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Thermal Cycling Effects on Critical Adhesion Energy and
Residual Stress in Benzocyclobutene-Bonded Wafers
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The effects of thermal cycling on critical adhesion energy and residual stress at the interface between benzocy@aRitend

silicon dioxide(SiO,) coated silicon wafers were evaluated by four-point bending and wafer curvature techniques. Wafers were
bonded using BCB in an establish@shseline)process, and the Sidilms were deposited by plasma-enhanced chemical vapor
deposition(PECVD). Thermal cycling was done between room temperature and a peak temperature. In thermal cycling performed
with 350 and 400°C peak temperatures, the critical adhesion energy increased significantly during the first thermal cycle. The
increase in critical adhesion energy is attributed to relaxation of residual stress in PECYDw&i€Eh in turn is attributed to
condensation reactions in those films. Thermal cycling also cures the BCB beyon@8§é achieved in the baseline process, and

the residual stress in the BCB is reset at a glass transition temperature corresponding to the increased BCB cure conversion. As
more thermal cycles are performed, stress hysteresis in the BCB decreases as the cure stabilizes at 94-95%.
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Wafer-level three-dimensiondBD) integration is an emerging bonding interfaces and on the physical stability of BCB are not well
technology to increase interconnect performance and functionalityunderstood. Most published studies consider the effects of thermal
of integrated circuit{ICs)*® In one approach to wafer-level 3D cycling of BCB in a low-temperature rande-125 to 150°g,*>1¢
integration, fully processed wafe(svith multilevel on-chip inter-  and the critical adhesion energy at the interface between BCB and
connectspre aligned and bonded with a dielectric glue, followed by wafer has mostly been evaluated qualitatively using “stud pull” or
thinning one of the wafers to less than Lt using mechanical  “scotch tape” tests’8

grinding, chemical mechanical planarizatit@MP), and wet etch- In this work, we report on increases in critical adhesion energy
ing. Subsequently, interwafer interconnects are formed using a copbetween BCB and plasma-enhanced chemical vapor deposition
per damascene patterning proces. (PECVD) silicon dioxide(SiO,) coated silicon wafers due to high-

The bonds in the 3D wafer stacks must have sufficiently hightemperature thermal cycling. Such changes in adhesion energy
critical adhesion energies and low residual stresses in order to resishight play a large role in wafer-level 3D IC technology platforms.
the impacts of subsequent processing steps such as grinding, CMie describe a phenomenological model that relates the increase in
and thermal cycling. We have considered several kodielectric the critical adhesion energy to decreases in residual stress in
polymers as bonding glue candidates, have developed a baselifRECVD SiQ, layers which result from condensation reactions. We
wafer bonding process using benzocyclobut¢BEB), and have  also report on the thermal stability of the BCB using thermal cycling

evaluated the critical adhesion energy and residual stress when usingsts performed in the temperature range 350-450°C in nitrogen am-
BCB to bond various stacked Iayé‘r .BCB is used for wafer-to-  pjents.
wafer bonding because of the high critical adhesion energy and high
fraction of bonded areéearly 100% on 200 mm wafgras previ- Processing and Characterization
ously reported:>1°
During postbonding processing, the 3D wafer stack undergoes BCB and PECVD Si@layer deposition—The thermal cycling
mu|tip|e thermal excursions and high-temperature proce(ﬁseme tests reported in this paper are performed with four different wafers
purposes of this paper, over 350°Example processes are etching Or wafer stacks(i) silicon wafer covered with lum PECVD SiQ;
of interwafer vias, deposition and annealing of copper used to(ii) silicon wafer coated with 3um BCB; (iii) silicon wafer covered
form the interwafer interconnections, curing of subsequent BCB lay-with 1 um PECVD SiQ followed by 3 um BCB; and(iv) a bonded
ers when adding wafers to the stack, and subsequenwafer pair consisting of a 2.am thick BCB layer sandwiched be-
packaging processgis:.lSThus, it is critical to understand the effects tween two silicon wafers, each covered withwin PECVD SiQ
of high-temperature thermal cycling on the wafer stacks. A large partayer. The 200 mm silicon wafers used are about 89 thick.
of the concern about high-temperature thermal cycling relates to th®ECVD SiG, layers are deposited using Silind N,O at 300°C in
evolution of the critical adhesion energy and residual stress of thea Plasmatherm 7@lasma-Therm Inc., Voorhees, Ndith a cham-
bonded interfaces. Thermal cycling of BCB-bonded layers mayber pressure of 0.9 Torr and radio frequerit®.56 MHz)power of
cause an increase in critical adhesion energy by release of residu@b W. The desirable overall reaction during this deposition process
stress. Thermal cycling may cause adhesive failure at the interfacg
between BCB and adjacent layers, or cohesive failure within the . .
BCB layer* Although BCB has been used in microelectronic appli- SiHy + 2N0 — SiO,(s) + 2Hp + 2N, (1]
cations in the back-end-of-the-lin@EOL), packaging, and 3D in-  The thicknesses of PECVD SjQayers are measured using both
tegration processes, the effects of the multiple and high-temperaturgpectroscopic reflectometry and ellipsometry. The standard deviation
thermal excursions on critical adhesion energy and residual stress aff the measured thickness across a wafer is less than 5%.
Adhesion promotefAP3000, Dow Chemicaland BCB resin
(Cyclotene 3022-45, Dow Chemigadre spin-coated on wafe(s)
* Electrochemical Society Active Member. and (iii) listed above after precleaning with a solution of sulfuric
® Current address: Samsung Electronics Company, Limited, Interconnect Productacid and hydrogen peroxide, followed by spin-dry cleaning. Spin-
and Technology Team, Memory Division, Semiconductor Business, Yongin-City, coatings are done in a FlexiFab spin coafdiachine Technology
o Gyeonggi-Do 449-711, Korea. . o ~Inc., Ventura, CA)that includes a hot plate for heat-treating wafers
Current address: School of Mechanical Engineering, College of Engineering, . . . . . X
Chung-Ang University, Dongjak-Gu, Seoul 156-756, Korea. in either a nitrogen or room air ambient. After spin-on of 20 nm of
2 E-mail: kwony@alum.rpi.edu adhesion promoté?, and spin-on and baking of BCB, curing is
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Figure 1. Beam specimen geometry for four-point bending experiments.

Figure 2. Photo of the four-point bending apparaiiZsvick T1-FROO5TN.
performed using the same procedure as used in the baseline bonding
process, except without pressurizatf’o‘ﬁhe spun-on BCB is baked
at 170°C and cooled with a nitrogen environment in the FlexiFab.
The standard deviation of BCB thickness across a wafer after curin@ straight line on the load-displacement curve. At sufficiently high
(measured using spectroscopic reflectometry and ellipsomistry load, the crack proceeds along the weak interface and the load
less than 1%. The critical adhesion energy of wafers bonded usingeaches a load plateaB,, in the load-displacement curve. The load
the adhesion promoter is higher than that of wafers bonded withouplateau indicates that the adhesion energy released per unit area is
the adhesion promot&rThis is attributed to reactions between the independent of the crack length. Applying beam theory with the load

adhesion promoter, BCB resin, and PECVD oxldle. plateaou value, the critical adhesion ener@y, can be estimated
Wafer bonding—Wafer contact and bonding are conducted us- using

ing an EVG EV501 wafer bondéEVGroup, Inc., Schaerding, Aus- 31 -wPA?| 1 3 3 n1M2

tria). After two wafers, both of which are coated with BCB, are c= T o | mE N/oAmit Ay + 3>\+—}\

mounted on the bonder chuck and placed in the bonder, the bond 2 M2 M1 ™ AN2

chamber is pumped down to 2 104 mbar and the wafers are (2]

heated at a ramp rate of 32°C/min. When the predetermined temghere E; and v, are Young’s modulus and Poisson’s ratio of the
perature(250°C) is reached, the wafers are pressed together with agrecracked wafer, ariéi, andv, are Young's modulus and Poisson’s
uniformly distributed down force of 10,000 N~0.3 MPa)for 1 h. ratio of the uncracked wafek is the effective modulus,e., Ex(1
The final temperature and heating time are determined by the de- v,)IE(1 - 1,2, P is the load plateau valug,is the spacing

sired extent of curing of the BCB, because the BCB cure reaction isbetween inner and outer loading pins, @n the specimen width.
key to bonding between the glue and its adjacent layers, as well as at1 is the ratio of the cracked wafer thickneds, to the entire

?;ga%gg-gaudetgex:f?r' Af_te_r the :aodndlng process, the pressure "Bonded wafer thicknesh; + h,, andm; is the ratio of the uncracked
pair s cooled. wafer thicknessh,, to the entire bonded wafer thickness, + h,

Critical adhesion energy measuremerCritical adhesion en-  (see Fig. 1).

ergy is estimated using four-point bending experiments. Four-point  For all results reported here, at least three samples were tested.

bending is based on a theory of fracture mechanics presented byhe standard deviation of the adhesion energy determined using

Charalambidest al.?®?where delamination is modeled as a crack four-point bending is less than 7% of the average value. Four-point

propagating along the interface between two mateffals.that re-  bending results depend upon uncertainties introduced by sample

search, the critical adhesion energy of a bimaterial interface wagreparation and measurement procedures. While the relative contri-

deduced analytically by evaluating the difference in the strain en-

ergy between the uncracked and cracked beam samples. We use their

formula to calculate the critical adhesion energy of corresponding

interfaces. The effect of residual stress on critical adhesion energy 25
has been studied by several research groups. Suo and Hut&inson
proposed the effect of residual stress of a bi-material interface on a0l P, d
critical adhesion energy, and Skaal?* reported the effect of re-
sidual stress of ductile polymer materials on critical adhesion en- S 15 / Linear elastic
ergy. = 1

Each beam specimen used with the four-point bending is pre- k- A Load plateau
pared from wafers or pieces of wafers that have undergone any and S 10 <
all processing steps. Specimens are prepared by dicing the processed / Linear elastic
wafer pieces to the nominal dimensions of 40 mm long, 4 mm wide, 5
and 1.5 mm thick, followed by precrack formation and chemical /
treatment(Fig. 1). The precrack is formed by sawing partially 0 f— . . . . .
(mostly) through one of the wafers. After precrack formation, the 000 002 004 006 008 0.10
specimen is wet-etched in order @ smooth damaged and rough- Displacement {(mm)

ened surfaces that are produced during precrack formation(iignd

etch the precrack until it reaches the glue interfsc&his silicon Figure 3. A typical load-displacement curve for measuring saturation load
etch is critical in order to obtain reproducible load plateaus. With thevalue. In the early stage of load, the upper loading pins adjust themselves to
beam specimen mounted in a special fixture shown in Figwack keep the load balanced, and then load is applied to the beam sample. Thus,
T1-FROO5TN Material Testing Machihea load cell measures the although the initial displacement coordinate is 0, the initial load is not 0. This
applied load and an actuator measures displacement. Thevipad Iqad vs. displacement curve has four distinct regions. The linear elastic re-
displacement curve generated during this process is the basis f on comes from pure bending of precracked and uncracked substrates

ot . . . ] ange 1). The crack kink region occurs due to movement of the initial
critical adhesion energy estimates. A typical lozd displacement precrack spot into the weak interfag@nge 2). The plateau load—steady-

curve is shown in Fig. 3. As the load is applied, the sample deformsstate crack propagatioflange 3)region indicates crack propagation along
elastically and the precrack propagates to the weak interface, whickhe bonding interface. The second linear elastic region comes from the bend-
is “below” the precracked silicon. The data that represent this forming of uncracked substrate after plateau load regiange 4).
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Figure 4. Beam specimen configurations and critical adhesion energy for
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peak temperature, wafer curvature is measured along one diameter.
For consistency, the radius of curvature is measured using laser de-
flection data taken along the diameter that is perpendicular to a line
drawn from the notch to the opposite side. Stresstemperature
scans were done on two samples for each reported result and the
results were found to be very similar in each case.

Thermal cycle conditions—Thermal cycling tests are performed
with rectangular-shaped piece¢nominal dimensions of 40
X 30 mm)cut from the wafers. After thermal cycling, each rectan-
gular shape is diced again into beam specim@msninal dimen-
sions of 40X 4 X 1.5 mm)and four-point bending tests are per-

one, five, and ten thermal cycles at peak cycle temperature of 350, 400, anfprmed.

450°C. BCB layer is sandwiched by PECVD oxide-coated silicon wafers

(see Table I).

Several variables can be changed in thermal cycling tests. The
effects of the number of cycles and peak cycle temperature on criti-
cal adhesion energy and residual stress are investigated in this
work.2® One, five, and ten thermal cyclékbeled as 1-, 5-, and

butions of sample preparation and measurement uncertainties are nép-cycle)were chosen, because preliminary experiments indicated
well established, the values of the total standard deviations are redhat the residual stress and critical adhesion energy both reached a

sonable.

Residual stress measurement and analysiResidual stresses

saturation point in less than ten cycles. Peak cycle temperatures of
350, 400, and 450°C were chosen after considering potential subse-
quent 3D IC processgsuch as deep via etching and barrier metal/

(taken here as the sum of intrinsic and coefficient of thermal eXpan-Copper filling for forming vertical interwafer interconnegtsubse-

sion (CTE)-mismatch-induced stresgés PECVD oxide and BCB

quent packaging processing, and reported thermal stability results

films deposited on silicon wafers are estimated by measuring wafepf gcg 19:2°

curvature”® Stress evolutions in PECVD oxide layers during ther-

mal cycling reported by Thurn and Cd8kand Chenet al?’ are

used as a basis for interpreting our stress results. Thurn andCook

A nitrogen ambient is used during the thermal cycling to prevent
oxidation of BCB. A ramp ratéboth ramp-up and cool dowrof
25°C/min was used, with a dwell time of 20 min at the peak tem-

reported on stress release in PECVD oxide films during ther"ﬂt’ﬂﬂgerature. The FLX-2320 system returned curvature data three times

cycling using an analysis that incorporates both intrinsic and therma

components of the net stress. Chetnal >’ reported on changes in

the density of PECVD oxide films during thermal cycling and con-

er minute during temperature ramping and once every 2 min dur-
ing the dwell time at the peak temperature.

nects those changes with changes in chemical compositions within Fourier transform infrared spectroscopy-Chemical properties

the oxide film.
Residual stress due to a film deposited on a substeastlicon
wafer in this studyis determined by measuring the deformation of

the substrate using
Es t (1 1 )
o= -\ =z - =

1-164\R R, (3]

where Eg and vg are Young’s modulus and Poisson’s ratio for the
substratets andt; are the substrate and film thicknessig,is the

radius of curvature of the starting silicon wafer before film deposi-
tion, andR is the radius of curvature of the sample after film depo-

sition (room temperatupeor during thermal cycling(from room
temperature to peak temperat)ﬁ%Both R, andR are estimated by

scanning a laser beam across the sample and measuring the angletR

the reflected beam. A Tencor FLX-2320 systéfancor Instruments,
Mountain View, CA)is used to measure curvatuRe in situas a

of bulk PECVD oxide layers before and after thermal cycling were
examined by measuring the absorbance of the different oxide layers
using Nicolet MAGNA 560 Fourier transform infrared spectroscopy
(FTIR; Nicolet, Madison, Wl over a wavelength range of 400
-4000 cm®. These data were used to evaluate the condensation re-
action in PECVD oxide filmgdiscussed belowgluring thermal cy-
cling. All spectra were recorded at a resolution of 4 émand aver-
aged over 512 scans. The analysis chamber is continuously pumped
down (vacuum is appliedjo reduce the influence of water vapor.
FTIR samples were nominally 18 10 mm pieces cut from oxide-
coated silicon wafers that had undergone various thermal treatments.
They were mounted perpendicular to the incident IR beam. Trans-
mission through oxide-coated silicon wafers was measured and then
the absorption of the silicon wafer is subtracted to obtain IR data of
oxide layers.

Spectroscopic ellipsometr-Thicknesses of PECVD oxide and

function of ambient temperatui@eak temperature, ramp rate, and BCB were measured with an M-44 variable angle spectroscopic el-
laser beam scan interval are described Jatéfter R is estimated,  lipsometry (VASE) instrument(J.A. Woollam Co., Lincoln, NE

the stressr is computed by the Tencor software, which uses Eq. 3. Through spectroscopic scans, ellipsometric data were taken at three
The chamber of the FLX-2320 system consists of a heater and @ncidence angles. For both PECVD oxide and BCB layers, incidence
laser beam and is connected with a nitrogen tank, so that thermadngles of 65°, 70°, and 75° were u ¢! Before measuring the
cycling and laser scanning of samples can be conducted in a nitrothicknesses of PECVD oxide or BCB on silicon, the VASE standard
gen ambient. During temperature ramping and the dwell time at thesilicon wafer was calibrated and aligned at an incident angle of 70°.

Table I. Critical adhesion energy dependence of number of cycles and peak temperatures for Si/SiAP/BCB/AP/SIO,/Si (structure depicted
in Fig. 4).2

Before cycling 350°C 400°C 450°C
G. S.D. G, S.D. Ge S.D. G,
n (I/mP) (I/mP) Cycles n (I/mP) (3/md) Cycles n (3/md) (I/mP) Cycles n (I/mP)
1 4 36 1.8 1 4 41 2.7 1 3 <0.5
6 31 1.7 5 4 37 2.1 5 4 41 2.3 5 3 <0.5
10 4 37 2.3 10 4 42 2 10 3 <0.5

2n is number of samples3, is mean value of critical adhesion energy; and S.D. is standard deviatiGp of
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Figure 5. Geometry of stacked layers and temperature dependence of reFigure 6. Geometry of PECVD oxide on silicon wafer and temperature
sidual stress of the stacked layers during the first and second thermal cyclestependence of residual stress of PECVD oxide on silicon wafer during the
(a) peak temperature of 350 arf) 400°C. first and second thermal cycles) peak temperature of 350 aitll) 400°C.

After the standard wafer calibration, ellipsometric data of PECVD of the number of thermal cycles and peak temperature on critical
oxide and BCB were obtained using the three incidence angles. Thedhesion energy of this wafer stack. The measured critical adhesion
ellipsometric data of both were then analyzed using the VASE soft-energy reflects the bond between PECVD oxide and BCB, as that is
ware packagéJ.A. Woollam Co.), which is based on a least-square the interface that failed during four-point bending. In these experi-
regression analysis to obtain the unknown fitting paraméleFee  ments, a substantial increag least 16%)jn critical adhesion en-
fitting parameters are varied to minimize the differences between thergy was observed after the first thermal cycle with peak tempera-
measured values and calculated values from the ellipsometric anglegres of 350 and 400°C, and remains relatively unchanged after
by using the defined optical model and the ellipsometric equationsfyrther thermal cycles. Table | summarizes critical adhesion energy
From the applied ellipsometric equations, thicknesses of PECVDresults for one, five, and ten thermal cycles and three peak tempera-
oxide and BCB layers are obtained. tures(350, 400, and 450°C Based on these results, it seems that a
single thermal cycle is sufficient to ensure essentially maximal me-
chanical stability.

Critical adhesion energy dependence on number of thermal The measured critical adhesion enerGy, i
cycles and peak temperature The beam specimen configuration _
for the Si/SiIQ/BCB/SiO,/Si samples is depicted in Fig. 4 and rep- Ge = Go + Gresigual* Gp [4]
resents a bonded wafer stack that may well play a large role in 3DwhereGg reflects the energy used to break bonds at the inter@ge,
technology’® A double layer of BCB(1.3 wm on each wafer, for is a contribution due to plastic deformation, aBgiquais a contri-
2.6 um total thicknessjs sandwiched between two silicon wafers bution due to deformation energy by residual stres&s;quaiS
coated with 1um of PECVD oxide. Figure 4 also shows the effects central to our proposed explanation for the observed first cycle ef-

Results and Discussion
S23,24
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peak temperatures of 350 and 400°C, the stacked layers are in over-
EBCE g]ue (~3.I_m1) all compressive stresses, which are released during the first thermal
cycle (from =55 to — 30 MPa for a peak temperature of 400°C and

= from -55to — 42 MPa for a peak temperature of 35R°Che

S]_ Wafer stress trajectory of the stacked layers during the first thermal cycle
. for both peak temperatures shows plastic behavior over 300°C. It is

believed that the plastic behavior of the stacked layers at tempera-

tures over 300°C during the first thermal cycle is caused by a de-

crease(in magnitude)in residual stress in the PECVD oxide film

=20 due to a chemical reactiofiscussed below). Unlike the first ther-
40 —m— 1gtosole mal cycle, little or no hysteresis was observed during the second
—0—2nd oyole thermal cyclej.e., residual stress was not further released, presum-

ably because the chemical reaction in the PECVD oxide layer
neared completion during the first cycle.

To further evaluate the first cycle effect, the dependences of re-

" sidual stress on the number of thermal cycles and the peak tempera-

tures used in the thermal cycles for each fIRECVD and BCB)
uy were examined individually. We relate the stress released in the
“san stacked layer consisting of BCB and PECVD oxide layers to the
u stress released in samples with PECVD or BCB layers. The force in
O 50 400 150 200 250 200 350 400 the stacked layer consisting of BCB and PECVD oxide layers is
Temperature ["C] approximated by the sum of forces from the BCB and PECVD oxide
a layers as

0
]

k2
[}

-
o

Residual Stress (WP a)

[

Ototaltotal = T oxideloxide T TBcBlBCB (5]

where o y,ige @nd ogcp are residual stresses in the oxide and BCB
——— layer, respectivelygy, is the residual stress of the stacked layer
—o—2nd ovole — consisting of BCB and PECVD oxide layerg,qe and tgcg are
- byt thicknesses of the oxide and BCB layer, respectively,tapglis the
hﬂ-_w total thickness of the stacked layer consisting of BCB and PECVD
. '5%9 e oo oxide layers. Stress comparisons of the stacked layer consisting of
N Foa 'Q@f} BCB and PECVD oxide to individual PECVD oxide and BCB film
\\'-_ ﬁ%‘ﬁﬂ, “"-m show that the relaxation in residual stress of PECVD oxide layer
'--. ot leads to the decrease in residual stress of the stacked layer and
- 9 eventually, the decrease in residual stress at the interface between
L BCB and PECVD oxide layet.
S The geometric configuration of PECVD oxide on a silicon wafer
0 50 100 150 200 250 300 350 400 and the temperature dependence of residual stress of the oxide layer
Temperature [7C] after thermal cycles are shown in Fig. 6. The compressive stress in
the PECVD oxide layer is mostly released during the first thermal
cycle (from =320 to - 230 MPa for a peak temperature of 400°C
) = and from -320 to - 280 MPa for a peak temperature of 350AC
Figure 7. Geometry of BCB on silicon wafer and temperature dependence ofis pelieved that this stress relaxation is mainly caused by the change
residual stress of BCB on silicon wafer durlnog the first and second thermalin chemical composition by condensation reaction of silanol groups
cycles:(a) peak temperature of 350 arit) 400°C. within the PECVD oxide layekdescribed below). The change in
chemical composition leads to densification in the chemical struc-
ture of the PECVD oxide layéf?’ The condensation reaction is
fect, i.e., the increase in critical adhesion energy is due to an in-almost completed during the first cycle, leading to small hysteresis
crease inGyesiquar Mostly after the first thermal cycl&, does not  in residual stress during the second cycle and subsequent cycles.
seem to play a role in this high-temperature thermal cycle process. IfFrom Fig. 5 and 6, the magnitude of stress released at 400°C peak
G, had changed during further thermal cycling, the critical adhesiontemperature is larger than that released at 350°C peak temperature.
energy at the relevant interface after five and ten cycles would differThis may be because the extent of chemical reaction in the oxide
from that after one cycle. This was not observed; the critical adhe4ayer increases as the peak temperature increases.
sion energies measured after five and ten cycles were similar to that Figure 7 shows the residual stress during the first and second
measured after one cycle. This close tracking of the trend in criticalthermal cycles for peak temperatures of 350 and 400°C for the
adhesion energy with the trend in residual stress indicates a signifiBCB-on-silicon configuration shown. BCB that is cured using the
cant likelihood that the critical adhesion energy at the interface be-same thermal process as in our baseline BCB bonding process is in
tween BCB and PECVD oxide layer depends mainly on changes inensile stress during the postcuring thermal cycles. During the first
Gresiduaiduring thermal cycle. For the sample geometry of Fig. 4, a heating cycle, BCB becomes plastic abev800°C and the stress is
large decrease in the residual stress of one or both PECVD oxideelaxed®® At temperatures above 300°C, BCB may be further cured
layers during the first thermal cycle leads to stress relaxation at thyecause~12% of the BCB precursors are not cured during the
interface between BCB and PECVD oxide layers. An increase inpaseline thermal cycle. As a result of this additional cure, the re-
Gresiduaifesults in an increase in critical adhesion energy. sidual tensile stress is reset to near zero at the glass transition tem-
To evaluate the above explanation of the first cycle efieet,as  perature corresponding to the increased BCB cure and then in-
due to the effects of residual stress on deformation en@®giqual creases during the cooling process. During the second and
and G, stacked layers consisting of BCB and PECVD oxide films subsequent thermal cycling, changes in the residual stress are small,
on silicon wafers were studie@Fig. 5). Figure 5 also shows the indicating that the BCB has stabilized and further curing has slowed
dependence of residual stresses in the stacks on the number appreciably. Because the magnitude of residual stress change in
cycles and peak temperatures used during thermal cycles. For botBCB (tensile stressis smaller than that in PECVD oxideompres-

th
)}

=
o

-
]

Residual stress (MP a)
[ ] [£x]
[} ()
.l

o
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500 . . . . . . stress state until curing starts and BCB solidifies. During cooling,
. . . . . . ] the solidified BCB contracts more than the adjacent PECVD oxide
. . . . . . layer or silicon substrate due to the higher CTE. The values
400 s of CTE are ~52 ppm/°C (25-250°Q for BCB,** ~0.5 ppm/°C
] for PECVD SiG,*® and ~2.6 ppm/°C for silicor’* The buildup
300 : y 2 ! : . of residual stress in BCBggcg, during cooling after curing
|_°’ (or after any thermal excursion during procesging primarily
200 d ] caused by the CTE mismatch between the glue and its adjacent
. layer. The magnitude of the stress depends on the difference
. between cure temperature and reference temperaturbetween
1004 - ol peak cycle temperature and reference temperatarel can be
. %] expressed as
0+~ ——r——r—————y Escs
30 40 50 6 70 80 90 10 OBCcB = 1_—vBCB(0‘BCB - 0‘substratf):(Tprocess_ Treferencd (6]

% Cure
where Egcg and vgeg are Young's modulus and Poisson’s ratio
Figure 8. Percentage cure dependence of glass transition temperaturor BCB, apcg and agysrae@re average CTE values for BCB
(adapted from Dow Chemical, Inc® and substrate over the temperature ranges of interestTgpdss
and Teference@l® the process and ambient temperature, respectively.
Using 250 and 25°C for the process and reference temperatures,

sive stress), the change in residual stressess relaxationat the the previous CTE "%'“es for _BCB’and .S" a Young's modulus
interface between BCB and PECVD oxide layers is dominated byOf BCB of 2.9 GP4) anq Poisson’s_ratio 9f BCB of 0.34,
changes in the PECVD oxide layer. It is reassuring that the stres&§" estimated value fargcg is 40 MEa. This is in rough agreement
values shown in Fig. 5-7 are reasonably consistent with Eq. 5.  With the measured valuessee Fig. 7).

Additionally, adhesive failure occurred, during four-point bend- A_s_ thermal cycling after bonding proceeds, BCB may be f“”hef
ing tests, at the interface between BCB and PECVD oxide layers fmstablllzed because stress hysteresis between heating and cooling

thermal cycling tests performed with peak temperatures of 350 angtePS decreases and additional curio@ss-linking)occurs during
400°C. For thermal cycles with a peak temperature of 450°C, criti-the process, or BCB bonds may be broken during high-temperature

: : : : thermal cycling. In either case, the glass transition temperature and
cal adhesion energies are very l¢wss than 0.5 J/A irrespective . -
of the number of cycles, and cohesive failure occurred within themgrrn?z'ldg%ﬂrezz 0:; E}é:Balar(tar:ffectle;. Et\:gwa.‘tt.'ggstgqth;aetﬁfgtsaz;
BCB layer during four-point bending tests. Clearly, 450°C is beyond ycling residual stress, giass st perature,

; : cure percentage are therefore critical to establish a stabilized BCB
trzgoft?ﬁgg%ble range for thermal cycling of BCB, as prewous'ystate(thermal stability of BCB and to delineate the key parameters

needed for the increase of critical adhesion energy at the glue inter-
Effect of thermal cycling on BCB thermal stabilityliq- face. The residual stress and glass transition temperdiyrean be
uid-like BCB resin may be considered to be in the near-zerodetermined by thermal cycling. Based on the estimatedalue, the

60 Ciow g'mbol - Headng & ictoiie 60 ow oymbol - Heatng—— 151 oyl
45 Open we'mbol -Cooling i ﬁ“ 45 | Iopen o'mhbol - Cooling a
¥ Ind oiole % a0 ] & Irdode
: 2 e - -::-l'uq'd:
* 4thovale g :: 1 -: shoyde
& Gthoule - !I:I- * Shoyde
& 3 T 0
& dthowle T 15
: Tthowle g 1o
o =g
+ Cthouie
: .  ——————————— . S
0 &0 100 160 200 260 500 560 400 460 0 &0 100 160 200 260 200 E60 400 460 Figure 9. Temperature de-
Ternparature [FC) Temperatire ['C] pendence of residual stress
for BCB layer on silicon wa-
(a) _ (b) fer during multiple thermal
&0 Cio ® mbol - Headng| = #slgde cycle tests(a) peak tempera-
_ 46+ open wmbol - Cooling - @ ture of 350,(b) 400, and(c)
Ep s ; 450°C.

Res=i

=
o
i
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(@) Thermal cycles to a peak temperature of 450=&-igure 9c
o\ / shows the temperature dependence of stress for BCB during mul-
—SI/ Si— tiple cycles at a peak temperature of 450°C. From the second ther-

mal cycle, the stress hysteresis between heating and cooling steps is
almost zero. It is believed that BCB is damaged and becomes brittle
due to excessive thermal load during this high peak temperature
i/,(_)H / thermal cycling. However, the bulk structure of BCB presumably
—5 P s — prevents complete disintegration of BCB and maintains the structure
/ HO of an unstable solid state. Hence, the structure collapses even under
— small external impacts. The low critical adhesion energy value
Compressive stress Condensation reaction (<0.5 J/n?) obtained after this process is consistent with the above

(b)\

requires a smaller number of cyclééve cycles)to reach a stabi-
— S O\S-—— lized BCB state compared to using a 350°C peak temperétigbt
: cycles)and the cure percentage at the stabilized state incrétees
400°C cycling reaches more than 95% cure, while the 350°C cy-
Tensile stress cling reaches~94% cure). Unlike thermal cycling performed at
peak temperatures of 350 and 400°C, BCB degrades appreciably
uring thermal cycling at a peak temperature of 450°C, presumably
hrough the dissociation of Si-C bonds within B&BCohesive fail-
ure is observed during four-point bending for this case.

, explanation.
\ / In summary, thermal cycling at a peak temperature of 400°C

Figure 10. Schematic diagrams showing stress state and change of chemic
structure related to the condensation reaction of neighborhood silano
groupsz.6 (a) Basic siloxandSi-O-Si) configuration(b) After deposition, the
Si-to-Si distance is very close for the double OH inclusion, leading to com-
pression(c) After thermal cycling, the Si-to-Si distance is long compared to Phenomenological Model
the basis Si-O-Si configuration, leading to tension.

Using the experimental results above, a phenomenological model
was developed that explains the effect of thermal cycling on critical
adhesion energy and residual stress at interfaces of interest, includ-
ing BCB and PECVD oxide layers. The key point of the model

suggested here is to understand how the chemical reaciomen-

cure percentage is estimated using a curvégofs. cure percentage
curve, as shown in Fig. # The thermal stabllity of BCB is evalu-

ated at three different temperatur€d50, 400, and 450°Cby re- ) . . .
sidual stress measurement?s. The%aluations of the BIC:E?/cure prcﬁat'c_m reactionpf t_he PECV.D oxide layer evoI\_/es durlng thermal
cess and BCB thermal cycle tests performed with the three_cyd'ng' The c_hemlcal reactlpn leads to relaxation of _re5|dual s_tress
temperatures are summarized below. in PECVQ oxide layers, an increase @}esidua‘ and an increase in

G, at the interface between BCB and oxide layers.
After BCB cure—The BCB cure process is performed using the  The increased critical adhesion energy in a bonded wafer pair,
same thermal process as the baseline BCB bonding, but withowvhich consists of two PECVD oxide-deposited silicon wafers
application of pressure. After the cure reaction, glass transition tembonded with 2.6am of BCB thickness, depends on the increased
perature and cure percentage are examined during subsequent theleformation energy due to residual stress, caused by stress relax-
mal cycles. Figure 9 shows BCB stress as functions of temperaturation of the PECVD oxide layer that occurs during the first thermal
during multiple thermal cycles for peak temperatures of 350, 400,cycle. Of special interest is a large decrease in magnitude of the
and 450°C. For all results, an initial residual stress of 35 MPa isresidual stress of PECVD oxide layer during the first cycle, from a
observed. As the temperature increases, the residual stress decreasempressive stress of —330 to — 230 MPa for a peak temperature
and becomes nearly zero at 300°C. Because the glass transitiosf 400°C, and from —330 to — 280 MPa for a peak temperature of
temperature is defined as the temperature at which the stress is negs0°C (see Fig. 6), because stress relaxation of the PECVD oxide
zero, 300°C is the glass transition temperature of the BCB aftelayer is mainly caused by the decrease in residual stress. The
curing. As shown in Fig. 8, the corresponding cure percentage otchanges in residual stress of the PECVD oxide layer are related to
BCB is ~88%. its deposition and the thermal cycles. During deposition of the
PECVD oxide layer, two chemical structures are prode&ﬂne is

Thermal cycles to a peak temperature3a°C—Figure 9a the desirable siloxangSi-O-Si) structure as shown in Eq. 1 and Fig.

shows the BCB residual stress as a function of temperature durin 0a, and the other structure is two adjacent terminating siliol
multiple thermal cycles at a peak temperature of 350°C. As therma H), groups produced by incomplete oxidation of silai®iH,) as
cycling proceeds from the first to the seventh thermal cycle, the in Eia. 108° and 4
magnitude of stress hysteresis between heating and cooling steps T%gown in"Fg. an

reduced. We conclude that the chemical structure of bulk BCB is 2SiH, + 5N,O — 2Si0;,,0H(s) + 3H, + 5N, [7]
being stabilized by repeating the thermal cycle. At the eighth cycle,

the stress hysteresis is almost zero, indicating that BCB is mostly

stabilized. When the glass transition temperature induced in the stafhe reaction of Eg. 7 can occur in the presence of the excg®s N
bilized state of Fig. 9a is compared with glass transition temperaturghrough the replacement of one of the bridging -O- atoms from
vs.cure percentage curve of Fig. 8, the cure percentage of stabilize@ioz(s) with two terminating -OH groups to form two silanol bonds.

IS ~ 0,
BCB is ~94%. The volume occupied by the -OH groups in the second structure is
Thermal cycles to a peak temperature of 406=&-igure 9b greater than that occupied by a bridging -O- atom, leading to com-
shows the BCB residual stress. temperature during multiple ther-  pression at this sité The formation of silanol species by Eq. 7 also
mal cycles performed to a peak temperature of 400°C. Proceedingneans substituting the strong siloxane bonds with comparatively
from the first to the fourth thermal cycling, the magnitude of stress,yegk hydrogen bond interactions between two -OH groups. This
hysteresis between heating and cooling steps is reduced. From thgcreases the structural integrity and decreases the resistance to de-

.ﬁfth cy<_:!e, the stress hysteresis is gl_most Z€ro, indica_lting that.BCBformation. However, at the elevated temperatures seen during ther-
is stabilized. When the glass transition temperature induced in the '

stabilized state of Fig. 9b is compared with cure percenvagglass mal gycling, two such silanol Sp.eCieS may undergo a condgnsation
transition temperature curve of Fig. 8, the cure percentage of stabit€action, leading to the evaporation of water and the formation of a
lized BCB is more than 95%. siloxane linkage as
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(b) (€)

2Si0;,0H — 2Si0y(s) + H,0 [8] sive deposition stresses in the PECVD oxide layers during thermal

The distance between Si and Si across this linkage is longer thaﬁydmg'
that for a normal linkage, leading to tension at this st@g:'equation )
8 induces a decrease in residual stress of the oxide layer, and the Conclusions
large compressive deposition stresses become smaller compressive some effects of thermal cycling on critical adhesion energy and
stresses during thermal cycling. _ _ residual stress for bonded BCB-bonded PECVD oxide-coated wa-

The changes in chemistry of bulk PECVD oxide layers on silicon fers were examined quantitatively. In thermal cycling tests per-
wafers during thermal cycling were studied by absorbance FTIR formed to evaluate the bonding interface between BCB and PECVD
The absorbance FTIR beam passes through the silicon wafer and thgjde-coated wafers, relaxation of residual stress in the PECVD
PECVD oxide layer, providing information about the production of oxide layer that occurs during the first thermal cycle dominates the
siloxane bonds by the condensation reactifig. 8). Figure 11a  jncrease in critical adhesion energy. After the first thermal cycle, the
shows FTIR traces over the entire wavelength ran@®0 critical adhesion energy increases relatively slightly, presumably be-
-4000 cm?) for as-deposited PECVD oxide, PECVD oxide after the cause the change in residual stress in the PECVD oxide layer nears
second thermal cycle with peak temperature of 350°C, and PECVDcompletion during the first cycle. The magnitudes of residual stress
oxide after the second thermal cycle with peak temperature ofrelease and critical adhesion energy increase in the 400°C thermal
400°C. Figures 11b and c present enlarged FTIR traces showingycle process are larger than those observed in the 350°C process.
changes in peaks of siloxane and silanol bonds, respectively. The We believe that differences in the extent of chemical reaction in
siloxane peaks include the Si-O-Si rocking band-a50 cn?, the the oxide layer as the peak temperature changes, analyzed by FTIR,
Si-O-Si bending band at-805 cnil, and the Si-O-Si stretching lead to the differences in critical adhesion energies and residual
band at~1070 cm?, and the silanol peak is in 3670-3680 ¢  stresses between the 350 and 400°C processes. The siloxane bonds
After thermal cycling, the Si-O-Si peaks increase, the Si-O-Siformed by the condensation reaction in the PECVD oxide layer
stretching band shifts to a higher wave number, and the silanol peakrigger the relaxation of residual stress. The condensation reaction
decreases, indicating that condensation reaction occurs during thend its relationship to relaxation of residual stress in PECVD oxide
thermal cycling. These results are consistent with the observed temlayers were supported by following the change in chemistry within
perature dependence of residual stress in the PECVD oxide layethe PECVD oxide layer by FTIR.
after thermal cyclingsee Fig. 6). Thermal cycling tests to evaluate BCB thermal stability were

The proposed mechanism results (i):an increase of the defor-  performed at 350, 400, and 450°C peak temperatures. When the
mation energy due to residual stre€s,siqua @nd(ii) an increase in - peak cycle temperature is 350°C, BCB reaches steady state at the
critical adhesion energg,, through the reduction of large compres- eighth thermal cycle, and percentage cure at the steady state is
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~94%. When the peak cycle temperature is 400°C, BCB reaches

steady state at the fifth thermal cycle, and percentage cure at theo.

steady state is more than 95%. Thermal cycling performed at a peak

temperature of 450°C gives rise to cohesive failure within the BCB 11.

layer with very low critical adhesion enerdy<0.5 J/n?).

The results presented improve our understanding of the thermad2.
and mechanical stability of BCB-bonded wafer stacks. In turn, thisia.
can help us establish a process window to maintain stable BCBi4
layers without degrading previously deposited BCB layers. The phe-s.
nomenological model described suggests that the chemical reactiopy.

within the PECVD oxide layer leads to the relaxation of residual

stress in the oxide layer and increases the critical adhesion energy at

the interface between BCB and oxide layer during thermal cycling.

Acknowledgments

The authors acknowledge Dr. Kang Wook Lee, Dr. Anurag Jin-
dal, Jay J. McMahon, and the other Rensselaer 3D processing grou
members for discussion. The authors also acknowledge support fro
MARCO, DARPA, and NYSTAR through the Interconnect Focus
Center.

Rensselaer Polytechnic Institute assisted in meeting the publication costs.

23.
24,

of this article.

References

1. J. A. Davis, R. Venkatesan, A. Kaloyeros, M. Beylansky, S. J. Souri, K. Banerjee
K. C. Saraswat, A. Rahman, R. Reif, and J. D. Meithc. IEEE, 89, 305(2001).

2. K. W. Guarini, A. W. Topol, M. leong, R. Yu, L. Shi, M. R. Newport, D. J. Frank,
D. V. Singh, G. M. Cohen, S. V. Nitta, D. C. Boyd, P. A. O'Neil, S. L. Tempest, H.
B. Pogge, S. Purushothaman, and W. E. Haensciegh. Dig. - Int. Electron
Devices Meet. 2002, 943.

25

3. K. W. Lee, T. Nakamura, T. One, Y. Yamada, T. Mizukusa, H. Hasimoto, K. T. Park, 28. X i )
29. P. E. Garrou, R. H. Heistand, M. G. Dibbs, T. A. Mainal, C. E. Mohler, T. M.

H. Kurino, and M. Koyanagi, infech. Dig. - Int. Electron Devices Megt2000,
165.

4. J. Burns, L. Mcllrath, C. Keast, C. Lewis, A. Loomis, K. Warner, and P. Wyatt, in
2001 IEEE International Solid-State Circuits Conference (ISSCC 208&n
Francisco, CA, p. 2682001).

5. Y. Kwon, J.-Q. Lu, R. P. Kraft, J. F. McDonald, R. J. Gutmann, and T. S. Cale,

Mater. Res. Soc. Symp. Pro@10, DD12.18.1(2002). 3L
32.

6. Y. Kwon, A. Jindal, J. J. McMahon, J.-Q. Lu, R. J. Gutmann, and T. S. G&éer.
Res. Soc. Symp. Proc766, E5.8.1(2003).

7. 3.-Q. Lu, Y. Kwon, R. P. Kraft, R. J. Gutmann, J. F. McDonald, and T. S. Cale, in 33
34.

2001 IEEE International Interconnect Technology Conference (ITSan
Francisco Airport, CA, p. 2192001).

8. R. J. Gutmann, J.-Q. Lu, Y. Kwon, J. F. McDonald, and T. S. Calelsh
International IEEE Conference on Polymers and Adhesives in Microelectronics and
Photonics Potsdam, Germany, p. 173001).

9. S. R. Sakamoto, C. Ozturk, Y. T. Byun, J. Ko, and N. DafiEE Photonics

18.
19. J.-H. Im, Dow Chemical Company Microelectronics Applications, Midland, MI,

26.
27. F. Chen, B. Z. Li, T. D. Sullivan, C. L. Gonzalez, C. D. Muzzy, H. K. Lee, M. W.

35.

36.

Journal of The Electrochemical Societys2 (4) G286-G294(2005)

Technol. Lett. 10, 985(1998).

F. Niklaus, P. Enoksson, P. Griss,
Microelectrochem. Syst.10, 525(2001).
Z.C.Wu, C. C. Wang, Y. L. Liu, P. S. Chen, Z. M. Zhu, M. C. Chen, J. F. Chen,
C. |. Chang, and L. J. Ched, Electrochem. Soc.146, 4290(1999).

C. Lingk, M. E. Gross, and W. L. Browd, Appl. Phys. 87, 2232(2000).

D. H. Kim, R. H. Wentorf, and W. N. GillJ. Electrochem. Soc140, 3267(1993).

Y. Kwon, Ph.D. Thesis, Rensselaer Polytechnic Institute, Troy(2003).

B. Vandevelde and E. BeynEE Trans. Adv. Packag.23, 239(2000).

P. E. Garrou, D. Scheck, J.-H. Im, J. Hetzner, G. Meyers, D. Hawn, J. L. Wu, M.
B. Vincent, and C. P. WondEEE Trans. Adv. Packag.23, 568(2000).

O. Chyan, T. N. Arunagiri, and T. Ponnuswandy Electrochem. Soc.150, C347
(2003).

R. R. Rye and A. J. Riccd, Electrochem. Soc.140, 1763(1993).

E. Kalvesten, and G. Stemine,

Private communication.

0. P. G. Charalambides, J. Lund, A. G. Evans, and R. M. McMeeHlingppl. Mech.

111, 77 (1989).

21. P. G. Charalambides, H. C. Cao, J. Lund, and A. G. Evdesh. Mater., 8, 269

(1990).

T. L. AndersonFracture MechanicsCRC Press, Boca Raton, F2000).

Z. Suo and J. W. Hutchinsomt. J. Fract, 43, 1 (1990).

Y. Sha, C. Y. Hui, E. J. Kramer, S. F. Hahn, and C. A. Berglividcromolecules
29, 4728(1996).

. X.Zhang, K.-S. Chen, R. Ghossi, A. A. Ayon, and S. M. Speafsags. Actuators,

A, 91, 379(2001).
J. Thurn and R. F. Cool, Appl. Phys. 91, 1988(2002).

Dasbhiell, J. Kolodzey, and M. D. Lewy,. Vac. Sci. Technol.,B18, 2826(2000).
G. G. StoneyProc. R. Soc. London, Ser, 82, 172(1909).

Stokich, P. H. Townsend, G. M. Adema, M. J. Berry, and I|. TulikEE Trans.
Compon., Hybrids, Manuf. Technol16, 46 (1993).

0. A. Barranco, F. Yubero, J. Cotrino, J. P. Epinos, J. Benitez, T. C. Rojas, J. Allain,

T. Girardeau, J. P. Riviere, and A. R. Gonzalez-Elipkin Solid Films 396, 9
(2001).

S. Gou, I. Lundstrom, and H. Arwidppl. Phys. Lett. 68, 1910(1996).

M. Morgan, J.-H. Zhao, M. Hay, T. Cho, and P. S. Ntater. Res. Soc. Symp. Prpc.
565, 69 (2000).

K. H. Yang, J. H. Im, and R. H. Heistan&EE Trans. Adv. Packag24, 33 (2001).
R. Bashir, T. Su, J. M. Sherman, G. W. Newdeck, J. Denton, and A. Obgidat.
Sci. Technol. B 18, 695(2000).

Processing Procedures for Dry-Etch Cyclotene Advanced Electronics RBgins
Chemical Company, Midland, M{1997).

M. S. Haque, H. A. Naseem, and W. D. Browhn,Electrochem. Soc.144, 3265
(1997).

Downloaded on 2015-05-03 to IP 138.251.14.35 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

