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Dynamics of a Bonding Front
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2CEA-Leti-Département des Technologies Silicium, F-38054 Grenoble Cedex 9, France

3Soitec, Parc Technologique des Fontaines, F-38190 Bernin, France
(Received 3 November 2004; published 13 June 2005)
0031-9007=
A description of the bonding front propagation between two adhesive plates is proposed. The model
relates the velocity of a bonding front to the adhesion energy, with application to wafer direct bonding. Its
derivation is based on a competition between the bonding energy and the viscous drag of the air flow in the
gap between the two wafers. The model describes well the experimental data, including the wafer
deformation profile during bonding or the dependence of the velocity on the gas viscosity, pressure, and
wafer thickness.
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Adhesion processes are at play everywhere in our sur-
roundings, from biological cell cohesion to tectonic plate
motion, but remain poorly understood with regard to their
physical or microscopic grounds. We address here the
problem of the onset of adhesion between two solids
through the dynamics of a bonding front. We used silicon
wafers as an experimental model system, for their surfaces
can be made clean and smooth enough to spontaneously
adhere when brought together. This so-called wafer bond-
ing process is generic, allowing one to assemble virtually
any pair of materials regardless of their crystalline struc-
ture. Hence, it has found many industrial applications, one
of the most important being the fabrication of silicon-on-
insulator substrates by the bonding of oxide-covered sili-
con wafers [1]. When binding large silicon wafers, one can
observe easily (e.g., using an infrared video camera) the
bonding front propagation across the wafer assembly. This
observation is often used as a quality control of the bonding
process. However, no quantitative model for this process
exists to date, although the influence of various parameters
on the bonding front velocity have already been investi-
gated in the literature [2–4]. The model we present here is
inspired from those developed for drop spreading or de-
wetting dynamics [5–7].

It has been observed that the velocity of the bonding
front is constant throughout the wafer. Writing the Navier-
Stokes equation for the air flow between the two wafers,
neglecting the inertial part (quasistatic regime), one gets
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FIG. 1. Sketch showing the velocity profile of the air escaping
the closing gap between the two deformed wafers [profile h�x�].
where � and � are the viscosity and density of air. We
assumed @2vx

@x2
is negligible as the flow is mainly oriented

along x.
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Solving this equation, a standard Poiseuille flow profile
for the velocity is obtained

vx �
1

2�
�y2 � h2�
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y � �h�x� are the equations for the boundary surfaces
(Fig. 1). We assume here that the two wafers are identical
and h�x� is half the width of the air gap between the wafers.
We have assumed here no-slip boundary conditions at the
surfaces. Integrating this equation along y, one gets the
flow rate Q through the cross section S � 2hw,

Q � �
2h3w�
3�
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where h is the half height of the section and w its width.
Now, we define the propagating velocity of the bonding

front U,

U �
�Q
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:
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It is assumed here that the system is stationary, i.e., that
at t� dt the same system is just shifted by Udt. As a
function of the constant velocity U, one can write

vx � �
3U

2h2
�y2 � h2�:

Let us now write the power Pd dissipated in such a flow
by viscous stress. It reads

Pd �
ZZZ

F � vdxdydz �
ZZ

�
@p
@x
vxdSdx;

and, per unit length of the contact line,

Pd=w �
Z xmax

xmin

Z h�x�

�h�x�
�
3U

2h2
3U

h2
�y2 � h2�dxdy

�
Z xmax

xmin

�
6U2

h�x�
dx:

The lower boundary xmin is very important as the pre-
vious expression usually diverges for h�x� ! 0. In the
following, the value of xmin will be taken such that
h�xmin� corresponds to the molecular mean free path, as
below this length scale the hydrodynamic viscous treat-
ment is no longer valid in any case. The upper boundary
xmax plays a much smaller role and its contribution can
generally be neglected (taking xmax � 1). This may not be
the case however when the bonding wave comes close to
the edge of the wafer, where the effects of a reduced
dissipation produce an increase of the bonding velocity
(which can be observed).

We write now the power of the driving force, i.e., the
amount of energy obtained per time unit from the bonding
forces (bf),

Pbf � 2�w
dx
dt

� 2�wU;

where 2� is the bonding energy.
Equating these two power quantities, we obtain the

equation giving the bonding front velocity
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FIG. 2. IR photograph of the bonding front propagating across the
the bonding velocity while the fringe pattern gives the wafer deform
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2�wU � 6�U2w
Z xmax

xmin

dx
h�x�

which yields

U �
2�

6�
R
xmax
xmin

dx
h�x�

: (2)

Equation (2) is not in itself a direct relation between
bonding velocity (U) and energy (2�) as one needs to know
the integral

Z xmax

xmin

dx
h�x�

for the considered profile. This profile depends on the
bonding energy.

From an experimental point of view however, Eq. (2) is
interesting as the velocity is usually measured from an IR
video recording of the bonding front propagation. The
video images do not only give positions of the bonding
line, but also allow the reconstruction of the gap profile
h�x�, through the observation of equal-thickness interfer-
ence fringes (Fig. 2).

Interference fringes are seen on the pictures for an IR
wavelength of � 
 1:3 �m i.e., showing contour lines
every 2h � �=2 � 0:65 �m. From the lateral spacing
of these fringes, the profile can be reconstructed (see
Fig. 3). The experimental profile can be used to estimate
the dissipative part. Data are either fitted to the theoretical
profile or integration is directly performed numerically.
The most important part is the lower cutoff xmin. Taking
xmin so that 2hmin is equal to the molecular mean free path
� (� � 0:5� 10�7 m for air at STP), we can calculate
numerically the integral at the denominator of Eq. (2). For
a bonding energy of 2� � 100 mJ=m2, one would predict
a velocity of the order of 2 cm=s, close to what is actually
observed. We assume the air trapped between the two
wafers has a viscosity at 20 �C of � � 18:6� 10�6 Pa s.

We shall now determine the shape of the plate profiles
when the bonding front advances (as measured using the IR
interference fringes) and show that their deformation
wafer assembly. The video sequence allows the determination of
ation profile close to the bonding line (see Fig. 3).
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FIG. 3. Deformation profile of the wafers as measured from
the equal-thickness interference fringes. Open and closed sym-
bols correspond to the bright and dark fringes in Fig. 2. The solid
line is a power law fit to the data giving exponent 1:65� 0:02,
close to the predicted 5=3.
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(strain) is consistent with the pressure gradient that estab-
lishes during the bonding and which is responsible for the
air outlet during the bonding phase.

Standard elasticity theory relates the plate deformation
h�x� to the stress (here the pressure exerted by the air inside
the gap). This relation reads

Et3

12�1� �2�
2h� �P� P0� � 0

(see, e.g., [8]). Here E is the Young’s modulus, � the
Poisson ratio, and P� P0 is the pressure difference be-
tween the inside of the wafer assembly and the outside.

The pressure P is obtained from its gradient and finally

D
@4h

@x4
�

Z xmax

x

3�U

h2���
d� � 0

where D is the bending rigidity of the plate (D � Et3

12�1��2�
).

One has to find the profile h�x� solution of this integro-
differential equation.

Setting

l2 �
D

3�U
�

Et3

36�1� �2��U
; (3)

l has the dimension of a length. Its order of magnitude
using experimental data is 103 m. If one scales h and x to
this length (h0 � h=l, u � x=l), we obtain a dimensionless
equation
23610
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When one looks for a power law solution h0�u� � Au�,
one finds a solution for

� � 5=3

A3 �
1

�2�� 1���� 3���� 2���� 1��
) A 
 0:95:

The profile can then be written

h�x� � lh0�x=l�;

so that

h�x� � lA�x=l�5=3: (4)

The Eq. (4) for the deformation predicts a profile that
opens with the distance to the edge as a power 5=3.
Figure 3 shows the experimental profile as obtained from
the equal-thickness interference fringes. It can be seen that
there is a good agreement between the data and the model.
From the fit to the data, the profile parameter length l can
be measured (l � 3000 m).

Replacing this expression for h�x� in the integral of
Eq.(2), one obtains the expression for U:

U �
�

3�
R
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xmin

dx
h�x�
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The integration limit xmin is taken such that 2hmin equals
the mean free path � and xmax is set to infinity. With the
previous value for l, we obtain U � 2 cm=s for 2� �
0:1 J=m2, in agreement with the observed velocity.

Combining with expression (3) for l, we obtain an ex-
pression for the velocity U of the bonding front:

U �
�2��5=4

�t3=4
�1=2

� E
1��2�

1=4
�1=9A3=4�: (5)

Again, taking standard parameter values, E � 130 GPa,
� � 0:29, � � 0:5� 10�7 m, � � 18:6� 10�6 Pa s, and
t � 525 �m, we find a velocity of the order of 2 cm=s for
2� � 0:1 J=m2.

Formula (5) predicts a decrease of bonding velocity with
wafer thickness: thicker wafers will deform less, thus
forcing the air to escape through a closer wedge with
increased dissipation. More precisely, Eq. (5) predicts

U /
1

t3=4
:

The dependence was investigated by Gösele [2] and
Bengtsson [4] experimentally. Gösele found no depen-
dence with thickness while Bengtsson et al. did observe a
decrease of the bonding velocity. They proposed a depen-
dence as �t3=2. Other experiments also found a decrease in
velocity when one or both wafers were attached to a rigid
block at their back [9], but here a linear decrease of the
1-3
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velocity with thickness was proposed. We performed ex-
periments on both 400 (t � 525 �m) and 800 wafers (t �
725 �m). A velocity ratio of 1.31 was found in good
agreement with the t�3=4 ratio (1.27).

A study of bonding velocity as a function of gas vis-
cosity has been performed by Tong and Gösele [10]. When
plotted as a function of the inverse viscosity, the bonding
velocity gives a straight line in agreement with the previous
expression. Quantitatively, they obtained a slope of 0:44�
10�6 N=m. Calculating the product U� using the mea-
sured experimental profile, one gets 0:47� 10�6 N=m, in
fair agreement [11].

The dependence with air pressure can also be checked
using Eq. (5). The viscosity of a gas does not depend on
pressure, so that the only dependence with pressure P that
appears in Eq. (5) is through the molecular mean free path
�:

� �
1

N 
�
RT
P 

;

where N is the number of molecules per unit volume,  
their cross section, and R the gas constant. Thus we predict
that the bonding speed should decrease with pressure as
P�1=2. This study was performed by Gösele et al. [2] and
the P�1=2 variation was observed. Here again the data are
consistent with our model. Note, however, that when pres-
sure P decreases, other terms may change in the formula as
this may induce desorption of adsorbed species (e.g.,
water) so that 2� will change. Indeed, the P�1=2 function
reproduces the hydrophobic bonding behavior better. Also,
at very low pressures, when the whole system is in the
Knudsen regime, our approximate treatment will not be
adequate and more realistic assumptions will be needed.
A fortiori, for ultrahigh vacuum bonding, gas flow dissipa-
tion is absent resulting in much higher bonding velocities
that can only be explained using terms neglected in the
present description (e.g., wafers inertia).

Finally, we find that the bonding front velocity should
depend on the power 5=4 of the bonding energy. Such a
dependence would be worth checking although due to the
difficulty of measuring E accurately, the exact value of the
exponent in the power law dependence is not easy to
determine. A linear dependence has been reported [9],
but the data accuracy makes these data also compatible
with our 5=4 exponent.

Note that we have assumed in our treatment that no large
changes of elastic energy were occurring during the bond
wave propagation. This is backed by the observation of a
23610
translational invariance of the deformation profile, at least
when the bond wave is not close to the wafer edge.

In conclusion, we propose a quantitative description of
the dynamics of the adhesion process. Our model is con-
sistent with the measurements and other data available
from the literature. Hence, the bonding front velocity
measurement can be proposed as a method to determine
the bonding energy in a quantitative and nondestructive
way. Equations. (2) or (5) can be used for that purpose. At
the moment, the full validation of these calculations, e.g., a
precise study of the bonding velocity with different adhe-
sion energies, is limited by the accuracy of the independent
measurement of the bonding energy (using, e.g., the crack-
opening method). Note also that the measurements have to
be performed in the same conditions as the bonding ex-
periment and possibly at the same time, e.g., by propagat-
ing the bonding front against a spacer. Time dependence of
the bonding energy has been reported with rather fast aging
kinetics at short times.
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