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New reliability challenges for 3D 1inte

Sandrine Lhosti4, Bassel Ayoub?3 Stéphane MoreduPatrick LamontagrieHélene
Frémont
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2IMS Laboratory: University of Bordeaux, UMR 5218, 33405 Talence, France
3CEA-Leti: Univ. Grenoble Alpes,-B8000 Grenoble, France

*sandrine.|l hostis@st.com

Improving efficiency and performance is the main driver for microelectronic applications. The new trend
named beyond Mooreds | aw refers to the emergence o
[1]. 3D stacking is definitely an enabler fonmarchitectures and packaging. During the last ten years, many
demonstrations were done showing that stacking dies of different technologies enable new functionalities for
optical sensor, memories and CPU devices][2Increasing the interconnect number keducing the
interconnection pitch between top and bottom tiers is key to get faster devices. Hybrid bonding, based on
oxide-to-oxide and metato-metal direct bonding between the reported tiers, is a path for one of the most
scalable integrations. Weemnterested here in the robustness of the hybrid bonding level when decreasing

the interconnection pitch below submicrometric dimensions. The different features for reliability
requirements are reviewed and discussed towards standardEBd¢hkf-Line interconnects robustness.

Many integration flows have been developed for hybrid bonding stacking. The most critical integration
scheme in terms of potential metal diffusion is based on a hybrid bonding interface made of silicon oxide and
copper. We have dewsded a specific integration that is immune to copper diffusion into the faced oxide.
This interface stability is assessed towards potential atomic and ionic diffusion [4]. The integrity of the hybrid
bonding interface towards Cu diffusion is confirmed legidated Time Dependent Dielectric Breakdown
studies through a novel test method. A different dependence betweetofiailere and electrical field is
observed for the Cu/Sihybrid bonding configuration than for standard BEOL interconnects [5]. Another
potential concern for a device is the repetitive thermomechanical stresses that could lead to interface
delamination in the case of hybrid bonding integration. With pitch reduction, higher stress is expected at the
bonding level due to the reduced spadiegween the pads. This point is assessed by Thermal Cycling tests
for pitch reduction [6]. Stress induced Voiding (SiV) may also be a concern. This failure mechanism is driven
by the grain microstructure. In our developed integration, reducing the bopéduhgize leads to the
modification of the copper microstructure from polycrystalline to-green-dominant feature [7]. However,

no modification of the robustness to SiV is identified even for bonding pad width reduced to 300nm [8].
Reliability under eleton flow and thermal stress is performed through electromigration tests. Previous
studies on large interconnect pitch have shown that the hybrid bonding level behaves as a standard BEOL
level with failure occurring in the feeding lines. With sulicron pal width reduction, a modification in the

failure mechanism is identified. The extracted lifetime is still in line with the specifications [9].

In-depth studies on the Cu/Si@ybrid bonding level indicate that this specific integration is robust to
standad failure mechanisms for wafdp-wafer interconnect pitch down to 710nm and pad width of 300 nm.
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wire |l ength. We conclude |lbyniagmalty @inngnt hevtiemgantn ecft
that it cannot be negrloebcutsetdn easnsy vleornigfeirc aitni oom.gr ati on
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FinFETS: Sktesemegfandcal stress

l ngri d!ffe Woaldii mtr Cher man
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The i mpact of mechanical stress (MS) on mobility in
described in 1954 [1]. In 1991 first publications a
[2,3]. MS was -ahhawrert a egfrfaedcatt ihoont, which is directly
the advermtchobl 8Fcenhurtlge 2here came a#d nidicreaasitmres
affects the nearby transi-cutodzs@anreaondidc ahiendSvhewheed
should be placedadli, g . amdl spackagi ng induced mechat
rai sed concerns [ 6] . Phhickagas i neéeacedon o( @RI )dbdc. hi
reseras che i mec studied the interaction between mec
sensitivity, or -8singhitdhetmalak preasemtss [8n overview
To study the impact of TSVwi tolm trEdssi dtedi £ apleadceddsa
from the TSV were used. Thoius abhewedtt ovadetf @eumidn e ht
factors proposed by Smith [1] could not beesussed f ol
i mpact due to TSVs could be described typergibamess
sensitive to methwpae cthi stressot htahepcase for FinFE
Whil e all these stiwvpli ®&mse intinexad | ytHiocgsedst ioomn r ai se
stress. This was studpeidnucomlyi-saiatinia meol i enddttermit deanl sperto b |
experiments showed a cl ear i mpacndiocfatveedr ttihcaatl nsanroeis
produced | lmnteh -aprl apet stress, and in these experi mert
calibrate the stress. A nice solution to this was o
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Recent devel opmentfrayi mi trasesmpyg sriednd MMrt daymmdc okmpguht e r
tomogr apX@T) nra@mlboe ui st udi es of microcrack evolution
fully integfHatned (BeEwkKendisntoefr clo@snecposdiacksol[ df i oMe

nondestructive 3D imaging and a miniaturized micron
Cu/tkowtacks and to determine | ocal -medhamainoalcapreope
I n this study, twovemhndatbliezednIBi)k awreged Bedm ampei e
a |l aboratory TXM (photsdn uenmdrcgy c& akcekV)o pteon isntgu dayndi mpr
k BEoL stack of a im clIrdocrhm pCM@S utfeacchhrualeaddgy node [ 2] .
testers, image analysis procedures were developed a
tip was det-20thhmedefoonsubby extendiog tbesmahbsdicmi

Dur i g tDICdB miesrto at the -miheasampked shrpdgeometry o
i maged with about 100 nm resolution atapspelvyeirmd Iliomnea
el ast i cmefcrhamti wcrse &Bred ntolud | Eu-laeérA mwmddeélo deter mi ne t he
rel e
was

D S

asd oratce aGk pr-bpGgrami oegiionsudf a BEoL stack qu
experimentally detenminedianstbé& ¢thackwafiep:fon

the metallic guard ring (GRR ishntreccamrereandsti ackh hel P
GR structures significantly dfmecr easad ktolpe cpraigtair cal ta
val ues in patterned surrounding regions, cvaaldu eist i s
measured for the respective unpatterned dielectric

The determination of Imact eelr i md sh aarsi cdaels cpri dpeedr tiine st hoi f
prodesdsuced materials changes and it provides a path
interconnect stack materials of advanced nt @s cofhec
structures provide valuable information to control
guard ring structures to ensure the reguested mecha
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| ndent antdiucred del ami nati on and adhesi
vated temperature in industrial
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Film adhesion is critical to the performance of se
fracture nearly always |l eading to device failure. F
order to induce stresses to cauwlsepdalce@memad-t iberm.avA oc
indicates a critical stress to causeeventsfarceé alfodmr
a proportionale rcerliattiicoanls hligpadvirtensulht s of the more coc
converting critical forces from the two methods. Naj
that provides a s-tabl eommen tuadisf ofmcmmbie hcer oad ¢ Wi ng of
throughout the temperature range of expected device
The del aminated region that occurs after the unload
the original sur fdaecde,ovaesr tthhee fsidbns tirsatseu.s pTehni s r egi o
optical imaging of the regiaonnd, tahned aao rrtepadcithuesr andfit wded e
information, combi nik,d awidt hiotdue tufesiolmn sifleamnmdme sis hanoi nd
tests at forces | ower than result in delamiGnati on,
through the following equation.

[ 1]

Fi gurOptl.c al i mage ndafceidndentaantdiedarcioppeof i polyi mice f
determination of contact r°@di (1BO;am(B0)de2llsbmi nated r ad
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Pi ezoresi stive CharChatnebeltstrintisn eodf WQS
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The mechani cradl sttadk sciangas nitm alnlsé s¢clohasaaataenuif Qtcit ws e
node of the fully depleted silicon on i nsul ator (
experiment al indentation designs. Precisely, NAND a
strcaaunmsbhdrged carriers mobility changes in the sild@i
for strained silicon are then <calculated from the
drical [2] tip geoamdtouimes baesn dwe(l4lP Bas efxopre rci omepnat
ical tips, cylindrical indentation tips as wel
trains more selectively into na aslpedceitfaiicl ss paaptpira
i cal Finite El ement Met hod ( FEM) simul ations
ionally, FEM studies are conducted to compute
i storumdtainore | of asomt dct | oad as well as chip at
tions of the RO circuits subjected to these

drical indentation (dengveéetdebVi REM)I| zad spgiteDdr
ed to determine the directional piezoresistive

ocoQa~*+r>SoOn
<o~ Qac 5o
O —<wopozaz
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FigurFEML.computed normal stress tensor components it
cylindrical indentation experiments.
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ncreased
as hybrid
c r o preceszmof dbtaining nanascale trench patieens densely filled withKHow

el ectriTechnod Imeslynfdeesr s eamnidd en ¢
Structur e,

dielectrics between conducting units has been challenging as the feature sizes become smaller. One of the
main challenges is the undesired formation of low density regions in thle disledric material filled inside
the gap which complicates the proper scalability oflothelectric materials, as well as leading to poor device
reliability.

Using molecular dynamics simulations, we work to develop computational modeling strategies where we
explore the way different hybrid OSG precursors pack under nanoscale confinement and interact with the
trench material to understand the role of precursor structure anetr®%¢h interaction on the formation of

low density. This will ultimately guide expenental efforts in terms of precursor selection to achieve
controlled density to enhance mechanical reliability. Our simulation results shoWwythextonnecte@nd
cyclic1,3,5benzene precursor molecules pack more homogeneously under nanoscale cahfinerpared
to precursors such as conventionally connectedE&E (ethylene bridged) moleculefid. 1). We
demonstrate that the more homogenous distribution and better crosslinking abilities of hyperconneeted 1,3,5
benzene precursors under confinementetiogr lead to the formation of more uniform filling and better
connectivity of the hybrid material formed inside the feature; thereby yielding improved elastic and fracture
properties compared to the hybrid OSG derived from precursors such asQSEndecule.
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Solpihdase bonding process using nanost
Vi cesutioomot i ve

Hi roshi ™i shi kawa
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11 Mi hogaoka-QOMUGBaOahkhka, 5apa
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Wi de bandgap (WBG) semiconductors, such as SiC and
forbased semiconductors because they have high powe
vol tage. These WBG semiendd duattortse mpeaemr adpereast ea beofvfei ¢
the conventional silicon (Si) device, the Si C devic
operating temperatur e, which contributesutesmi Abat L
assembl e t heset enpercaetsy r et hbeo nhdiignhg process as a die
t echnoTlhoegnhhes EU ROHS directive cdrmadmtlay néxngmptod dteh e
P Sn abhdSPbsol derns ci mp aeclkeaqgti ng . However, there is n
l ast. A strong dri-fvreed hallst erxn asttisv eso fforndt hheeaSli C pov
metallic nanoparticles such ast hAgi ranhdi Chu rhealvtei roge etne r
superior electrical and thermal conductivities [ 1,
substances. During the bonding process, resi dual or
|l arge voids drayedmse inmntolpearjtaicite paste has some pro
probl ems, we hawvset apreo pboosneddi na Poloickdss without sol v
nanostructured surifldce n[t3]o.dulcre tnheiws atpglrko,aclh on di e
using the met al sheet with nanostructured surface.
sheets in deall opbegsfdll madopompoesNdo emdgi npgr o(chePsB). f
experimental test results such as joint strength an
For example, nanoporous Cu (i®Cprebeeserwsheefabwit

11i@20m.e NP sheet was prepared wusing the deall oyin
di ssolution of Mn into 4C% piyecwrchdror i XREcp at tferoms t
and tdleemldsooyed NPC sheet arethreowmnrifracki gnorlp(ha)l .o ghuro
(l'igament size = 132 nm) fabricated by deall oying a

(a) m Cu # (Cu,y-Mn)

NPC
Precursor .'\ }
30 40 50

26 (Degree)

Intensity (a.u.)

T i
60 70 80

Figur(ema)l XRD papgneacuwrss orf-detheetoymdd N#L sheet. (b) SE
struct hedesaa®l fl oyed NPC sheet .
Ref erences

E Acdtea eMaz2#&lp553a 238 5 .

H Ni shh &k aQyre retSwarl f.3 2® 133ci6®nce Journal

M. S. Kim et al ., Mater. Sci . Eng. A 2015, 645,
E

]
|
] rli ebbat®p@4elt0 450,

awwp

19



T10

Hybrid bond and nanowired bump techno
nect formation on wafer | eve
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This study starts wi tphi tacnh oivretrevriceom rodc td i tf & celrreanlt o d il ens
(Cu pillar wi-igusdadl dert ecap f fausliioh bondi-cngmp raengds ipaum e
and ultrasonihybandi rbg,n dGbuwggp ) a Thhwisrered echnol ogi es
packages with high |1 /O number and especial for het el
fields are conspmefoemaocoteociomput hngh armttiafgiesi alndi n
di sadvantages of these interconnect technologies a
demand in chiplet integration is a combination of
bonding on oneegonteeposbangebBi ¢éh B current process
The result chapter of this study is an overview of
hybrid bond pads and nanowired bumps. Both are exc
beween 3 Om.aNdn2a@ires used for nmheamamdddhgdipamees:
Hy brid bond processing r-rereqauh a reisc ad  dod maafredeiierz gadt i ccbi annyi
technol ogy -(wafeasbopnfli dgi aadi csur f Weer@aport on bon
wa ftewaf er -awdf di e as well as detailed microstructur
Backs-baffeacti on, EBSD) characterization wirebde bor
bump processing has sever al simplifications against
alternative process for the removal of the-t@u seed
die bonding reduwlrtos t[rac,t uase wefl It haes nmamnowi red bumps
resolution TEM results of the Cu nanowired intercon

S SO

a) Hybrid bond interconnect (g4pm top paddgBSD map b) Nanowirednterconnect (g25um top bumipSEM image

Fig. 1 Exemplary images of the microstructure of the hybrid bond interconnect (a) and nanowired interconnect (b)
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nge Memory -vel at ivleeg ymemaormji st mgt niash bei n
companies or a wi de rcalnagses onfenreeoyropyl,yi cic@d mputsi n(gs,t om aw
computing, eNVM for microcontrollers ¢é&). -8Bl,eng Phas
phase diagram offers asersicihncvlaurdd énigy itehfe omidhe estdbs n &«
and GeTe. At STMi cr-nied RSB oali sy a( @@WT )Gehas been ¢

Phase Cha
f

crystallization temperature above 350AC [1] for add
hgh operating temperatures are required.
During the | ast years we have investigated the cr

usinrgayX di ffraction as a function of tempeéematsine du
under nitrogen atmosphere [ 2, 3, 5] on the DiffAbs b

beam is monochromatic (18 keV) and the incidence is
pattern and i s cortroecytieed danad liDntdeigfrfartaecdt i[odn] patt ern
fitted with an analytical function that allows extr
of the Bragg peaks. These par amettarcs alnldow hfeo It lhewimt
behavior [2,3] of thin films as a fundbDonmdf wmat o
of surrounding |l ayers ¢é I n addition, we wi || show
synethowoaxXxs, patterned and metallized structures clo
obtained ifm omhtsausthi gati ons bear i mportant conseque
crystallization process in memory cells.
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e advent of evolutionary devel ofmerttualy lwiasl dgy eidn
ct t haitt obgiedlhoegri swist h arielittaddti $ heand aen dicmeerts cal |
rm. Modern morphol ogi cal research (see e.g. [ 1])
d i rdisciplin
e and mat e
i mpl ement

ion principl

rmadles sci ence. It provides a ne
bi ol ogical principles into archi e
natur al formeal | of paromcmkearcst he
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Galvanic isolated couplers are commonly wused in inc
ground potenti al di fferences and to protect the wuse
gal vanic insul at iguwarodn tceceudp | ;ewesr htalse twp edreat i ng | i f e
such equi pment is a challenging task because, for
appliance (e.g. a | aptop computer) h ats alos owi tt thes t R\WN
(pulse width modul ation) recurring peak voltages r
due to power grid instadilmetpnanidmesrgeangeudtsed dqude 2
out si de t heoweomeg.r iTdhedsiestpur bances can rAeCacshi dsee voefr atlh
power converter. To guarantee the robustness of suc
houses such as the VDE, TUEV oar tWle. bTalsd sc eorft isfeiveea tail
as the I EC 60664 (Il nsulation-vobodoardenastyisoemsodr e&GCi |
requirements for audi o/ video, information 4@dd comm
(safetemepaggei for magnetic/ capacitance couplers). Ac
running below 30kHz can be <certified via voltage t
thickness has to be increased by a factor of two at
The typical | C coupler design solution consists of
secondary side [1]. Eacfthr a&rhd pp d &d Ipd awietdh iom & tmo lodvend
voltage capabl e te ains fplramead oan carmpecdrt anoct h of t hese
bet ween the primary and secondary sidesvirEkeveantdec
top winding/electrode of the transhermérirté&kapasci bane
paddles and within the transformer/ capacitance mus
typical Si 02 isolation thickness in the transfor mer
running lzel olvhme3 &k H s -fail slod aalpave stitte ct rEansf or mer/ cap
mol d compound above the chip passivation. This can
To increase the power efficiency, the PWM swisehéengl
hundred kHz in recent year s, thanks to the-introdtdt
mentioned standards already rdquimesfohiak&00kknl BW
an 30kHz applisatriegqui r@ldetihercknkeiss increase is jus
material test structur-@8k¥)rasdetdi gbhi hgehbughcyol(88ag
very |l ong periods of ti mei.melhebptelsarldts hinglh cwadlet a4 da
by the Si 02 within the transformer/ capacitance whil
compound on top of the chip. Thetiem@eadcmeallsy fiumda e
i ncsrienag frequency, suggesting therefore that a thicl
is not needed. For both the SfiiO2] danadan hlze mbe tde craimmp e
the main degradati onbmechdhi smpreseot ae¢vem widsl pro
results and possible degradation model s.
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Thin fiiolnmblaitt eries with high energy capacity and cy
such as sensors usedohseria wheelnaeregeeof obpphioagti

serve as high capacity anodes, wacnadn sfearveappmsl iac ahtiigot
cathode. The high Li capacity of -8BD06&e tnima teeadia atl os

mechanical fail ur esianud npeoacsru rceyncelna bsi Isihtoyw tlhnat compr
order 1 GPa develop in Si and Ge (i gundémpnt pll]Yy.d
with |low tensil®amsd ressesguWanti ndyeltihtehi2ati on cycl es

compressive stress during Ilithiation (Fig. 1(b), [ 2
i Rug il ms, this behavior was shown to be assepciated
and the underlying current coll ector (Fig. 3(c), [
controlled by the ondtochread i homl eosf,zfslqdueaﬂmng]ssabsleqoénﬂ
these wide channel cracks reversibly closed and ope

=
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(b) —cycle1
cycle2 1.0 ——cycie2

i

05
06 0.0

—— 100 nm Si

e

— 90nm Ge

| LiRuO,
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x of Li Si or Li Ge Vel Capmcty WA Vort )
Figumg@ MNominal stress measured in siituanddurdendg illinshi
(b) af iIRum f{c) mRupPatterned with an array of notcheq
square isianduabesfegRe@t cycling causes the channel
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Eventdipt e advanced studies of the transport and r ea
by essentially homogeneous treatment of the system
mol ecul esl)i nwelarh kenloeecttircdsd e(mBeut loerr Taf el equations) or
treatment of the sysdtemudt mrce u)d, nlguti twi trleaada gni mploe
only and simple Fickian diffusion).

Two examples willteipgkeunstanbtatbaemptw Mmor the descrip
electrochemical systems. The first example concerns
ions transport, a problem of acddnadanrerndtad g tnrpwattwarne
for understanding and minimizing corrosion of reba
influence of the material és porosity and its 3D m
Nav-iSeaw& and mass balance equations are solved in tfF
compared with simplified simulations which assume ¢
(porosity, tortuosity asnd ocnopn setxr incotripvhiotlyo)gyaccount in

mm
x10?

3.8
Ia.a
3.4
32

3

28

(a) (b)
F gunMea)l1 3D hierarchical concrete structure; -(b) Chl
section).

Concluding, the indmMiwemceacourmabearitabaspoanoin real
and processes eiogmegrresdmtred . heThe amspompui sdtiaadmoagIf ap
measurements. The XCT results are analysed and usin
is performed which is used for 3D@awmesh gbparati domnse
el ement method simulations using COMSOL Multiphysic
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