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Adhesion and subcritical debonding at interfaces between a silica-filled epoxy underfill
and a silicon die passivated by silicon nitride and benzocyclobutene (BCB) layers were
investigated. Adhesion was measured in terms of a critical value of the applied strain
energy release rat& (J/nf). Subcritical debond-growth rates in the range of°l®d

103 m/s were characterized as a function of appl@dAdhesion and subcritical
debonding were affected by changes in interfacial chemistry and environment. The
surprisingly large effect of adjacent layer elastic properties on interfacial adhesion was
demonstrated with simulations of interfacial fracture using a mechanics of materials
approach. Interfacial chemistry was modified by using different adhesion promoters, by
varying the BCB cure state, and by using different epoxy underfill resins. The effects
of environmental variables were studied with temperature- and humidity-controlled
environments in order to determine the separate roles of moisture activity and
temperature.

I. INTRODUCTION rials and solder balls is frequently encountered and poses

Demands for faster performance and higher 1/0 count§'gnificant challenges for current flip-chip technolo-
for integrated circuits require commensurate increases €S- Delaminations may permit moisture to pene-
the density and complexity of package interconneci'ate into the package initiating corrosive processes in the

structures. Traditional packages are being supplanted Hyetallized interconnections as well as increasing the re-
flip-chip solder ball array packages in which the IC angSidual and thermomechanical stresses carried by the sol-
substrate are connected face-to-face through an array g7 Palls. , o _
metallized bond pads and solder balls. Such structures A critical issue in determining overall package reli-

contain a number of passivation and solder mask |ayer§bility is therefore the resistance of interfaces within the

together with a polymer underfill intended to assist inPackage to the initiation and growth of interfacial de-

thermal management and provide protection from moislaminations. Current accelerated reliability tests which

ture and other environmental species. The underfill idNVOlve subjecting entire packages to thermal and envi-

typically an epoxy resin with thermal expansion and elagfonmental stresses provide I_ittle insight into the physica[
tic properties tailored by the addition of micron-sized Processes _controlllng adhesion and no quantitative basis
silica beads. for assessing the effects of new materials or interface

During fabrication and in use, high thermal expansionchemistrieé‘. Traditional mechanics methods for meas-

mismatch and polymer curing strains may be generateHring interfacial adhesion in layered structures such as
in the packages. The resulting residual stresses must Y&€ Scratch, peel, and stud pull tests suffer from a number
accommodated by the solder ball array and the layereflf limitations including the propensity for plastically de-
underfill region. Failure of the package involving delami- forming the films and relaxation of residual film stresses,

nation of interfaces in the underfill region and metallized?°th O_f_WEiCh lead to a lack of repeatability and inter-
bond pads together with cracking of the adjacent matePretability” Classical the_zrmody_namlc approaches that re-
late the work of adhesion to interface surface energies

using contact angle and contact mechanics measurements
ac v at Sandia National Laboratories. Alb MY produce adhesion values that are orders of magni-
o718n 1ats e tational baboratories, ABUAUETANE, Mtude less than the actual energy required to separate the
bAddress all correspondence to this author. interfac'ef? These measurements therefore do not account
e-mail: dauskardt@stanford.edu for additional energy dissipation processes such as plas-
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ticity in adjacent ductile layers. In fact, they might be pared for study. The underfill and passivation layer thick-
fundamentally limited by surface relaxation processesiesses were chosen to approximate dimensions
and environmental contamination which significantly encountered in flip-chip packages. Passivated silicon
lower the measured surface energy. substrates were prepared from 200-mm-diameter wafers
In recent years, it has been recognized that interfaciadoated with 250 nm of low pressure chemical vapor
delamination can be studied using the methodologies adeposition (LPCVD) nitride prior to spin coating and
fracture mechanics, modeling delamination as a crackuring of a 5pm-thick BCB resin layer. The BCB resins
propagating along the interface between two materialsre modified prepolymers of DVS-bisBCB and supplied
(see e.g., Refs. 7 and 8). The mechanics of fracture ats solutions of B-staged monomers in mesityl&he.
interfaces and in layered materials is well-developed and The effects of two silane adhesion promoters at the
application of these principles to thin film microelec- nitride to BCB interface were examined by first depos-
tronic interconnects has proven to be quantitative andting the coupling agent on the nitride surface from a
repeatabl&:®*? Similar techniques have been applieddilute solution. Standard spin coating procedures involv-
successfully to systems containing polymer layer$:*®  ing a 500 rpm spread cycle followed by a 30 s spin at
Comparatively little work has been undertaken to quan3000 rpm for solvent drying were employed. The com-
titatively investigate the effects of environmental mercially available adhesion promoters, AP3000 and
variables, such as temperature and humidity, on th&P8000 (Dow Chemical, Midland, MI), employed con-
kinetics of interfacial debond growth. However, work ventional silane chemistry with different reactive func-
on environmentally-assisted crack growth in similar bulktional end groups and relatively short linear chains with
material$®?3and subcritical debonding in thin film in- n = 2-3 carbon repeat units (Fig. 4). The AP8000 was
terconnect structur@s®*>?*suggests that the phenom- cast from a 0.1% solution of (3-aminopropyl)triethoxysi-
ena may be relevant to long-term reliability. In particular,lane (APS) in 1-methoxy-2-propanol as a solvent and
kinetic models relating crack growth to temperature, enuses an amine end group, while the AP3000 consisted of
vironmental species, and interfacial chemical bonding may 0.3% vinyltriacetoxysilane which had been activated in
be applicable to the growth of interfacial delaminations.water and diluted in Dowanol PM and has a vinyl end
Accordingly, in this work we investigate adhesion andgroup. Ellipsometry measurements of the dried AP8000
subcritical debonding at interfaces between a silica-filledadhesion promoter revealed a film thickness of approxi-
epoxy underfill and a silicon die passivated by siliconmately 40 A. Since the AP8000 has an extended length
nitride and benzocyclobutene (BCB) layers. BCB is aof approximately 9 A, this implied that more than a
photodefinable, low dielectric constant polymer devel-monolayer of the adhesion promoter had been deposited.
oped for packaging and interconnect applicatiGh§he  One specimen set was prepared without adhesion pro-
integrity of the interface between underfill and silicon moter. The wafers were subsequently spin coated with
passivated by new materials like BCB is an importantthe BCB (Cyclotene 3022, Dow Chemical, Midland, MI)
determinant of package reliability. Adhesion was studiecand cured as described below.
using previously reported methods in which the interface The effects of cure temperature and time have been
fracture energy was measured in terms of a critical valuextensively characterized for BCB resitfsThe po-
of the applied strain energy release ra@(J/n?).>%°  lymerization of BCB proceeds through a two-step ther-
Subcritical debond growth-rate behavior was charactermally activated process with an-quinodimethane
ized using similar procedurés.*°We were particularly intermediat€.” The polymerization follows first-order
interested in examining how adhesion and debondeaction kinetics with an activation energy of 150 kJ/mol.
growth rates were affected by changes in interfaciallwo BCB cure cycles were used to produce different
chemistry and environment. Interfacial chemistry waslevels of conversion. A “hard cure” produced at 250 °C
modified by using different adhesion promoters, by vary-for 1 h in an inert atmosphere gNvith <100 ppm Q)
ing the BCB cure state, and by using different epoxywas intended to exhibit a fully cross-linked glass struc-
underfill resins. The effects of environmental variablesture (approximately 98% cross link density), and a “soft
on debond growth were studied by performing experi-cure” produced at 210 °C for 40 min was intended to
ments within a temperature- and humidity-controlled en-exhibit a partially cross-linked sol/gel rubber structure

vironmental chamber. (approximately 80% cross-link density) which retains
some unreacted groups. The mechanical and fracture be-
Il. EXPERIMENTAL PROCEDURES havior of BCB has been documented in the standard hard

cure condition, and salient mechanical and fracture prop-
erties are listed in Table |I. The soft-cured BCB is not

Fracture mechanics based specimen configurationsxpected to have significantly different mechanical prop-
containing the underfill region and associated passivatiorrties with a modulus and tensile strength of 2.9 GPa and
layers sandwiched between silicon substrates were pr&0 MPa, respectivel§?

A. Specimen preparation
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Three commercially available silica-filled underfill ep- Zymet-5, -8, and Dexter underfills. For the Zymet-0 un-
oxy resins were obtained from manufacturers: FP452derfill, specimens were only prepared using the AP8000/
(Dexter Corp., Industry, CA) and X6-82-5 and X6-82-8 soft-cured BCB passivation.

(Zymet Corp., East Hanover, NJ), henceforth referred to
as “Dexter,” “Zymet-5,” and “Zymet-8,” respectively. B. Underfill mechanical testing

All three consisted of conventional epoxy resins and con- The tensile strength and modulus of the underfill ep-

tained silica filler particles, 1Qm or less in diameter, ) s e .
. S OXy resins were measured using miniature tensile dog-
whose primary function is to decrease the thermal ex;

pansion coefficient of the cured underfill. The Dexterandb?]r.]eh shaped sadm_ples W'thl a gagge Iengtrr]] r?f 25 mm
Zymet underfills contained 68 and 62 wt% filler, respec-W ich were tested In general accordance with the Ameri-

tively. The underfills also contained small amounts (ap-Can Society for Testing and Materials (ASTM) D-638-98

4 . " standard. The underfill formulations were poured into an
proximately 1 wt%) of low molecular weight adhesion : .
. " ) - appropriately shaped mold and fully cured. Tensile tests
promoters, of proprietary composition, intended to im- ) o X )
) . . were performed using an uniaxial mechanical testing sys-
prove the adhesion of the underfill to various surfaces

The Zymet-8 underfill was identical to the Zymet-5 for- tem equipped with a 1 kN load cell (Bionix 200, MTS

mulation except for additional adhesion promoters notj ty Zticr)nnss:ta'\l/rl:tn Qii,aﬁ);clgﬁwgr?:)fa?si%an%elgsTvggrli;deizrrTed
present in the -5 formulation. A third Zymet underfill P '

. . h ; . sus displacement data were corrected to account for the test
formulation designated “Zymet-0" containing no adhe- : . ;
: o : ystem compliance and resulting datatted in terms of
sion promoters but otherwise identical to the -5 and -

; . . he true stress versus true strain.
ormulations was also supplied by the manufacturer for
comparison purposes. _ _

The silicon wafers with cured passivation layers wereC: Interface adhesion testing
cleaved into 15 by 50 mm rectangular and 50 mm square Double cantilever beam (DCB) specimens to quanti-
sections. A 15 mm-wide strip of Au/Pd was sputteredtatively measure interface toughness were prepared as
onto one edge of the square pieces to deliberately dedescribed above. The sandwiched geometry precludes
grade adhesion and facilitate interface debonding. Thgross deformation of the thin polymer layers and pre-
pieces were placed face to face, with two rectangulavents the relaxation of any residual film stresses during
pieces on each square, and separated by a gap of 75 nabonding as has been described elsewh&iace the
with tape spacers. Underfill was dispensed into the gap tpolymer underfill region is relatively stiff and thin com-
form the “sandwich” structure depicted in Fig. 1. The
underfills were dispensed at 90 °C and cured in accor-
dance with the manufacturers’ recommendations: 165 °( S"°" —
for 5 min (Zymet) or 30 min (Dexter). 8CE —&

Finally, the underfilled specimens were diced with a
high-speed wafering blade into strips approximately S aaiiany o3 :
5 mm wide and 50 mm long. The long side faces of theunderin —f 00 0 e 75 um
specimens were polished mechanically to remove sui HREL S G
face damage from sawing. Two aluminum loading tabs
were epoxy bonded to the end of each specimen to forr
double cantilever specimens as shown in Fig. 2. Spec
mens were prepared with selected combinations o
adhesion promoters and BCB cure states using theig. 1. SEM micrograph of the structure of test specimens showing

the underfill and BCB layers sandwiched between two silicon sub-

strates. Not shown is a 250-nm-thin LPCVD SilNassivation layer
between the BCB and silicon.

TABLE I. Salient mechanical properties for the BCB and underfill
materials. | Debond length

CB —=i

Silicon —|

a—

Oys OuTts E €pl ch B\

(MPa) (MPa) (GPa) n (%) (MPant? R '"_'___\
BCB-soft - -- 807 2.9° . . X[ —
BCB-hard 48 90 29 068 57 086 TTTH N th
Zymet UF 36 65 4 062 15 . N
Dexter UF 46 51 2 077 05 Passivated Silicon

Underfill and BCB

“Dow Cyclotene 4026. FIG. 2. Schematic illustration of the completed DCB test specimen
PRef. 48. with relevant dimensions indicated.
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pared to the height of the silicon substrates, the appliedtant displacement rates of bn/s. Debond growth was
strain energy release ra@, can be obtained from stan- indicated by a sudden departure from linearity in the load

dard solutions for homogeneous sampies: versus displacement curve. The actuator motion was then
5 5 quickly reversed to reduce the load on the specimen and
Pa h\2 :
G=12- _.(1 +0.64- _) , (1)  arrestcrack growth. This procedure was repeated several
B%hE’ a times to obtain multiple measurements of critical adhe-

whereP is the applied loada is the length of the inter- SION from a single specimen. At least three nominally
facial crack,B is the sample thickness, is the beam identical specimens of each composition and cure con-
height andE’ is the plane-strain modulus of the dition were tested to ensure reproducibility of the results.

beam (140 GPa for silicon). Note that the effect of aD. Subcritical debond growth rate testing
compliant polymer layer between the two beams on the g pcritical debonding tests were facilitated using a

energy release rate can be analyzed using an elastic fougy, g rejaxation technique. The general method has been
dation modeP* For the elastic properties and dimensionsyescriped previously and involves loading the specimen
of our layered specimens this correction is only 1-2%;, 5 predetermined load and then fixing the displace-
and is neglected for the sake of simplicity. __ment!® Under these conditions, any debond growth
The DCB geometry places the interface crack intoypich increases the specimen compliance can be directly
nearly pure mode-I loading where the interface fracturgg|ated to a corresponding drop in load. With initial load,

resistance may be significantly lower than that for mixedp 54 debond lengtfa, the debond length at any time
mode loading>*"*2*3Thus, the DCB geometry sub- da’ring load relaxation is given by

jects the interface to the worst case loading mode al- 1
though note that the lowest fracture resistance is not B\3
necessarily obtained under pure mod¥ Further de- a=-064-h+ (E) ’ ©)
tails of interface fracture mechanics including the eﬁecg\,here
of elastic property mismatch across the interface an 2
phase angle of loadingV, has been described in detall B = poa03.(1 +0.64- _> ) (4)
elsewhere’® 3

Tests were performed using a custom-built high-Note that appropriate care must be taken to account for
resolution mechanical test system consisting of a loaény debond extension that might occur during initial
cell and an actuator mounted in a rigid load frame. Thdoading.
load cell and actuator are interfaced to a computer, and To study subcritical debond growth under varying en-
the experiments are fully automated. The test system igironmental conditions, the entire test system was placed
small enough to be placed inside an environmental chanwithin a temperature- and humidity-controlled environ-
ber to perform tests in a temperature- and humidity-nental chamber, allowing several hours for the system to
controlled environment. The length of the interfaceequilibrate. Under computer control, the load drop was
debond can be measured directly under an optical micrasontinuously monitored over an approximately 36-h pe-
scope, or it may be inferred from measurement of theiod. Using Egs. (1) and (3), the debond velocitg/d,

elastic compliance,WdP, of the sample: was calculated as a function of the crack extension force,
1 1 G, from the load versus time data. Several millimeters of

du\s [BEh®\3 debond extension were observed during the tests. Tests
a=\gp) - 3 -064 (2 were conducted in laboratory air with 20, 50, and 80%

RH (£2%) and at 0, 22, 50, and 70 °C (x0.5 °C).
whereu is the total displacement of the beam ends. In (x2%) ( )

practice, debond lengths from compliance measuremenfs Interface fractography
agreed closely with those measured by optical micros- The debond fracture surfaces were examined using
copy. Compliance techniques are more convenientptical and scanning electron (SEM) microscopy and x-
for automated data collection and were used for most ofay photoelectron spectroscopy (XPS). Optical micros-
the study. copy during testing allowedh situ observation of the
Measurements of critical adhesion valu€s, were interface debond. XPS scans were made on mating frac-
performed in ambient laboratory atmosphere. A precrackure surfaces of failed specimens. The surfaces were
along the weak (Au/Pd) interfacial layer was obtained bycharacterized using a Surface Science XPS unit with
either loading the specimen monotonically or by apply-monochromatized Al K x-ray radiation. To precisely
ing fatigue loads at 20 Hz. Once the precrack was adidentify the debond path and proximity of the silane ad-
vanced past the weak layer, critical adhesion values wereesion promoter, a broad XPS (0-550 eV) scan was made
obtained from the maximum load prior to the onset ofof each mating fracture surface. Detailed scans were then
rapid debond growth. Tests were conducted under cormnade in regions of the spectra containing peaks of inter-
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est (e.g., O, Si, and N). Depth profiling to analyze Com-TAB_LE 1. (_)_ritical adhesion measurements for underfill/BCB-
positions beneath the fracture surface was achieved usirgssivated silicon.
a high-energy argon gun for sputtering.

Si Passivation

Values in J/M
Failure at Hard-cured Hard-cured Soft-cured
1. RESULTS AND DISCUSSION BCB/nitride BCB/AP3000/ BCB/AP8000/ BCB/AP8000/
interface nitride nitride nitride

Macroscopic adhesion values measured in terms of

critical values of the strain energy release ragg, are ~ nderfil - Zymet0 ' 40 £32
h i Fia. 3 and I ber Gith Zymet-5  10.8+1.2 19432 229+1.1

shown in Fig. 3 and average values together with stan- Zymets 129407 208446 146244

dard deviations summarized in Table Il. An unexpected Dexter 17.2+1.1 50.1+2.9 59.0 + 8.4

result was that all of the BCB-passivated wafers failed at
the interface between BCB and silicon nitride, implying
that this is the weakest interface in the system. A few/™
specimens displayed limited debonding at the underfill/  Critical adhesion values for the hard-cured BCB speci-
BCB interface, with the debond crossing back and forthmens (Fig. 3 and Table Il) clearly reveal that adhesion
from one interface to the other across the BCB layerwas enhanced with the amine-terminated adhesion pro-
This suggests that in these specimens the adhesion of theoter (AP8000) compared to the vinyl-terminated adhe-
two interfaces was similar and indeed there was no measion promoter (AP3000), irrespective of the underfill
surable difference in critical adhesion for debond growthcomposition: 19.4 J/fversus 10.8 J/imfor Zymet-5;
initiating at one interface or the other. 20.8 J/nt versus 12.9 J/Afor Zymet-8; 50.1 J/rversus
Several features of the adhesion measurements are nb7.2 J/nf for Dexter. These critical adhesion results are
table and are discussed in detail in the following sectionssurprising, as it was expected that the amine group in the
The adhesion of the BCB/nitride interface with the AP8000 would not react with BCB. Since the specimens
amine-terminated adhesion promoter (AP8000) wasvith the two different adhesion promoters are in every
higher for soft-cured BCB than for hard-cured BCB. In other way identical, the higher adhesion values obtained
addition, for the hard-cured BCB specimens, adhesion wagith the AP8000 suggest that chemical bonding across
also enhanced with the amine-terminated adhesion prdhe BCB/nitride interface was improved. The reason
moter compared to the adhesion promoter with the vinyfor the improvement remains unclear and is the subject
end group (AP3000). It is also interesting to note thatof ongoing investigation. More recent studies with speci-
adhesion of the BCB/nitride interface is sensitive to themens containing only BCB layers exhibit enhanced ad-
type of underfill. The highest critical adhesion values arehesion with the vinyl-terminated AP 3000 compared to
associated with the Dexter underfill, and the lowest withthe amine-terminated AP 8038.This suggests that the
Zymet-5. Detailed chemical analysis of the fracture surAP 3000 might be degraded in the presence of the un-
faces performed with XPS confirmed that failure was ad-derfill chemistry, an effect discussed in more detail in
hesive between the BCB and nitride; however, the specifisubsequent sections.
failure location with respect to the silane adhesion promoter
was found to vary depending on BCB curing conditions.B- Effects of BCB cure
The critical adhesion values for hard- and soft-cured
| zmets BCB with the same adhesion promoter (AP8000) re-
= o ported in Fig. 3 and Table Il show that the soft-cured
L o BCB specimens produce consistently higher fracture en-
ol ergies irrespective of underfill composition. Tl val-
Voo ues for hard- and soft-cured specimens, respectively, are
19.4 J/nt versus 22.9 J/ffor specimens underfilled
with Zymet-5, 20.8 J/versus 44.6 J/ffor Zymet-8,
and 50.1 J/rh versus 59.0 J/ffor Dexter underfill.
There are two potential explanations for the difference in
adhesion between hard- and soft-cured BCB specimens.
One is that the hard- and soft-cured BCB may exhibit
2 - different deformation behavior, altering the amount of
Hard BCB / AP3000/ Hard BCB/AP8000/  Soft BCB / AP8000 / Nitride only . . . . .
nitice nitide nitide energy dissipated through plastic deformation in the
Passivation Type BCB and thereby the critical adhesion. However, signifi-
FIG. 3. Critical adhesion value&,, showing the effects of adhesion cant differences in the mechanical propertlg_s O,f the two
promoter, BCB curing conditions, and underfill composition. Average CUre states are not expectédinother possibility is that
values are the result of at least 9 measurements. the chemical structure of the adhesion promoter at the

Effects of adhesion promoter

90

80

50 |

40

30 |

Critical Adhesion, G, (J/m?2)
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BCB/nitride interface is altered by the BCB cure. De- Soft Hard
tailed XPS studies of the interface region together with
subcritical debond-growth activation energy data support BCB
this scenario and are discussed below and in the follow-
ing sections.

Nitrogen in the amine-end group of the AP8000 ad-
hesion promoter provides an ideal elemental peak in XPS
spectra to facilitate studies of the interface debond loca- |z
tion. The positions of XPS elemental peaks are shifted by |°
localized chemical bonding, allowing us to distinguish £ M
nitrogen in the AP8000’s amine groups from nitrogen in Y
the silicon nitride. The vinyl functional group in the (a)
AP3000, composed of carbon and oxygen, is more dif-5 Si

. = iN
ficult to detect, as large amounts of these elements arg x
present in the specimens, both in the underfill and as &C
result of contamination after exposure to the environ-
ment. Thus, the XPS studies presented are restricted to
specimens containing the amine-end group adhesion f
promoter.

A schematic illustration of the BCB/nitride interface
containing the AP8000 adhesion promoter is shown in
Fig. 4. As previously mentioned, the silane adhesion 560 460 360 260 100 0O 560 460 360 260 100 O
layer was initially approximately 40-A thick with mul- (b) ()
tiple layers of molecules. Bonding between the adhesion .
promoting molecules is not explicitly shown due to the Binding Energy (eV)
complexity of potential bond sites. After BCB deposition FIG. 5. XPS spectra obtained from fracture surfaces of specimens
and prior to cure, all of the AP8000 specimens werewith the amine-terminated adhesion promoter (AP8000) showing for

assumed to have this structure. XPS survey scans arieg soft-cured BCB the (a) BCB side and (b) the ggitle and speci-
y mens with hard-cured BCB (c) the BCB side and (d) the Séile.

specific S,C&ns of the nitrogeng)lpeak were obtained .Inserts show the results of detailed scans of interesting peaks.

from mating debond fracture surfaces and are shown in

Fig. 5 for soft- and hard-cured BCB specimens. For theadhesion promoterf: From these spectra we concluded

soft-cured specimens, spectra taken from the BCB side dhat, in the soft-cured specimens, the adhesion promoter

the fracture showed no evidence of nitrogen on the surtayer remained bonded to the surface of the ,SiN

face [Fig. 5(a)]. On the SiNside of the fracture a strong Debonding occurred between the adhesion promoter and

nitrogen signature resulting from a double peak was apBCB layers or slightly in the BCB as depicted in the

parent as shown in Fig. 5(b). This is consistent with thefigure. More precision regarding the debond path loca-

presence of nitrogen in two binding states: one peak dion is compromised by the electron escape depth for the

397 eV associated with nitrogen in Sildnd a second at polymer layers of approximately 5-50 A.

399 eV associated with nitrogen in an organic matrix (the XPS spectra from hard-cured specimens, shown in
Figs. 5(c) and 5(d), are clearly different. The BCB side of

BCB

c(1s)

cus)

0 (15)

si(2s)
Si(2p)

L.

c(1s)

BCB the fracture surface displayed a nitrogen peak whose

o e otes binding energy was consistent with the amine group.
. BCB i In addition, the Sil side of the fracture surface no
SiN 2~ APB00O adhesion promoter longer exhibits the characteristic strong double peak

HiC-0-§i-0-CH, Ay - . . .
5 Number of fayers =23 that was seen in the soft-cured specimen. There is a faint

N, peak from the adhesion promoter, but most of the nitro-
hel Possible fracture paths for - J€N Signal is from SilN. Debonding in this specimen
Silicon Hc-0-§-0-cH, fard cured surfaces therefore appears to have occurred somewhere within
P oW the adhesion promoter layer (Fig. 4). Further evidence
that the chemical structure of the adhesion promoter was

degraded significantly by the hard cure process is dis-
FIG. 4. Schematic illustration of the BCB/Sjihhterface region show- ussed next
ing the presence of the amine-terminated adhesion promoter (APSOO(% XPS : it | depth fil ided additi |
attached to the nitride passivation. The adhesion promoter layer thick- c_omp05| Ional depth pro IeS_prOVI e a tona
ness was approximately 40 A implying the presence of more than &1formation on the effect of BCB curing on the interface

monolayer. Debond paths determined from XPS studies are indicatecomposition. Two surfaces were studied: the Siile of
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the fracture surface from a soft-cured specimen, whict{Fig. 4). Note that there is a corresponding increase in the
displayed the double nitrogen peak, and the BCB side ofiitrogen peak associated with SiMith each scan as the

a fracture surface from a hard-cured specimen, whicladhesion promoter is removed.

displayed the nitrogen signature of the adhesion pro- Hard-cured BCB produced different compositional
moter. The sputter etch rates for polymers in the XPSrofiles as evidenced by three spectra taken from the
system typically range from 120 to 170 A/min. The re- BCB side of the fracture surface shown in Fig. 6(b). The
sults of the depth profiling for a soft-cured specimen arestrong nitrogen peak with a binding energy of 399 eV
plotted in Fig. 6(a). After only 6 s of sputtering the indicative of the amine group is clearly present on the
higher energy peak associated with nitrogen in the amin&acture surface and persists in subsequent spectra taken
group of the adhesion promoter disappears and it is corafter sputter etching into the BCB layer. Even after 40 s
cluded that the amine group must have been within thef sputtering, corresponding to a minimum sputter depth
first few monolayers of the fracture surface. This is con-of 80 A, a weak nitrogen signal was still present. With
sistent with the simple model discussed previouslyhard curing, the adhesion promoter therefore appears to
have diffused away from the interface and into the BCB
layer leaving less than a monolayer on the S#8Jdrface
[Fig. 5(d)]. It is not clear whether the increased time and
temperature of the hard cure assists in the decomposition of
the adhesion promoter which would allow the amine group
to diffuse more rapidly. However, clearly the overall effect
was to degrade chemical bonding at the interface and sig-
nificantly lower the macroscopic adhesion values (Fig. 3).

After 12 seconds

C. Effect of underfill composition

A particularly interesting feature of the critical adhe-
sion data shown in Fig. 3 is that the adhesion energy of
the BCB/nitride interface was sensitive to the underfill
composition. For example, adhesion values for the hard-
cured BCB/AP3000/nitride interface are 10.8 3Awvhen
the structure is underfilled with Zymet-5, 12.9 ¥/for
. . : : . L Zymet-8, and 17.2 J/fnfor the Dexter underfill. All of
the specimens displayed this trend, with critical adhesion
values lowest for the Zymet-5 underfill, intermediate for
the Zymet-8, and highest for the Dexter underfill.

Several mechanisms have the potential to explain the
variation of the measured adhesion values with underfill
type. Plastic deformation surrounding the debond tip in
the 5qum-thick BCB layer or even in the underfill layer
e itself may be affected by the mechanical properties of the
two different epoxy underfill compositions. A similar
effect could result from settling of the silica filler par-
ticles prior to underfill cure. Such settling can alter the
concentration of silica filler particles near the interface,
significantly changing the mechanical properties of the
underfill in the region near the debond tip. Finally, low
molecular weight species, most likely associated with the
adhesion promoting packages employed in the underfill

Initial scan

Arbitrary Units

After 20 seconds
After 40 seconds ey
o

P

g e

408 406 404 402 400 398 396 materials, may diffuse through the BCB and degrade the
(b) adhesion promoter. We explore these possibilities in
Binding Energy (eV) more detail the following sections.

Note that it is possible that chemical bonding at the
FIG. 6. XPS scans taken at different locations after depth profiingBCB/SiN, interface may be affected by differences in
into (a) the SiN side of the fracture surface for a soft-cured BCB thermal processing for the different underfills. However,

specimen and (b) the BCB side of a hard-cured specimen. Scans a{ﬁ v diff . . diti duri
centered on the nitrogen peak associated with the nitride (397 eV) an e (,)n y di eren(_:es In processing . conaitions during
amine group (399 eV) for the soft- and hard-cured specimens, respe&P€cimen fabrication were the cure times of the two un-

tively. derfills, 30 min for the Dexter and 5 min for the Zymet
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underfills. To determine whether the additional cure timedebonding process that include the cohesive strength of
affects critical adhesion values, specimens with thehe interface and the thickness and elastic and plastic
Zymet-8 underfill were prepared and subjected to an addeformation properties of adjacent ductile layers have
ditional 25 min anneal at 165 °C. No significant differ- been shown to adequately predict the increase in inter-
ence in adhesion was observed for the annealefhce fracture energy with increasing plastic deformation

specimens. for a number of layered systerh&3>3® However, the
yield and plastic work hardening behavior of the two
D. Underfill mechanical properties underfill compositions are similar and are not expected to

The true stress versus strain behavior of the underfifignificantly affectG.. In fact, the Zymet underfill has a
materials were assessed using tension tests on bulk ug@mewhat lower yield strength and exhibits larger plastic
derfill specimens and representative curves are shown ifirains to failure and might therefore be expected to result
Fig. 7 and summarized in Table I. The specimens exhibl" larger values of5. _ _
ited linear elastic behavior to applied strains of approxi- Intérface fracture energy simulations were therefore
mately 0.8% and approximately 1.8% for the Zymet angConducted using the embedded process zone (EPZ)
Dexter compositions, respectively. The Young's modu-modef*="to explore the role of the elastic modulus of
lus of the Zymet underfill (4 GPa) was significantly the epoxy und_erﬂll layers on plastic deformatlo_n in the
higher than that of the Dexter underfill (2 GPa). The BCB layer during debonding. The EPZ model includes
0.2% offset yield stressg,s, of the Zymet underfil the rupture process at the debond tip anq a _surround[ng
(36 MPa) was lower than the Dexter yield stressZOne which experiences large plas"uc strains in the adja-
(46 MPa). All specimens exhibited similar work harden-cent BCB layer. A traction-separation law charactenze;
ing behavior and failed by brittle fracture at strains ofthe interface rupture process and is governed by a maxi-
approximately 3-4%. No discernible differences wereMum separation stres$, and intrinsic interface fracture
apparent for the Zymet-5 and Zymet-8 compositions.res's'[a”?@o- The ductile Iay_er was qharac_terlged W|th
This was anticipated since the only difference between elastic/power-law hardening relationship with strain
the two compositions was the presence of an additiondl@rdening exponent n. For these simulations the epoxy
adhesion promoter in the Zymet-8 which was not ex-underfill layer was assumed to be elastic with modulus
pected to impact bulk mechanical properties. Eur = 2 and 4 GPa for the Dexter and Zymet, respec-

Plastic energy dissipation in ductile layers has beefively. The BCB was modeled with average mechanical

shown to have a large effect on the interface debondroperties given in Table IG, and ¢ are not known
energy of thin-film structure&!?2* Models of the Precisely, and a value @, = 5 J/nt was assumed with

¢ taken as a fitting parameter.
80 The most important variables effecting the valuesf
are considered to b8, the ratios/o, n, and the phase
angle of loading¥.® However, the present simulations
revealed that the elastic modulus of the epoxy underfill
layer has a surprisingly large effect on steady-state frac-
ture energyG., as shown in Fig. 8 for a range of values
of /o, While the precise value of is not known,
particularly where complex interface chemistries are
concerned, reasonable values are likely to be in the range
of Egcp/10 toEgp/60, givings/o,s = 1 to 6. Over this
range of interface strengths, it is clearly apparent from
the simulations that the more compliant Dexter underfill
results in significantly more plasticity in the BCB and
hence raises the value @&, particularly for stronger
interfaces. Therefore, the effect of the modulus differ-
ence of the two underfill layers may clearly be sufficient
- to account for the difference in measured value&gf
AT RIS BRI ST B Note that we have assumed that the values anhdG,
0 1 2 3 4 are unchanged for specimens prepared with different un-
Strain, ¢ (%) derfill compositions. It is possible that diffusion through
FIG. 7. Re . . . tthe BCB of a low molecular weight species associated
. presentative true stress versus strain p|OtS from tension tests. . . . .
of the Zymet and Dexter underfill materials. The Dexter material ex-W'th the adhesion promoters in the underfill materials

hibited slightly higher yield and hardening behavior but with a reduceddegraded the strength of the BCB/SiNnterface by
elastic modulus. bonding with the adhesion promoter at that interface.
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FIG. 8. Dependence of interface fracture enei@y, on the normal-

ized interface strength‘;/crys, obtained from interface fracture simu-
lations for debonding of the BCB/nitride interface where the BCB is
treated as an elastic/power-law hardening layer, and the epoxy under-
fill layer is assumed to be elastiE(- = 2 and 4 GPa). The significant
effect of decreasing the underfill elastic modulus on plasticity contri-
butions toG, is clearly apparent.

However, adhesion values measured for the Zymet-0
specimens which did not contain an adhesion promoting
package showed similar values to the Zymet-8 specimens
and therefore do not support this hypothesis.

E. Underfill settling

Settling of silica beads toward one interface during
underfilling and subsequent curing may result in signifi-
cant variation of mechanical properties through the un-
derfill. The lower region containing a greater
concentration of silica beads may be expected to be 25 um
stiffer and stronger, while the denuded region will be (b)
more compliant and weaké?:*° Settling was observed FIG. 9. SEM micrographs taken from polished sections of the under-
in the specimens and representative SEM micrographiél underfill region of (a) the Dexter and (b) the Zymet underfill
taken from polished cross-sections of the underfill re_materlals. Evidence of settling of_t'he silica beads to the lower interface

. P . ere apparent for both compositions.
gions are shown in Fig. 9. Settling was more pronounce(\ﬂv
in the Dexter underfill than in the Zymet underfill, explained by inadvertently debonding opposite sides of
although some settling was apparent in all specimenthe underfill layer in different specimen sets. In addition,
examined. the silica beads in the Dexter underfill were observed to

In a separate study, the effect of such settling on locasettle more toward the interface of interest compared
plastic deformation during debonding has been investito the Zymet which we would expect to produce lower
gated?* Higher adhesion values were measured forather than higher adhesion values. Clearly, the settling
debonding of the interface adjacent to the silica-denudedffect does not explain the present results, although set-
region compared to that adjacent to the silica-enriched retding does have an effect on adhesion of interfaces and is
gion. This behavior was rationalized in terms of the in-the subject of ongoing researth.
creased plastic deformation that occurs in the denuded N ,
region of the underfill. However, in the present study,F- Subcritical debonding
debonding was restricted to the interface adjacent to the Detailed studies of subcritical debonding of BCB/
silica-enriched side of the underfill layer where the initial nitride interfaces were limited to specimens with the
weak region was located. Therefore, the data cannot bamine terminated adhesion promoter and Zymet-8 under-
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fill, although all the specimens displayed such behavior. The effects of temperature and humidity on the sub-
The subcritical debond-growth rateg/dt, as a function critical debond-growth rate behavior were examined at
of the applied strain energy release rdig,from tests temperatures of 0, 22, and 50 °C with 50% RH and at RH
performed at 22 °C and 50% RH is shown in Fig. 10 forvalues of 20%, 50%, and 85% with temperature fixed at
hard- and soft-cured BCB specimens. The critical adhe50 °C. Debond growth-rate curves showing the effect of
sion valuesG,, are included in the plot for comparison. temperature on both soft- and hard-cured specimens are
Time-dependent debonding was measured over 4 ordepesented in Fig. 11. Increasing temperature has a sig-
of magnitude from 10 m/s to values approaching nificant effect on debond-growth rates. For the tempera-
107° m/s. Such subcritical debonding behavior is associture rates explored, a 20 °C increase in temperature
ated with a stress—corrosion crack-growth processes amdsults in approximately 2 orders of magnitude increase
involves the synergistic effects of an environmental spein growth rates for a given value @&. G values are
cies, in this case moisture, and strained crack—tip atomialso significantly decreased with increasing temperature.
bonds. The phenomena does not occur in all material and

environmental couples, and the reaction kinetics often 4 l O ) E
. .o . o jm} [e) O:

depend sensitively on the activity of the environmental E Zymet-8/Soft Cure o° o

species and the temperature. In the present specimens [ 50% RH e o o

is notable that the threshold for subcritical debonding,g =~ L ° o0 o A

Gy, is typically only approximately 55% dB, for both = 10°F SRS OO

the soft- and hard-cured specimens. Note that the pres}cvj i RPN 5

ence of a true subcritical debond-growth threshold was® > @)
not observed in the present study and an operationa® 10°®

? o © e}
definition for G+, was employed at debond growth x " o 0
rates of approximately I8 m/s. Clearly, the presence £ i = o
of such subcritical debonding at applied loads signifi—?> 107E n © o E
cantly belowG, has important implications for the long- (5 F DDD o
term reliability of interfaces prone to time dependent'g - o & ©
debonding. S 0%k EFD 22°C o ~
8 - B_ 0°C
i 0 50°C
10°
1 0‘4; T T | F LI I L T T T { T T ‘0\ T T E 2 0 30 40 50 62
i 5 ®<§<><> (a) Applied Strain Energy Release Rate, G (J/m”)
2)\ : g <Q n 1 0,,4 F T T i T I Duj [} T E
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=107} Gy $o ] @ | 50%RH R
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g10%F o g 1 3 | Lo &
T i “Hard-cure & Soft-cure © i 7OOCA§ mooo S
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FIG. 10. Subcritical debond-growth rate behavior showing the (, Applied Strain Eneragy Release Rate. G J/m2
debond-growth rate,addt, as a function of the debond strain energy (b) PP 9y ! ( )

release rateG, for soft- and hard-cured BCB layers measured at 22 °CFIG. 11. Subcritical debond-growth rate curves indicating the effect
and 50% RH. Subcritical debond-growth rate threshdBs,, are only  of temperature on debonding of (a) soft-cured BCB specimens and (b)
approximately 55% o hard-cured specimens.
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Following the pioneering work of Wiederhogt al.**  suggestive of a significant difference in chemical bond-
the stress—corrosion process may be modeled as a théng at the interface, consistent with the XPS studies de-
mally activated chemical reaction in which the stress-freescribed above.
activation energye* is determined by fitting the meas-  The effects of humidity on the debond-growth rate at
ured growth rate data to a relationship of the form 50 °C are shown in Fig. 13 for both soft- and hard-cured

BCB specimens. For the soft-cured specimens, humidity
da _ —E* +bG has little effect on the mid-growth rate regime (approxi-
dt =~ Vo &P RT ' mately 10°-10°m/s); however, increasing humidity

has some effect on near-threshold growth rates and ap-
whereR is the gas constant, the absolute temperature, pears to noticeably lower the thresh@g,, [Fig. 13(a)].
andv, (which is proportional to the activity of the envi- |ncreasing humidity has little apparent effect for the
ronmental species) aritlare constants depending on the hard-cured BCB specimens over the entire mid-growth
material and environmental combination. A linear fit wasrate regime (approximately 18-10°m/s), and only
performed on the higher growth rate region of the sub-
critical debond-growth rate curves, and a representative 10
growth rate was obtained from the fitted curve at a given
value of G. Arrhenius plots to determine the activation
energy are shown in Fig. 12.

It is immediately apparent from the figure that the = i
growth rates are thermally activated and the activatiori® 107
energies determined from the slopes of the Arrheniuso
plots were 84.1 kJ/mol for the soft-cured BCB and &
42.7 kd/mol for the hard-cured BCB. These values corm‘“ 10° oS
respond to 0.87 and 0.44 eV/bond for the soft- and hardg Q%égz(m RH
cured BCB/nitride interfaces, respectively. While there isg . 6
a paucity of activation energy data for stress—corrosiors 10 g
cracking in bulk polymers and almost no data for sub- o ©
critical debonding at interfaces with polymers, the acti- & 10° °85% RH
vation energy for the soft cured specimens are almosh s 50% RDH
identical to the activation energy of 85 kJ/mol reportedD O
for C—C bond rupturé®“*The activation energy values 10° — — :
are also similar to those reported for subcritical cracking 5 6 7 8 910 20 30
of bulk polyethylene in moist environmefitsand sub- (@  Applied Strain Energy Release Rate, G (J/m”)
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marginally increases near-threshold growth ratesi_ 60

[Fig. 13(b)]. The difference in moisture sensitivity be- £ i - - o

tween the hard- and soft-cured specimens is again con-:” i L

sistent with the hypothesis that the curing process . 50 | N T varying

changes the chemical characteristics of the BCB/nitride% [ N

interface. [
Subcritical cracking associated with environmental

species often follows first-order reaction kinetics. Reac-

tion kinetic models predict that the crack velocity is pro-

portional to the concentration of water, @], in the

environment according tcaddt = v [H,O]k,, wherev, is

a constant and, the reaction raté? The H,O concen- ]

tration is related to the chemical activity of the water i -~ T constant

which in a gas is proportional to the partial pressure of ® : }-«i{ :

the water vapor or relative humidity. Therefore increas-& 10 |- Hard-cured " -

ing humidity should shift of the entire debond-growth § i

rate curve to lowefs values or for fixed values db to '

higher growth rates. Noting that in the present experi- > 3 2 5

ments the relative humidity was changed from 20 to 85% 10 10 10 10

at constant temperature, we estimateQHsso/[H-O0l00s Partial Pressure of Water

= VgsodVaos, (14, Which for a given applied implies FIG. 14. Effect of the partial pressure of water and temperatur@ on

that growth rates should be increased by a factor of 42?r3b2tq§%ﬂr']j§ d hard-cured BCEqppieqwas measured at a velocity

Within the scatter of the present debond-growth rate data '

such increases are not apparent at growth rates above

approximately 10° m/s, but lower growth rates are in- should also be noted that in polymer systems, increasing

creased by values consistent with the predicted amounfiumidity often results in plasticizing effects near the
Note that the above comparisons must be conducted &fack tip that relax the crack-tip stress fields dorer

constant temperature since temperature effects the kinegtibcritical crack-growth rates, as has been reported for

ics of the process through both the usual activation enbulk PMMA*” and polyimide/SiqQ interfaces.® Clarifi-

ergy term [Eq. (5)] as well as the activity of the cation of the role of such competing mechanisms for

environmental species. The activity is related to thesubcritical debonding of interfaces in microelectronic ap-

chemical potentialp, of the water molecules, which is a plications is the subject of ongoing study.

function of the partial pressur, o

R=p’+RTINP, o , (6)  IV. CONCLUSIONS

wherep? is the chemical potential of water at standard Adhesion values in the range of 10-60 3Avere ob-
temperature and pressure. The temperature dependertained for interfaces between benzocyclobutene (BCB)
of w is apparent. For the present BCB interface, the effecand nitride-passivated silicon wafers. The fracture speci-
of temperature appears to be dominant in the mid-growtimens contained selected epoxy underfill layers that were
rate regime. This is demonstrated in Fig. 14, where théound to affect adhesion. The adhesion of the BCB/
change inG as a function of HO partial pressure is nitride interface with the amine-terminated adhesion pro-
plotted for a fixed debond velocity. It is clear that when moter (AP8000) was higher for soft-cured BCB than for
only the activity of water is increased, the correspondinghard-cured BCB. In addition, for the hard-cured BCB
G values are not significantly shifted. However, if both specimens, adhesion was also enhanced with the amine-
temperature and activity are varied, the valueSahift  terminated adhesion promoter compared to the adhesion
by a large amount. This is in stark contrast to interfacepromoter with the vinyl-end group (AP3000). Detailed
between metal or nitride layers with inorganic silica chemical analysis of the debond surfaces confirmed that
glasses where the activity of moisture in the environmentailure was adhesive between the BCB and nitride; how-
has a significant effect on debond kinetfCsFor these ever, the specific failure location with respect to the si-
interfaces, varying both temperature and activity result$ane adhesion promoter was found to vary depending on
in changes in the debond growth rates that are similar t8CB curing conditions. Adhesion of the BCB/nitride in-
shifts produced by varying only the activity. terface was sensitive to the elastic modulus of adjacent

The predicted sensitivity to moisture content antici-underfill layer. The surprisingly large effect of underfill
pated by the chemical reaction rate models is, howeveglastic modulus o, values was revealed through frac-
not unambiguously established by the present data. ture energy simulations.
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All of the interfaces studied displayed extensive sub-12
critical debond growth under applied values@flower 3
than those required to produce catastrophic failure. Thé

temperature dependence of subcritical debond growth,

was described with a simple thermal activation model.

Unlike other inorganic dielectric systems, subcritical15.

debonding of the present BCB material from the nitride
passivation was not sensitive to the activity of the en-

vironmental species. Subcritical debond growth hasg

important implications for long term reliability of micro-
electronic devices.
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