IOP SClence jopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Low-cost bump bonding activities at CERN

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2010 JINST 5 C11008

(http://iopscience.iop.org/1748-0221/5/11/C11008)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 137.138.124.142
The article was downloaded on 11/07/2011 at 09:51

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1748-0221/5/11
http://iopscience.iop.org/1748-0221
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

’ inst PUBLISHED BY IOP PUBLISHING FORSISSA

REecEIVED: October 14, 2010
AccepPTED November 3, 2010
PuBLISHED: November 19, 2010

TorPICAL WORKSHOP ON ELECTRONICS FOR PARTICLE PHYSICS 2010,
20-24 SEPTEMBER 2010,
AACHEN, GERMANY

Low-cost bump bonding activities at CERN

S. Vahanen,! T. Tick and M. Campbell

CERN, PH-ESE
1211 Geneva 23, Switzerland

E-mail: Sami.vaehaenen@cern.ch

ABSTRACT. Conventional bumping processes used in the fabricatidiylofid pixel detectors for
High Energy Physics (HEP) experiments use electroplatingyhder Bump Metallization (UBM)
and solder bump deposition. This process is laborioushiesdime consuming photolithography
and can only be performed using whole wafers. Electrogjalias been found to be expensive
when used for the low volumes which are typical of HEP experita. In the low-cost bump
bonding development work, electroless deposition teagybf UBM is studied as an alternative
to the electroplating process in the bump size / pitch windeginning from 20um / 50 um.
Electroless UBM deposition used in combination with solalansfer techniques has the potential
to significantly lower the cost of wafer bumping without r@mg increased wafer volumes.

A test vehicle design of sensor and readout chip, having/ ddigins and Kelvin bump struc-
tures, was created to characterize the flip chip processelgtitroless UBM. Two batches of test
vehicle wafers were manufactured with different bump pathitigation. Batch #1 had AlSi(1%)
metallization, which is similar to the one used on sensoevgfand Batch #2 had AlSi(2%)Cu(1%)
metallization, which is very similar to the one used on readeafers. Electroless UBMs were de-
posited on both wafer batches. In addition, electroplatetdBM and SnPb solder bumps were
grown on the test sensor wafers. Test assemblies were mdlifedhip bonding the solder-bumped
test sensors against the test readout chips with electrblBs/s. Electrical yields and individual
joint resistances were measured from assemblies, andgbksrevere compared to a well known
reference technique based on electroplated solder bumysses on both chips. The electroless
UBMs deposited on AlSi(2%)Cu(1%) metallization showededbent electrical yields and small
tolerances in individual joint resistance. The resultsnfithe UBMs deposited on AlSi(1%) metal-
lization were non-uniform and closer inspection revealéctoncracks at aluminum — electroless
nickel interface. UBM deposition was also done for Timepiafers and solder ball placement
process was prototyped with 40n balls.
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1 Introduction

Bump bonding of pixel detectors has been shown to be the magirdriver for some of the LHC
vertex detectorsl, 2]. The bump bonding procedure comprises of depositing buongensor and
readout wafers, dicing of wafers and Flip Chip (FC) bondihghdividual dies. The conventional
flip chip bump used in a hybrid pixel detector consists of attebplated Under Bump Metalliza-
tion (UBM) and a solder alloy bump. The electroplating pssces laborious and has been found
to be expensive for low wafer bumping volumes, which is theeclor HEP experiments. Wafer
bumping costs could be reduced by using Electroless Niékg) fleposition technology for UBMs
in combination with advanced solder transfer techniques.

EN deposition technology enables various Flip Chip (FCeadsy scenarios, doesn't require
lithography and is a high-volume capable batch processidgnique. For these reasons the tech-
nology is cost-efficient and attractive. In the past, Eldess Nickel (EN) technology was quickly
adopted by the electronics industry without careful chiarézation. This led to failures and relia-
bility issues and to the poor reputation of electrolessnetdgy. However, during the last 10 years
many of the technical challenges have been underst8lpciid fully automated process equip-
ment lines allowing precise online control of the platingtistry have been developed. This has
contributed to improved quality, reproducibility and eddility of EN depositions.

Solder ball placement systems have become commonly aleadabing the last 5 years. Sol-
der ball placement technology is cost-effective becausesaimplicity and fully automatic op-
eration. At the moment the finest solder balls available HEygm diameter. The solder balls
have a very well controlled volume facilitating high yielsflip chip assembly. The novel solder
ball placement technologies aim at having a 100% bumpinigl yig controlling the quality with
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Figure 1. Process flow chart of ENIG/ENEPIG UBM deposition using deuincating process.

automated vision system before and after the solder tnari§teumping defects are recorded, the
solder bumps will be reworked. The optimization of the bumgpihroughput and quality requires
both individual solder ball placement and wafer-level m@aassfer techniques. Currently, mass
transfer is done with 6@um solder balls, but the technique is developing rapidly anfibieseen
to move to 40um in near future. The 4@Qum balls, which allow for a bumping pitch 6£100
um, could already be used in some HEP pixel detector systamh,as in outer tracking layers.
However, since this requires covering of large areas, theeiselated to the prevailing high FC
assembly costs has also to be solved.

In this work EN deposition of UBMs is studied as an alterrafior electroplating in fine pitch
wafer bumping processes. The yields and electrical priggeof EN UBMs are characterized on
test vehicle structures. In addition, solder ball placeiechnology with 4Qum bumps has been
demonstrated on Timepix chips with EN UBMs. Although thealepment of cost-effective FC as-
sembly techniques are also essential for low-cost bumpibgntihey are not included in this paper.

2 Electroless Nickel (EN) process description

The process flow of Electroless Nickel - Electroless Paliadi— Immersion Gold (ENEPIG)
and Electroless Nickel — Immersion Gold (ENIG) used in thisrkvare illustrated in figurd.
The process begins with a series of activation steps whiolribate to the surface pre-treatment
of Aluminium (Al). The first step is a cleaning cycle, in whiell organic contaminates and Si
residues are removed from the wafers. After the cleaning, $te native oxide of aluminium is
removed by an etching process to enable the growth of Zn isdhsequent zincating steps.

In the zincating process a thin layer of Zn is nucleated onals The zincating step is a
prerequisite for the autocatalytic deposition of Ni on AtlpaThe catalytic nucleation process of
Zn is based on an exchange reaction between the exposed W¢ evafers and the zinc complexes
in the zincating solution. In the double zincating procdss s used here, the first Zn layer is
stripped in nitric acid solution, which results a more umfioZn layer with a finer grain structure
in the second zincating stegd][ The fine-grained and uniform Zn layer has been found toltresu
in a more uniform Ni growth in the subsequent process stepsamo to increase the adhesion at
Al-Ni interface [B].



The deposition of Ni is started by dissolving Zn into the jpigtsolution and replacing it
with Ni. Once the surface of the Zn layer has been completeler®d by Ni, the autocatalytic
plating reaction of Ni begins. The growth of Ni is isotropamd this has to be taken into account
in the design of bump structures. The deposited Ni folloves ghirface of the passivation very
closely, but does not adhere to it. The mechanical contaoeeted only to the Al pad and not to
the passivation.

Immediately after the plating of Ni, either a thin layer oldj¢Au), or palladium (Pd) followed
by Au, is deposited onto the Ni to protect it from oxidatiorh€elplating reaction in immersion Au
process is a self-limiting exchange reaction and typiaasults a gold layer with a thickness of 50
nm - 100 nm. The optional Pd layer is complementary to immargold and it helps to maintain
the solderability of the UBM after long or multiple heatingctes. The Pd layer also hinders the
formation of the Inter Metallic Compounds (IMC) betweenaimd nickel.

3 Solder ball placement technologies

Individual solder ball placement systems have been degdldmm gold wire bonding systems
using the precision placement capabilities of the equigniEmese systems place preformed solder
spheres on the bump pads one by one. Typically, the indiViduap placement systems can
achieve a rate of the order 10 bumps a second. This is ecoabfoiovafers with low number of
I/Os (< 200,000) or eventually for single chip area arrays. If a bighumber of 1/0Os are used,
the individual solder ball placement process ceases to tieoetical. The conventional systems
make a contact to the wafer, while transferring the solderffrom the nozzle to solderable UBM.
However, new contact-free methods have been emerginggiinériast years. Pac Tech’s advanced
solder placement tool SB2 has a nozzle with a high-power.|&m#der spheres are injected to the
nozzle one by one and they are instantly melted by the lasireim ambient and “spit” on the
chips. This technique is well adapted for chips and wafeth solderable UBM like ENIG. This
technology is especially interesting in single chip bungpdfireadout chips made in MPW runs. If
EN is deposited on I/O pads, solder could be easily depositetie chips.

The most powerful solder ball placement technique is thesrtramsfer method in which all
the solder balls are moved on wafer with UBMs in one step. RRab has introduced the so-called
Gang Ball Placement (GBP) technology, which seems to be btteeanost promising low-cost
bumping solutions currently available. In GBP a stencitigsi used in combination with vacuum
on the arm side to hold the wafer-level array of solder baltsta compress them against the UBM
pads. The stencil is a replica of the 1/0 matrix of the wafebéobumped. The solder balls are
picked up from a platter using a vacuum which is applied etk stencil plate. The balls fill all
the holes and an ultrasonic vibration pulse is subjectetid&es off the excess balls. An automated
vision system scans through the stencil grid to analyze tlmeping quality. If “pass” signal is
given by the vision system, the solder balls will be transf@ron the UBM pads over the whole
wafer. If there are too many defects (missing bumps & soldérdiusters) in the stencil, all solder
balls are dropped and reloaded. In addition, the indivicoéder ball placement machines can be
used to rework single bump defects after the mass transf@lettroplating processes the control
of the bumping quality cannot be done at this level, and fhezesolder transfer processes are
expected to have better yields.



4 Experimental procedures

4.1 Test vehicle description

A test vehicle was designed for characterization of thetetad properties and yields of the elec-
troless UBMs. The vehicle consists of a test sensor chip aedtaeadout chip, each of which
have 21 000 solder bumps. The bump matrix is divided to areétsanpitch of 110um and 55

pm, both having a bump pad size of pn. When FC bonded together the test sensor and readout
chips form a test vehicle with 32 daisy chain structures ardKelvin bump test structures, KB-1
and KB-2. The daisy chains have lengths of 512 (26 chaing),(Z&hains) and 2048 (3 chains)
solder joints. The test structures are wired to a row of ppdms for electrical measurements. The
daisy chain structures are used for gathering statistidatrnation about the electrical yields of
the solder joints after the flip chip process and the Kelvindtires are used to measure electrical
properties of individual solder joints.

4.2 Test vehicle wafers

Two mask sets were created for processing test sensor aneéddsut wafers. Both wafer types
contained 44 chips on 150 mm wafers. Two batches of test svafere processed, both including
sensor and readout wafers. Batch #1 had AlSi(1%) wiringrlayetallization, which is similar to
the one on the pixel sensor wafers used at CERN. Batch #2 I&i{PAb)Cu(1%) wiring metalliza-
tion, which is similar to the one used on pixel readout wafdiise 8” IBM CMOS wafers which
are used at CERN have AISi(1%)Cu(0.5%) as topmost metal. edery due to the unavailability
of a sputtering target of that particular alloy, AlSi(2%)C%) metal was used instead. In total,
24 Batch #1 and 17 Batch #2 wafers were processed by the ah®fTT Micronova facility in
Espoo, Finland.

Both wafer batches went through an electroless UBM depuwsjirocess at Pac Tech, Ger-
many. 12 wafers from Batch #1 were run through an ENIG proaedsl3 wafers from Batch #2
were processed with ENEPIG. The target UBM thicknesses @&/gm and 4um for the ENEPIG
and ENIG processes, respectively. In addition to the EN UBgsosited on wafers from Batch
#1 and Batch #2, tin-lead solder bumps with nickel UBMs wéeeteoplated on five wafers (with-
out EN) from Batch #1with VTT’s standard process. The usedping technology has been well
characterized and it is known to have good FC yields. Thesdfavas chosen as a solder bump
deposition technology and as a reference technology.

4.3 Assembly procedures

All the wafers were then diced and the chips were visuallpéased prior to flip chip assembly.
Only the chips with flawless bumping quality were chosen fGrdssembly. Test assemblies were
constructed by tack bonding test sensor chips with eleletieg solder bumps against test readout
chips with electroless UBM pads. Two sets of assemblies wade using test readout chips from
Batch #1 (8 assemblies) and Batch #2 (16 assemblies). &neferassemblies were constructed
similarly by tack bonding test sensor chips with electrtgadasolder bumps against test readout
chips with electroplated thin solder bumps. SET FC150 flip tlonder was used in all the assem-
blies. The tack bonding sequence was followed by a colle@ssembly reflow process in formic
acid ambient at 230C.



Table 1. Results from Daisy Chain (DS) with different solder strues.

Short DS Medium DS Long DS
FC process #|Chips #| OK All OK All OK All Yield
Reference 8 208 208 16 16 24 24 100.0%
1st batch 8 91 208 7 16 16 24 50.5%
2nd batch 16 413 416 31 32 48 48 99.3%
16% - 18% —
& 1sthatch-KB1 - 8 samples
149 | 16% -+ = & Reference KB-L 7 samples
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Figure2. Distribution of single joint resistances for A) batch #3,lEtch #2 and reference assemblies.

5 Resultsand discussions

After the electroless deposition of UBM pads on the test veafthe deposition yield and quality
were visually estimated. Only very few visually observatddects were seen on the wafers and
the yields were estimated to be better than 99.9% for botbhbat The typical defects were
EN growing from cracks in the passivation layer and missirgMJpads. As the EN process
is maskless, the metal will grow from all the pinholes andcksathat reveal the underlying Al.
Therefore, moving from electroplating to electroless d#mm will require wafers with very good
quality passivation. The passivation layer on the senséersaurrently used in some CERN pixel
detectors has been observed to contain pinholes and thirs naigfulfil these requirements.

The daisy chains and Kelvin structures were measured frenteit assemblies with a probe
station and an Agilent 34970A data acquisition unit. If terage resistance of a single joint in
a chain exceeded @, the chain and all the joints in it, were classified as nonfional. This
is a very stringent rating policy considering that the skestridaisy chains have 512 joints. The
results of the daisy chain measurements are summarizelol@itand the results of joint resistance
measurements from Kelvin bump structures are plotted inrdigy@A and B. It should be noted
that the measured values of joint resistance, especialty the reference samples, are close or
even below of the measurement equipment’s capabilitiesshodld therefore be considered as
indicative values.

As expected, the reference technology using electroptatddad solder bumps had a perfect
yield and a very low solder joint resistance of feWdmThe test assemblies from Batch #2 also
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Figure 3. A) AlSi(1%)-ENEPIG interface, and B) AlSi(2%)Cu(1%)-E@linterface.

30pm EHT = 5.00kV Signal A = SE2 Date 110 Aug 2010 EHT = 500 kV Signal A = SE2 Date :10 Aug 2010
WD= 6&mm Photo No. = 898 Time :16:01:23 7 mm Photo No. = 902 Time :16:22:42

T T B e P e e I o O T TR 7 O

Figure4. A) 40 um solder bumps deposited at ENEPIG UBM pads with uh®pitch. B) Close-up of an
individual solder bump.

showed good results, with yield of 99.3% and a mean jointstasce of~20 mQ. However,
the assemblies from Batch #1 measured poor yields and ieariaf many decades in the joint
resistances, as can be seen from fidike

To understand the reason behind the variation of soldet jesistances in the assemblies
from Batch #1, cross-sectional samples were made of assanitldm both batches and studied
with Scanning Electron Microscopy (SEM). Cracks shown imfigg3a were found frequently in
between Al and Ni layers in assemblies from Batch #1. Beditkegracks, Al layer was strongly
etched and the Al - Ni interface was rough. In the samples foatch #2 (figure3b) the Al-Ni
interface was significantly smoother, there was less ejcbinaluminum and most importantly
there were no signs of cracking. The cracks at Al-Ni intexfae a very logical explanation for the
high joint resistance values measured from batch #1 asgsnbl

It has been previously reported that small amounts of Cu lmofd pad metallization improves
the electroless plating quality8]. This effect can also be clearly seen in the results here. By
alloying 1 % of copper in the Al pad metallization in batch #&fers, the deposition quality of EN
was significantly improved.



Pac Tech’s SBsolder ball jetting system was demonstrated on Timepixchgving ENEPIG
UBM pads (figured). The UBMs were grown at 11Am pitch using a protective photoresist layer
to mask every second pixel row and column, anqué®solder balls were jetted on 16 k I/O pads.
80 missing bumps were counted on the first prototyping samtiich equals to 99.5% yield. With
increasing number of samples, the process will become naimmiaed and the bumping yield is
expected to improve respectively. Shear strength tests dare for 30 individual solder bumps at
Pac Tech and the average shear strength of 8 g/bump was meastich is good. The individual
solder ball deposition tests will continue soon with bungpaf single Timepix chips and they are
followed by the flip chip bonding.

6 Conclusions

Deposition of EN UBM structures was done on two sets of tegersawith different bump pad
metallization to characterize the process. Chips withtedptated solder bump structures were
FC assembled against chips with the EN UBMs and the testtstagcin the assemblies were
electrically characterized. The results indicate thatdheying of Cu in Al pad metallization
significantly improves EN UBM deposition quality. The Al3%)Cu(1%) metallization used in the
Batch #2 test wafers is very similar to the topmost metal erlBM CMOS wafers used at CERN.
Therefore, the electroless UBM technology has potentiddeaised as a low-cost alternative for
electroplated UBMs on readout wafers. Further developrisergeded to optimize the process also
for AlSi(1%) metallization that is commonly used in sensafevs. Furthermore, in order to fully
realize the cost saving potential of the EN UBM depositiachtelogy, low cost solder bumping
processes, such as solder ball placement methods, needé¢wddeped for the bump pitch window
of 50-100um. Individual solder ball placement tests were succegstidmonstrated on a single
Timepix chip using 4Qum balls and 11Qum pitch.
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