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Thermal Cycling Effects on Critical Adhesion Energy and
Residual Stress in Benzocyclobutene-Bonded Wafers
Yongchai Kwon,a,c,z Jongwon Seok,b,d Jian-Qiang Lu,a Timothy S. Cale,a,* and
Ronald J. Gutmanna,*
aFocus Center-New York, Rensselaer: Interconnections for Hyperintegration, andbDepartment of
Mechanical, Aerospace and Nuclear Engineering, Rensselaer Polytechnic Institute,
Troy New York 12180-3590, USA

The effects of thermal cycling on critical adhesion energy and residual stress at the interface between benzocyclobutene~BCB! and
silicon dioxidesSiO2d coated silicon wafers were evaluated by four-point bending and wafer curvature techniques. Wafers were
bonded using BCB in an established~baseline!process, and the SiO2 films 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 PECVD SiO2, which in turn is attributed to
condensation reactions in those films. Thermal cycling also cures the BCB beyond the,88% 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%.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1869252# All rights reserved.
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Wafer-level three-dimensional~3D! integration is an emergin
technology to increase interconnect performance and functio
of integrated circuits~ICs!.1-8 In one approach to wafer-level 3
integration, fully processed wafers~with multilevel on-chip inter
connects!are aligned and bonded with a dielectric glue, followed
thinning one of the wafers to less than 10mm using mechanica
grinding, chemical mechanical planarization~CMP!, and wet etch
ing. Subsequently, interwafer interconnects are formed using a
per damascene patterning process.5-8

The bonds in the 3D wafer stacks must have sufficiently
critical adhesion energies and low residual stresses in order to
the impacts of subsequent processing steps such as grinding,
and thermal cycling. We have considered several low-k dielectric
polymers as bonding glue candidates, have developed a ba
wafer bonding process using benzocyclobutene~BCB!, and have
evaluated the critical adhesion energy and residual stress when
BCB to bond various stacked layers.5,6 BCB is used for wafer-to
wafer bonding because of the high critical adhesion energy and
fraction of bonded area~nearly 100% on 200 mm wafers! as previ-
ously reported.5,9,10

During postbonding processing, the 3D wafer stack under
multiple thermal excursions and high-temperature processes~for the
purposes of this paper, over 350°C!. Example processes are etch
of interwafer vias, deposition and annealing of copper use
form the interwafer interconnections, curing of subsequent BCB
ers when adding wafers to the stack, and subseq
packaging processes.11-13Thus, it is critical to understand the effe
of high-temperature thermal cycling on the wafer stacks. A large
of the concern about high-temperature thermal cycling relates
evolution of the critical adhesion energy and residual stress o
bonded interfaces. Thermal cycling of BCB-bonded layers
cause an increase in critical adhesion energy by release of re
stress. Thermal cycling may cause adhesive failure at the inte
between BCB and adjacent layers, or cohesive failure within
BCB layer.14 Although BCB has been used in microelectronic ap
cations in the back-end-of-the-line~BEOL!, packaging, and 3D in
tegration processes, the effects of the multiple and high-tempe
thermal excursions on critical adhesion energy and residual str
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bonding interfaces and on the physical stability of BCB are not
understood. Most published studies consider the effects of th
cycling of BCB in a low-temperature ranges−125 to 150°Cd,15,16

and the critical adhesion energy at the interface between BCB
wafer has mostly been evaluated qualitatively using “stud pul
“scotch tape” tests.17,18

In this work, we report on increases in critical adhesion en
between BCB and plasma-enhanced chemical vapor depo
~PECVD! silicon dioxidesSiO2d coated silicon wafers due to hig
temperature thermal cycling. Such changes in adhesion e
might play a large role in wafer-level 3D IC technology platfor
We describe a phenomenological model that relates the incre
the critical adhesion energy to decreases in residual stre
PECVD SiO2 layers which result from condensation reactions.
also report on the thermal stability of the BCB using thermal cyc
tests performed in the temperature range 350-450°C in nitroge
bients.

Processing and Characterization

BCB and PECVD SiO2 layer deposition.—The thermal cycling
tests reported in this paper are performed with four different w
or wafer stacks:~i! silicon wafer covered with 1mm PECVD SiO2;
~ii! silicon wafer coated with 3mm BCB; ~iii! silicon wafer covere
with 1 mm PECVD SiO2 followed by 3mm BCB; and~iv! a bonded
wafer pair consisting of a 2.6mm thick BCB layer sandwiched b
tween two silicon wafers, each covered with 1mm PECVD SiO2
layer. The 200 mm silicon wafers used are about 730mm thick.
PECVD SiO2 layers are deposited using SiH4 and N2O at 300°C in
a Plasmatherm 73~Plasma-Therm Inc., Voorhees, NJ! with a cham
ber pressure of 0.9 Torr and radio frequencys13.56 MHzdpower of
25 W. The desirable overall reaction during this deposition pro
is

SiH4 + 2N2O → SiO2ssd + 2H2 + 2N2 f1g

The thicknesses of PECVD SiO2 layers are measured using b
spectroscopic reflectometry and ellipsometry. The standard dev
of the measured thickness across a wafer is less than 5%.

Adhesion promoter~AP3000, Dow Chemical! and BCB resin
~Cyclotene 3022-45, Dow Chemical! are spin-coated on wafers~ii!
and ~iii! listed above after precleaning with a solution of sulf
acid and hydrogen peroxide, followed by spin-dry cleaning. S
coatings are done in a FlexiFab spin coater~Machine Technolog
Inc., Ventura, CA!that includes a hot plate for heat-treating wa
in either a nitrogen or room air ambient. After spin-on of 20 nm
adhesion promoter,19 and spin-on and baking of BCB, curing
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use of use (see 
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performed using the same procedure as used in the baseline b
process, except without pressurization.5 The spun-on BCB is bake
at 170°C and cooled with a nitrogen environment in the Flexi
The standard deviation of BCB thickness across a wafer after c
~measured using spectroscopic reflectometry and ellipsomet! is
less than 1%. The critical adhesion energy of wafers bonded
the adhesion promoter is higher than that of wafers bonded wi
the adhesion promoter.6 This is attributed to reactions between
adhesion promoter, BCB resin, and PECVD oxide.14

Wafer bonding.—Wafer contact and bonding are conducted
ing an EVG EV501 wafer bonder~EVGroup, Inc., Schaerding, Au
tria!. After two wafers, both of which are coated with BCB,
mounted on the bonder chuck and placed in the bonder, the
chamber is pumped down to 23 10−4 mbar and the wafers a
heated at a ramp rate of 32°C/min. When the predetermined
peratures250°Cd is reached, the wafers are pressed together w
uniformly distributed down force of 10,000 Ns,0.3 MPadfor 1 h.
The final temperature and heating time are determined by th
sired extent of curing of the BCB, because the BCB cure reacti
key to bonding between the glue and its adjacent layers, as wel
any glue-glue interface. After the bonding process, the press
released and the wafer pair is cooled.

Critical adhesion energy measurement.—Critical adhesion en
ergy is estimated using four-point bending experiments. Four-
bending is based on a theory of fracture mechanics present
Charalambideset al.,20,21where delamination is modeled as a cr
propagating along the interface between two materials.22 In that re-
search, the critical adhesion energy of a bimaterial interface
deduced analytically by evaluating the difference in the strain
ergy between the uncracked and cracked beam samples. We us
formula to calculate the critical adhesion energy of correspon
interfaces. The effect of residual stress on critical adhesion e
has been studied by several research groups. Suo and Hutch23

proposed the effect of residual stress of a bi-material interfac
critical adhesion energy, and Shaet al.24 reported the effect of re
sidual stress of ductile polymer materials on critical adhesion
ergy.

Each beam specimen used with the four-point bending is
pared from wafers or pieces of wafers that have undergone an
all processing steps. Specimens are prepared by dicing the pro
wafer pieces to the nominal dimensions of 40 mm long, 4 mm w
and 1.5 mm thick, followed by precrack formation and chem
treatment ~Fig. 1!. The precrack is formed by sawing partia
~mostly! through one of the wafers.14 After precrack formation, th
specimen is wet-etched in order to:~i! smooth damaged and roug
ened surfaces that are produced during precrack formation, an~ii!
etch the precrack until it reaches the glue interface.14 This silicon
etch is critical in order to obtain reproducible load plateaus. With
beam specimen mounted in a special fixture shown in Fig. 2~Zwick
T1-FR005TN Material Testing Machine!, a load cell measures t
applied load and an actuator measures displacement. The lovs.
displacement curve generated during this process is the bas
critical adhesion energy estimates. A typical loadvs. displacemen
curve is shown in Fig. 3. As the load is applied, the sample def
elastically and the precrack propagates to the weak interface,
is “below” the precracked silicon. The data that represent this

Figure 1. Beam specimen geometry for four-point bending experiment
 address. Redistribution subject to ECS terms138.251.14.35aded on 2015-05-03 to IP 
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a straight line on the load-displacement curve. At sufficiently
load, the crack proceeds along the weak interface and the
reaches a load plateau,Pc, in the load-displacement curve. The lo
plateau indicates that the adhesion energy released per unit
independent of the crack length. Applying beam theory with the
plateau value, the critical adhesion energy,Gc, can be estimate
using20

Gc =
3s1 − n2

2dPc
2l2

2E2b
2h3 F 1

h2
3 − lYSh1

3 + lh2
3 + 3l

h1h2

h1 + lh2
DG

f2g

where E1 and n1 are Young’s modulus and Poisson’s ratio of
precracked wafer, andE2 andn2 are Young’s modulus and Poisso
ratio of the uncracked wafer,l is the effective modulus,i.e., E2s1
− n1

2d/E1s1 − n2
2d, Pc is the load plateau value,l is the spacin

between inner and outer loading pins, andb is the specimen width
h1 is the ratio of the cracked wafer thickness,h1, to the entire
bonded wafer thickness,h1 + h2, andh2 is the ratio of the uncracke
wafer thickness,h2, to the entire bonded wafer thickness,h1 + h2
~see Fig. 1!.

For all results reported here, at least three samples were t
The standard deviation of the adhesion energy determined
four-point bending is less than 7% of the average value. Four-
bending results depend upon uncertainties introduced by s
preparation and measurement procedures. While the relative c

Figure 2. Photo of the four-point bending apparatus~Zwick T1-FR005TN!.

Figure 3. A typical load-displacement curve for measuring saturation
value. In the early stage of load, the upper loading pins adjust themse
keep the load balanced, and then load is applied to the beam sample
although the initial displacement coordinate is 0, the initial load is not 0.
load vs. displacement curve has four distinct regions. The linear elast
gion comes from pure bending of precracked and uncracked sub
~range 1!. The crack kink region occurs due to movement of the i
precrack spot into the weak interface~range 2!. The plateau load—stea
state crack propagation~range 3!region indicates crack propagation alo
the bonding interface. The second linear elastic region comes from the
ing of uncracked substrate after plateau load region~range 4!.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use of use (see 
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butions of sample preparation and measurement uncertainties a
well established, the values of the total standard deviations ar
sonable.

Residual stress measurement and analysis.—Residual stresse
~taken here as the sum of intrinsic and coefficient of thermal ex
sion ~CTE!-mismatch-induced stresses! in PECVD oxide and BCB
films deposited on silicon wafers are estimated by measuring
curvature.25 Stress evolutions in PECVD oxide layers during th
mal cycling reported by Thurn and Cook26 and Chenet al.27 are
used as a basis for interpreting our stress results. Thurn and C26

reported on stress release in PECVD oxide films during the
cycling using an analysis that incorporates both intrinsic and the
components of the net stress. Chenet al.27 reported on changes
the density of PECVD oxide films during thermal cycling and c
nects those changes with changes in chemical compositions
the oxide film.

Residual stress due to a film deposited on a substrate~a silicon
wafer in this study! is determined by measuring the deformation
the substrate using

s =
Es

1 − ns

ts
2

6tf
S 1

R
−

1

R0
D f3g

whereEs and ns are Young’s modulus and Poisson’s ratio for
substrate,ts and tf are the substrate and film thicknesses,R0 is the
radius of curvature of the starting silicon wafer before film dep
tion, andR is the radius of curvature of the sample after film de
sition ~room temperature! or during thermal cycling~from room
temperature to peak temperature!.28 Both R0 andR are estimated b
scanning a laser beam across the sample and measuring the a
the reflected beam. A Tencor FLX-2320 system~Tencor Instruments
Mountain View, CA! is used to measure curvatureR in situ as a
function of ambient temperature~peak temperature, ramp rate, a
laser beam scan interval are described later!. After R is estimated
the stresss is computed by the Tencor software, which uses E
The chamber of the FLX-2320 system consists of a heater a
laser beam and is connected with a nitrogen tank, so that th
cycling and laser scanning of samples can be conducted in a
gen ambient. During temperature ramping and the dwell time a

Table I. Critical adhesion energy dependence of number of cycles
in Fig. 4).a

Before cycling 350°C

n
Gc

sJ/m2d
S.D.

sJ/m2d Cycles n
Gc

sJ/m2d
S.D

sJ/m2

1 4 36 1.8
6 31 1.7 5 4 37 2.

10 4 37 2.3

Figure 4. Beam specimen configurations and critical adhesion energ
one, five, and ten thermal cycles at peak cycle temperature of 350, 40
450°C. BCB layer is sandwiched by PECVD oxide-coated silicon wa
~see Table I!.
c
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peak temperature, wafer curvature is measured along one dia
For consistency, the radius of curvature is measured using las
flection data taken along the diameter that is perpendicular to
drawn from the notch to the opposite side. Stressvs. temperatur
scans were done on two samples for each reported result a
results were found to be very similar in each case.

Thermal cycle conditions.—Thermal cycling tests are perform
with rectangular-shaped pieces~nominal dimensions of 4
3 30 mm!cut from the wafers. After thermal cycling, each rec
gular shape is diced again into beam specimens~nominal dimen
sions of 403 4 3 1.5 mm! and four-point bending tests are p
formed.

Several variables can be changed in thermal cycling tests
effects of the number of cycles and peak cycle temperature on
cal adhesion energy and residual stress are investigated i
work.25 One, five, and ten thermal cycles~labeled as 1-, 5-, an
10-cycle!were chosen, because preliminary experiments indic
that the residual stress and critical adhesion energy both reac
saturation point in less than ten cycles. Peak cycle temperatu
350, 400, and 450°C were chosen after considering potential s
quent 3D IC processes~such as deep via etching and barrier me
copper filling for forming vertical interwafer interconnects!, subse
quent packaging processing, and reported thermal stability r
of BCB.19,29

A nitrogen ambient is used during the thermal cycling to pre
oxidation of BCB. A ramp rate~both ramp-up and cool down! of
25°C/min was used, with a dwell time of 20 min at the peak t
perature. The FLX-2320 system returned curvature data three
per minute during temperature ramping and once every 2 min
ing the dwell time at the peak temperature.

Fourier transform infrared spectroscopy.—Chemical propertie
of bulk PECVD oxide layers before and after thermal cycling w
examined by measuring the absorbance of the different oxide
using Nicolet MAGNA 560 Fourier transform infrared spectrosc
~FTIR; Nicolet, Madison, WI! over a wavelength range of 4
-4000 cm−1. These data were used to evaluate the condensati
action in PECVD oxide films~discussed below!during thermal cy
cling. All spectra were recorded at a resolution of 4 cm−1 and aver
aged over 512 scans. The analysis chamber is continuously pu
down ~vacuum is applied!to reduce the influence of water vap
FTIR samples were nominally 103 10 mm pieces cut from oxid
coated silicon wafers that had undergone various thermal treatm
They were mounted perpendicular to the incident IR beam. T
mission through oxide-coated silicon wafers was measured an
the absorption of the silicon wafer is subtracted to obtain IR da
the oxide layers.

Spectroscopic ellipsometry.—Thicknesses of PECVD oxide a
BCB were measured with an M-44 variable angle spectroscop
lipsometry ~VASE! instrument~J.A. Woollam Co., Lincoln, NE!.
Through spectroscopic scans, ellipsometric data were taken a
incidence angles. For both PECVD oxide and BCB layers, incid
angles of 65°, 70°, and 75° were used.30,31 Before measuring th
thicknesses of PECVD oxide or BCB on silicon, the VASE stan
silicon wafer was calibrated and aligned at an incident angle of

eak temperatures for Si/SiO2/AP/BCB/AP/SiO2/Si (structure depicted

400°C 450°C

Cycles n
Gc

sJ/m2d
S.D.

sJ/m2d Cycles n
Gc

sJ/m2d

1 4 41 2.7 1 3 ,0.5
5 4 41 2.3 5 3 ,0.5

10 4 42 2 10 3 ,0.5

d

and p

.
d

1

a n is number of samples;G is mean value of critical adhesion energy; and S.D. is standard deviation ofG .
c
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After the standard wafer calibration, ellipsometric data of PEC
oxide and BCB were obtained using the three incidence angles
ellipsometric data of both were then analyzed using the VASE
ware package~J.A. Woollam Co.!, which is based on a least-squ
regression analysis to obtain the unknown fitting parameters.31 The
fitting parameters are varied to minimize the differences betwee
measured values and calculated values from the ellipsometric a
by using the defined optical model and the ellipsometric equat
From the applied ellipsometric equations, thicknesses of PE
oxide and BCB layers are obtained.

Results and Discussion

Critical adhesion energy dependence on number of the
cycles and peak temperature.—The beam specimen configurat
for the Si/SiO2/BCB/SiO2/Si samples is depicted in Fig. 4 and r
resents a bonded wafer stack that may well play a large role i
technology.5-8 A double layer of BCB~1.3 mm on each wafer, fo
2.6 mm total thickness!is sandwiched between two silicon waf
coated with 1mm of PECVD oxide. Figure 4 also shows the effe

Figure 5. Geometry of stacked layers and temperature dependence
sidual stress of the stacked layers during the first and second thermal
~a! peak temperature of 350 and~b! 400°C.
 address. Redistribution subject to ECS terms138.251.14.35aded on 2015-05-03 to IP 
s

of the number of thermal cycles and peak temperature on c
adhesion energy of this wafer stack. The measured critical adh
energy reflects the bond between PECVD oxide and BCB, as t
the interface that failed during four-point bending. In these ex
ments, a substantial increase~at least 16%!in critical adhesion en
ergy was observed after the first thermal cycle with peak tem
tures of 350 and 400°C, and remains relatively unchanged
further thermal cycles. Table I summarizes critical adhesion en
results for one, five, and ten thermal cycles and three peak tem
tures~350, 400, and 450°C!. Based on these results, it seems th
single thermal cycle is sufficient to ensure essentially maxima
chanical stability.

The measured critical adhesion energy,Gc, is23,24

Gc = G0 + Gresidual+ Gp f4g

whereG0 reflects the energy used to break bonds at the interfacGp
is a contribution due to plastic deformation, andGresidualis a contri-
bution due to deformation energy by residual stresses.Gresidual is
central to our proposed explanation for the observed first cyc

-
:

Figure 6. Geometry of PECVD oxide on silicon wafer and tempera
dependence of residual stress of PECVD oxide on silicon wafer durin
first and second thermal cycles:~a! peak temperature of 350 and~b! 400°C.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use of use (see 
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fect, i.e., the increase in critical adhesion energy is due to a
crease inGresidual, mostly after the first thermal cycle.Gp does no
seem to play a role in this high-temperature thermal cycle proce
Gp had changed during further thermal cycling, the critical adhe
energy at the relevant interface after five and ten cycles would
from that after one cycle. This was not observed; the critical a
sion energies measured after five and ten cycles were similar t
measured after one cycle. This close tracking of the trend in cr
adhesion energy with the trend in residual stress indicates a s
cant likelihood that the critical adhesion energy at the interface
tween BCB and PECVD oxide layer depends mainly on chang
Gresidualduring thermal cycle. For the sample geometry of Fig.
large decrease in the residual stress of one or both PECVD
layers during the first thermal cycle leads to stress relaxation a
interface between BCB and PECVD oxide layers. An increas
Gresidualresults in an increase in critical adhesion energy.

To evaluate the above explanation of the first cycle effect,i.e., as
due to the effects of residual stress on deformation energysGresiduald
andGc, stacked layers consisting of BCB and PECVD oxide fi
on silicon wafers were studied~Fig. 5!. Figure 5 also shows t
dependence of residual stresses in the stacks on the num
cycles and peak temperatures used during thermal cycles. Fo

Figure 7. Geometry of BCB on silicon wafer and temperature dependen
residual stress of BCB on silicon wafer during the first and second th
cycles:~a! peak temperature of 350 and~b! 400°C.
 address. Redistribution subject to ECS terms138.251.14.35aded on 2015-05-03 to IP 
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peak temperatures of 350 and 400°C, the stacked layers are in
all compressive stresses, which are released during the first th
cycle ~from −55 to − 30 MPa for a peak temperature of 400°C
from −55 to − 42 MPa for a peak temperature of 350°C!. The
stress trajectory of the stacked layers during the first thermal
for both peak temperatures shows plastic behavior over 300°C
believed that the plastic behavior of the stacked layers at tem
tures over 300°C during the first thermal cycle is caused by
crease~in magnitude!in residual stress in the PECVD oxide fi
due to a chemical reaction~discussed below!. Unlike the first th
mal cycle, little or no hysteresis was observed during the se
thermal cycle,i.e., residual stress was not further released, pre
ably because the chemical reaction in the PECVD oxide
neared completion during the first cycle.

To further evaluate the first cycle effect, the dependences
sidual stress on the number of thermal cycles and the peak tem
tures used in the thermal cycles for each film~PECVD and BCB
were examined individually. We relate the stress released i
stacked layer consisting of BCB and PECVD oxide layers to
stress released in samples with PECVD or BCB layers. The for
the stacked layer consisting of BCB and PECVD oxide laye
approximated by the sum of forces from the BCB and PECVD o
layers as

stotalttotal < soxidetoxide + sBCBtBCB f5g

wheresoxide and sBCB are residual stresses in the oxide and B
layer, respectively,stotal is the residual stress of the stacked la
consisting of BCB and PECVD oxide layers,toxide and tBCB are
thicknesses of the oxide and BCB layer, respectively, andttotal is the
total thickness of the stacked layer consisting of BCB and PE
oxide layers. Stress comparisons of the stacked layer consist
BCB and PECVD oxide to individual PECVD oxide and BCB fi
show that the relaxation in residual stress of PECVD oxide
leads to the decrease in residual stress of the stacked laye
eventually, the decrease in residual stress at the interface be
BCB and PECVD oxide layer.27

The geometric configuration of PECVD oxide on a silicon w
and the temperature dependence of residual stress of the oxid
after thermal cycles are shown in Fig. 6. The compressive stre
the PECVD oxide layer is mostly released during the first the
cycle ~from −320 to − 230 MPa for a peak temperature of 40
and from −320 to − 280 MPa for a peak temperature of 350°C!. It
is believed that this stress relaxation is mainly caused by the c
in chemical composition by condensation reaction of silanol gr
within the PECVD oxide layer~described below!. The change
chemical composition leads to densification in the chemical s
ture of the PECVD oxide layer.26,27 The condensation reaction
almost completed during the first cycle, leading to small hyste
in residual stress during the second cycle and subsequent c
From Fig. 5 and 6, the magnitude of stress released at 400°C
temperature is larger than that released at 350°C peak tempe
This may be because the extent of chemical reaction in the
layer increases as the peak temperature increases.

Figure 7 shows the residual stress during the first and se
thermal cycles for peak temperatures of 350 and 400°C fo
BCB-on-silicon configuration shown. BCB that is cured using
same thermal process as in our baseline BCB bonding proces
tensile stress during the postcuring thermal cycles. During the
heating cycle, BCB becomes plastic above,300°C and the stress
relaxed.29 At temperatures above 300°C, BCB may be further c
because,12% of the BCB precursors are not cured during
baseline thermal cycle. As a result of this additional cure, th
sidual tensile stress is reset to near zero at the glass transitio
perature corresponding to the increased BCB cure and the
creases during the cooling process. During the second
subsequent thermal cycling, changes in the residual stress are
indicating that the BCB has stabilized and further curing has slo
appreciably. Because the magnitude of residual stress chan
BCB ~tensile stress!is smaller than that in PECVD oxide~compres
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use of use (see 
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sive stress!, the change in residual stress~stress relaxation!at the
interface between BCB and PECVD oxide layers is dominate
changes in the PECVD oxide layer. It is reassuring that the s
values shown in Fig. 5-7 are reasonably consistent with Eq. 5

Additionally, adhesive failure occurred, during four-point be
ing tests, at the interface between BCB and PECVD oxide laye
thermal cycling tests performed with peak temperatures of 350
400°C. For thermal cycles with a peak temperature of 450°C,
cal adhesion energies are very low~less than 0.5 J/m2! irrespective
of the number of cycles, and cohesive failure occurred within
BCB layer during four-point bending tests. Clearly, 450°C is bey
the acceptable range for thermal cycling of BCB, as previo
reported.19,32

Effect of thermal cycling on BCB thermal stability.—Liq-
uid-like BCB resin may be considered to be in the near-

Figure 8. Percentage cure dependence of glass transition tempe
~adapted from Dow Chemical, Inc.!.35
 address. Redistribution subject to ECS terms138.251.14.35aded on 2015-05-03 to IP 
stress state until curing starts and BCB solidifies. During coo
the solidified BCB contracts more than the adjacent PECVD o
layer or silicon substrate due to the higher CTE. The va
of CTE are ,52 ppm/°C s25-250°Cd for BCB,33 ,0.5 ppm/°C
for PECVD SiO2,

25 and ,2.6 ppm/°C for silicon.34 The buildup
of residual stress in BCB,sBCB, during cooling after curin
~or after any thermal excursion during processing! is primarily
caused by the CTE mismatch between the glue and its ad
layer. The magnitude of the stress depends on the diffe
between cure temperature and reference temperature~or between
peak cycle temperature and reference temperature! and can b
expressed as

sBCB =
EBCB

1 − nBCB
saBCB − asubstratedsTprocess− Treferenced f6g

where EBCB and nBCB are Young’s modulus and Poisson’s ra
for BCB, aBCB and asubstrate are average CTE values for BC
and substrate over the temperature ranges of interest, andTprocess
andTreferenceare the process and ambient temperature, respec
Using 250 and 25°C for the process and reference tempera
the previous CTE values for BCB and Si, a Young’s mod
of BCB of 2.9 GPa,33 and Poisson’s ratio of BCB of 0.3433

an estimated value forsBCB is 40 MPa. This is in rough agreeme
with the measured values~see Fig. 7!.

As thermal cycling after bonding proceeds, BCB may be fur
stabilized because stress hysteresis between heating and c
steps decreases and additional curing~cross-linking!occurs during
the process, or BCB bonds may be broken during high-tempe
thermal cycling. In either case, the glass transition temperatur
the residual stress of BCB are affected. Evaluations of the effe
thermal cycling on residual stress, glass transition temperature
cure percentage are therefore critical to establish a stabilized
state~thermal stability of BCB! and to delineate the key parame
needed for the increase of critical adhesion energy at the glue
face. The residual stress and glass transition temperature,Tg, can be
determined by thermal cycling. Based on the estimatedTg value, the

Figure 9. Temperature de
pendence of residual stre
for BCB layer on silicon wa
fer during multiple therma
cycle tests:~a! peak tempera
ture of 350,~b! 400, and~c!
450°C.
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cure percentage is estimated using a curve ofTg vs.cure percentag
curve, as shown in Fig. 8.35 The thermal stability of BCB is evalu
ated at three different temperatures~350, 400, and 450°C! by re-
sidual stress measurements. The evaluations of the BCB cur
cess and BCB thermal cycle tests performed with the t
temperatures are summarized below.

After BCB cure.—The BCB cure process is performed using
same thermal process as the baseline BCB bonding, but w
application of pressure. After the cure reaction, glass transition
perature and cure percentage are examined during subseque
mal cycles. Figure 9 shows BCB stress as functions of temper
during multiple thermal cycles for peak temperatures of 350,
and 450°C. For all results, an initial residual stress of 35 MP
observed. As the temperature increases, the residual stress de
and becomes nearly zero at 300°C. Because the glass tran
temperature is defined as the temperature at which the stress
zero, 300°C is the glass transition temperature of the BCB
curing. As shown in Fig. 8, the corresponding cure percentag
BCB is ,88%.

Thermal cycles to a peak temperature of350°C.—Figure 9a
shows the BCB residual stress as a function of temperature d
multiple thermal cycles at a peak temperature of 350°C. As the
cycling proceeds from the first to the seventh thermal cycle
magnitude of stress hysteresis between heating and cooling s
reduced. We conclude that the chemical structure of bulk BC
being stabilized by repeating the thermal cycle. At the eighth c
the stress hysteresis is almost zero, indicating that BCB is m
stabilized. When the glass transition temperature induced in th
bilized state of Fig. 9a is compared with glass transition temper
vs.cure percentage curve of Fig. 8, the cure percentage of stab
BCB is ,94%.

Thermal cycles to a peak temperature of 400°C.—Figure 9b
shows the BCB residual stressvs. temperature during multiple the
mal cycles performed to a peak temperature of 400°C. Proce
from the first to the fourth thermal cycling, the magnitude of st
hysteresis between heating and cooling steps is reduced. Fro
fifth cycle, the stress hysteresis is almost zero, indicating that
is stabilized. When the glass transition temperature induced i
stabilized state of Fig. 9b is compared with cure percentagevs.glass
transition temperature curve of Fig. 8, the cure percentage of
lized BCB is more than 95%.

Figure 10. Schematic diagrams showing stress state and change of ch
structure related to the condensation reaction of neighborhood s
groups.26 ~a! Basic siloxane~Si-O-Si!configuration.~b! After deposition, the
Si-to-Si distance is very close for the double OH inclusion, leading to
pression.~c! After thermal cycling, the Si-to-Si distance is long compare
the basis Si-O-Si configuration, leading to tension.
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Thermal cycles to a peak temperature of 450°C.—Figure 9c
shows the temperature dependence of stress for BCB during
tiple cycles at a peak temperature of 450°C. From the second
mal cycle, the stress hysteresis between heating and cooling s
almost zero. It is believed that BCB is damaged and becomes
due to excessive thermal load during this high peak temper
thermal cycling. However, the bulk structure of BCB presum
prevents complete disintegration of BCB and maintains the stru
of an unstable solid state. Hence, the structure collapses even
small external impacts. The low critical adhesion energy v
s,0.5 J/m2d obtained after this process is consistent with the a
explanation.

In summary, thermal cycling at a peak temperature of 40
requires a smaller number of cycles~five cycles!to reach a stab
lized BCB state compared to using a 350°C peak temperature~eight
cycles!and the cure percentage at the stabilized state increase~the
400°C cycling reaches more than 95% cure, while the 350°C
cling reaches,94% cure!. Unlike thermal cycling performed
peak temperatures of 350 and 400°C, BCB degrades appre
during thermal cycling at a peak temperature of 450°C, presum
through the dissociation of Si-C bonds within BCB.32 Cohesive fail
ure is observed during four-point bending for this case.

Phenomenological Model

Using the experimental results above, a phenomenological m
was developed that explains the effect of thermal cycling on cr
adhesion energy and residual stress at interfaces of interest, i
ing BCB and PECVD oxide layers. The key point of the mo
suggested here is to understand how the chemical reaction~conden
sation reaction!of the PECVD oxide layer evolves during therm
cycling. The chemical reaction leads to relaxation of residual s
in PECVD oxide layers, an increase inGresidual, and an increase
Gc at the interface between BCB and oxide layers.

The increased critical adhesion energy in a bonded wafer
which consists of two PECVD oxide-deposited silicon wa
bonded with 2.6mm of BCB thickness, depends on the increa
deformation energy due to residual stress, caused by stress
ation of the PECVD oxide layer that occurs during the first the
cycle. Of special interest is a large decrease in magnitude o
residual stress of PECVD oxide layer during the first cycle, fro
compressive stress of −330 to − 230 MPa for a peak tempe
of 400°C, and from −330 to − 280 MPa for a peak temperatu
350°C ~see Fig. 6!, because stress relaxation of the PECVD
layer is mainly caused by the decrease in residual stress
changes in residual stress of the PECVD oxide layer are rela
its deposition and the thermal cycles. During deposition of
PECVD oxide layer, two chemical structures are produced.36 One is
the desirable siloxane~Si-O-Si!structure as shown in Eq. 1 and F
10a, and the other structure is two adjacent terminating silano~Si-
OH! groups produced by incomplete oxidation of silanesSiH4d as
shown in Fig. 10b26 and

2SiH4 + 5N2O → 2SiO3/2OHssd + 3H2 + 5N2 f7g

The reaction of Eq. 7 can occur in the presence of the excess2O
through the replacement of one of the bridging -O- atoms
SiO2ssd with two terminating -OH groups to form two silanol bon
The volume occupied by the -OH groups in the second structu
greater than that occupied by a bridging -O- atom, leading to
pression at this site.22 The formation of silanol species by Eq. 7 a
means substituting the strong siloxane bonds with compara
weak hydrogen bond interactions between two -OH groups.
decreases the structural integrity and decreases the resistance
formation. However, at the elevated temperatures seen during
mal cycling, two such silanol species may undergo a condens
reaction, leading to the evaporation of water and the formation
siloxane linkage as

l
l
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2SiO3/2OH → 2SiO2ssd + H2O f8g
The distance between Si and Si across this linkage is longer
that for a normal linkage, leading to tension at this stage.26 Equation
8 induces a decrease in residual stress of the oxide layer, an
large compressive deposition stresses become smaller comp
stresses during thermal cycling.

The changes in chemistry of bulk PECVD oxide layers on sil
wafers during thermal cycling were studied by absorbance F
The absorbance FTIR beam passes through the silicon wafer a
PECVD oxide layer, providing information about the production
siloxane bonds by the condensation reaction~Eq. 8!. Figure 11
shows FTIR traces over the entire wavelength ranges400
-4000 cm−1d for as-deposited PECVD oxide, PECVD oxide after
second thermal cycle with peak temperature of 350°C, and PE
oxide after the second thermal cycle with peak temperatur
400°C. Figures 11b and c present enlarged FTIR traces sho
changes in peaks of siloxane and silanol bonds, respectively
siloxane peaks include the Si-O-Si rocking band at,450 cm−1, the
Si-O-Si bending band at,805 cm−1, and the Si-O-Si stretchin
band at,1070 cm−1, and the silanol peak is in 3670-3680 cm−1.
After thermal cycling, the Si-O-Si peaks increase, the Si-O
stretching band shifts to a higher wave number, and the silanol
decreases, indicating that condensation reaction occurs durin
thermal cycling. These results are consistent with the observed
perature dependence of residual stress in the PECVD oxide
after thermal cycling~see Fig. 6!.

The proposed mechanism results in:~i! an increase of the defo
mation energy due to residual stress,Gresidual, and~ii! an increase i
critical adhesion energy,G , through the reduction of large compr
c
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sive deposition stresses in the PECVD oxide layers during the
cycling.

Conclusions

Some effects of thermal cycling on critical adhesion energy
residual stress for bonded BCB-bonded PECVD oxide-coated
fers were examined quantitatively. In thermal cycling tests
formed to evaluate the bonding interface between BCB and PE
oxide-coated wafers, relaxation of residual stress in the PE
oxide layer that occurs during the first thermal cycle dominate
increase in critical adhesion energy. After the first thermal cycle
critical adhesion energy increases relatively slightly, presumabl
cause the change in residual stress in the PECVD oxide layer
completion during the first cycle. The magnitudes of residual s
release and critical adhesion energy increase in the 400°C th
cycle process are larger than those observed in the 350°C pro

We believe that differences in the extent of chemical reactio
the oxide layer as the peak temperature changes, analyzed by
lead to the differences in critical adhesion energies and res
stresses between the 350 and 400°C processes. The siloxane
formed by the condensation reaction in the PECVD oxide l
trigger the relaxation of residual stress. The condensation rea
and its relationship to relaxation of residual stress in PECVD o
layers were supported by following the change in chemistry w
the PECVD oxide layer by FTIR.

Thermal cycling tests to evaluate BCB thermal stability w
performed at 350, 400, and 450°C peak temperatures. Whe
peak cycle temperature is 350°C, BCB reaches steady state
eighth thermal cycle, and percentage cure at the steady st

Figure 11. FTIR absorbanc
spectra for PECVD oxid
layer deposited on silicon w
fer after deposition, after th
second thermal cycle wi
peak temperature of 350°
and after the second therm
cycle with peak temperatu
of 400°C: ~a! FTIR traces
over the entire waveleng
range s400-4000 cm−1d, ~b!
FTIR traces showing chang
in peaks of siloxane bon
and ~c! FTIR traces showin
change in peak of silan
bond.
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,94%. When the peak cycle temperature is 400°C, BCB rea
steady state at the fifth thermal cycle, and percentage cure
steady state is more than 95%. Thermal cycling performed at a
temperature of 450°C gives rise to cohesive failure within the B
layer with very low critical adhesion energys,0.5 J/m2d.

The results presented improve our understanding of the th
and mechanical stability of BCB-bonded wafer stacks. In turn,
can help us establish a process window to maintain stable
layers without degrading previously deposited BCB layers. The
nomenological model described suggests that the chemical re
within the PECVD oxide layer leads to the relaxation of resid
stress in the oxide layer and increases the critical adhesion ene
the interface between BCB and oxide layer during thermal cyc
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