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Abstract To probe the interface of silicon sol–gel bonded

wafers we developed in–situ micromechanical bending test

coupled with optical microscopy. The silicon wafers were

bonded together at room temperature using sol–gel silica

and dried at 60 �C and sintered at 600 �C. Beam specimens

were cut from the bonded wafers, then notched and tested

in three-point bending. During bending the crack opening

from a notch and the deviation along the interface was

observed with an optical microscope. To quantify the

interfacial debonding from considering the experimental

results, a simple energy balance allows an apparent inter-

facial fracture surface energy to be determined. Experi-

ments and the determined interfacial surface energies show

that the bonding of the silicon wafers depends on the silica

sol–gel chemistry and on the temperature of the thermal

treatment during the bonding process.

1 Introduction

Different techniques of silicon wafer bonding have been

developed in the microelectronic industry. It is used in the

manufacture of integrated circuits, optoelectronic devices

and microelectromechanical systems (MEMS). It is a

powerful tool for creating layered structures such as silicon

on insulator (SOI) devices [1]. Silicon wafers can be

bonded with a very thin native oxide layer (hydrophilic

surface) or without it (hydrophobic surface, termed Si–Si

direct bonding [2]). The wafer bonding process relies on

adhesion between the extremely smooth and flat silicon

surfaces at ambient temperature and then annealed at high

temperature to form strong Si–O–Si bonds [3, 4].

Optimising the adhesive strength of these bonded

structures through wafer preparation (i.e. cleaning) and

subsequent processing is paramount to achieving a strong

and reliable material interface. Reliability in this instance

depends on the ability to attach the silicon wafers together

in such a way that adequate bonding is achieved so that the

main function of the material is not compromised, or fail

prematurely under external applied stresses in normal

operating conditions, or as a consequence of intrinsic

stresses produced during the bonding process, or thermo-

elastic stresses, due to the thermal expansion mismatch

developed during processing, that may became critical

because of the thermal cycling during device operation.

Accordingly, as for any microelectronic devices containing

thin film structures, controlling the interfacial mechanical

properties is an important technological challenge.

For silicon-bonded structures, the properties of the

interface have been determined using tensile testing [5], the

razor blade wedge technique [6] and by indentation [7]. An

extensive review of these tests method used in wafer

bonding is given in Ref. [8]. The four-point bend
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delamination method [9] was developed to characterise the

fracture at interfaces between dissimilar materials and is

based on a well-established testing routine that requires

simple bar-shaped samples. Three point bending tech-

niques have shown also to provide a quantitative and

reproducible measure of interface fracture resistance, in

particular for multilayered samples as thick coatings

deposited on metal substrates [10–13].

The key advantages of the three point bending method

over the indentation and razor blade techniques are the

simple configuration and ease of testing. The bending

method also allows several samples from a single wafer to

be tested. In indentation with a pointed indenter (e.g.

Vickers) the impression needs to be made symmetrically

across a polished bonded interface with radial cracks

extending along the interface [7]. The Vickers indentation

is at best only a semi-quantitative technique and is good for

comparative checks of bonding for similar interfaces. It is

limited to material systems with very thin interlayers and

problems have been encountered with strongly bonded

wafers [7]. The razor blade method is generally applied to

full circular bonded wafers and the blade must induce a

straight and uniform linear contact. It is rather delicate to

set up an experimental configuration and requires a thin

straight and stiff razor.

In this work we consider the issues of measuring the

interface surface energy of small silicon bonded beams,

extracted from wafer-bonded structures using a straight-

forward three-point bend test configuration. The goal was

to direct the crack generated in notched beams perpen-

dicularly towards an interface to obtain quantitative inter-

facial fracture energy data, when the cracks deviates along

the interface, using a simple energy balance. The results

were compared to similar experimental data obtained from

indentation and razor blade methods. Implications con-

cerning the interfacial bonding of the silicon wafers using

sol–gel derived silica films due to treatment temperature

are also discussed.

2 Experimental methods

Sol-gel solutions were prepared by adding a 0.01 M solution

of HNO3 to a solution of tetraethylorthosilicate (TEOS) in

ethanol (with an equivalent SiO2 content of 1 wt%) at

pH = 2. A water-to-alkoxide mole ratio of 10 was used and

the solutions were filtered using 0.2 lm Teflon membranes

then aged for 1 day prior to use. Polished one inch (25.4 mm)

silicon wafers (Virginia Semiconductors, average roughness

Ra = 0.2 nm) of 0.5 mm thickness were pre-treated by

degreasing in xylene, followed by the standard RC1/2

cleaning process [14]. A thin layer of sol–gel solution was

applied to the cleaned substrates by spin-coating at

5,000 rpm for 2 min. The average surface roughness of the

spin coated layers produced was about 0.5 nm. The two

coated silicon wafers were then pressed together and the

resulting sandwich was dried at 60 �C for 12 h in an oven to

allow evaporation of the residual solvent trapped in the sol–

gel film. Selected samples were fired in an air atmosphere at

600 �C for 20 h in a muffle furnace. The bonding procedure

was conducted in a Class 1,000 clean room to minimise dust

contamination. The interlayer film thickness for the 600 �C

treated samples was determined from transmission electron

microscopy observations. It was found to be about 80 nm [4].

Further details of the wafer bonding process and character-

istics of the bonded structures are given elsewhere [4, 15].

Samples with nominal width, thickness and length of

2.5 mm, 1 mm and &23 mm, respectively, were sliced

from the bonded silicon wafers treated at 60 �C and

600 �C. Typical infrared (IR) transmission images showing

the degree of bonding between the wafers are shown in

Fig. 1. Fig. 1a indicates that the bonding for the 60 �C

treated sample is relatively uniform throughout the entire

area whereas Fig. 1b shows that the bonding in part of the

sample treated at 600 �C is not good due to the fringe

pattern. Based on the IR images, slices were taken from

wafers that exhibited good bonding through the entire

central region. The top wafer was notched to within about

Fig. 1 IR images of 25.4 mm

diameter Si-bonded wafers

after: a 60 �C and b 600 �C

treatment. Note in b the Newton
rings showing evidence of

interfacial debonding
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100 lm of the interface with a thin WC coated blade. A

schematic of the crack opening from the notch and the

deviation at the interface is shown in Fig. 2. A custom-built

high-stiffness small-scale mechanical testing system was

used for the experiments as described elsewhere [16]. The

samples were placed in the three-point bending device

(span = 20 mm) and loaded at a rate of 0.003 mm/s. The

jig was positioned under an optical microscope (Zeiss

Axioplan) to observe crack initiation and deflection at the

interface of the test specimens. Load–displacement data

were obtained during testing, from the output of a load cell

(20 N capacity) and a displacement transducer. Tests were

conducted in a laboratory air environment at &24 �C and

relative humidity of 45%.

3 Cracking and three-point bending analysis

For a notched bilayered beam consisting of two bonded

brittle materials, such as silicon, one can categorise the

bending response into three sorts schematically represented

in Fig. 3:

I. A catastrophic transversal failure (typical for silicon

and brittle materials) on reaching a critical level during

the elastic loading.

II. A transversal failure which occurs in two stages: the

initial elastic loading unloads partially when the first

layer cracks (notched layer); followed by a short

elastic reloading of the un-notched layer until this

layer breaks.

Both types of behaviour depend strongly on extrinsic

parameters such as the geometry of the beams and of the

notch, and intrinsically on microstructural defects. They

correspond to unstable cracking and failure, driven by the

stored elastic energy into the sample during bending.

However, for the described notched beams, a third bending

behaviour can be detected when the crack opens at the

notch but deviates at the interface:

III. The transversal failure occurs after three steps: (i) as

for I or II bending responses, an elastic loading

increases until reaching a critical load; (ii) then the

load remains constant, and corresponds to the devi-

ation of the initial crack from the notch, at the

interface (the beam’s deflection continues to

increase); and (iii) finally the load will increase

again, because the interfacial crack stops near the

sample’s support points, before the final transverse

rupture of the uncracked remaining layer.

When this sort of bending behaviour occurs, and

experimentally is observed, an apparent interfacial surface

Fig. 2 Schematic representation of the three-point delamination test:

a during loading before cracking and debonding and b at the critical

moment where a crack deflects into and propagates along the interface

Fig. 3 Three types of bending behaviour based on load–displacement

response of bilaminate brittle materials: I—Instantaneous transverse

cracking and failure, II—successive transversal fracture and III—stable

crack propagation at the interface and final rupture

10 J Mater Sci: Mater Electron (2012) 23:8–13

123



energy value can be determined from the simultaneously

recorded load versus displacement data assuming that:

(i) the interfacial crack opening and propagation is stable

and occurs at a constant moment (Mc); and

(ii) interfacial debonding occurs without an increase of

the global energy stored in the system.

The determination of the interfacial energy starts by con-

sidering the geometrical features of the bending system and

its evolution. The thicknesses of the lower and upper beams h1

and h2, are the same; the width of the composite beam is

denoted b (not shown in Fig. 2), l is the distance between the

loading points and dc is the interfacial crack length; Ri and Rf

denote the initial and final radius of curvature of the beam,

respectively. The flexural rigidity Di of a beam is:

Di ¼ EiIi ð1Þ

Ei is the Young Modulus and Ii the first moment of inertia of

the beam. In our case i = 1 corresponds to the lower beam

and i = 2 to the upper beam. Before the crack activation,

both beams are submitted to the same moment and

deflection evolution (linear loading), and the two layered

composite beam presents a flexural rigidity given by:

Dc ¼ EcIc ¼
D1D2

D1 þ D2

ð2Þ

where the subscript c denotes the composite nature of the

bilayer. In our case, both beams are silicon and present the

same geometrical characteristics.

When reaching the critical moment Mc, the crack

simultaneously opens from the notch and propagates a dis-

tance dc at the interface, between the bending supports,

debonding the lower beam from the upper one. Then the

radius of curvature of the sample changes from Ri = EcIc/Mc

to become Rf = E2I2/Mc (here the subscripts i denote intial

and f final).

By considering the general expression of the work (Wo)

when a crack opens two free surfaces at the interface:

Wo ¼ 2cbdc ð3Þ

where in our case c = ci is the surface energy at the inter-

face. The global energy balance associated with the previous

described process, which assumes stable crack propagation

at the interface, will consider the following terms:

• The release of strain energy from notched beam when

cracking is:

DU1 ¼
3D1

2

1

R2
f

�
� 1

R2
i

�
dc ð4Þ

• and the work of the external force applied to the

specimen is:

DU2 ¼
Mc

2

1

Rf

� 1

Ri

� �
dc ð5Þ

• then the increase of energy in upper beam is:

DU3 ¼
3D2

2

1

R2
f

� 1

R2
i

� �
dc ð6Þ

Considering these relations and recalling that the

interfacial cracking process occurs at a constant moment,

the corresponding energy balance is:

RDU ¼ Wo � DU1 þ DU2 þ DU3 ¼ 0 ð7Þ

Replacing the corresponding relations, we obtain an

expression for the interfacial fracture surface energy ci:

ci ¼
M2

c

4b

6

D2

� 2

D1

� 3D2

D2
1

� �
ð8Þ

The critical moment Mc, is given by Mc = Pl/4, Di = EiIi

and Ii = bhi
3/12 (with i = 1 and 2). In our case for Si–Si

bonding both beams are the same, i.e. D1 = D2 = D so

that equation 8 becomes:

ci ¼
M2

c

4bD
ð9Þ

4 Results

Figure 4 shows a specimen bonded at 60 �C prior to the

initial stages of loading (Fig. 4a) and then after reaching

the critical moment Mc (Fig. 4b). The crack deflection and

propagation along the interface is observed. Likewise,

Fig. 5 shows a typical loading curve of Si wafers bonded at

60 �C for the three-point bend delamination test. The main

feature of the curve (category III behaviour) is the elastic

loading of the sample to a point where a crack initiates

from the notch and is deflected along the interface (Mc).

This corresponds to a load plateau denoted by the thick

grey line. Then the crack stops near the loading support

points on the sample beam. There is no more interfacial

crack opening but further deflection of the system at a

larger compliance. Finally the sample fails catastrophically

with a sudden load drop. For several samples bonded and

sintered at 600 �C the crack did not deflect along the

interface but went straight through the lower Si (category I

or II) indicative of excellent interfacial bonding.

The results obtained for all specimens tested are plotted

in Fig. 6 along with data from similar sol–gel bonded Si

wafers using Vickers indentation [7] and Si hydrophilicly

bonded at 100 �C and 600 �C and tested using the razor
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blade method [17]. The 600 �C treatment yields superior Si

wafer bonding over the 60 �C with about a factor of 3

improvement in the apparent interface surface energy from

ci = 1.4 ± 0.2 Jm-2 to ci = 4.8 ± 0.6 Jm-2. This may be

compared to the fracture energy of Si, c = 2.23 ±

0.24 Jm-2 [7], obtained by Vickers indentation on the

same type of wafers used in this study. The apparent

interface fracture surface energies determined using the

energy balance (Eq. 9) give values that are of the same

order but higher in magnitude compared to the indentation

and the razor blade technique but the c trends with respect

to treatment temperature are the same in all cases (Fig. 6).

This shows that in bending experiments, and as dem-

onstrated by others [18], the loading angle plays an

important role in the energy determination. The energy

dissipated for debonding at the interface in bending, occurs

from a mixed mode mechanical loading i.e. tension and

shear, which accounts for the higher values determined in

this work. By contrast the razor blade method, when per-

formed with an optimised experimental set up, is closer to a

simple tension loading mode. The tension is applied per-

pendicular to the interface, so that the determined energy

represents the mechanical work to break bonds along an

interface, for example breaking chemical bonds and is

representative of an intrinsic property of the system. The

point loading from a Vickers indenter generates a complex

stress field at and around the contact with tensile and shear

stress components that decrease with distance from the

impression. Nevertheless, as long as the Si wafer bonded

system is considered symmetrical (as is the case in ref [7])

the interfacial crack opening can be associated to a tension

mode, giving lower interface energy values. The razor

blade and indentation data are quite similar although the

bonding processes (hydrophilic versus sol–gel) are differ-

ent as indicated in Fig. 6.

The sol–gel processing involves inorganic polycon-

densation reactions, which results in the formation of

covalent Si–O-Si bonds which become prevalent at higher

treatment temperatures. The higher fracture energy of the

600 �C treated specimens is due to a decrease in sol–gel

film thickness and increase in the density of the film from

60% to over 90% with removal of organic species that are

present in the 60 �C dried film. Thermal analysis shows

that pyrolysis of organics groups from the sol–gel solution

takes place at around 350 �C [19]. This suggests that the

covalent oxygen bridges between the two substrates are

much more prevalent in the 600 �C treated specimens and

hence the improved interfacial bonding. Similar effects

have been observed in direct silicon wafer bonding

[6, 17].

Fig. 4 In-situ optical

microscopy images showing:

a specimen prior to loading and

b deflection of a crack along the

interface during the three-point

bending

Fig. 5 Typical load–displacement curve for a 60 �C bonded Si

wafers. Note the rather small load (P & 1.3 N), corresponding to a

constant bending moment, required for crack deflection and propa-

gation along the interface
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The fracture energies obtained using this energy balance

method are similar in magnitude to those obtained from

crack opening measurements (razor blade) and direct crack

measurements (indentation). Nanoindentation of the sol–

gel silica films to ascertain hardness (H) and Young’s

modulus (E) validates the differences in the adhesion

bonding due to the organic species in the films with large

differences observed between the low density and high

density films. For samples treated at 60 �C E = 43 GPa

and H = 2.6 GPa [20] and for samples treated at 600 �C

E = 65 GPa and H = 5 GPa. The higher E and H values

for the 600 �C treated films are related to lower porosity,

less organics and a more rigid structure as a result of sin-

tering. These differences have been confirmed in trans-

mission electron microscopy cross-sections of the films in

the bonded structures, which show that the 60 �C treated

films contain discernible pores and IR spectra show that the

60 �C films contain organics that are no longer present in

the 600 �C films but are characterised by Si–O stretching

overtones [4, 15].

5 Conclusions

A three-point flexural bend test has been applied to deter-

mine the interfacial fracture surface energy of Si wafers

bonded using sol–gel technology. Using an energy balance

method an equation for determining the interface surface

energy was obtained. This simple technique is a suitable

means for quantifying the surface energy of brittle–brittle

bonded systems. The fracture energy of the 600 �C treated

bonded Si wafers was determined to be 4.8 ± 0.6 Jm-2

compared to 1.4 ± 0.2 Jm-2 for the 60 �C treated samples.

The difference in the cracking energy values is due to the

morphology of the sol–gel film; after a 60 �C drying, the

film is porous and susceptible to crack opening and prop-

agation. Whereas after a 600 �C treatment the film is near-

fully densified to a glass-like microstructure, imparting a

stronger bond to silicon and improved interfacial fracture

resistance.
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