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Abstract

A steady-state wedge-opening test has been developed in order to measure the fracture toughness of bonded silicon wafers. Comparisol
between non-steady-state and steady-state tests is performed. The importance of allowing the rotation of the testing stage is discussed an
appears to be essential in order to have the wedge perfectly aligned with the sample. Significant influence of (1) surface treatment; (2)
thermal annealing; and (3) crack velocity on the toughness is observed for Si/Si wafer bonding and related to the interface chemistry.
© 2003 Published by Elsevier B.V.
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1. Introduction trapping” and reconstruction effects lead@ > 2y [2].
When, for instance, friction occurs between crack faces
Wafer bonding is a key microfabrication technique for or dislocations are emitted at the crack tip; becomes
the assembling of MEMS components and the packaging significantly larger than 2 (e.g. G, is typically 1 larger
of microsystems. Reliability of MEMS thus requires the than 2/ in metal alloys), although very much dependent on
development of characterization and modelling tools that slight changes ofs. In order to measur&. and evaluate
allow the assessment of the integrity of bonded interfaces various bonding techniques and rate effects, a steady-state
against fracture and delamination. Simple uniform tensile wedge-opening test has been developed extending earlier
or shear tests provide a value of the critical stress requiredworks in the literature on static wedge-opening method
for wafer separation. However, such critical stresses heavily[1,3]. The first aim of the paper is to present this method
depend on interface defects and do thus not constitute anand show the importance of conducting steady-state tests
intrinsic characteristic of the borid]. Indeed, the probabil-  with respect to the accuracy of the measurement and to
ity of finding defects will depend on the specimen size. The strain rate/environmental effects. The second objective is to
relevant approach for characterizing interface toughness isdiscuss different wafers bond preparation routes regarding
to work within the framework of fracture mechanics and to the interface toughness.

measure the critical energy release r&g i.e. the “bond The samples preparation is presented in a first section.
fracture toughness[2]. The choice was made to employ Then, the measurement technique is described followed by
fracture toughnessoncept rather thasurface energybe- a presentation and discussion of the main results. Finally,

cause it relates to the true capacity of the interface to resista short introduction to the modelling tools used for the
debonding which is the necessary ingredients for the designsimulation of the interface behaviour is provided.
of a fail-safe structure. Indee@ is equal to twice the sur-
face energy only in the case of brittle materials or bonds
in which no other mechanism than atomic planes separation2. Experimental procedures
takes place. In fact, even in very brittle materials, “atomic
2.1. Samples preparation
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Fig. 2. Principe of the wedge-opening test.

Fig. 1. Samples preparation procedure. 2.2. Measurement technique

The measurement set-up is representdgign 2. A razor
(PECVD) oxidation. In the oxygen plasma treatment, the plade of thicknessi is inserted between the two wafers of
wafers are exposed for 10s to a 20W, 254min oxygen thicknessh at a constant rate using a home made set-up
plasma in a reactive ion etcher with a working pressure of mounted on an universal mechanical testing machine. The
30 mTorr. Thermal oxide is obtained by the transformation crack |ength is Continuous|y measured owing to the IR
of Siin SiG; at high temperature (95C) in the presence of  transparency of silicon and the contrast resulting from the
vapour water. The thickness of the thermal oxide is around presence of air between the wafé4$ (Fig. 3. The image
4000A The PECVD oxide is obtained by the continuous acquisition software VISILOG 5% is used in order to
circulation of gas (Sikj) on top of the wafers. This gas react record the images and to evaluate the crack length.
with Oz to form SiQ; on top of the wafers. The thickness  simple beam theory leads to the following relationship

of the PECVD oxide is around 2500 A. between the crack length and the toughness for the config-
The wafers are then brought in contact under constantyration presented ifig. 2 [2];

pressure and stored for 150 h with a dead weight on the 3
centre of the samples in order to avoid air bubbles. As ex- o= 3EWh )
plained in[1], this long storage time also allows the diffu- 1644

sion of water molecules present at the interface to the rim yhereE is the Young’s modulus of the silicon wafers (taken

150h. Long rectangular specimens of 10 mm width are fi- |, the wedge thickness aris the thickness of the wafers.
nally diced from the bonded wafers. The chemical reaction

occurring during the annealing is.

Si—-OH+ Si—OH < Si-O-Si+ H0 Q)
wedge
First, when the wafers are in contact, the link between the
wafers is made only of hydrogen bonds. Then, during the
annealing, the formation of covalent bonds Si—O-Si (see
Eqg. (1) between the two wafers induces the cohesion be-
tween these wafers. Reaction (1) is reversible until 450
[1]. It is essential to avoid the back reaction (1) that favours
the dissociation of the covalent bonds. The elimination of
water molecules is thus a key parameter for promoting strong
bond. Elimination of water occurs following two different
ways: (i) water molecules diffuse outside the sample; (ii)
water molecules diffuse through the oxide layer and react
with silicon. This last effect is easier in a native oxide layer
which is thinner than the two oxides used in this research.
In order to favour the evacuation of the water molecules

I crack length
wafers
- ‘.— - - M

Fig. 3. Wedge-opening set-up. Note that the two outer white stripes are
. : » used in order to distinguish the edges of the wedge while the two inner
annealing was performed for a very long time (150 h) and stripes are not made on purpose but come from slight aperture between
under vacuum (from 0.5 to 5 mbar). the wafers and the background mask.
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All the tests were performed at room temperat@@1°C), Table 1

under atmospheric pressure and relative humidity of approx- Toughness of similar samples extracted using the steady-state wedge-
opening test using two different wedge thicknesses

imately 50%.

Wedge’s Wedge’s

thickness= 100p.m thickness= 230um
3. Results Ge (3InP) 1567+ 0.3 1.629+ 0.1
3.1. Typical result—importance of the steady-state 3.3. Comparison steady-state versus non-steady-state
condition measurements

Fig. 4 shows the variation of the crack length as a func-  As shown inFig. 5 when the wedge with an initial ve-
tion of the displacement of the wedge for two annealed |ocity of 25 mm/min is stopped within zone IF{g. 4), i.e.
samples. Three zones can be distinguished. The size of theyhen the wedge is perfectly aligned with the interface, the
first zone varies from one measurement to another due tocrack continues to propagate at a decreasing cracking veloc-

transient effects related to small initial misalignment of the ity until no further crack propagation can be observed.
razor blade and uncontrolled initial velocity of blade inser-

tion. The second zone corresponds to the true steady-state 4. Influence of the wedge velocity

regime giving relevant crack length values. Only crack

length values belonging to this plateau will be considered Fig. 6 shows the variation of the fracture toughness

in the determination of the bond toughness. In the third as a function of the crack velocity for annealed samples
zone, the crack tip stress field begins to interact with the (no specific surface treatment except the cleaning and the

specimen end which invalidates the useEof. (2) 150 h annealing at 15@). A significant increase of the
bond fracture toughness with increasing crack velocity is
3.2. Influence of the wedge thickness observed. At high crack velocity, the toughness reaches a

plateau value. Another plateau is also expected to appear at
In order to assess the validity of the test method and very low velocity[2,5].

of the use of simple beam theory to deriizg. (2) two
different wedge thicknesses have been employed for the3.5. Influence of the surface treatment
measurement of the toughness of samples coming from the
same bonded wafers. The results are present&élite 1 The fracture toughness measured for different specimen
and demonstrate that the bond toughness obtained with thepreparation procedures for a low (0.25 mm/min) and a high
steady-state wedge-opening method is independent of the25 mm/min) value of the crack velocity are gathered in
wedge thickness. Fig. 7. The PECVD oxide treatment does not appear because
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Fig. 4. Evolution of the crack length during wedge displacement. Crack length value from the second zone must be used to determine the toughness of
bonding.
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Fig. 5. Evolution of the crack length after stopping the wedge. The wedge is stopped at=tifdenin.
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Fig. 6. Variation of the fracture toughness as a function of crack velocity. Measurements are performed on samples prepared by the same procedure (r
specific surface treatment: 150 h annealing at 150

wafers did not bond during the contact due to a roughness4. Discussion

(RMS 1.5 nm) larger than the maximum value of roughness

required for pre-bondinfll]. Plasma treated wafers give the 4.1. Measurement method

highest fracture toughness. The toughness is then so large

that some specimens failed by the cracking of the silicon Regarding the test procedurdsig. 4 shows that care
substrates. should be taken when interpreting non-steady-state tests in
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Fig. 7. Fracture toughness at two different crack velocities for various surface treatments.

which, for instance, the wedge is inserted manually betweenonly probe a small area of the interface leading to a local
the wafers and the crack length is measured directly after. measurement.

Indeed, small misalignment of the razor blade with respect

to the crack plane leads to an effective opening that can be4.2. Influence of the surface treatment

significantly larger than the blade thickness. The error can

be very important as3 is proportional to the square of The toughness obtained for the different surface treat-
the effective opening (seq. (2). The specimen must be ments were expected from the literature when considering
mounted on a free rotation grip to allow perfect alignment the chemistry of the interfacfl]. In non-annealed sam-
of the blade during testing. It is also possible that remain- ples, only hydrogen bonds contribute to the adhesion of the
ing water molecules close to the rim have dissociated the wafers leading to very small bond toughness. The poor re-
covalent bonds, weakening the bond strength and leading tosults obtained for the oxidized wafers come from the large
longer crack length close to the edges of the samples. Noteroughness. The annealed samples show relatively good
that our annealing conditions have been adapted in order tobond toughness due to the formation, during the annealing,
minimize this effect (se&ection 2.1 A continuous mea-  of Si—-O-Si bond between the wafdfd. The higher value
surement of the crack length also contributes to the evalua-of bond toughness obtained for,lasma treated sam-
tion of a representative average bond toughness as it allowsples is due to the higher density of these Si—O-Si bridges.
several measurements at different location along the bondedThese bond fracture toughness values almost reach the
wafers. As shown iffrig. 4, the values of the crack length in  fracture toughness of bulk silicon. There is thus no interest
the second zone are almost the same for two samples evemo look for procedures leading to larger toughness. Indeed,
if they are quite different at the beginning of the test. More- if the toughness of the interface is too high, the crack will
over, as shown iffable 1the wedge test is independent of propagate into the substrate.

the wedge thickness. This means that the change of stress

state in the wafers due to the change of wedge thickness is4.3. Influence of the wedge velocity

properly taken into account by the simple beam theory used

in the derivation of relation (2) (mainly neglecting shear  In Fig. 6, the evolution of the bond fracture toughness
stresses close to the crack tips as well as anticlastic effectsyith wedge velocity can be attributed to the interaction
[6]). Note that in a study dealing with adherents that deform with the environment, essentially the moisture. At high ve-
plastically during bending, Ferracin et §6] have shown locity, air water molecules cannot be adsorbed at the silicon
significant effect of the wedge thickness on the stress statesurface and react with the Si—-O-Si bond to dissociate it
at the crack tip that was not accounted for by the simple into two Si-OH groups as explained [4,5]. When the
beam theory. Finally, as shown Ifig. 5 great care must crack velocity decreases, bond rupture by chemical reaction
be taken when performing “static” test in laboratory envi- and healing events takes place. Toughness becomes much
ronment. Indeed, even if the wedge is stopped, the cracksmaller at low crack velocity. More details on the mech-
continues to propagate until it attains a plateau value. Suchanisms affecting the bond resistance to chemical cracking
type of “static” measurement are also less accurate as theyand responsible for the shape presentedrign 6 can be
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velocity is also observed and results from the interaction
of moisture with interfacial atomic groups. Moreover, sub-
critical crack propagation due to the interaction between
_______ o the external environment and the specific chemical species
present at the interface is observed. Care should thus be
taken when transferring these measurements to real MEMS
C depending on the environment of the interface and the
nominal loading rates.

stress

(?“ This type of test does not allow measuring toughness
; values greater than the substrate toughness. Indeed, if the
displacement toughness of the interface is greater than the toughness of
the substrate, the crack will propagate into the substrate and
Fig. 8. Cohesive zone model. preventing to the measurement the cracking resistance of the

interface. Nevertheless, itis possible to solve this problem by
found in[2,5]. Similar environmental effects leading to rate decreasing the adhesive surface of the sanjj&ls These
dependent fracture toughness were recently observed by Xuypes of measurements are currently under investigation.
et al.[7] for TiN/SiO; interfaces.
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