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Wafer bonding can be viewed as an example of rough surface
adhesion. We show that formalisms developed to describe rough
surface adhesion can be rescaled to nanometer range and applied to
silicon wafer bonding, with results that fit well with experimental
observations.

Introduction

The interaction between two solid surfaces is a subject of considerable interest that has
been studied since dates starting centuries ago (da Vinci, Amontons, Coulomb). More

--recently, the problem of understanding the contact mechanics laws (e.g. friction/load

laws) on a microscopic scale led to the development of models associated to the
statistical description of surfaces (1). These models are mainly adapted to common

* surfaces ie. machined surfaces with roughness in the micrometer range. The

transposmon of such models to the scale of silicon roughness, in the nanometer range
is the purpose of the present paper.

Although silicon surfaces are among the flattest surfaces available, we will show that
silicon wafer bonding is a textbook example of the interaction between two rough
surfaces. If we consider for the sake of simplicity the case of a so-called hydrophobic

| bonding, the equilibrium situation can simply be described as that of two rough

surfaces attracted to each other by Van der Waals forces, finally balanced by hard wall
contact forces.

Roughness description of silicon

The description of the statistics of silicon roughness has been the subject of several
studies. Typically, for standard wafers, the roughness measured depends on the
lengthscale considered. For standard microelectronics preparations of silicon, ail
wavelengths are present in the roughness spectrum, with a 1D power spectral density
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that decays as a Lorentzian at short (i.e. below 1um) wavelengths (2). Here we will be
interested in these high frequencies mainly, because very long wavelengths can be
accommodated by deformation of the substrate, with a little price to pay in elastic
energy, We shall assume that the two silicon surfaces can be described by random
rough surfaces with a Gaussian vertical distribution of roughness.

This can be checked using e.g AFM or X-ray scattering. The AFM image of a wafer
having received a standard chemical surface treatment is shown Fig.1{left). Different
statistical parameters can be extracted from the image, among which the height
distribution profile which is shown Figl {right}.
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Figure 1. Left: AFM image of a silicon surface 0.5x0.5 pm?, The height scale is 2nm
black to white. Right: Integrated height (roughness) distribution from the image, the
solid line is a fit using a Gaussian model (error function) of width 0.22nm.

In addition, parameters related to in-plane spatial variations can be extracted from the
image, that will be used to model rough surface interactions:

-Number of summits per unit area Ny. This parameter can be estimated from
various techniques including line profile analysis, image processing with thresholding
and particle analysis. A typical value of Np=0.02 nm is found.

-Average distribution of summit heights: it is similar to the roughness
amplitude and is found to be 0=0.2nm in our example.

-Radius of curvature of the asperities R. A typical value of R=10nm is found.
We believe these values and especially N and R should be taken as order of magnitude
only, as the experimental resolution of the measurement technique may influence the
result. It should be noted that these three quantitics are not independent from each
other. It has been shown that for random surfaces, their product should be constant. In
our case the product NoRo is 0.04 which is in the correct predicted range.
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Interaction between two rough surfaces

The problem of two interacting rough surfaces is equivalent to the interaction between
a rigid flat plane and a single elastic rough surface provided that the parameters of the
rough surface (Elastic modulus E and roughness o) are renormalized.

a* =40 +a?
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Such a process allows one to calculate the number of summits in contact, the actual
area in contact and the force due to the compression of the asperities as a function of
the (renormalized) separation distance d/o.

Assuming a Gaussian distribution of summit asperities with elastic Hertzian
compression of the highest ones, Greenwood and Williamson (1) found the following
expressions for the number of summils in contact N, the surface area A and the
bearing force P

N=N,F(dia")
A=A, (N,RO)nF(dIo) ]
P=N,R"c"" 413E'F,,(d15")

where E* and o+ are effective Young modulus and roughness distribution:

*

2
and ¢* =20

__E
T 2(1-v%)

‘The functions F.(d) derive from the Gaussian statistics weight function. They read:

F(d)= ﬁ [ @-ar GXP(—%)dZ 2l

Let us note that in ocur description, we first assume no adherence exists at contact
spots. This is justified when no chemical bonds establish between the contact areas
which is the case for low temperature bondings.

Expressions [1] derive from the Hertz model for the compression of a single spherical

asperity: the relations between the area A and force P and the displacement
(penetration) & read: A=nRd and P=4/3E R85 hence the exponents n in [1] and [2].
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As an example, the force curve corresponding to expression [1] with silicon surface
parameters is represented as the dashed line in figure 2.

Attractive forces between the two surfaces

The attractive forces between two silicon wafers can be in a first approximation
restricted to Van der Waals forces. Their expression then reads

Fa
6md’

where d is the distance between the two surfaces and H the Hamaker constant. Of
course in the case of rough surfaces that come in contact this distance may vary
greatly, from O at contact points to values larger than d between asperities. We will
assume however that these variations are smeared out, considering that this description
is obtained as a result of integration of pair interactions.

As sucti, the description probably underestimates the atiractive force between the two
solids. Interactions around the contact points can be taken into account (Deryaguin),
which corresponds to adhesive contact models (sec after). The inclusion of such
interaction corresponds to the so-called Deryaguin-Miiller-Toporov (DMT} model of
adhesion (3). The integral of the interactions (potential U(r)) over a single contact can
be shown to add an adherence force per contact F=2x U(d) R where R is the radius of
curvature of the contact. The adhesion energy is related in this case to the value of the
potentia) at the minimum distance.

In the case of large smooth contacts with large radii of curvature, this approach can be
used (4). In our approach, we neglect in a first time the specific interaction occurring
close to contact points, This is justified in the room temperature bonding case as we
saw that the contacts have very small radii of curvature and we shall see that there are
very few contacts.

The Hamaker constant to be taken depends on the material across which the
interactions take place. In the case of an hydrophobic bonding, no water is present at
the interface and the inner medium is air. Hence we take (5):
H=Hsyaimsi= 21 107
The attractive force curve is represented as a solid line on figure 2.
Equilibrium: balance of forces
The equilibrium situation is readily obtained by balancing the attractive force to the

repulsive contact forces. The equilibrium point is obtained for a distance of 0.9nm
typically. This value is large compared to the rms roughness (0.2nm) of the substrate.
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Hence a very small fraction of the asperities are actually in comtact. Using the
Gaussian statistics, expression [1] predicts that A/Ay=0.003, i.e. only a small fraction
of the apparent surface do actually contact.

Concerning the forces, one can see that the repulsive part of the force decays quickly
with the separation distance, due to the Gaussian statistics of summit heights. The
force required to separate the two plates (the bond strength) is the maximum
difference between the two curves i.e. typically 5 MPa. This is the order of magnitude
of bond strength observed experimentally (6), although direct force measurements are
vsually underestimating the intrinsic strength, due to defects.
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Figure 2. Balance between Van der Waals attraction (solid line) and asperity
compression repulsion (dashed line) as calculated using Gaussian roughness models.
The equilibrium distance and bond strength can be predicted from the intersection
point. '

It should be noted that using a plastic model for the asperity compression yield in this
case similar quantitative results for the equilibrium distance, the bond strength and the
contact surface area. In the following we shall use elastic models only for the sake of
simplicity but exact quantitative results would require the inclusion of plasticity
effects.

Experimental Tests: X-ray Reflection Experiments

X-ray reflectivity using hard X-rays is a good tool to investigate bonding interface
because it has both the penetrating power to reach an interface buried below a
millimeter of silicon (typically) while having the resolution and sensitivity to probe
nanometer level distances via interferences.

The principle of the method has already been explained in other papers (7). Let us
recall that it allows the determination of the electron density profile across an
interface. In the case of wafer bonding, the profile will typically have the shape of a
dip in electron density, whose width and depth are the two main parameters we are
interested in.
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In the case of room temperature hydrophobic bonding, the reflection curve is shown
fig.3 and the corresponding density profile fig.6 (solid line). The distance between the
two surfaces corresponding here to the FWHM of the electron density dip, is readily
obtained from the period of the fringe. Note that only one and a half fringes are visible
here due a limited accessible intensity range and to the fact that reflectivity decays
with incident angle. The data are normalized here to gt (where q=4n sin®/h is the
wavector transfer), masking this effect.. Yet the width of the profile can be measured
accurately; w=0.87+0.0lnm.

This data is in good agreement with the prediction of figure 2, taking into
account the different uncertainties of the parameters describing the rough surface.

Normalized reflectivity q*R(g) (A™)

e . -D.IZ 0.4 ©6
Wavector o (A )
Figure 3. X-ray reflection on a bonding interface. The fringe spacing gives the gap
width while the contrast (intensity) gives the closure of the interface

The contrast of the fringes can be used to measure the overlap of the two electron
density profiles of the matching surfaces. Here it is found that basically no overlap
exist at least to a level that could be detected using X-rays. The density contrast
between silicon and the interface zone is equal to the density of silicon , meaning the
interface is virtually empty. This is in line with the large distance of equilibrium
(0.87nm), compared to the roughness of silicon (0.2nm). Note that this roughness of
the two surfaces can be measured in-situ with X-ray also. The roughness is obtained
through the damping of the fringes, as a rough surface reflects electromagnetic
radiation less than a sharp one, The damping factor can be expressed by exp(-q°c)
where q is the wavevector transfer. Only the very few highest asperities are stiff
enough to withstand the load due to Van der Waals forces.
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Behaviour upon annealing

When the system is heated, the interface between the two wafers evolves from nen-
adhesive contacts to adhesive contacts. The approach to be used to include adhesion at
the contact level is similar to the previous one. We shall balance force or minimize the
total energy, now including a conttibution from the contact area.

Keeping a Hertzian model for calculating the elastic energy and the contact area as a
function of the separation distance z, we get

E,.(2)= [ P)du-wAQ)
where w is the adhesion energy per unit surface area and z is the distance between the

plane and the surface. Here the additional contribution of extra adhesive forces {van
der Waals, capillary) are neglected as their contribution to adhesion cnergy is small.

Using expression [1] for P(z) and A{z), we get

4y B a
3 Fip(2)

* 32 .

where 8-(R+.;w-] is a so-called adhesion parameter (it is the ratio of elastic to
surface energies). '

Expression [3] is within a factor of 2 the same as that obtained by Gui et al. (4) using
a Bradley-type Deryaguin-Miiller-Toporov (DMT) model (3). With the previous
surface parameters and taking w=1J/m2, we obtain an adhesion parameter of the order
of 2, corresponding to a normalized equilibrium distances z=d/o close to zero. Hence,
the two mean summit heights of the two surfaces lie within the same plane. When
adherence is brought into the system, the two surfaces come very close to each other
rapidly, as the price to pay in elastic energy remains small compared to the adhesive
energy gain when using flat silicon surfaces.

Another calculation can be made within the adhesive contact framework, developed by
Johnson, Kendall and Reberts (JKR, (8)). Making the contacts be adhesive changes
the relations between interpenetration and pressure or surface area, We can in this case
use the relation derived for the JKR model of adhesion between force and
displacement. The relation reads

P/P=g(8/5c) [4]

where P.=(3w/2)wR and 8= (P/(3K*R))"” with K=4/3E* .
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In the adhesive case, an additional force due to adhesion exists at contact points,
changing the relation between the load P and the displacement §, from a standard P =

63."2

BsP
4

S

in the Hertz model to expression [4]. The g function is shown Fig.4.

: § 8o

Figure 4. Hertz (non-adhesive) {dashed line) vs JKR (adhesive) (solid line) pressure

«» displacement relations for individual asperity compression.

The total adhesion force can be obtained integrating the individual forces at contact
points (given by g(z)) over the different asperity levels with a Gaussian weight
function. Qualitatively, the results are similar to the previous model: as soon as there is
an adhesion at the contact points, the mean distance between the two wafers decreases
to values comparable to the mean roughness o and the actual contact area increases
significantly, i.e. the interface fills up. The dependence is shown Fig.5.

Normalized equilibrium distance (8/0)

T T : T T T T
Q.0 0.4 0.8 1.2
Contact adhesion energy (J/mz)

Oy rgm £B12us uoisaype Lgap

Figure 5. Calculated equilibriim distance in the JKR model as a function of the
adhesion energy (solid line, left axis). The resulting apparent bonding energy (i.e. the
contact area times the contact bonding energy) is also plotted {dotted line, right axis).
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This is what is observed experimentally: obtaining a bonding energy of 0.5 to 1 J/m2
after annealing necessarily requires that the contact area be a significant fraction of A,
as the contact’;zaoint adhesion energy should not exceed the cohesion energy of silicon
i.e. about 4)/m".

When observing with X-rays bonding interfaces that have been annealed, we see that
the depth of the electron density deficit decreases, in accordance with a filling up of
the interface. In the hydrophobic case for instance (Fig.6), this filling up is observed
around 500°C, a temperature above which the adhesion energy increases strongly.
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Figure 6. Gap closing of an hydrophobic bond as a function of temperature.

Note that rough surface adhesion models are established under the assumption of
independent contacts. Clearly this assumption will no longer be valid when the contact
area fraction A/Aq is large or the distance is small. Hence quantitative predictions are
more difficult to make in this case.

Finally it should be mentioned that a direct correlation can be made between the filling
of the intetface and the adhesion energy. This is illustrated in the figure displayed
below (Fig.7). The bonding energies measured using the standard blade opening
techniques (9) are plotted versus the interface filling as measured with X-rays. It is
shown that the different data points obtained with different annealing or surface
preparation lic on the same master curve. Hence the X-ray measurement of the
interface closure appears as an attractive technique to measure adherence in a non-
destructive manner, complementing other techniques such as blade-opening (9) or
bond velocity measurements (10).
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Figure 7. Relation between gap closure as measured by X-ray reflectivity and bonding
energy. The data points correspond to samples having received different surface
treatments

Conclusion

We have put forward a model for wafer bonding derived from classical random rough
surface contact mechanics. The model allows the prediction of key physical
parameters such as the mean equilibrium distance between the wafers, real contact
area or bond strength. The surface parameters for the model have been obtained from
AFM or X-ray measurements. The results have been tested against X-ray interface
reflectivity measurements and classical bonding strength or energy measurements with
a good agreement.
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