Chip to wafer direct bonding technologies for highdensity 3D integration

L. Sanche?, L. Bally'?, B. MontmayeuP, F. FournéP, J. Dafonsecd, E. Augendr, L. Di Cioccid®, V. Carroi?,
T. Signamarchef®, R. Taibf?, S. Mermo?, G. Lecarpentié?
CEA, Leti, MINATEC Campus, 17 rue des Martyrs, 38@5renoble, Cedex 9, France (1)
STMicroelectronics, 850 Rue Jean Monnet, 38926l€sdedex, France (2)
SET, 131 imp. Barteudet, 74490 St Jeoire, France (3

Abstract

We demonstrate chip to wafer assembly based onealig
Cu-Cu direct bonding. A collective die surface gaation
for direct bonding has implemented to develop diesct
bonding, defect free. An accurate pick and placaipegent
was adapted to ensure a particle free environnisiter a
damascene-like surface preparation, chips were dzbmdth
less than 1um misalignment. 400°C bonded daisynshan
die to wafer structure are perfectly ohmic. Conently, to
overcome speed limitation of pick and place techeja self -
assembly technique chip is developed. This teclenigipased
on capillary effect for self alignment and direatniding for
assembly. A less than 1 um alignment accuracy a9@d per
cent self assembly process yield are obtained.

Introduction:

Chip-to-Wafer technologies are promising solutidos
high density 3D integration application to overcortie
limitation of Wafer-to-Wafer in term of staking Yie
alignment accuracy and reproducibility along thefens
Direct Cu bonding was developed at Leti to enablesitu
Chip/Wafer electrical interconnection at ambientaid low
temperature and it is one of the most promising@gghes for
3D integrated circuits [1]. This process has redcaenaturity
and a promising reliability for wafer-to-wafer aruthip-to-
wafer stacking [2-3-4]. We present here the reeertinces in
chip to wafer structures made by a combinationiadad Cu
bonding and high alignment accuracy pick and placeess.
For the first time a collective dice treatment direct bonding
is presented. Furthermore, the first electricat tas a high
density daisy chain made by chip-to-wafer technie®gs
reported on this paper. Nevertheless accurate guick place
technologies remain speed
limitation of accurate pick and place differentheitjues have
been proposed. The self-alignment by capillary otffe the
most advanced one [5-6-7]. In the last part recestlts on
self-assembly based on capillary effect and dibectding are
reported.

Die collective treatment and pick and place develapents
for direct bonding

For direct bonding technologies, extremely low scef
contamination is required to ensure the perfectityuaf the
bonding interfaces. It is the most critical poiat flice direct

bonding because dicing and dice handling steps dcoul

limited. To overcome &pee

Fig.1: Dice holder

For this study, one centimeter square silicon claps
bonded on 200 mm silicon wafer. A thermal 200 nagtens
silicon dioxide layer is grown on die chip and wafgice and
wafer surfaces were subjected to a combinatiomeaitinents
to remove particles and to enhance the surfaceophdicity.
Automatic particles counting by optical
observations show that more than 90% of particles a
removed by the collective cleaning for particleeskzigher
than 5um (Fig.2).
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Fig. 2: particles removal efficiency for particlees higher

generate high particles contamination. To optitiizesurface  than 5pm.

cleaning, we have developed a dice holder compatiith
industrial 200 mm / 300 mm microelectronic cleantogls

(Fig 1).

microscope



The removal of particles of less than 5um is euaftidy
Scanning Acoustic Microscopy (SAM) observation tiet
bonding interface. For this technic of characegion, the
radius of the smallest detectable unbonded aredadsit 50-
100 um. Such defect radius matches with a parizke 16 or
10" times smaller [8]. Furthermore, in the case ohermal
silicon-dioxide direct bonding, the bonding defeityi at
room temperature could be explained only by pasicl
contamination [8].Fig. 3 is a SAM observation of the
structure obtained for a collective bonding at room
temperature just after the collective dies cleanidgre, the =
host wafer is directly reported on chips loadedtaholder. ) ] ] . . ]

The collective direct bonding is induced by thengsof a low Fig. 4: illustration of the microenvironment realttb_y t_he
strength uniformly distributed on the host wafetadk areas SET Company on the FC300 equipment to limit the
match with bonded areas. 100% of dies are bonddcB@pe Particulate contamination on the wafer during thepdo-

of dies are bonded without bonding defects. ThisMSA Wafer bonding.

observation demonstrates the excellent bondingtyual the

chip to wafer interface and confirm the high efficty of the The efficiency of the FC300 microenvironment is
collective cleaning. Compared with the manual pssc@ies evaluated by automatic surface inspection on anwafevafer
are handmade cleaned and bonded one by one), ltaetive ~ Was placed on the equipment during one hour (thenrtiene
process allows to significantly decrease bondirfgate at the to place 60 dies on a wafer) firstly without rolsothovement

chip to wafer bonding interface (Fig.3). then with robotic movements (arm, optic module &hdck
movements). For each case, the particles contaminat
s si remains relatively low and it should not introdwadditional
- defectivity on chips bonding interfaces (Fig 5).
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e Fig. 5: Automatic surface inspection on a 200 micci
wafer after a wait of 1h on the FC300 equipmenheit/with
Fig.3: SAM observation of a bonded structure afterobotic movements.
collective cleaning and bonding and after handnwéaning

and bonding. In this first part, we demonstrate that we conpaiticles
contamination for nearly all steps of chips bondprgcess.
To limit particles contamination during processingAnyway dies are loaded manually in the FC300 béee ttay
specific developments were realized on an SET -0BQ8ck and this can explain the remaining defectivity. sThaading
and place equipment. A local microenvironment wasated will have to be improved to optimize control of pieles
into the equipment to protect the wafer surfaceinguthe contamination.
chip’s bonding (Fig 4).



Experimental structures for direct copper bonding and
electrical results Left vernier pattern

After trench opening in deposited silicon dioxidé\ and Right vernier pattern
Cu seed layers were deposited. Cu filling was edrout by
electroplating and then annealed at 400°C. Optitize
damascene like process was used to obtain a srsadtce
and to adapt the topology between the silicon oxahel

copper areas. Dies surfaces were then subjecteddbective @{'3 @
combination of treatments to clean surfaces andimseéthe ém X misalignment (um) s
hydrophilicity. Fig 6 is an infrared observationtbé structure ||z 5 4 <¥§%§/ L5 2 2 L5 A05 A0 509 1S
obtained for an aligned chips-to-wafer at room terafure. & ; SRR

misalignment (pum)

Fig 7: chip-to-wafer misalignment in both x and iyedtions
measured on the left and right alignment pattefriE0ochips.
Vernier scale resolution is 200 nm.

The electrical interconnect by aligned bondingcess was
validated by measuring the I-V characteristic ¢figh density
\Unbonded dies bonded daisy chain (~1.5*46n7). Description of the daisy
chain is presented in figure 8.
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Fig. 6: infrared observation of 17 dies assembledligned
direct copper bonding in FC300 equipment.

Dark areas or areas with interference patternsmaith
unbonded areas. The bonding defectivity remain$ lsigd
could be due to the handmade bare dies tray loadihip »
loading must be improved to ensure a free bondaigat. "'—Tf!!if -

Chip-to-wafer bonding was performed using the atignt
capability of the FC300 equipment and two setslighment Fig 8: SEM observation of the daisy chain and layou
patterns defined on chip and host wafer surfacese Tdescription.
alignment accuracy was measured after bonding bylimg
vernier patterns through the chip and the wafeh it infra The behavior of a 400°C bonded daisy chain on die t
red microscope. Fig. 7 shows that the measuredignissent wafer structure is perfectly ohmic and comparabie i
remains lower than 1um in both x and y axis ondeftl right resistance with wafer to wafer structure (Fig QrtRermore
alignment verniers. Chip-to-Wafer Cu interconnects made by this apprdeve a

very tightly distributed resistivity.

Number of connection:~30000
Contact area: 9 um?

Lower and upper line width: 3um
Pitch: 7um on both x and y axis



UV and high alignment precision, Leti has developgutamnising
3] s B Z:; dies self-assembly technics. Our technique is thditian of
" s ’ DIE3 two effects. Firstly a capillary ef_fect for s_elfigiiment _and
L —— DIE4 secondly after water evaporation a direct bondimy f
" =t= DIES assembly. Small water drops were used to align tdiegafer
‘ , — — . , e substrate. Structures realignment results from wsieface
L " el . tension minimization between two fluid restrictegtas (fig.
: 1(A) 12).
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Fig 9: I-U characteristics of the daisy chain meeduon 8 li— | >

dies. ; ;

Fig. 12: Self-alignment assisted by capillary effand
Dice bonded on wafers allow the measurement of tiirect bonding.

electric resistance of the bonded copper lines fr@mom

temperature to 400°C. Fig. 10 is the descriptiomheftested To avoid water overflowing, a high fluid containmes

structure. required. Fluid restricted areas are made by palysind/or
chemical contrast. The physical contrast is based o

PR s canthotaxis effect [6]. 8x8mm silicon pads with BOsilicon

Die level — V

Z 3um oxide on the top surface create physical discoitt@suon the
P chip surface. Pads height is 20um. The chemicalrasiis
P achieved by the creation of hydrophilic (water diamtact

Wafer level . > | o _~ angle <5°) and hydrophobic areas (water drop corgagle

i . ~95-110°). Different configurations are implemented
Fig 10:_ description of the tested_st_rl.!cture layesetd to study ., relate the fluid containment quality and aligmine
annealing effect on structure resistivity. accuracy. Three type of water layer containmentehagen
evaluated: fully hydrophilic pad, fully hydrophobmad and
There is an electrical resistance measurable ®rd#om mixed structures. Mixed structures are formed by a
temperature bonded structure meaning that the bgni hydrophilic pad top layer surrounded by hydrophobitges
effective at room temperature (Fig. 11). This tasise is (fig.13).
quite high, 9.5 ohms and it could be explainedhgygresence

of an oxide or a bonding interface partially seal®dith
temperature, the resistance decrease and thearesigieaches
its lowest value at 300°C (3.5 ohms). This loweatue
matches perfectly with the theoretical resistande the Fully hydrophilic Fully hydrophobic Mixed
interconnect calculated with theoretical resisyidt copper. (hydrophilic and hydrophobic)
Fig.13: The three different types of fluid contagm
Resistance fit
B L For each configuration, fig. 18hows the bonding yield
ks J m Room temperature and the alignment yield (<1um) for 15 dies assessblirhe
74 4| A””Q:J' 1o0°e upper chip is released a few millimeters abovdithed drop.
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Fig 11: electrical behavior of a 640 x 3fueppper bonded °
lines with temperature. Hydrophobic  Hydrophilic Mixed

strutures

Fig 14: Sub-micron alignment (X-Y axis) and bonding

Chip Self assembly yield in self-assembly process with different soof
Conventional chip-to-wafer assemblies by pick afet® containment.

equipment can’t allow both high alignment accuraog high
assembly throughput. In order to allow both higiotiyhput



Hydrophilic and hydrophobic structures present gace
opposite behavior.
containment capabilities due to the hydrophobicesddut
inhibit direct bonding process. Mixed structuresrdo allow
both high submicron alignment yield and high direohding
yield. Furthermore, the exactly same behavior iseobed for
pad height of 8.5um and 80 pum.

The perfect water layer containment during sebjratient
could be observed by infra-red high speed obsemsit{Fig.
15) and accurate alignment measurements are pexdowith
verniers patterns by microscope infra-red measunergieg.
16). Alignment accuracy measured is lower than Iptmoth

X and Y axis.
7 .1 .*4 .*

Fig.15: perfect water layer containment by hydrdpbo
pads observed by high speed Infra Red camera.

Fig.16: Perfect vernier patterns superposition olesk
with Infra-red microscope.

The fig. 17 is a SAM observation of self-alignetusture
after annealing at 200°C during 2 hours. Self-abbedn
structures present perfect bonding interfaces witdefects.

7.
Fig 17: SAM observation of a self-assembled stmgctu

after annealing at 200°C during 2 hours.

Conclusions

We have developed a die surface treatment compatibl

with most 200 / 300 mm microelectronic equipmenallows
to reach very low defectivity at dice’s bonding erfaces.
Furthermore, with this collective treatment, dicending
technologies could be manufactured at industrialesc With
optimized FC300 equipment for direct bonding,

demonstrate chip-to-wafer stack realized by contlinaof
direct copper bonding and high alignment accurack pnd

place process. A die misalignment less than 1lumdcba

Hydrophobic structures preseigh h reached. The loading of chips on the FC300's b#s tlay

have to be improved to control perfectly the péatic
contamination. Nevertheless, copper interconnestidiy
direct bonding were validated on a high densitysylaihain
and present a perfectly ohmic behavior. The impdcthe
direct bonding interface on measured resistancense®
become negligible after a 300°C annealing. Conatisreto
overcome speed limitation of accurate pick and elac
equipment, a chip self-assembly technique basechpiilary
effect and direct bonding is developed. Mixed strces based
on topological and chemical water containment allooth
high submicron alignment yield and high direct biogdyield.
By its assembly flexibilities, high density interggection
compatibility and no underfill need, chip to wafdirect
bonding with alignment could become a key technplfuy
3D integrated devices.
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