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Abstract

In order to obtain acceptable compound stack yields for 2.5D- andI8B3; $here is a need to test the constituting dies before stacking.
The non-bottom dies of these stacks have their functional accessiegblukrough large arrays of fine-pitch micro-bumps, which are
too dense for conventional probe technology. A common approacht&ingpre-bond test access is to equip these dies with dedicated
pre-bond probe pads, which comes with drawbacks such as indreiisen area, test application time, and reduced interconnect perfor-
mance. In order to avoid the many drawbacks of dedicated pre-brobé pads, we advocate the usage of advanced probe technology
that allows to directly probe on these micro-bumps. This paper repotteedrchnical and economical feasibility of this approach.

1 Introduction the micro-bumps themselves untested.

In this work, we set out to directly probe on large-array fiish
There is a lot of excitement around and expectations fror®-2.5micro-bumps. We are capable to do this at wafer level witrober
and 3D-stacked integrated circuits [1]. In 2.5D-SICs, ipidtac- card in a single-site set-up. This enables a test flow in witieh
tive dies are placed side-by-side on top of and intercomulny a  die’s internal circuitry (logic, DRAM) is tested throughdieated
passive interposer die. In 3D-SICs, multiple active diesséacked pre-bond probe pads, possibly in a (massive) multi-siteraye-
vertically. Both 2.5D- and 3D-SICs are enabled by the cdippbi ment, and in which the micro-bumps and underlying TSVs are

to manufacture through-silicon vias (TSVs) that providee®Tt- separately tested in a single-site set-up. It also enabledterna-
trical connection between the front- and back-side of aailisub- tive test flow, in which the entire pre-bond test is perforraiedle-

strate [2:4]. In 2.5D-SICs TSVs connect the stacked actiee dsite by probing directly on the micro-bumps; this will cirouent
through the silicon interposer to the package substrate3Din the need for dedicated pre-bond probe pads with all its @tsac
SICs TSVs provide vertical interconnections between thva drawbacks and costs.
stacked dies. Both types of SICs serve their particular etadg- ) ' . . .
ments and are here to stay; 2.5D-SICs provide better chilingpo Direct probing on f|ne-p|tch micro-bumps requires advanced
options and hence typically target high-performance cdmgu probe technology:_ f|ne-p|t_ch Igw-force_ probe cards and eteu
and networking applications, whereas 3D-SICs with theialsm probe stations. Prlorwqufm this domain has been reporyesit
footprint are better suited for mobile applications. ers [.10_15]. and by us [15=18], but, to the best of our "”O“f*’edg
this is the first paper that reports on pre-bond contactteesie,
In order to obtain acceptable compound stack yields, the®@ iprobe marks on both top and landing micro-bumps, and impact o
need to perfornpre-bond testingf the various dies before stack-stack interconnect yield. In this paper, we are using theBEXED
ing [§,6]. For non-bottom dies in the stack, the typical flimgal  Wide-I1/O Mobile DRAM interface (JESD-229) [19-21] as a typ-
interface is through an array of fine-pitch micro-bumps. Skheijcal target for today’s 2.5D- and 3D-SIC micro-bump arrayée
micro-bumps are too small and too dense for conventiondéerchave designed and manufactured test wafers with this nibignop
technology. Consequently, the current industrial apgidacen- interface and report on our experiences probing and subséqu
able test access for pre-bond testing is to provide noretrotlies stacking of that interface. We have used the 3Ds@ARtest flow
with dedicated pre-bond probe pads [5./7-9]. Although tiiege cost modeling tool [22—25] to analyze the cost-effectiesnaf our

icated probe pads achieve the job, they come at the expens@gifroach, in comparison to performing pre-bond testingutn
extra design effort, extra silicon area, possibly extracpssing dedicated pre-bond probe pads.

steps, extra test application time, extra load on the micnop

/0s during post-bond functional stack operation, and ktve The remainder of this paper is organized as follows. Se@ion

*  Part of the work of Erik Jan Marinissen andrg Kiesewetter has been performed in the project ESiP (wiahthe ENIAC Innovation Award 2013), which
was funded by the ENIAC Joint Undertaking (http://www.en@u), and, for 8rg Kiesewetter, by the public authorities of Saxony. Pathe work of Erik Jan Marinis-
sen, Bart De Wachter, anérd Kiesewetter is performed in the project SEAAKET (httpafiv.seadket.eu), sub-project 3DIMS; this project receifeending from the
European Union’s Seventh Programme for research, techeoalatgvelopment, and demonstration under grant agreemenSR&11332.
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discusses the importance of pre-bond testing. Setion@ibdes

the micro-bump probe targets. Sectidn 4 details the selgrtbe _— ! A» I
technology, while Sectidd 5 describes the test vehicle eEirgent 2 ‘ @ e
results are given in Sectidd 6. Our cost modeling case staidy i 2%~

described in Sectidd 7. Sectibh 8 concludes this paper.
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The post-bond compound stack yield. .. of a stack consisting
of n dies cannot be greater than the product of the individual die
yields yq (for 1 < d S.n) an(_j the 'nter?onneCt yieldg; (for Figure 2: Good-stack cost price for a three-die stack as functionexqmnd
1 <i < n—1), wherey; is the yield of the interconnects between test coverage and associated test cost for Dies 2 and 3.
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Test access for pre-bond testing is through probing. Pgptiia
n 1l bottom die of a stack is relatively easy, as the natural fiater
Ystack < H E H " (2.1) to the pa_ckage sub;trate_ is imple_mented with Iarge C4 bgnnps o]
ot} =1 copper pillars; a typical diameter is ot at 12Qum pitch, which
is no problem for today’s probe technology. However, thinds
Figure[1 plots the post-bond compound stack yiglg. for vary-  true for the non-bottom dies; see Figilile 3. All their functib
ing die yieldsy, for various values ok andy;. The graph demon- connections (for power, ground, control, clocks, digiaalog,
strates that the compound stack yield decreases dragtitall etc.) go through large arrays of fine-pitch micro-bumps. iTyp
decreases. Consequently, it is important to test dies &stack- cal micro-bumps have a diameter ©20um at 4Q.m pitch and
ing (the so-called pre-bond test) and only stack dies pgbi@t come in arrays of several hundreds to thousands of micrgsbum
pre-bond test in a die-to-die or die-to-wafer scheme. Cantilever probe cards can achieve these small pitches;amit
not handle such large arrays. Vertical probe cards can be mad
in arbitrary array configurations, but are limited to pitsfaound
60um.
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Figure 3: Cross-sections of typical (a) 2.5D- and (b) 3D-SICs corigin
three active dies.
o on a0k ao%  ao% 0% con 7ok sk son o0 Todgys solution in the industry is to_ equip _n(_)n-bottom dm_th
Pre-Bond Die Yield y, dedicated pre-bond probe pads, with sufficiently large sizé
pitch to accommodate today’s probe technologyl [5, 7-9]. sThi

Figure 1: Post-bond compound stack yield:aci as function of pre-bond  Solution requires extra design effort and possibly extressing
die yieldy, for various stack heights and various interconnect yields. steps. Moreover, it causes a trade-off between extra silizea

Compared to skipping it, pre-bond testing obviously regsiaddi- and extra tegt tim_e. The probe pads are Iarge_r than the micro-
tional costs and the better the pre-bond test, the highsethosts PUMPS; that is their whole purpose. Hence, typically onenoén

will be. However, this investment typically pays off, as tierna- afford as many probe pads as there are micro-bumps, as thegt wo
tive is that bad dies get detected only after stacking, atkvpoint SIMPly consume too much silicon area. As a result, the same pr
they are filtered out of the production flow together with tegg °0nd stimulus/response data needs to be pumped in and out of
dies to which they are now attached. Figlire 2 shows an examip)g die-under-test through a narrower interface and caresely

of a total stack cost price calculation made witr8osTar[22— the die’s pre-bond test time smears out over more clock sycle
25]. We assumed a three-die stack, in which Die 1 was fulketes I"créasing the pre-bond test application cost. Furtheemaiter

before stacking, but for which we varied the pre-bond teseco Performing a pre-bond test through dedicated probe padscam

age and associated pre-bond test costs for Dies 2 and 3. apke gBlill not be certain of the correct operation of the funcéibm-
shows that more pre-bond testing (at assumed linearly asing terface through the micro-bumps. Finally, the dedicatedimnd

pre-bond test cost) actually decreases the overall statipige. Probe pads cause an extra capacitive load on the micro-bi@sp |
during post-bond functional stack operation.
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Figure 4: Standardized micro-bump lay-out according to the JEDEC Wi@ieMobile DRAM specification[[19].

3 Micro-Bumps

Micro-bumps come in different metallurgies, forms, andpsa

IMEC's 40um-pitch micro-bumps reference process utilizes cop-

per (Cu) landing bumps of/8n height and 2bm diameter and
copper-nickel-tin (Cu/Ni/Sn) top bumps of:th height and 1pm
diameter|L_2k3]. Two such micro-bumps are depicted in Figlre 5

The micro-bumps have a cylindrical shape. As can be seen,
Cu micro-bumps have a rather smooth surface. As no reflow

applied (yet) on the Cu/Ni/Sn micro-bumps, their surfacagsif-
icantly more rough. During stacking, the two micro-bumpsifo 4.1  Probe Cards

an intermetallic bond under thermo-compression.

E ; Bispm T T —

@25pm Cu |

(a) Cu micro-bumpgz25um (b) Cu/Ni/Sn micro-bumpg15um

Figure 5: Typical micro-bumps at IMEC: (a) copper landing bump of:#b
diameter and (b) copper-nickel-tin top bump of.db diameter.

ing process. We used as specification a probe mark profile
<500nm.

o Affordable test cost.e., the cost of the required probe tech-
nology should not be excessive. We address this issue in
Sectior(Y.

2 Probe Technology

Conventional probe cards are insufficient to probe on lamay
fine-pitch micro-bumps, such as specified by JEDEC’s Wie-I/
Mobile DRAM interface. Traditional cantilever probe cardis

not come in the required array size, and vertical probe cdods
not come in the required fine pitch. Hence, we needed to turn to
advanced MEMS-type probe cards.

We have used the second generation of Cascade Microtedtals Py
mid Prob& technology, named Rocking Beam Interposer (RBI),
which is currently in its development phase. As depictedig F
ure[8, this technology has a modular set-up comprising twa-co
ponents: the probeoreand the probeard. The probe core con-
tains the IC-design specific probe tips, whereas the protokfita

to the probe station-specific probe card holder. The probe’'so

Micro-bumps typically come in large arrays. For this worke wrectangular frame has a screw in each of its four cornerd) wit
took as target the representative micro-bump array of tiRETE which it is screwed right on top of the hole in the middle of the
Wide-1/0O Mobile DRAM standard [19—21]. This first standaci f probe card, such that the core’s probe tips stick out un@spitbbe
stackable Wide-I/O DRAMs, published as JESD-229 in Decembzard, ready to touch the wafer.

2011, defines the functional and mechanical aspects of tde-Wi

I/O logic-memory interface. The interface consists of fDlRAM

channels (named, b, ¢, andd), each consisting of an array of
6 rows x 50 columns = 300 micro-bumps with a horizontal pitch
of 50um and a vertical pitch of 4@m. The pad locations are sym-

metric between the four channels and also the spacing betivee
four channels is defined. The total interface occupies Orb2m

5.25mm. Figurél4 shows the lay-out of the 1,200 JEDEC Wide-

I/O micro-bumps.

Direct probing on large arrays of fine-pitch micro-bumps tas

meet the following criteria.

e Good electrical contact with low contact resistante al-
low for pre-bond testing of the die-under-test. We used as

specification a contact resistances).

(a) Probe core (b) Probe card

Figure 6: Modular Pyramid Probe set-up consisting of (a) probe core and
(b) probe card.

The Pyramid Probe RBI is a vertical, non-see-through preble-t
nology. Two thin-film membranes are spanned across a ‘plunge

e Probe marks with a limited profileto not impair down- with adjustable spring. The first membrane contains theimgut
stream bonding or negatively impact the yield of that bonéayer from probe card 1/Os to probe tips and vice-versa, eder
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the second (= outer) membrane contains the RBI probe tigs; ¥¢e selected the Cascade Microtech CM300 probe station for

Figure[T m}]. The MEMS-type probe tips have a square prober task. This is a brand-new prober platform with featu@s f

surface of 6&6um? and are placed on a rocking beam that comeasurement accuracy and unattended testing inheritedtfre

nects to the upper routing-layer membrane through a coppstr pCascade Microtech Elite300 and thé&sS MicroTec MicroAlign

Figure[8(d) shows a top view of an array of probe tips, whitg Fiprobers respectively. Installed in IMEC’s 300mm cleanmois

ure[8(b) shows a cross-section of a single probe tip. the world’s first demonstrator prototype of this probe statilong
with an auto-loader and material handling unit (see Fifj(a§)9

Circuit
Board Plunger
Spring

\ Plunger

[TYTT YT Y YTV rvrey)

»
e
~
~
~
-t
~
-

(b)
Figure 9: CM300 probe station in IMEC’s 300mm clean-room (a) and the
prober’s tip training software in action on the Wide-1/O peccore (b).

= 5 Test Vehicle: Vesuvius-2.5D

(a) Top view (b) Cross section view The IMEC-designed test vehicle for our Wide-I/O direct prob
ing experiments is named Vesuvius-2.5D. It consists of tetive
Vesuvius test chips, stacked face-down side-by-side orssiyea
The Pyramid ProbeRBI technology has three main benefits: (1h1terposer die. Figure_10 shows a picture of a single Vesuviu
it can be manufactured in large arrays at fine pitches, downagp die stack.

20um; (2) the probe tips exercise a low probe force of up to 1
gram force per tip at a user-defined chuck over-travel, theire
flicting minimal probe mark damage; and (3) the separattatipf
coupon allows easy repair of inadvertently damaged praqise ti

Figure 7: Conceptual cross-section view of the probe coré [18].

Figure 8: Pyramid Prob® RBI tips.

4.2 Probe Station

The selection of a probe station had to fulfill three mainecié.

e The probe station needs to be able to work in a clean-roc
environment, as the stacking operations which follow after
pre-bond testing are also performed in a clean-room envi-
ronment and hence wafers/dies cannot be contaminated.Figure[11 shows the various dimensions of the Vesuvius-#igD

« The probe station has to be able to work with non-seset-aCk’ both in top and cross-section view. The two Vesuvies d

through vertical probe cards, which implies overfapbe- atop measure 8:18.1mn¥ in a custom technology consisting of

to-pad alignmen(PTPA) in the presence of upward-lookin p5nm CMOS and five metal layers manufactured byo8aL -

(to the probe tips) and downward-looking (to the micrgl_:OUNDRIES, and Cu/Ni/Sn micro-bumps (as described in Sec-

0= .
. tion[3) manufactured by IMEC. The bottom Interposer die mea-
bumps on the wafer) cameras (see Figure]9(b)). sures 16:20mn? in an experimental silicon interposer technol-

e The probe station has to have gy, andd touch-down accu- ogy containing four metal layers, ¥@00um ‘via-middle’ TSVs
racy and stepping accuracy sufficient to work with the smalhd Cu micro-bumps (as described in Secfibn 3), developdd an
diameters and pitches of our micro-bump arrays. manufactured by IMEC [27].

Figure 10: Vesuvius-2.5D die stack photo.
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Interposer

Vesuvius

Vesuvius

‘} : 8.1mm

10.95tm 8.1mm Ptomm’ | 8.1mm i0.95mm

Vesuvius Vesuvius 300

8.1mm 1.9mm 8.1mm

micro-bump ——>
TV > \Interposer
Cupilor —> i

Figure 11: Vesuvius-2.5D test vehicle top view and cross-section.

Each Vesuvius die contains many test structure’s [28], dictu
one full JEDEC-compliant four-channel Wide-I/O micro-bpim-

terface ILTLb]. Each Wide-I/O channel of 300 micro-bumps is dee

vided in ten equal groups of 30 micro-bumps each, which after
stacking form an up-down daisy-chain between Vesuvius and |
terposer dies; see Figurel12. Hence, there are in total 4y-dai
chains for the four Wide-I/O channels. As depicted in Fidlife

the daisy-chains in the left-hand Vesuvius die are routealtyh

the Interposer die to regularly-sized (860um?) probe pads on
the Interposer front-side to the left of the left-most Vasswdie.

DC1 DC2 DC3 DC4 DC5 DC6

240um

@ G=b G=s o o o
2I1 22®23 2005 25) (2aME23) (2221
31 (3233 (34M3s 3s5) (3aMN33) (3231
o = 5 =0 @=@
51 (52 MEs3 (54 EEss sls 54WEs3) (52 W51
0 @=0 =@ o o

Interposer Vesuvius

Figure 12: Vesuvius-Interposer daisy-chain consisting of 30 adjacen
micro-bumps and metal interconnects.

The Pyramid RBI probe core (shown in Figlre 1B(a)) designed
for our test vehicle is a so-called MSI core for exactly onel&Vi

I/O channel. The reason to probe on a single Wide-1/O channel
(and not all four) is rooted in experimental consideratjotiiss
set-up allows us to evaluate the impact of probe marks ork stac
interconnect yield for all four cases: probed on top anddwoit
probed only on either top or bottom, or not probed at all. The
probe core routes all 300 probe tips out to the corresponzbingt
to-card 1/Os; therefore the same probe core can be used an bot
Interposer and Vesuvius dies. We have two 4.5-inch rectangu
engineering-type probe cards for our CM300 probe statiore o
which completes the ten daisy-chains when probing on am-Inte
poser die (depicted in Figufe I3(b)) and another one which-co
pletes the ten daisy-chains when probing on a Vesuvius dia- C
catenating 30 micro-bumps in a daisy-chain limits the nesmh

of the probe-to-bump contact resistance that can be mehdwre

this design decision was due to a limitation in the numbewrafla
able tester channels.

(b)

Figure 13: Probe core for single-channel Wide-1/O interface (a) pribe
face-up and (b) attached to a probe card, in action in ourgstdttion.

have defined three test phases for Vesuvius-2.5D probing.

e In Test Phase ive use the Pyramid RBI probe core with

the dedicated Interposer probe card to probe on Wide-1/0
channels: andb of the pre-bond Interposer dies in two sub-
sequent touch-downs. We check the landing of the probe
tips on the 2am-diameter Cu micro-bumps, both by means
of visual and scanning electron microscope (SEM) inspec-
tion of the probe marks, as well as by electrical continuity
of the probe card-to-wafer daisy-chains.

In Test Phase @e use the Pyramid RBI probe core with the
dedicated Vesuvius probe card to probe on Wide-1/O chan-
nelsb andc of the pre-bond Vesuvius dies in two subsequent
touch-downs. We verify the landing of the probe tips on
the 15:m-diameter Cu/Ni/Sn micro-bumps, both by means
of visual and SEM inspection of the probe marks, as well
as by electrical continuity of the probe card-to-wafer gais
chains.

In Test Phase 3after stacking, we assess the impact of the
micro-bump probing on the interconnect yield. We use a
conventional cantilever probe card to probe on the regularl
sized post-bond probe pads on the front-side of the Inter-
poser and measure the electrical continuity of the various
micro-bump daisy-chains. In this, we can compare the four
channels:

— Channels: only Interposer probed
— Channeb: Vesuvius and Interposer both probed

— Channek: only Vesuvius probed

— Channeld: no micro-bumps probed.
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6 Experiment Results

perform automatic probe tip cleaning after a user-definedber

6.1 Initial Hurdles of touch-downs.

Initially, the PTPA software of the CM300 probe station was n

optimally suited for automatically recognizing the Pyrdrifirobe 6.2 Probe Marks
RBI probe tips. The software was made to handle conventional

cantilever and vertical probe needles, but turned out netdik
reliably and repeatedly for the small and very different RBibe
tips. We developed a dedicated probe tip recognition reufim
the RBI tips, which consists of three steps. The patterngmrieo
tion uses (1) the large cross-hair fiducials included ondlue ¢or-
ners of the probe core’s membrane (see Fifjure 14(a)), (2jrgu
bumps on the probe membrane, and (3) two probe tips, typest Phase  Figure[16 shows SEM pictures of 2®-diameter
cally located on opposite extremes of the probe tip arrag Esg- Cu landing micro-bumps before and after probing. Figure}6(
ure[I4(b)). With the deployment of the new software routthe, shows such a Cu micro-bunigefore probing; the micro-bump
automatic probe tip recognition works without problems. is cylindrical in shape with a very smooth surface. Fiduréb)6
shows a similar micro-bumafter probing. On all such Cu micro-
bumps, the probe marks are very uniform: a diagonal line ef ap
proximately 6<1um?, caused by the heel of the diagonally placed
probe tip which itself measures«®;m?. The probe mark is very
shallow, on the order of the surface roughness of the Cu micro
bump. We do not expect any negative impact of the probe mark
on the interconnect yield. Figufe 16(c) shows a probed Cuanic
bump equipped with a 10nm-thick nickel-boron (NiB) cap. sThi
NiB cap is meant to prevent the Cu micro-bump from oxidizing
and thus improve the stack interconnect yield. The NiB cap is
Figure 14: Dedicated probe tip recognition routine for RBI probe tips. quite hard and consequently hardly any probe mark can be seen

During probing operation, probe tips pick up dirt, whichrieases although proper electrical contact was made [29].
the contact resistance and ultimately might obstruct etedtcon- o
tact completely. Hence, probe tips need to be cleaned at re / ’
ular intervals. This is also true for RBI probe tips. The rec-{#&
ommended cleaning medium for RBI tips is a tungsten-carbid@®
(WC) substrate, on which the to-be-cleaned tips need to toudi
down with regular over-travel at 15 fresh locations. Fordig

a cleaning substrate, the CM300 probe station is equipp#d wi
various vacuum-providing auxiliary chucks, positionedtjout- (a) Before probing (b) After (c) After (NiB cap)
side the main wafer chuck (see Figlird 15). The initial safewa
version of the CM300 prober did not support usage of these aux ) )
iliary chucks with non-see-through probe cards like theaRyd Test Phase 2- Figure[Iy shows SEM pictures of non-reflowed
Probe RBI. This obstacle for RBI probe tip cleaning was q.yic|(15,um—d|ameter Cu/Ni/Sn top micro-bumps before and after prob-

resolved in a new software version, and now the probe statian INg- Figurg 17(8) shows such a Cu/Ni/Sn micro-bureforeprob-
ing and reflow; the micro-bump is cylindrical in shape with a

rather rough Sn surface. Figufes IT(b) and 17(c) show twitesim

For given probe tip material and shape, the resulting prodéeksn
depend on the chuck over-travel and the micro-bump metgdisr

All our experiments were performed at 358 over-travel, which

corresponds to 1gf/tip for the global plunger spring in thel R
mprobe cores we used.
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(a) Step 1 (b) Steps 2+3

Figure 16: Probe marks on 25m-diameter Cu landing micro-bumps.

7 Bipm CuNiSn

(a) Before probing (b) After —1 (c) After — 2

Figure 17: Probe marks on non-reflowed A-diameter Cu/Ni/Sn top

Figure 15: Tungsten-carbide (WC) tip cleaning substrate on CM300’s aux micro-bumps.

iliary chuck.
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micro-bumpsafter probing. On the softer Sn material, the probe
mark is significantly larger than on the much harder Cu micro-
bumps.

Figure [I8 shows SEM pictures of reflowed  dB-diameter
Cu/Ni/Sn top micro-bumps before and after probing. Fig@&]
shows such a Cu/Ni/Sn micro-bump which was only reflowed, and
not probed; the originally rough horizontal Sn surface (as seen
in Figure[I7(d)) has been transformed by the reflow procesas in
dome-shaped cap. Figure 18(b) shows a Cu/Ni/Sn micro-bump

(a) Interposer wafer map (b) Probe markX

A

(c) Probe mark”

which was first probed and subsequently reflowed. The hope wasigure 19: Interposer wafer map (a) with Die$ (b) andY” (c) that showed

that the reflow process would eliminate the probe mark, buaas

the left-most resp. right-most probe mark location variation.

be seen from the figure, this is not entirely the case. FipBlly Cascade Microtech and IMEC have jointly taken several steps
ure[I8(c) shows a Cu/Ni/Sn micro-bump which was first refloweghprove the PTPA accuracy.

and subsequently probed; as expected, the probe mark rfyclea
visible in the otherwise nicely smooth dome-shaped Sn cae. T
remaining probe marks in Figurgs 18(b) dnd 118(c) could poten
tially form a location for particle or filler entrapment andrice
negatively affect the bond’s reliability. The smalleskrfer this

to happen is in the scenario where micro-bump probing pesced
the reflow operatiorl [30].

Y

(b) Probed; reflowed

(a) Only reflowed (c) Reflowed; probed

Figure 18: Probe marks on reflowed L#n-diameter Cu/Ni/Sn top micro-bumps.

6.3 PTPA Accuracy

We want to minimize the probe mark damage to the micro-bump,
in order not to negatively impact the downstream bondinddyie
from that viewpoint, obtaining good electrical contact lgHeav-

ing no visible probe mark is ideal. On the other hand, visilntehe
marks form reassuring evidence that a micro-bump was dgtual
touched by a probe tip and allow us to determine the PTPA accu-
racy of the probe station.

To analyze the initial stepping accuracy of the CM300 demon-
strator probe station, we stepped over all 111 dies in a 300mm
Interposer wafer, starting top-left and zig-zagging doww-by-

row until bottom-right, performing two touch-downs per ént
poser die (on channeisandbd). Analysis of the probe mark loca-
tions showed that all touch-downs wernethe 25:m-diameter Cu
micro-bumps, indicating that the stepping accuracy of ttube
station was sufficient for Test Phase 1. There was littleatianm
detected in thej-axis. However, the maximum variation in the
x-axis was between Di& (-1um, see Figuré 19(p)) and Dig
(+6.2um, see Figurg 19(k)) (die locations indicated on the wafer
map (Figurd 19(d)). This was considered too inaccuratehes t
probe mark was getting close to the micro-bump edge.

e Probe card adapter
The MSI-sized RBI probe cores have a vertieaheight
(‘draft’) of 11.1mm measured from the top side of the probe
card. This is higher than many other probe cards, due to
which the probe tips ended up below the field-of-view of
the probe station’s side-view camera, which is meant to as-
sist in the touch-down procedure. We had to lift the probe
card in order to bring the probe tips back in sight of the side-
view camera. Initially, this lifting was achieved with some
dedicated shims. To further improve PTPA stability, this
temporary workaround has been replaced with a new probe
card adapter with largerlift.

Thermal stability

The ambient temperature in our clean-room i§@2How-
ever, during operation, the probe chamber of the probe sta-
tion heats up to 30C. This temperature increase can lead to
a maximum radial wafer expansion of

r-At- CTEg; 150mm - 8°C - 2.6 x 107%/°C
3.12um (6.1)

wherer is the wafer radius (in mm)At the temperature
increase (infC), andCTEg; the coefficient of thermal ex-
pansion of silicon (in ppniC). Direct micro-bump prob-
ing requires thermal stability to avoid wafer expansiord an
therefore we keep the chiller that controls the thermo-khuc
onat22C.

e Automatic ReAlign

The CM300 software Velox has an option for automatic Re-
Align after n touch-downs, withn a user-defined param-
eter. This software feature is mainly meant for tempera-
ture testing, where different thermal expansions of wafer
and probe system might necessitate its usage. However, for
fine-pitch micro-bump probing at stable ambient tempera-
tures, the feature also provided great benefits. We have used
it with good results after every 20 touch-downs. The Re-
Align routine takes some time to execute (about 30 seconds
in our case) and hence its usage slightly increases the over-
all test time. Therefore, the trade-off between touch-down
accuracy and test time can be optimized.
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Right now, the PTPA accuracy requirements are satisfiecheas Figure[21 shows the wafer-map for DC2 of Chanmeh an Inter-

electrical measurement results in the following sectionficom. poser wafer with 2bm-diameter Cu micro-bumps with NiB cap.
All daisy-chains (apart from one) are continuous. The NiP ca
clearly increases the daisy-chain resistance. For thicpkar

6.4 Contact Resistance wafer, the median daisy-chain resistance was(l #@sulting in
5.7Q2 per micro-bump.

Proper electrical contact of the RBI probe tips on the mionoaps Test Phase 2 Figure[22 shows the wafer-map for DC3 of Chan-
was analyzed by performing two-point resistance measuremene| 4 on a Vesuvius wafer with J8m-diameter Cu/Ni/Sn micro-

of the daisy-chains through probe card and wafer, for all t§mps. There are 255 dies on this 300mm wafer; due to a techni-
daisy-chains per touch-down. Due to a probe card fauliailit 5| error, the testing was aborted half-way the last-batow at
daisy-chains DC6 and DC9 were found to be consistently NGz pottom of the wafer. Most daisy-chains are continuouse T
continuous. This was quickly diagnosed as a problem in thber non-continuous daisy-chains were confirmed (through dsts
card wiring and fixed. From this moment onward, all daisyitsa o the same dies) to be caused by wafer manufacturing issues o
were continuous, apart from confirmed bad dies. This demaRese particular dies. For this particular wafer, the mediaisy-

strated that the probe tips all make proper contact to theamicchain resistance was 98resulting in 3.8) per micro-bump.
bumps.

. . DC3 Channel B <90Q <150Q <3000 M>300Q =open
Flgures,l, anDZ show three representatlve wafer m vwxo 1+ 2 3 4 s 6§ 7 8 9 v un B ows sy B S BT EB B B B 7 l
. . . 0 "ana an/A ana e g Tann e ena NGNONGNY 1410 213 186 10 123 135 119 13nNaND NG ena ana e T e e T T anja

of tWO-p0|nt resistance measurements thrOUgh a 30-|Ongom|C <1 /" "o/ "o [NGNIHGNTRGNTIN Nt il A Mahl Nl Nl Na ™ 106 N Mahl ANRNT 120"mv/a"ivja” ava " anja " e/
. . . . 2 AT B 1B M ® 3N Nal Nall Na NN NaN NaN Na NaN NaM NG NN Na NN NaN &5 s ava " ava e
bUmp-tO'prObe'tlp dalsy-Chaln of a DRAM channel on a MICrC 5 waiar s @ @ ol i e iy 5 8 S % 80 & o0 el kel Nal Na 1 oy 6 B 0 A
A v oo s 9 % % 15 % % 15 W % 13 18 05 13 SN N Na NaN NN N 55 %5 1%

bUmpEd wafer. The colors in the wafer map bin the daiSY'ChE 5 % W w w9 oo o 2l @s% B % EE 5 % 2 ulg o DONN NN NN KN ¥ w1
resistance valug into three bins: (1) greenR < 90€2, (2) yel- 5 m s s s s o ol o 506 8080s S 508 o
low: 9092 < R < 1509, (3) Oran96115OQ < R < 3009, (4) red: ; :x;imﬁw‘: ii ﬁ; 1; i: 1gznan%uau%wa;m ngzwfssnaugs 1?? 13 13;NaN%Narflnaugaummnanwxzx :’NN;’XA]' m/:ﬁ' m :wi

10 "4N/A A TENJATANA AN 99 93 9 9 ANJAANA ENJA AN/A AN/A A TIA AR A A aNJA AN/ A A e v e T aNia

30092 S R, (5) gray: R = o0 (“NOt-A'NUmber” = daiSy-Chain P i A T g T e/ A TN A A e/ e e e e T T e e e g v e T e T ena
non-continuous).

Figure 22: Wafer map with two-point resistance measurement values for
Test Phase % Figurd 20 shows the wafer-map for DC2 of Chan- DC 3 of Channeb on a Vesuvius wafer with non-reflowed Cu/Ni/Sn micro-
nel a on an Interposer wafer with 2@n-diameter Cu micro-  bumps.
bumps. There are 111 dies on this 300mm wafer. Most daigy- .
chains are continuous. The non-continuous daisy-chaing w§'5 Probe Impact on Stack Interconnect Yield

confirmed (through other tests on the same dies) to be caysed b . i
wafer manufacturing issues on these particular dies. Feptr- In Test Phase 3, we verified the impact of the probe marks ok sta

ticular wafer, the median daisy-chain resistance wasl 1€sult- interconnect yield. Tablgl1 lists the interconnect yields 320

ing in 3.9 per micro-bump. daisy-chain§, 80 of each type. The table shmvsignificgnt im-
pact. The differences between channeld are all explained by
DC 2 cameln oo e =] (e variation in sheet resistance of the Interposer wiréwedsn

Yoo Lo, 2 84 s e 7 80 0 2o \Wide-I/O micro-bumps and post-bond probe pads, due to varia

0 #N/A T oaN/A T oaN/A T oaN/Aa T oEN/A 79 68 100" #n/a Toan/a T oanga T oan/a T oENgA

1o 7maTa/A w0l wlie0 e s e s s avaava tions in lay-out locations of the micro-bumps.
2 #N/A 111 100 67 168 94 80 84 78 76 68 80 #N/A
3 74 75 64 88 79 72 64 g1 90 74 75 72 84
s o E oz % o o % [ Wide-VOChannel [ a [ b [ ¢ [ d |
6 100 79 127 B4 102 89 85 g 102 116 115 83 111 Vesuvius probed no yeS yes no
7 129 102 NaN 105 99 105 120 NaN 91 91 88 101 113
8 " N/A 136 NaN_  NaN  NaN  NaN  NaN 150/NaN NaN. NaN | #N/A Interposer probed yes yes no no
T T T i R i e mie e Interconnect yield 100% | 100% | 100% | 100%
’ Daisychain resistancB || 32.00 | 42.4) | 45.02 | 33.1Q
Figure 20: Wafer map with two-point resistance measurement values for Std. deviation’? 9.81 5.8 9.2 8.2
DC 2 of Channek on an Interposer wafer with Cu micro-bumps. Table 1: Interconnect yield in Test Phase 3.
DC 2 ChannelA [ < < < [ =open | .
e s e s e e a w7 Cost Modeling Case Study
0 #N/A © #N/A  #N/A  EN/A O #N/A 108 149 138 #N/A ~ #N/A ~ #N/A  #N/A  #N/A
a2 Tan/a Toan/A 172 155 129 185 113 170 144 148 182" #n/a T oan/A
2 " an/A 154 136 149 205 125 135 158 144 130 130 143" #N/A
S m D m wn ol B e o e e TU Delft and IMEC have developed a software tool named 3D-
-5 177 149 170 190 161 117 117 111 135 105 145 136 222 H H
: oo e e oy om e = % COSTARto analyze product quality and test cost trade-offs in the
7, L e 28 1 a2 el 3 26 05 s 17 21 many possible 3D test flows [22-425]. The tool uses as inputs
-8 [ #N/A 205 143 NaN 158 167 179 198 230 174 147 177' #N/A h = . ) .
o Taa ava |2 a1 ;s s 22 s 2u s ava eva lump-sum cost numbers for (1) design, (2) manufacturingte&,

10 Tan/a Ten/a T ana T oan/a T oeng/a 216 159 212" #n/a T an/a T anya T an/a Toan/a

(4) packaging, and (5) logistics. It models many differeatking
Figure 21: Wafer map with two-point resistance measurement values for approaches: simple linear 3D stacks, 2.5D stacks, compldt-m

DC 2 of Channek on an Interposer wafer with Cu micro-bumps withaNiB  tgwer stacks, D2D/D2W/W2W Stacking, etc. It assumes that no
cap.
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manufacturing process is perfect and takes into accoultlsyi;n  The case study concentrates on the pre-bond test of the ditiy,

%) of die processing, interconnect layers, stacking, arukag and hence we modeled a test flow in which there is no pre-bond
ing, as well as test coverage (in %) and test escape rateprtii p test for the Interposer die. We assume each of these actige di
Furthermore, it attributes all costs made along the waydcetid- has a JEDEC Wide-I/O compliant micro-bump interface of 0,20

of-line passing products.

We have used 3D-GsTARt0 analyze the cost-effectiveness of of

direct micro-bump probing approach, as alternative toquering

pre-bond testing through dedicated pre-bond probe padthidn

cost modeling case study, we compare two scenarios.

1. Probing through dedicated pre-bond probe pads.

These probe pads are by definition Igrger than the fine-pitéﬁlst to be $50k. Assuming a single touch-down per die, this ad
micro-bumps in order to allow probing on them with conganced probe card alone adds $0.50 costs to each die tested, o

ventional probe technology. Consequently, they present

micro-bumpsi[19]. In Scenario 1, we are providing extra datid
re-bond probe pads. As we do not want to implement as many
as 1,200 extra probe pads, we are assuming that we provide 120
extra probe pads only; we optimistically assume that traddeto

only a 10x increase in pre-bond test application time and hence
test cost. In Scenario 2, we probe directly on the 1,200 micro
bumps. For this we need an expensive advanced probe card. We
assume pessimistically its lifetime to be 100k touch-dowumd its

of the assumed $0.05/s test cost. In addition, we pestsimi

trade-off between the number of probe pads and correspogily assume that its probe marks on the micro-bumps deséeio
ing silicon area on one hand, and the test input/output baRMe interconnect yield after stacking from 99% down to 98% W

width provided and corresponding test time on the othghye underlined the main differences between the two sienar
hand (assuming a constant test data volume that needg{ger comparison.

be pumped in and out of the device-under-test).

2. Direct probing on micro-bumps.

Figure 23 shows the test cost and the total stack cost persiackl
for varying defect density of the two active dies for bothrsare

This will require advanced (and hence expensive) prot- In all cases, direct probing on micro-bumps is chealpen t
cards, and hypothetically the micro-bump probe markesting through dedicated pre-bond probe pads. The mder-dif
might decrease the interconnect yield after stacking.

Table[2 lists some of 3D-G@sTARSs key cost model parame-
ters. Note that there are many more parameters, which are
shown. The stack set-up and die sizes are inspired by therMssu
2.5D test vehicle as described in Sectidn 5: two active dfes
8.1x8.1=65.61mm stacked on side-by-side on top of a passi
interposer die of 1820=200mm. We assume single-site testin
on 300mm wafers with 3mm edge clearance. Unlike what was
case on our actual test wafers, we assume that the entireswa“" 4

are populated with only Vesuvius and Interposer dies rasghe

The Interposer technology is assumed to be relatively chedp
mature; its defect density is fixed at 0.1 defects/c@n the other
hand, the active dies are assumed to be in an advanced tecl

ogy node and hence have relatively expensive wafers; tiaéict
density is varied from 0.0 to 1.0 defects/em

Parameter Scenario 1 Scenario 2
Interposer Die 1+2 Die 1+2
Pre-bond test contacts n.a. 120 1200
300mm wafer cost $ 700 $ 3000 $ 3000
Die area 200mn? 66.61mn? 65.61mn?
Gross die / wafer 302 953 968
Defect density 0.1/cn? 0.0-1.0/cd | 0.0-1.0/crd
Die yield 84.52% 100-65.486 | 100-65.76%
Pre-bond fault coverage n.a. 99% 99%
Pre-bond test time n.a. 100s 10s
Pre-bond probe card cost / dig n.a. $0.00 $0.50
Pre-bond test cost n.a. $5.00 $1.00
Stack interconnect yield 100% 99% 98%
Final fault coverage 100% 99% 99%
Final test time 1s 10s 10s
Final test cost $0.05 $0.50 $0.50

Table 2: Some key cost model parameters for the two test scenarios.

entiator for Scenario 1 is the ¥0increase in test time and hence
test application costs, which makes pre-bond test a significost
contribution in the overall stack cost price. Die yield wers
(ﬂmltiplier, as for example at 50% yield, two dies need to be
manufactured and tested to find one good one, whose cost price
s(pould carry the cost of both dies. The increased area for ded
jcated pads, the expensive cost of the advanced probe cald, a
%e (pessimistic) yield loss are all minor contributorstia tverall

EEgz%st calculation.

@S 1, Manuf + Test Cost  e=@s=Sc 2, Manuf + Test Cost
35

#—Sc 1, Test Cost Sc 2, Test Cost

30

0

0.0 0.1 02 03 0.4 0.5 0.6 0.7

Defect Density Dies 1+2 (defects/cm?)

08 0.9 1.0

Figure 23: 3D-CosTARtest cost and total cost results.

Figure[24 shows the number of test escapes for both scenharios
all cases, direct probing on micro-bumps results in a diidbiver
number of test escapes except for the case where the defsityde
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value equals zero; here, the active dies have a 100% yielbtbr
scenarios. Note that the interconnect yield, which is diifé for
both scenarios, has no impact on the test escapes as treimter 4]
nect fault coverage is assumed to be 100% during final test.

(Bl

[5]
7000
6000 —@— Scenario 1 | [6]
—&— Scenario 2
£ 5000 7]
o
o
= 4000
a (8]
m
& 3000
- [9]
& 2000
1000 [10]
0 L
0 01 02 03 04 05 06 07 08 09 1 [11]
Defect Density Dies 1+2 (defects/cm?)
Figure 24: 3D-CosTARtest escape results. [12]
1 [13]
8 Conclusion
[14]

In this paper we discussed direct probing of large-array fiteh
micro-bumps in the context of 2.5D- and 3D-SICs. We hayg
successfully conducted wafer-level direct probe expeanis@n
single-channels of the JEDEC Wide-1/O Mobile DRAM inteac (16
consisting of &50 arrays of 2bm-diameter Cu micro-bumps
and 15:m-diameter Cu/Ni/Sn micro-bumps at 40/68 pitches. [17]
Our experiments have shown the technical feasibility of dhe
rect probing approach, with probe tips making proper ellesitr [;g)
contact to the micro-bumps (i.e., contact resistanbg), causing
only limited probe marks (i.e., probe mark profdleb00nm, for [iq
Cu/Ni/Sn micro-bumps obtained with a post-probing reflow op20]
eration), and no measureable impact on stack interconmeldt y
Our cost modeling indicates economical feasibility forgh@site
testing. The next step is to prepare this technology for melu
production.

[21]

(22]

(23]

(24]
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