached its zero bending state.
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Figure 5.53: Comparison of the influence of bowentation on deformation changes during reflow;
a) convex shape: the edges on the left and rightdcanove freely when bow changes occurred,
marked by the crossed arrows; b) concave shapeediges on the left and right rested on the heating
plate (the heating plate is barely visible in tmeaige), carrying the samples weight, and therefore
experienced increased mechanical resistance toibgmaduced sideways movement.

5.6.2 Bending angle differences between bumps with diffent diameters

Because of its small thickness and soft materiap@rties, the polyimide film showed
large bow differences between the areas with diffebump diameters. In Figure 5.54 a)
and b) this effect is well visible as a much stremigow in the back of the sample, where the
smaller bumps were located. In Table 5.8 bow measent results for the front and back of
the as-plated and reflowed sample are presented.




148 5 Deformations

Figure 5.54: Polyimide tape before (a) and afte), (fz) reflow. Because the tape was mechanically
bistable after reflow, two images were taken with $ame edge in front. The edges of the tape in a)
and b) are highlighted with dashed lines for betligistration. The tape had an edge length of 10 mm
and was equipped with 1014 gold/tin bumps with dgiohg Au-Ni UBMs and gold tracks. The
200 pm bumps were in the front and the 100 pm bwepsin the back.

Table 5.8: Measured bending angles of the polyirsgi®ple in Figure 5.54 before and after reflow.
The bending angles were measured in the back fatheo chip, where the 100 um bumps were
located, and in the front of the chip, where th® R@n bumps were located.

Bending angle [°]
Stage at the front edge | at the back edge
(@ =200 pm) (@ =100 um)
a) Before reflow -39 -67
b) After reflow -61 -88

This behavior is in contrast to the observationsre&ffowed silicon samples, where the
200 um bumps generally lead to larger chip bow rdunieflow. However, the inverted
behavior in polyimide samples was confirmed by s$ation results shown in Figure 5.55. For
the bow in as-plated samples and all gradientsndureflow it was found that the 100 um
bumps lead to larger bow than the 200 um bumpws5iple explanation for these simulation
results and observations was that the main caudeefaling in this case was the bimetal-like
stack of polyimide and gold tracks. The bumps nyeretluced the bending caused by the
polyimide + gold track layer system, because thag & comparatively large stiffness. In a
simulation with the geometry consisting of the gtlacks and polyimide only, this physical
model was confirmed. The bending angle gradient feand to be 25% larger for the
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simulation model based on gold tracks and polyinattee, than for the simulation model
with the 100 pm bumps.
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Figure 5.55: Simulation results for the bending keng (for the plating stress) or the bending angle
gradientda/AT (for ramp-up and ramp-down) of polyimide tapethvgold tracks and Daisy chains.
The data is given separately for bump diamete®06fum, 150 um, and 200 um and was normalized
to the 100 pm value for each triplet.

5.6.3 Bending angle simulation in as-plated polyimide sapie

In Table 5.9 the measured bending angles of aradseopolyimide tape are compared to
simulations with different intrinsic stress in thelyimide layer.

Table 5.9: Measured and simulated bending angleanofs-plated polyimide tape. The values for
100 um and 200 um bumps are given separately anel also averaged. The simulation was carried
out without intrinsic stress in the polyimide layerd with an intrinsic stress of -5 MPa (which veas
compressive stress). The stress in the metal layassset to 55% of the wafer level plating stress.

Measured | Simulated bending angle [°] with
bending angle intrinsic polyimide stress of
U] 0 MPa 5 MPa
@ =100 pm -67 -31 -80
@ =200 um -39 -2 -25
Average -53 -16.5 -52.5

With a measured bending angle of approximately &8 -67° for 200 um and 100 pm
bumps, respectively, the as-plated sample was gitrdrent. The initial simulation (using
55% of the wafer level stress for the metal layansl no intrinsic stress for polyimide)
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resulted in a bending angle of -2° and -31° for #@® um bumps and 100 um bumps,
respectively. The differences between simulated raedsured bending angles in as-plated
samples were almost the same in absolute termthéof00 pum and 200 um bumps (about
-37° and -36°, respectively). Therefore, a compvesstress component in the polyimide

could explain these "homogeneous" deviations. Aukaton with a stress of -5 MPa in the

polyimide tape resulted in bending angles of -268 a80° for the 200 um and 100 pm

bumps, respectively. The increase, resulting frbim additional intrinsic compressive stress
in the polyimide was smaller for the 200 um bumpspared to the 100 um bumps. The
reason for this was that the 200 um bumps exhikatddrger bending stiffness. Although

much weaker than in silicon chips, mechanical cogpbetween different bump areas was
still expected in polyimide tapes and could expldia smaller differences in the measured
bows of 200 um and 100 um bumps compared to thelaied bows. The average values,
however, were almost the same for the simulatiahrapasurement when an intrinsic stress
of -5 MPa in the polyimide layer was used in thawdation.

5.6.4 Comparison of bending angle gradients at differenstages during reflow

In the reflow diagram in Figure 5.51 bending ddtéhe polyimide edge on the side with
the 200 um bumps is presented. Due to the mentitovedlegree of mechanical coupling
between areas with different bump diameters inipotle tapes, according simulations were
carried out for 200 um bumps only. In Table 5.10es&l gradients from these simulations
and from the measurements in the reflow diagrantamgpared.

Table 5.10: Measured and simulated bending angielignts {a/4T) of a polyimide tape with Kelvin
contacts and Daisy chains during different partsh@ reflow process. The data is based on 200 pm
bumps only. The simulations were carried out whk standard value of g== 8.5 GPa for the
Young's modulus of polyimide and also with a reduealue of 2.0 GPa. For each simulation the
deviation with respect to the measured bendingeangls also calculated.

Er = 8.5 GPa Rk =2.0GPa
Gradient Metal layer | Measurement _ _
sequence °/°C] Sim. Dev. Sim. Dev.
[°/°C] [%] [°/°C] [%]

Y1’ Au-Ni-Au-Sn 0.46 0.61 24 0.50 8
Y3a' Au-Ni(-Au’) 0.41 0.64 36 0.37 -10
Y38 Au-Ni 0.35 0.64 45 0.37 5
V4 Au-Ni-Au/Sn 0.35 0.46 24 0.35 0

*) At this stage the gold layer may or may notdiesolved in the molten tin on top.

The gradienty;' (ramp-up between 40°C and 120°C) aidramp-down between 200°C
and 20°C) both showed deviations from the simulataldes of 24%. These results were
achieved with the original set of material paramgefeom the literature (see Section 4.1). For
higher temperatures, where the gold/tin solder Wa@gsd (that is forysa' and ysg'), the
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deviations were much larger (36% and 45%, respalg)ivA possible explanation for these
deviations is that the polyimide softened at higteenperatures. The polyimide softening at
elevated temperatures was simulated by using @ \aluthe Young's modulus for polyimide
of Ep = 2.0 GPa, which was about four times smaller ttke@nroom temperature value of
EpirT= 8.5 GPa. As a result, a bending angle gradieot3y °/°C was found, which was in
between the measured valueg£f = 0.41 °/°C andsg' = 0.35 °/°C. Interestingly, a Young's
modulus of 2.0 GPa also resulted in a better appration fory;" andy,', suggesting that the
polyimide had a Young's modulus that was fairlyependent of temperature, but by about a
factor of 4 smaller than in the supplier's dataeshe

5.7 Soldering of polyimide-silicon-flex-systems

When flip chip soldering silicon chips onto polyitei substrates, misalignment may lead
to deformed interconnects with low conductance @ndevere cases even to open circuits.
Therefore, the misalignment during soldering ohtbhips to polyimide tapes is analyzed by
FEA in the next section. Then, simulations and mesasents of the bending angle of
soldered thin chip/polyimide systems are compafedew FEM model is proposed that is
based on a single step simulation with adapted GadiEgold and nickel.

5.7.1 Thermal misalignment in soldered polyimide-siliconsystems

In this section analytical considerations are presk regarding thermal misalignment
during soldering. FEM simulations are used to gairbetter understanding of how the
misalignment of thin silicon/flex tape systems amuenced by the wiring and UBM
dimensions.

Although the polyimide and silicon bulk materialadhalmost the same coefficient of
thermal expansion, significant thermal misalignmemild occur during soldering, caused by
the presence of metal layers (gold tracks and gikiel UBMs). In chips and substrates,
where the bulk material dominated, the mechanieslalior, i.e. the elongatiaklL during
soldering could be calculated using

AL = AT-CTE-L, (5.11)

whereAT is the temperature difference (i.e. present teatpee minus room temperature),
CTE the coefficient of thermal expansion of thekhmlaterial, and L the original length. If the
CTEs of the bulk materials differed, the expansiforsthe chip and substrate were not the
same, resulting in the misalignment of bumps atagtzl temperatures. The misalignment was
probably largest at the peak soldering temperatmck then reduced again during cooling.
However, at the eutectic temperature the solderdifet, locking the misalignment.
Disregarding the influence of the metal structymeich were fabricated on the silicon chip
and polyimide substrate) on the thermal expandios,thermal misalignmemm between
two bumps was calculated by replacing the bulk dmEormula (5.11) with the CTE
difference of the two bulk materials:
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Am = AT - (CTESL - CTEPI) - L ) (512)

where CTE; and CTE, are the coefficients of thermal expansion of sili@nd polyimide,
respectively, and L the distance of the two bunopthé point of perfect alignment.

During soldering, misaligned bumps exhibit a largelder surface area, resulting in an
energetically unfavorable state. Therefore, thetemosolder's surface tension counteracts the
misalignment and tries to reduce the total soldefase area of all interconnects. Generally,
this is achieved by good alignment in the centghefbump pattern and a radially increasing
misalignment proportional to the distance to theteeof the bump pattern [184]. If the CTE
difference between the two bulk materials and tlldesing temperature are known, different
bump pitches may be used for the chip and subsitatie that this designed misalignment is
compensated by the thermal misalignment at theceatemperature.

Disregarding the metal layers on the silicon chig polyimide substrate in this thesis, the
maximum misalignment was obtained by substitutingn formula (5.12) with the distance
between the chip center and a bump at the chipecoithis distance was approximately
6.4 mm, resulting in a theoretical maximum thermmasalignment of 0.2 um, which was
fairly small and did not pose a problem. Howevke, gold tracks and gold-nickel UBMs had
comparatively large CTEs and thicknesses of therastimagnitude of the bulk materials and
therefore had a significant impact on expansiors la@nce misalignments. In Figure 5.56
simulation results for the thermal strain of sihcohips and polyimide substrates during
ramp-up are shown. The simulation was based onyRaigins with a bump pitch of 300 um
and identical bump diameters and gold track widffise model was derived from the
previous model (for the reflow of silicon chips apdlyimide tapes with Daisy chains) by
adding z direction constraints, which preventeddo®y but not the expansion within the xy
plane. Apart from the actual polyimide thicknessb5gim, a thickness of 7.5 um was also
simulated to account for the influence of the polgie periphery on misalignments. Strain
results were extracted from the model for differdmections in the xy plane. Because the
results were very similar, only the x-directionagtris given in Figure 5.56. For the smallest
simulated track width of only 5 um the strain foetsilicon chip and polyimide tape was
almost identical, resulting, if any, in a very shraisalignment. With increasing track width,
however, the thin silicon samples and the polyimigige extensively strained, while thicker
silicon samples were moderately elongated. Theahctusalignment between two bumps
could be calculated from the simulation resultditst calculating the strain difference for the
silicon chip and polyimide tape and then multiptytihis difference with the distance between
the chip center and the bump pair of interest.
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Figure 5.56: Simulated silicon chip and polyimidge straine = AL/L at 280°C as a function of
bump diameter and track width. The bump diameted &ack width were equal within each
simulation and were varied between 5 um and 200fiom simulation to simulation. The silicon
thickness was either 1 um, 3 um, 10 um, or 40 udntlae polyimide thickness was either 5 um or
7.5 pm. For better comparison polynomial regressiorves were added for the silicon chip strain.

According to the simulation results in Figure 5.36¢ maximum misalignment was
expected in the 200 um bump area of soldered samplé a large silicon thickness. An
upper limit for this misalignment was calculated Asnax- Lmax = 1.20 - 13 - 6155 um
= 7.40 um. Although much larger than the misaligntred 0.2 um calculated from the bulk
material properties only, the upper limit was sfdlirly small compared to the bump
dimensions and was in the range of the accuradpeprototyping masks used for sample
fabrication. Moreover, the actual maximum misaligmnwas expected to be even slightly
smaller, because only one third of the bumps hiadge diameter of 200 um and because the
polyimide strips on the periphery of the solderegha justified an increase of the polyimide
thickness in the simulation to 7.5 um. This stifdrihe polyimide, reducing its elongation to
values more similar to the silicon sample.

In the previous section it was found that the pulgie properties were more accurately
described by a smaller Young's modulus (i.e. 2 @GRtead of 8.5 GPa). The stiffness
reduction for polyimide increased its expansionamithe thermal strain of the metal tracks
and UBMs. This effect, however, was fairly smaélading to a maximum expansion of
8.73 um between the center and corner bumps (ceapar7.40 um for the regular Young's
modulus of polyimide).

The analysis also showed that, by varying the ailiand/or polyimide thickness, the
expansion and hence the misalignment could beenfled to a certain degree. For very thin
chips (aroundg = 2 um) the misalignment relative to the polyimgidstrate was very small
and could ideally reach a value of zero.
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5.7.2 Measurements and simulations of soldered polyimidsHicon systems

For the simulation of deformations in soldered pulge-silicon flex systems the silicon
thicknesses of 4 thin chips were determined usptgcal measurement techniques and used
as input for the simulation model. Generally, th@dering process required individual
simulations for the ramp-up and ramp-down parthef $oldering cycle. The gold wires and
nickel-gold UBMs have essentially inverted influeamn the bow during ramp-up and ramp-
down. Therefore, the two-step simulation was regdaby a single simulation with reduced
gold and nickel CTEs [18]. The results of the bowasurements on 4 soldered samples and
the according simulations based on a CTE redudtiogold and nickel by a factor of 1.7 are
shown in Figure 5.57. Qualitatively, the resultsrevevery similar. The bow differences
between the simulations of different bump diametersre larger than in the bow
measurements of areas with different bump diametghsn a single chip. This was expected
and was due to the mechanical coupling of neighigareas on the same chip.
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Figure 5.57: a) Measured bending angle in 4 soldesdicon-polyimide systems (sample group C2)
with different silicon thicknesses. Each area wéthpredominant bump diameter was measured

separately; b) according simulation results for imnglified one-step model with reduced gold and
nickel CTEs.

Therefore, a quantitative comparison between sitimmaand measurement required the
average bow per chip to be compared to the avdragein the simulations for all 3 bump
diameters. These averaged results are presenkégure 5.58.
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Figure 5.58: Comparison of measured and simulatetbrnations in flexible silicon soldered to
polyimide tapes. For each data point three measargs(one for each 100 pm, 150 pm, and 200 pm
bump diameter area) or three simulations (also €meeach bump diameter) were averaged. The
simulations were carried out for a Young's modditugpolyimide of 8.5 GPa and a CTE reduction for
gold and nickel by k = 1.7 and for a Young's modufi2.0 GPa and a CTE reduction by k = 1.9.

The simulations were carried out for two sets otenal parameters. For the standard
Young's modulus for polyimide ofge= 8.5 GPa and a CTE reduction for gold and nitkel
a factor of k = 1.7 the simulated and measuredegatihowed a maximum deviation of 15%.
For a value of i = 2.0 GPa (see Section 5.6.4) and k = 1.9 thecaggat was improved and
a maximum deviation of 10% was found between thasmesd and simulated bending angles.
This result supported the findings in Section 5.@/ere a value of &g= 2.0 GPa yielded the
best fit between simulation and measurement. Howevenust be noted that the optimal
values for k in this section were determined experitally and that these may have caused or
influenced the good agreement between simulatidmagasurement forde= 2.0 GPa.

5.8 Summary

The comparison of measured and simulated deformstia thin silicon chips and
polyimide tapes during reflow was at the heart bbfter 5. To reduce simulation time, the
FEM model size was reduced to a small section ol eaflowed sample. Different types of
deformation data were extracted from the simulatesults and measurement data. Among
these data were global bending radii (often comedeto bending angles) and local silicon
deformations around bumps or perpendicular to solides. In all analyses a profound
dependence of deformations on the silicon thickmessfound.

Based on the measured bow of thin silicon wafeaswere plated either with gold, nickel,
or tin, the intrinsic stress in the plated layeraswdetermined and used as input for the
simulations.
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Special thin dummy chips with gold/tin solder lines top of a gold-nickel base with
varying width were fabricated. The chips had acsili thickness between 6 pum and 45 um
and their bow was observed in-process by analylsdigital images taken during reflow.
Based on these temperature dependent data andl glefmxmation data collected after
reflow, a mechanical FEM model for the reflow pregef gold/tin solder bumps on thin
silicon chips was established, generally showingpdgagreement with the measured
deformations. The FEA consisted of three independienulations for the deformations due
to plating stress, the ramp-up, and the ramp-dovenobtain the actual deformation after
reflow, the resulting three sets of simulation datre superimposed. The best agreement
between simulation and measurement was achieved thileeplating stress was set to 55% of
the wafer level plating stress, and all CTEs watets 60% of the literature values during
ramp-up, and the CTE of the gold/tin solder wasiced to 90% during ramp-down. Without
further adjustments, the model was also capabjpeenficting local deformations in thin chips
with gold/tin lines with good accuracy.

Furthermore, it was found that the needle tip fomtthat was used to prevent the light
chips from being blown away by gas flows in thdawfoven, only had a small influence on
the bow after reflow (of the order of 9% for theabmzed chip).

Next, the model was used to predict deformationgndureflow of thin chips with gold
tracks and gold-tin stacks on top of a gold-nickeke. The structures could be used to
fabricate Daisy chains and Kelvin contacts. Becaliferent bump diameters were present
within each chip, the bending angle was found toywacross the chip. Similar (though
slightly larger) differences were also found in thenulations. The measured bending
differences for different bump diameters were senalhan in the simulations, because the
areas on a chip with different bump diameters waechanically coupled, whereas the
simulations were carried out for completely decedpimodels. By averaging deformation
data in the simulation and measurement, good agmeoould again be reached. Further
improvement of the agreement between simulationnagasurement was achieved by slightly
increasing the CTEs during ramp-up to 68% of theydture values (instead of 60% in the
previous simulations).

It was also found that the predominant bending d&mended on the silicon thickness. For
thick chips the anisotropy of silicon dominated thending behavior, leading to a bending
axis tending to the <100> direction, while for thém chip the metal structures dominated,
leading to a bending axis tending to the <110>adtiiba. Without further adjustments, the
FEM model predicted the silicon thickness for whittke transition from bulk-silicon-
dominated to metal-dominated bending behavior viseiwved.

Next, different simulation strategies were testedeproduce measured local deformation
data for the silicon underneath reflowed bumps.ifgle-step simulation with the CTE of
gold/tin reduced to 70% and all other CTEs setaim zesulted in very good qualitative and
guantitative agreement between simulation and measnt, whereas the three-step
simulation strategy did not work well. This was tpamttributed to the fact that the local
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deformation data needed to be extracted from tta deformation, which was dominated by
the global bow.

The reflow of a polyimide tape with the same metalictures as the silicon chips in the
previous paragraph was analyzed and simulatedadt faund that the mechanical coupling
between different areas within the same tape wss d&ong. Moreover, the resulting bow
after reflow was smaller for larger diameter bumitss was explained by the good flexibility
of the tape and gold tracks, which was reducedbyd¢omparatively) stiff bumps. It was also
found that the as-plated sample was more stronght than predicted by the simulation.
Assuming an intrinsic stress in the polyimide ofMPa resulted in a much better agreement
between simulation and measurement. Furthermoreetiycing the Young's modulus of
polyimide to about one quarter of the value in thenufacturer data sheet, the in-process
bending angle gradients at higher temperaturesdcbal much better approximated in the
simulation.

Misalignment during flip chip soldering was alsonsiated. Although the polyimide
substrate and the silicon chip had almost identi€8Es and were patterned with similar
metal structures, a theoretical misalignment ofap pm was found. This misalignment was
caused by the expanding metal structures duringosam which could stretch the soft
polyimide much easier than the "stiff* silicon. Tkanulation results suggested, that by
reducing the silicon thickness to about 2 um, ibudth be possible to achieve similar
stretching behavior for the silicon chip as for gadyimide tape, thus reducing misalignment.

Finally, the bending behavior of soldered systaras analyzed. 4 chips were soldered to
polyimide tapes and a single-step simulation wasieth out to reproduce the measured
deformations. It was found that by using the litera value for the gold/tin CTE and reducing
the CTEs for gold and nickel by a factor of 1.7ga@d agreement between measured and
simulated bending angles could be achieved.

5.9 Discussion

When different materials are joined by solderirdggrinal stress develops during cooling
from the eutectic to room temperature. Additionatgmperature changes occurring when a
device is switched on or off may represent sevesgehanical loads. The resulting stress is a
major cause for failure. Therefore, many FEM simales found in the literature focus on
reliability aspects, with stress distribution, Ibstress maxima, and their correlation to the
respective failure mode being at the center ofithkestigation. An example is given in [119],
where stress concentration effects at solder vaiele simulated. In very few publications
have FEM analyses of gold/tin flip chip intercontsebeen presented, because, historically,
the lead/tin system was mostly chosen for suchyaeal

In flip chip soldered systems with standard substemnd chip thicknesses, the thermal
mismatch between substrate and chip is partly cosaied by the comparatively soft solder
joints. The solder joints serve as a mechanicdebudfetween the joined parts, thereby often
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being exposed to severe deformations and/or sfféssload on the joints may be reduced by
different measures:

« minimizing CTE differences between the joined parts

» reducing the soldering temperature,

e optimizing the bump geometry,

* reducing the maximum lateral distances betweenstilder joints, or

* by applying an underfill, which fills the empty sigabetween the bumps.

The underfill has to be chosen to exhibit desiredemal properties (that is a CTE similar
to the solder material) and, if necessary, its ertigs may be adapted, for example by adding
small SiQ particles to decrease the CTE. If such changesimpéemented, this may,
however, not only change the averaged materialgoti@s of the underfill, but also require an
adapted (for example two-layered) geometry for simulation model due to particle
settling [54]. Apart from these geometric considieress, adapted material models may
improve simulation results. For example, a softleplike lead/tin may be more realistically
represented by a material model with rate depenalasticity, while copper tracks require an
elastic-plastic material model, and polymers a ogtastic material model. In this thesis,
simplified linear material models were used. Mooenplex material models may, however,
be developed using the results in this thesis dsgiadal input.

Often isotropic silicon material models are usedhia literature to simplify the modeling
process. In the case of silicon the resulting ersousually around a few percent [118].
However, in this thesis the anisotropic mechamecaperties of silicon were found not only to
influence the degree of bending, but also the doe®f the bending axis and could therefore
not be neglected. For the first time it was shotkat the direction of bending during bump
reflow systematically varies with silicon thicknes®r thinner silicon the metal tracks, UBM,
and solder defined the orientation of the bendixig,avhile for thicker silicon the anisotropy
of the bulk silicon dominated. In between theseeswes, a continuous transition from metal-
structure-dominated to bulk-silicon-dominated begdiirection was observed.

Anisotropic material models may also be necessaryother materials than silicon.
In [121], for example, the maximum strain in sold@erconnects was found to be five times
larger than suggested by an FEM simulation. Theedor this deviation was found to lie in
the anisotropic properties of the polymer undetffilt was used. Therefore, taking anisotropic
properties of the polyimide films into account imst thesis may also lead to an improved
simulation model. For lack of anisotropic matedata for the polyimide used in this thesis,
this was not implemented.
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In contrast to most investigations found in therhature, the focus in this thesis lay on
deformations during reflow and soldering (as opdos®e maximum stress intensities). In
order to obtain soldered systems with good fleiipithe joining partners were designed to
be flexible. For the polyimide substrate with itturally small Young's modulus and a spin-
on thickness of only 5 um the obtained flexibiltyas sufficient. The silicon chip, however,
with its brittle properties and large Young's madguivas inherently inflexible. By reducing
the thickness of the bulk silicon and avoiding tayslamage in the thinned chips, good
flexibility was also achieved, allowing large defations to occur and to be analyzed during
reflow and soldering. By using flexible joining paers, the stress partially translated into
deformations. Although these deformations are gglyebeneficial with regard to reliability
(because they reduce maximum stress levels), tlbibie one important disadvantage:
handling during the fabrication process has to @@pted to the new geometry. Also, the
housing or fixation of the finished product may beore difficult to realize, when
deformations are present. Therefore, the abilityremict deformations during processing, and
especially during reflow and soldering may facikthandling and packaging. Moreover, once
the model for predicting deformations is establishié can also be used to optimize the
sample design with respect to minimum (or, if reedj predefined) deformations. Therefore,
the analysis in this thesis goes beyond the appro&other research groups working with
thin silicon chips, who mainly focus on stress @mgtimes thermal dissipation.

One such example found in the literature is the Fdtulation of stress resulting from
the gold/tin soldering process and thermal cyctihg silicon chip with a thickness of 150 um
that was flip chip attached to a GaAs chip withhiakness of 100 um [114]. The system size
with an edge length of 10 mm was similar to the gansize in this thesis, whereas the chip
and substrate thicknesses were much larger. Atgosdlder joints had a different geometry
with a comparatively small height and diameter bbwt 35 um. The solder joints were
supported by a gold base on each side, but wersingia gold-nickel diffusion barrier.
Different failure modes like fatigue or UBM delaration were investigated in the
simulations. Because of the large length-to-thiskneatio of 1,000,000 : 1 (system size :
minimum layer thickness) the FEM model also reqlmevery large number of elements. To
reduce the element count a so-called global/loppf@ach was implemented. Therefore, the
model was defined by two geometries: one for trdividual solder joint and one for the
arrangement of the solder joints. Although thisrapph leads to a more realistic model, it
was shown in this thesis that simulations based small section of the sample deliver good
results with regard to deformations. Similar testthesis, it was found in [114], that intrinsic
stress in electroplated layers has to be takeraicdtount to obtain correct simulation results.

In certain cases a 2D model is sufficient to regmésa 3D thin silicon sample. For
example, in [117] the force required to bend siiathips with a size of 1 x 5 mm2 and a
minimum thickness of 48 um using a 3-point bending was measured and simulated. The
deviation between simulation and measurement isegewith the degree of bending but stays
below about 5% for the considered maximum displagerof 600 pum. Another example for a
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successful 2D simulation of a 3D sample is the rdasipation study of a thin chip

(tsi= 50 um) integrated into a printed circuit boand resin moulding, resulting in a total

system thickness of about 300 um [115]. The therdis$ipation through heat vias was
simulated using an axisymmetric model. Becausestrmaple was not fully axisymmetric,

material properties were averaged in some areas.niéthod allowed for faster simulations
at the expense of accuracy. For more complex stiooklike package deformations or stress
concentration at the thermal vias, however, a 3Ddehdbased on the simulation tool

PATRAN) was preferred. Although no quantitative atefation data is given in [115], the

package deformation could be estimated from a gdaplicting the deformed state after cool-
down to be around 11 um for a chip size of 2.54 mihis is about two orders of magnitude
less than typical deformations observed in thisithéDue to the fast relaxation of the plastic
components at higher temperatures the samples wegarded as stress-free above
approximately 120°C. This approach is similar te thssumption in this thesis that the
deformations above the eutectic temperature of/goldre only temporary in nature and
therefore can be neglected in the simulation. bleoto reduce simulation time, parametric
modeling was used in [115]. This technique allowschange parameters (for example
material properties) without remeshing. Becausarikshing in this thesis typically took less
than 1% to 5% of the total simulation time, no figant time savings would have resulted
from parametric modeling.

Of the few sources found in the literature, thatestigated deformations in thin chips
integrated into flex systems by FEM simulationsg #malysis by Shin et al. [118] comes
closest to the work in this thesis. A wireless bloaressure sensor chip with a silicon
thickness of 30 um was attached face-up to a palginsubstrate and contacted by
electroplating wires over the chip and substratesesond polyimide tape was added as
encapsulation to realize a fully implantable deviSamilar to this thesis polyimide PI2611
and electroplated gold were used among other bipatible materials. The simulations,
however, were carried out differently: a bendindiua between 5 mm and 50 mm was forced
onto the flex system, and the resulting maximum Miges stress in the silicon was extracted
from the simulation data in order to determine itnaimum bending radius before breakage
of the chip. It was found that the maximum von Misgress is inversely proportional to the
forced radius of curvature. For a radius of curkatf 10 mm a maximum von Mises stress
of 0.6 GPa was calculated, which is about halfdfiength of silicon. In a different analysis
the minimum radius of curvature just before breakéay chips with thicknesses of 25 um,
40 um, 80 um, and 100 um was measured and simulktedthe simulations a silicon
strength of 1 GPa was assumed. The results arenshowFigure 5.59. A quantitative
comparison with results in this thesis is diffigidecause maximum stress levels and fracture
behavior were not analyzed in this thesis. Howeseveral observations can be noted:

e The deviation between simulation and measuremefdrger than typically in this
thesis and is attributed to residual stress (wi8tin et al. use as a synonym for
surface damage) from the thinning process. Althotlgh thinning process is not
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described in detail, the authors mention a wetietcistep, that is used to remove
possible surface damage. This is a similar strassgy this thesis. So, surface damage
may also be present in thin chips in this thegisady after the final wet etching step.

* Only four simulation results are given in [118] ddeigure 5.59). These show a large
spread of about +-10% around an exponential anealinregression curve.
Unfortunately, Shin et al. do not give an explasratior these fluctuations, which are
much larger than for simulations in this thesissd$tloly an optimization of the
meshing procedure could have reduced these aplyamamdom fluctuations and
yielded a more precise correlation between theasilithickness and minimum radius
of curvature.
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Figure 5.59: Simulated and measured radius of cumeaat the breaking point of thin silicon chips as
a function of silicon thickness (modified from [18he simulations were carried out for an assumed
tensile strength of silicon of 1 GPa. An exponératiad a linear regression curve were added for the
simulation data.

The effect of stress reduction in stressed layers td deformations resulting from this
stress was systematically analyzed in [116]. THative stress reduction was inversely
proportional to the silicon thickness and coulddlda a remaining stress of only 27%
compared to the initial stress for the thinnestpchnalyzed @ =4 um, stressed layer
thickness =1 um, initial stress level of 500 MRa the undeformed state). Similar
characteristics should be present in the metaksayethis thesis. These were, however, not
investigated. Apart from the deformation-basedsstreduction effect, the dependence of the
radius of curvature on the silicon thickness fopradefined stressed layer (stressed layer
thickness = 1 um, initial stress = 500 MPa) wasg alsalyzed in [116]. A linear dependence
was found, which is much simpler than the correfatiound in this thesis, which shows a
decreasing radius of curvature for smaller silichitkness, and then, for extremely thin
silicon an increasing (or even inverted) radiuscafvature. This was attributed to the
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superposition of a sequence of deformations duttiegreflow process, which are based on
different geometries and naturally are orientedpposite directions because one is caused by
the rising temperature during ramp-up and the dblyethe falling temperature during ramp-
down.

The different sections of the reflow process weomstdered separately in the FEM
simulations and combined results were generatedupgrposition. With this approach the
model could be optimized independently for varidesiperature ranges. Silicon is a well
known and understood material, whereas electraplataterials often exhibit a large
variation of properties, depending on the exactodijn parameters. Also these properties
usually change with temperature. The temperatupemntent deformation data generated in
this thesis is well suitable to serve as inputifioproved material models. However, because
material models were not at the focus of the ingatbn, the observed dependence of
deformations on temperature were not translated mgw material models, but rather
incorporated into the model by a simple adjustn@nthe CTEs and/or Young's moduli. A
good demonstration of the capabilities of the terajpee dependent in-process bow
measurements in this thesis with regard to theyaisalof material properties is the
confirmation of the known transition point for gdild solder at about 190°C.

With very few exceptions soldering of ultrathinigin chips has not been carried out
before. This thesis represents the first systenatalysis of reflow and soldering induced
deformations in individual ultrathin chips or uttnan-chip-on-flex-polyimide systems.

In this thesis, it was observed that deformatiagonsnframp-up were partly compensated
(and in some cases even overcompensated) duringrdamn. The amount of bending per
degree Celsius temperature change (referred thedsending angle gradieptdepended on
the geometry of the metal structures (which watedsht for the ramp-up and the ramp-down
simulations) and on the bulk silicon thicknesswhs found, that by adapting the silicon
thickness it should be possible to obtain sampleislwdeform similarly during ramp-up and
ramp-down, essentially yielding chips that are lyeandeformed after ramp-down. To
illustrate these findings, the simulated bendinglargradients for the ramp-up and ramp-
down geometries of chips with gold/tin lines aranpared in Figure 5.60. For a silicon
thickness above 9 um the gradient for Au-Ni-Au/8ma{ is for the ramp-down) is larger,
leading to a convex bow after ramp-down. For aa@iithickness below 9 um, however, the
situation is different: the Au-Ni structures havéagger bending angle gradient. This means
that samples withst< 9 um deform more during ramp-up than during raagwn, resulting
in a concave deformation after ramp-down. Thisatffd silicon thickness dependent bow
orientation after ramp-down was also observed floweed samples (see Figure 5.11 for an
example of a chip with a local silicon thickness2gim, having a locally concave bow after
reflow). In another sample withsitt 8 um the bow was nearly zero after ramp-down, as
predicted by the simulation. The observed effeanastly of geometric nature. This can be
seen in Figure 5.61, where simulation results aesegnted for the bending angle gradient of
thin chips with gold lines, having the same thidses as in the previous simulation. The



5.9 Discussion 163

curves qualitatively look the same as for the Au¥§. Au-Ni-Au/Sn simulation in
Figure 5.60, even though the metal lines on the ghicon chips were made only of gold.
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Figure 5.60: Simulation results for the bending lengradient for 2 different metal layer sequences i
thin chips with 100 um wide gold/tin lines.
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Figure 5.61: Simulation results for the bending lengradient for 2 different gold layer thicknesges
thin chips with 100 um wide gold lines as a functid silicon thickness.

The simulation model adaptations in this thesis ewarainly necessary because of
imperfect material parameters that were taken frin@ literature and not determined
experimentally for the fabricated layers. In thilmfapplications the material properties not
only depend on the deposition parameters, but@isthe type of machine that was used for
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sample fabrication. The same holds true for elptited layers, which is why material
properties are preferably determined from specahges deposited with the material of
interest. The temperature dependence of these niegpes of special importance and is well
known for many bulk materials. Electroplated layéx®wever, often show different behavior,
like crystal reorganization during heating, resigtin a more complex deformation behavior.

Apart from these material-based influences, tleeealso many technological and design-
related factors that have an impact on the amauwhieaact shape of deformations. These are
often difficult to control and may be responsitide $ome of the observed differences between
simulations and measurements. Major processingr&aetith an influence on chip bow are:

» silicon thickness distribution (planarity per chigp usually around +1 um after the
lapping process, but typically is increased to atb#i 3 um after wet etching),

» defect density on the silicon surfaces (i.e. ondhip backside and on the chip edge;
see [185] for details on defect-based stress irharacally thinned silicon),

» solder thickness and composition variation duehto dlectroplating process (caused
by the inhomogeneity of the current density acrtbss wafer, turbulences in the
agitated electrolyte, and the dependence of thegplenishment on structure size),

* variations of the mean grain size in the gold tsaakd nickel diffusion barrier, also
caused by an inhomogeneous current density dulationg,

* local stress differences due to varying relaxatcauring ramp-down (caused by
inhomogeneous temperature distribution in the swideoven).

Major design-related factors with an influence bipdow are:

 bump geometry: if the bumps are longer than witke, ¢ontractive force in the
direction of larger bump extension is greater legdo cylindrical deformations,

* bump size: generally speaking, the larger the bdrameter or the solder thickness,
the larger the deformation. Therefore, bendingsisally most pronounced in the chip
area with bump diameters of ,@,=200 um, followed by the area with
Bpump = 150 pm and then the area with,&= 100 um,

» orientation of design features (like gold tracledptive to the crystal lattice of silicon:
because the elastic modulus for silicon in the &®180ection is about 23% smaller
than in the <110> direction, bending preferablywscaround the <100> direction
(resulting in the stretching or compression of<h€0> direction). This feature can be
observed in chips with a more or less homogeneanphdistribution or in extremely
thin silicon (g~ 2 um) chips with a 300 nm thermal silicon dioxitlyer (see
Figure 5.16 b) ). The structure of the i@yer depends on processing parameters and
may be crystalline or amorphous [186]. St@as a much smaller coefficient of thermal
expansion than silicon (about 0.5 ppm/°C for Si8. 3.12 ppm/°C for Si). During
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ramp-down, after the thermal oxidation at aboutGE2Dthe silicon contracts 6 times
more rapidly than the silicon dioxide resultindange tensile stress in the silicon.

In this thesis, thin chips were fabricated and exdd to polyimide tapes with gold tracks
using a gold/tin solder. The process sequence;tibee of materials, and the sample design
were defined in order to be compatible with thedmedion process of the EPI-RET retina
implant. In order to transfer the suggested prazess the EPI-RET implant, the aluminum
bond pads of the CMOS chips need to be treated tivetlzincate process. The feasibility of
this process in combination with ultrathin silicGMOS chips was demonstrated in [9]. With
their inherent flexibility and low weight, the wthin chips offer a unique opportunity to
improve the retina implant. As a medical productdermanent implantation the requirements
for regulatory approval are very strict for the EHHT implant. By using gold/tin solder a
significant step toward a permanent, biocompatinhel reliable solder connection was made.

In this thesis, the minimum silicon thickness o fabricated chips was 3.5 um for chips
with an edge length of 10 mm, resulting in a maxamlength-to-thickness ratio for the bulk
silicon of about 3000, which is much larger than &y other group working on flip chip
solder connections for thin chips. For the firshdi a simulation model was tested against
measured deformation data for extremely thin siliohips. The anisotropy of silicon was
taken into account and shown to have an influentethe direction of bending. More
precisely, the relative thickness of the bulk siiccompared to the metal structures was found
to be the decisive factor. For the first time itsn@oven, that for extremely thin silicon, the
direction of the bending axis is dominated by tlesign of the metal structure, whereas for
less thin silicon samples the anisotropic propertiethe bulk silicon dominate the bending
axis direction.

By using a special chip design based on lines &d/tyo solder, global deformations of
ultrathin silicon samples could be measured for fitgt time during gold/tin reflow. The
inverted bending behavior during ramp-up and ramywsd could therefore be measured
separately. Optimized FEM models were derived ftbiw in-process data, that showed good
agreement between simulation and measurement. ddelrwas based on the superposition
of results from three separate simulations (foodeations due to intrinsic plating stress and
thermal mismatch during ramp-up and ramp-down).h@lit further adjustments the devised
three-step model was used to correctly predictl Isiiaon deformations perpendicular to the
gold/tin lines. In another set of chips with cimmulgold/tin bumps, the local silicon
deformation around the reflowed bumps could not doerectly reproduced using the
previously successful 3-step simulation. Howeverubing only the ramp-down simulation
model in combination with a reduction of the CTE ¢old/tin to 70% of the literature value,
good quantitative and qualitative agreement wasagzhieved. In this case the reduction of
the gold/tin CTE seems to be equivalent to the mgsition of inversely oriented
deformations from the ramp-up and ramp-down in phevious simulations. Similarly, a
single step simulation was used to correctly siteuldeformations found after flip chip
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soldering of thin silicon chips onto polyimide tapeHere, however, the parameters for
gold/tin were left unchanged and only the Young&laius for nickel and gold were reduced
to about 60% of the literature values. Finally,wias shown that the thermal mismatch
between polyimide tapes and thin silicon chipstiergly influenced by the added metal
structures (gold tracks, gold/tin solder, etc...)simulations it was shown, that by reducing
the silicon thickness to about 2 um the silicorpapanded about the same as the polyimide
substrate during reflow, reducing thermal misaligmtrsignificantly.
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6 Testing

In this chapter mechanical and electrical testsiezirout on individual silicon chips or
silicon chips soldered to polyimide tapes are prese

6.1 Shear tests

The shear tests were carried out to qualify thelkiting process with respect to gold/tin
solderability. Therefore, the bump design and disi@rs were not yet optimized. Instead of
Au-Ni-Au/Sn bumps, much simpler bumps composedndy @0 um of gold + 10 um of tin
were used. To carry out the shear tests, 20 siltops (edge length =5 mmy; £ 525 pum)
were prepared with 192 cylindrical gold/tin bum@sach chip contained 88 bumps with
@ =100 pum, 60 bumps with @ = 150 um, and 44 buwipis & = 200 um. For each shear
testing sample two chips were flipped onto eacleroéimd soldered. The resulting 10 samples
were attached to a carrier and tested in a Dagar sester (type 2400PC). The main settings
were:

* land speed: 50 um/s,
* shear speed: 12.5 um/s,
* shear height: 700 pm.

The maximum force was recorded and the samples aveakyzed under the microscope.
In Figure 6.1 the maximum force per bump for thes@ltlered samples is given.
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Figure 6.1: Measured shear force per bump in 1@ed samples (samples sorted by shear force),
each having 192 bumps with diameters of 100 pmuhd0and 200 pm. The minimum value of 50 mN
required for good solder connects is also depicted.
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All values are larger than the value of 50 mN pamp required for good flip chip
connections according to DIN EN60749 22:2003 MetBdd 87]. With shear forces between
27.8 N and 90.4 N the chips also passed MIL-STDEB8Blethod 2019.5 [188], which
requires a shear force of at least 25 N for chiph wdie are& 4 mm2. In summary all chips
had a sufficient bond strength.

The microscopic analysis yielded that all connexdibroke at the plating-base-to-silicon
dioxide interface or within the plating base. Arpknation for the large spread of measured
shear forces may be the varying adhesion of thenglhase to the silicon dioxide surface.

The solder material itself is generally much stemthan could be shown in these tests,
which were limited by the plating base adhesior{1B9], for example, electroplated gold-tin
bumps consisting of 25 um of gold + 5 pm of tin ev8ip chip soldered, typically resulting in
a shear strength between 1.4 N and 2.4 N per 12@8igmmeter bump.

6.2 Mechanical bending of bare silicon chips

In order to analyze the flexibility and mechanistdbility of thin silicon chips fabricated
using the DbyT process, bending tests were caoigdn a 4-point bending unit, shown in
Figure 6.2.

Chip I

‘] ﬁr | Micrometer \

A% screw

_— Moving tool unit

Scales

Figure 6.2: 4-point bending unit consisting of coenoial scales for force measurement, a stepper
motor and micrometer screw driving the moving tewoid a computer for stepper motor control and
data read-out.

The chips were fabricated from bare silicon wafgvghout electroplated layers) using
the DbyT process. The chips with an edge lengthGofnm were placed onto 2 mechanical
supports with a distance ef8 mm. The two top supports with a distance=@.5 mm were
slowly moved downward, driven by a stepper-motdre Thip middle was forced downward,
resulting in a constant moment in the chip betwidentwo top supports. The commercial
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scales, supporting the bottom part of the tooltioowwusly recorded the resulting force. The
top tool was moved downward until chip breakinguwsc(or until the chip slid through the
two bottom supports). In Table 6.1 the results (imaxn force Fax and dislocation yax
radius at breaking fRax and stress in the silicon surface at breakipgy for 4 chips with
different silicon thicknesses are given. The maxmsiress in the silicon surface reached a
value above 300 MPa and bending radii as smallram4vere observed before breaking.

Table 6.1: 4-point bending results for 4 thin slicchips without electroplated layers.

Chip tsi Fmax Ymax Roreak | Obreak
[um] | [mN] | [um] | [mm] | [MPa]

31 380 939 6.46 312
25 206 | 1218| 6.25 260
22 86 455 | 10.200 140
16 85 1207, 3.97 262

AIWIN|PF

Cyclic bending tests were also carried out. In Fegit3 the measured force required to
repeatedly bend a silicon chip with a thicknesd®fmm by dislocating the center by 0.6 mm
is shown.
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Figure 6.3: Cyclic bending test of a silicon chigttwa thickness of 16 um and an edge length of
10 mm. The diagram shows the force measured Hdyetiding unit during the cyclic bending test.
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The chip could be bent at least fifty times withdwéeaking. The number of cycles was
limited by the chips tendency to move sidewaysrdythe test, finally sliding off the support.

6.3 Mechanical bending of soldered polyimide-silicon stems

The mechanical bending results in the previous@eetre very promising, demonstrating
the general robustness of bare silicon chips iglsiand multiple bending tests. However, the
mechanical stability of thin chips soldered to fid& substrates may be much weaker and
therefore must be analyzed experimentally.

Several soldered samples were mechanically berfioroing them into cylindrical metal
forms of decreasing radius. This test setup waseaadoecause it more closely resembled the
situation, when such a soldered flex chip systepidsed into the human eyeball. After all, it
is the aim of this thesis to explore and demonstpatssible strategies for thin chip integration
into the EPI-RET eye implant using biocompatibip fthip soldering. The bending test was
carried out using forms with radii of 40 mm, 30 m20,mm, 15 mm, 10 mm, and 7.5 mm. An
example of a flex system bent by forcing it intocgindrical metal form is shown in
Figure 6.4. Most samples broke at a forced bendidgis of 7.5 mm. The human eye has an
average inner radius of 12 mm [36]. Therefore, nubsps would survive adaptation to the
radius of curvature of the human eye.

Using an underfill, the mechanical stability andnimial bending radius may further be
improved. For example, in [151] it was shown thatstandard silicon chips, soldered to
polyimide tapes using gold/tin solder, the mearetim-failure in thermal cycling tests is
increased by a factor of about 30 when an unddiffidd with silica particles is used. The
underfill reduces the stress on the interconnedt@nwthe substrate and chip contract
differently during cool-down.

Figure 6.4: Bending of a complete system consigifngjlicon chip with a thickness of approximately
20 um soldered to a polyimide tape; a) unbent systea cylindrical form b) the same system pushed
down by another metal cylinder and forced to adaghe 10 mm radius of the cylindrical form.
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Also, the silicon chip was not protected when itswarced into the cylindrical form.
Introducing a mechanical polymer buffer may furtimeprove the chips resistance to breaking
during bending.

One flex system was bent such that the complei@osilchip was in contact with the
cylindrical form as shown in Figure 6.5. This wagraaller bending radius of 7.5 mm could
be achieved without breaking the chip.

Figure 6.5: Bending of a complete system consistiiga silicon chip with a thickness of
approximately 20 um, soldered to a polyimide taplee image shows mechanical bending with a
radius of 7.5 mm.

6.4 Electrical measurements

In order to verify the electrical functionality ebldered silicon-polyimide flex systems,
the Daisy chain connectivity and Kelvin contactisesice were measured. After soldering
process optimization, a bump vyield close to 100%s eahieved with average contact
resistances as low as 0.83 Details on bump yield and contact resistance oreasents for
an optimized soldering process are given in Tal#e 6

Table 6.2: Yield and electrical properties of axflehip soldered to a polyimide substrate with Au/Sn

Bump Functional | Bump yield Avg. contact
diameter | Daisy chains resistance
[um] [%] [mQ]
100 8/10 99 7.3
150 10/10 100 1.2
200 10/10 100 0.63

For comparison, these contact resistances are linaarother connection techniques that
are typically used for thin chip attachment, likeldfiled ACA (R~ 20 nt2 for 100 um
contacts) and NCA (R 10 m2 for 100 pm contacts) [3].
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7 Conclusion

7.1 Summary

In this thesis, a significant contribution was maoléhe understanding of local and global
deformations during reflow of ultrathin chips anagridg subsequent soldering of these chips
to polyimide tapes using eutectic gold/tin (80AuBPSolder. The feasibility of a gold/tin
solder flip chip process for attachment of ultrattsilicon chips to flexible polyimide
substrates, which survive forced mechanical bendlogn to a radius of 10 mm, was
demonstrated for the first time.

Silicon test chips with an edge length of up tonifd and a silicon thickness between
about 4 um and 45 um were fabricated using thenBibly-Thinning process. The process
started with a dry etching step using a resist maséreate trenches around the designated
chip areas on the wafer's front, followed by a Isaid thinning sequence that was based on
consecutive lapping, CMP, and wet etching stepanhgaching the front side trenches, the
thinning process was stopped and individual chigls a/thickness similar to the initial trench
depth were obtained. A typical chip strength of BEBa was reached with this process and
bare silicon chips survived cyclic bending testdhvait least 50 cycles.

Prior to the DbyT process the chips were preparét different electroplated and
lithographically patterned metallic structures ligeld tracks, lines of gold-tin, or gold-tin
bumps with diameters of 100 pum, 150 um, or 200 fome of these structures were part of
the Daisy chains and Kelvin contacts used to measumnectivities and contact resistances in
flip chip soldered samples. Underneath the golddtider a nickel diffusion barrier with a
thickness of 2 um was introduced to prevent intéafiie reactions between the tin in the
solder and the gold tracks. Also, by using the elidarrier, the composition of the reflowed
solder was defined by the deposited amounts of gold tin alone. This facilitated the
ensuing soldering process control, because ac@ptdifl89] the structure and composition
of thick gold + tin bumps after reflow are sengtito the heating rate (for example slow
heating rates (of about 10°C/s) lead to incredsgldase formation, resulting in poor wetting
behavior).

Similar to the silicon test chips, polyimide tapesre fabricated with corresponding metal
structures. The pure gold and tin layers were wedth to form eutectic gold/tin solder caps.
This bump reflow and the subsequent soldering vgemeerally carried out in a nitrogen
atmosphere with 5% formic acid and in some casesdding a drop of 2% adipic acid
dissolved in isopropanol directly to the samplee Tieflow was necessary to reduce the
number of voids in the solder connects, but hadlitbadvantage of substantial bowing, which
impeded handling and alignment during the subsdgselidering process. After soldering,
functional samples with a total height below 50 pwvare obtained (with the following
approximate layer thicknesses: polyimide subst&jemn, gold tracks: 2*2 um, gold bases
2*2 um, nickel diffusion barriers: 2*2 um, gold/tisolder: 14 um, bulk silicon: 16 um).
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Individual soldered systems showed bump conneigsviabove 99% (as shown in Daisy
chain measurements) and average contact resistémates 1 nf2 (according to Kelvin
contact measurements on interconnects with a dearé200 pum). Minimum forced bending
radii of 8 mm and 10 mm (depending on the bendieigy were achieved without chip
breakage.

The magnitude of deformations resulting from thenpueflow should be minimized for
handling purposes. A finite element model was d&ligsing the ANSYS 11.0 simulation
software. The model, which was based on only alssealtion of each sample in order to
reduce simulation time, predicted chip and substrééformations during reflow. The
simulated bows were compared to in-process measmtsof the chip bow during reflow in
air. Also, local deformations (for example aroumdlividual bumps) were simulated and
measured using complex data processing to obtlinare deformation data from the surface
profiling measurements. Because the geometry andrialaproperties of the solder bump
changed during reflow, at least two different getsiiee were simulated for each reflow
process, and material parameters, like the Youngslulus and coefficient of thermal
expansion, were adapted to achieve good agreemetweén the simulation and
measurement. Because chips with different thickewesgere available, the simulations and
measurements were correlated as a function obailibickness. Using the results from these
model optimizations, the local deformation undethesnd around individual solder bumps
were also simulated and the model was adapted ewtemressary.

The in-process deformation measurement was basedptical image processing,
allowing dynamic processes, like the melting of fphase transitions, and relaxation in the
solder and metal structures, to be observed. Aghathe silicon thickness was the most
important factor with respect to chip bow afterloef, other factors also had a significant
influence on bowing. For example, as an anisotropaterial, silicon preferably bent around
the <100> direction. However, the thinner the chthe more dominant the geometry of the
metal structures with respect to the bending dwaciAs shown in simulations and confirmed
by measurements, the transition from silicon-dont@iddao metal-structure-dominated bending
behavior is at aboutsit=13 um for the Daisy chain structures analyzedthis thesis.
Although thinner chips generally showed larger defation after reflow, it was found in the
simulations that for very thin silicon (typicallg the order of a few microns) the bow during
ramp-up would just be compensated by the inverselgnted bow during ramp-down,
resulting in a flat chip after reflow. The plauditlyi of this simulation result was demonstrated
with a sample that had a thickness of only 2 unm@lone chip edge and was indeed
concavely bent along this edge after ramp-downt (gh@ was inversely bent compared to
thicker samples). It was also found that the isidrstress from electroplating had to be taken
into account for good agreement between simulaioth measurement. To further improve
the agreement between measurement and simulatierpodw measurements and simulation
results were averaged in one group of chips witheamogeneous silicon thickness.
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7.2 Outlook

The material properties of the different materialere taken from the literature and
adapted to achieve a good fit between simulatioth m@asurement. By determining the
mechanical properties (like the CTE, Young's mogulknd Poisson's ratio) of the actually
used materials, an even better FE model may besekvin this scope, the temperature
dependence of material parameters, as well aststaliceorganization processes at elevated
temperatures, would be of special interest andldradso be determined. Material parameters
could, for example, be determined by electroplating material at a time onto thin chips and
observing global deformations as a function of terafure for various heating rates or for
long dwell times at certain temperatures. By vagyime silicon thickness and/or the thickness
of the plated material additional data could béeobéd.

The fabrication and soldering processes for ultnasilicon chips described in this thesis
were shown to work well with test chips and suliegaExtending the application of these
processes to the EPI-RET implant is the next nagiggp. In [9] the successful thinning of
CMOS chips using a slightly different DbyT processnpared to this thesis was shown (the
major difference being a dry etching step at the @ithe thinning sequence). The chips were
connected to polyimide substrates by isotropicatigductive adhesive and therefore required
treatment of the non-conductive aluminum oxide aefof the bond pads of the chips prior to
flip chip attachment. This was achieved by meanthefzincate process, which replaces the
non-conductive aluminum oxide surface layer by gusace of electroless zinc, nickel, and
gold. By using a gold/tin soldering process insteatiCA, but also in combination with the
same zincate process, a more reliable flux-lesd f@nce biocompatible) bonding process
may be achieved. Although the functionality of gbfdsoldered EPI-RET chips has yet to be
demonstrated, CMOS chips should generally not beaded by typical gold/tin soldering
temperatures of 330°C. Other processes like theosg encapsulation and forced implant
bending also need to be tested with respect to itdience on chip functionality. Although
CMOS chips generally remain functional, when expose bending-induced stress, the
transistor characteristics are known to change. é¥aw this may be compensated by using
an adapted CMOS design. The mechanical stabilityghef implant may be improved by
application of an underfill after the soldering pess. The total implant thickness may be
further reduced by optimizing the individual mdtafer thicknesses. Especially the thickness
of the gold/tin solder may be reduced from its preeshickness of 14 um after soldering.
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Glossary
Symbols
A Area
a First of three lattice parameters
b Second of three lattice parameters
b Bow
bsi Edge length
c Third of three lattice parameters
c Concentration
Cxy Elastic constants or stiffness coefficients of &1 @ilicon (1< x,y <6)
Clyy Elastic constants or stiffness coefficients of & kilicon (1< x,y <6)
d Distance
D Diffusion coefficient; height difference (bow)
Dyy Diameter of object xy
dsp Distance between support beams
Do Maximum diffusion coefficient
E Young's modulus
Ea Activation energy for diffusion
F Force
G Shear modulus
h Height
lin, lout Electric current flowing into or out of a deviceder test
J Geometrical moment of inertia
k Boltzmann constant (= 8.617:168V/K) or
CTE reduction factor for Au and Ni
K] Solution matrix in the ANSYS software
L Liquid material in the gold/tin phase diagrammdgh
[L] Lower triangular matrix
lyy Length of object xy
l1 Direction cosine (of angle of rotated x-axis amigjioal x-axis)
P Direction cosine (of angle of rotated x-axis amigjioal y-axis)
m Mass
M Moment
n-type Doped with acceptor atoms
p-type Doped with donor atoms
Q Activation energy
R Radius of curvature; molar gas constant (R =83fnol-K)
tuy Thickness of object xy
T Temperature
Tmet Melting temperature
Umeas Measured voltage
[U] Upper triangular matrix
Wyy Width of object xy
X, Y, Z The three perpendicular spatial directions
a-Sn Allotropic form of tin for T < 13°C (crystalrsicture: diamond cubic)
(a-Sn) a-tin where some tin atoms were substituted by gtdans
B Au0Sn

Allotropic form of tin for T > 13°C (crystalrsicture: bct lattice)
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B-Sn where some tin atoms were substituted by golths

Bending angle; coefficient of thermal expansion

Coefficient of thermal expansion

Gold/tin phase with 10 to 18.5 wt.% tin, exist$ween 190°C and 519°C
AusSn

AuSn

Misalignment

AuSry; direction strain

AuSn,

Gradient of bending angle vs. temperature; sheans

Gradient for Au-Ni-Au-Sn on Si for low temperatsr@round 85°C)
Gradient for Au-Ni-Au-Sn on Si for high temperasararound 200°C)
Gradient for Au-Ni on Si between 280°C and 330°C

Gradient for Au-Ni-Au/Sn on Si between 190°C a0

Gradient for Au-Ni-Au/Sn on Si between 20°C an@°®

Gradient for Au-Ni-Au/Sn on Si between 20°C an@Z8

Gradient for Au-Ni-Au-Sn on PI for low temperatsr(around 85°C)
Gradient for Au-Ni-Au-Sn on Pl for high tempereds (around 140°C)
Gradient for Au-Ni on PI for ramp-up between 28Qtnd 330°C
Gradient for Au-Ni on PI for ramp-down betweer033 and 280°C
Average gradient for Au-Ni-Au/Sn on PI betweeail90°C and 20°C
Electrical conductivity; direction stress

Shear stress

Electrical resistivity

Poisson's ratio

Angle between bending axis and chip edge

Diameter

Parallel

Perpendicular

Abbreviations and Acronyms

ACA

Ag

Al

Al,O3

at.%

Au

(Au)

(Aug sNig5) S
AuSn
AuSn
AuSn
AusSn
Au1oSn
avg.
80Au20Sn
10Au90Sn
bct

BCB
BPDA-PDA
CFRCl,

Anisotropically conductive adhesive
Silver
Aluminum
Aluminum oxide, alumina
Atomic percent
Gold
Gold with a small amount of tin
AuSny, where half of all gold atoms are replaced by eicdtoms
An intermetallic compound of gold and tin
An intermetallic compound of gold and tin
An intermetallic compound of gold and tin
An intermetallic compound of gold and tin
An intermetallic compound of gold and tin
Average
Gold-rich eutectic with 80 wt.% gold artiviz.% tin
Tin-rich eutectic with 10 wt.% gold andwi% tin
Body centered tetragonal
Benzocyclobutene
poly(biphenylene tetracarboxylic dianhyblrip-phenylene diamine)
Dichlorodifluoromethane
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CH Carbon tetrafluoride

CMOS Complementary metal oxide semiconductor
CMP Chemical-mechanical polishing, chemical-mectamlanarization
Cr Chromium

CSP Chip scale package

CTE Coefficient of thermal expansion

Cu Copper

DBG Dicing before grinding

DbyT Dicing-by-Thinning

Dev. Deviation

DI Deionized

DNP Distance to neutral point

e-Ni Electroless nickel

FEA Finite element analysis

FEM Finite element model

FR4 A flame retardant material often used as atsatiesmaterial
fcc Face-centered cubic

GaAs Gallium arsenide

GPS Global positioning system

hcp Hexagonal close-packed

hex Hexagonal

HF Hydrofluoric acid

HNO;3 Nitric acid

H3POy Phosphoric acid

HNA Hydrofluoric acid + nitric acid + acetic acidching solution
IC Integrated circuit

ICA Isotropically conductive adhesive

ICP Inductively coupled plasma

IMB Integrated module board

IMC Intermetallic compound

I/10O Input/output

IPA Isopropanol

IPC In-process control

IRC International Roadmap Committee

ISB Immersion solder bumping

ITRS International technology roadmap for semicatos
N} lodine

KJ Potassium iodine

KOH Potassium hydroxide

Ks[Fe(CN;)]  Potassium ferricyanide

LCD Liquid crystal display

MCM Multi chip module

MEMS Microelectromechanical systems

MIL-STD Military standard

MOSFET Metal oxide semiconductor field effect trighsr
NCA Non-conductive adhesive

Ni Nickel

NizSn Chemical compound consisting of 3 nickel and Zatoms
N/A Not available, not applicable

orth Orthorhombic

O, Molecular oxygen
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PCB Printed circuit board
PCSB Plastic core solder bump
Pd Palladium
PDA Personal digital assistant
PDMS Polydimethylsiloxane
PET Poly ethylene terephthalate
Pl Polyimide
PLD Pulsed laser deposition
pn Positively/negatively doped
ppm Parts per million
Pt Platinum
PTE Periodic table of elements
PVD Physical vapor deposition
RCC Resin coated copper
RF Radio frequency
RFID Radio frequency identification
RoHS Restriction of hazardous substances
RPM Revolutions per minute
RT Room temperature
RTP Rapid thermal processing
R2R Role-to-role, reel-to-reel
SEM Scanning electron microscope
Sk Sulfur hexafluoride
Si Silicon
SiC Silicon carbide
Sim. Simulation
SiO, Silicon dioxide
SiP System in Package
Sn Tin
S Stannic tin
Srf? Stannous tin
(Sn) Tin with a small amount of gold
SOl Silicon on insulator
TAB Tape automated bonding
TFTC Thin film transistor circuits
Ti Titanium
TiW Titanium tungsten
Tmelt Melting temperature
TTV Total thickness variation
UBM Under bump metallization
uv Ultraviolet (radiation)
vol.% Volume percent
wt.% Weight percent
Zn Zinc
2D Two-dimensional

3D

Three-dimensional
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Appendix
Appendix A: Conventions

Gold/tin phases

In the literature there are many different wayseti@r to the gold/tin intermetallic system
and its compounds. Typical acronyms are Au/Sn, AuaB8d AuSn. In this thesis, the term
Au/Sn is used to refer to gold/tin alloys and AuiSmsed to refer to a stack composed of a
gold and tin layer. Finally, AuSn is used to ref@ithe intermetallic compound consisting of
50 at.% Au and 50 at.% Sn.

When looking at certain compositions of gold/tilogs, the multitude of descriptive terms
found in the literature is even greater. All of fielowing terms refer to the 80 wt.% gold-
rich eutectic composition: 80Au20Sn, Au80Sn20, 8@8$n, Au20Sn, Au-20Sn, 80/20 Au-
Sn. In this thesis, the term 80Au20Sn is used. Alfsnot otherwise specified, the numbers
before the chemical symbols refer to weight peregesd as opposed to volumetric or atomic
percentages.

Gold/tin eutectics

The gold/tin system has 2 eutectic points:

80 wt.% Au + 20 wt.% Sn (et = 280°C),
e 10 wt.% Au + 90 wt.% Sn (Fer = 218°C).

If not otherwise specified the termautectic refers to the gold-rich eutectic with
80 wt.% Au and a melting temperature of 280°C.

Soldering and bump reflow

When referring to the heating of the bumps of afividual chip to produce a solder cap
the termbump reflowis used. To describe the joining of a chip andswake after flip chip,
the termsolderingis used.

Bending direction and bending axis

The termbending directiorrefers to the direction in which the four edgesaathip move
during bending, whereas the teb@nding axigefers to the axis around which bending occurs
(or in other words: the center axis of the cylindleat the bent chip forms a part of). For
example in Figure 0.1 the chip is bent in the ection, the axis of bending, however, is the
y-axis.
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Figure 0.1: Definition of the termisending directiorandbending axisThe chip in this image is bent
around the y-axis or, in other words, it is benthe z-direction.

Convex and concave deformations

The termsconvexandconcavedescribe the direction of deformation as obsefuaa the
backside of the silicon chips. Convex deformatipmsh the silicon side bulging out) have a
negative bending angle, while concave deformati@we a positive bending angle.

Miller convention for crystallographic planes angtettions

In this thesis, the Miller notation described irble0.1 is used.

Table 0.1: Bracket types of the Miller conventised to identify specific directions or planes or
equivalent families thereof in crystals.

Bracket type Used to identify
[ a specific direction
<> a family of equivalent directions
() a specific plane
{} a family of equivalent planes
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Appendix B: Derivation of the trilateration formula

When comparing the bow of reflowed chips of congdiesoldered systems, the bending
radius is an objective means to quantitatively carepghe chip bows. Using trilateration the
bending radius of a cylindrically shaped sample lbardetermined from the coordinates of 3
points on a circle of the cylinder's surface. Thaordinates of the circle's center are
determined by trilateration and, using these cerderdinates, the radius is determined as the
distance between the center point and any of tle thoints of the circle. The coordinates of
the three known points of the circle are, &), (X2, z2), and (%, z3) and their distance d to the
circle center (M, M,) is:

R = d((Merz)' (xlizl)) = \/(Mx - xl)z + (MZ - Zl)z

= d((My, M), (x2,25)) = (My — x2)% + (M, — 2,)? (0.1)

= d((Mxl Mz): (X3,Z3)) = \/(Mx - X3)2 + (Mz - Z3)2 :

This yields two equations with the two unknowng &nd M

R =y (My—x)% + (M, — 21)% = | (My — x2) + (M, — 2,)? (0.2)

and

R =/ (My —x2)2 + (M, — 2,)% = (M, — x3)% + (M, — 23)?.. (0.3)
These equations can be simplified to

M _x12—2-MZ-21+le—x22+2-MZ~Zz—Zzz 04
o 2 (%1 —x3) 0.4)

and

M _xZZ_Z'MZ'Zz+222_x32+2‘MZ'23_232 05
* 2+ (xz — x3) . 0.5)

Equating these formulas yields the value for M

(xy — x3) + (12 + 22 —x2% — 232) — (%1 — x3) - (%% + 22 —x3% — 2372)
(2-23-2-2) (X1 —x2)+ (221 — 2+ 23) - (x2 — Xx3)

M, = (0.6)

Inserting this value for Min formula (0.5) yields a value for MFrom these values for
My and M, and the coordinates of one of the originally giyemnts the bending radius R can
be calculated using formula (0.1).
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Appendix C: Correction factor for bow measurementsn samples with a rotated
deformation cylinder

The initial optical bow measurement assumes thatling occurs around the y-axis. The
actual deformation cylinder is oriented at an anglelative to the y-axis in the original chip
plane. In Figure 0.2 the deduction of correctedardinates is shown for an example with
0 = 45°. Using these corrected x values in thetarktion formulas in Appendix B returns the
correct radius of curvature for the chip bow.

Cross section of Cylinder axis
deformation cylinder

Figure 0.2: Deduction of corrected x coordinatescilindrically deformed chips for correct bow
calculation. The diagram shows a cross sectionhef deformation cylinder with & = 45° angle
relative to the chip edges (which are parallel be tx and y axes). The assumed x coordinates of the
right and left point are -a and b. The x coordirmia the 45° rotated coordinate system x'-y' are
-a-cosg) and b-cogy).
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