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formances of fused silica and Zerodurs glasses are compared. Then interface
using double shear and wedge tests. At the end of the paper, a discussion, based
roposed to explain the existence of an optimum of roughness put in evidence in
1. Introduction

Direct bonding aims to join two surfaces without the use of any
adhesive or additional material [1,2]. Two solids with well-
polished flat surfaces, when brought into close proximity, locally
attract to each other by Van der Waals or hydrogen bonds (bond
between a hydrogen atom and a negative polarized atom such as
oxygen atom) and adhere or bond. The main applications are on
silicon-on-insulator devices. Silicon based sensor and actuators,
electronics substrates are other examples of wafer bonding
applications [2–5]. Note that for these usual applications the
structure dimensions are quite small. Recently, this process was
used in the manufacturing of high performance optical system for
terrestrial application such as Fabry–Perot interferometers, prism
assemblies, etc. For example, this bonding process has been used
in the manufacture of the largest slicer ever used for the Multi Unit
Spectroscopic Explorer [6] as related in Fig. 1. In this case, the
dimensions of the structure are quite large, mechanical solicita-
tions and internal stresses are very different.

Nowadays, they are of particular interest for spatial instru-
ments applications. Indeed, this is a high-precision production
process, and assemblies obtained present a dimensional stability
due to the absence of mechanical part or glue. In addition, since no
x: þ33 4 84 52 56 00.
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adhesive materials are used in those processes, the risks of con-
tamination associated with degassing are avoided, which is
another advantage in spatial context. A first prototype has already
passed with success the mechanical and thermal environment of
space [7] where the constraints involved (thermal fatigue, accel-
erations, vibrations, etc.) are very different from those encoun-
tered on Earth. However, a better understanding of the assemblies'
mechanical strength behaviour is required to validate the system
life expectancy and to meet the European Space Agency standard.
Mechanical strength of those bonded interfaces depends on the
interface defects and the nature of bonds involved. Indeed, room
temperature bonding needs flatness and roughness perfectly
controlled, and no particles contaminations on surfaces [8–13].
Moreover, room temperature bonding is usually relatively weak;
consequently, for some applications, the bonded assemblies
undergo an annealing treatment causing changes in the nature of
bonds responsible for adhesion and thus strengthen the bond
across the interface [14,15]. Therefore, it is necessary to quantify
the bonding strength and to improve the mechanical performance
of adhesive bonds using the confidential Winlight Optics Company
process. The first step of the process, the surface polishing,
determines surface roughness and seems to be a crucial step in
surface preparation of bonded elements [9,12].

Thus, in this paper it is proposed to discuss the roughness
influence in direct bonding by quantifying mechanical strength
and bonding energy evolution in function of surfaces, interfaces



Fig. 1. Slicer developed in the Multi Unit Spectroscopic Explorer (MUSE) for the
Very Large Telescope (VLT) [6].
and process characteristics. The final aim is to understand
mechanisms at the interface in order to find a way to determine an
optimal roughness to obtain the best bonding in the assemblies.

First, fused silica glasses and Zerodurs glasses, which are
specific materials used for spatial optical applications, are briefly
presented as well as the sample preparation. At the beginning, the
nature of both materials surfaces are compared using wetting tests
and X-ray photoelectron spectroscopy analysis (XPS). Roughness is
measured with a special device based on the Nomarski polarized
light interferometry.

Then the influence of roughness on the mechanical strength
and the bonding energy at the interface of direct bonded silica and
Zerodur interfaces after room temperature bonding with and
without thermal treatment is investigated experimentally. The
mechanical strength and the bonding energy of bonded interfaces
is also compared for different roughness values using double shear
experiments and wedge tests. Lastly, a discussion is developed to
explain the existence of an optimal roughness giving a maximal
bonding energy. In particular, a strategy is discussed based on two
simple models available in literature describing roughness and
spatial repartition at a nanoscale.
2. Direct bonding process

Direct bonding is possible as long as the two surfaces have similar
geometries and requires clean surfaces free of contaminants [10,16].
Therefore, first steps of the Winlight Optics Company process consist
in physical and chemical preparation of surfaces.

2.1. Surface preparation

Several polishing of both surfaces to adhere were manually
performed in order to obtain the exact surface roughness (here,
roughness is always less than 1 nm RMS), flatness and deflection
required. Indeed, a high level of roughness results in a weak
contact zone and thus in the occurrence of defects during the
bonding process. When the roughness is too great, bonding
becomes impossible [17–20]. Then, surfaces undergo a chemical
treatment in order to eliminate any contaminating particles [21].
With ambient water, free silicon surfaces are recovered by silanol
(Si–OH) groups which are the precursor of the bonding [22,23,28].
With this chemical treatment, the more silanol groups possible on
both surfaces is sought. In Fig. 2, one component of the roughness
is represented, each line represents a bonding site, and obviously a
lack of bonding sites causes incomplete bonding.

2.2. Room temperature bonding

Once physical preparation and surface treatment has been
completed, surfaces are brought into contact and bonding occurs
2

between clusters of the two surfaces. By applying a slight local
pressure, the surfaces are brought closer together, and hydrogen
bonds developed between molecules of water present at the
interface and the two surfaces. Molecules of water migrate from
the bonding interface and/or diffuse at the interface, bringing the
surfaces even closer together and initiating silanol–silanol cova-
lent bonds [15,24,25].

2.3. Evolution of bonded interfaces with temperature

In order to obtain a stronger or irreversible sealing by
increasing the number of covalent bonds, it is necessary to change
the nature of bonds at the interface by applying for instance a
thermal treatment [28]. Indeed, between 25 °C and 200 °C, sur-
faces are contacted via clusters of waters [14,15]. When tem-
perature is lower than 110 °C, chemical reactions at the bonded
interface are the same than during room temperature bonding i.e.
formation of hydrogen bonds between molecules of water and
surfaces. When temperature is between 200 °C and 700 °C; sur-
faces are directly contacted via double hydrogen bonds (Phase II)
[26]. Up to 700 °C the polymerization reaction is triggered,
resulting in the formation of covalent siloxane bonds [14,15].

2.4. Materials for direct bonding

In optical applications, three materials are mainly used: fused
silica glasses, Zerodurs, and Zinc Selenide (ZnSe). In this work, we
chose to study two of them the fused silica glasses and Zerodurs

glasses which are the most commonly used in spatial optical
applications with a reasonable cost [28].
3. Surface characterization

To characterize samples surfaces, roughness has been mea-
sured for each sample tested in direct bonding assemblies.
Moreover, wetting tests and X ray spectroscopy (XPS) were per-
formed on silica and Zerodur surfaces of two kinds: never bonded
surfaces and bonded then debonded surfaces [28].

3.1. Roughness measurement

Roughness is measured using the zygo new view device based on
the Nomarski polarized light interferometry. An unpolarized light
(λ¼612.5 nm) is circularly polarized. The polarized light passes
through aWallaston prism and is separated into two rays polarized at
90°, the sampling ray and the reference ray. The passage through the
sample induces a phase deviation. The rays are recombined using
another Wallaston prism. The combination of the rays leads to
interference, brightening or darkening the image at that point
according to the optical path [29]. Fig. 3 shows an example of
roughness measurement result obtained on a silica sample.

3.2. Wetting tests and X-ray spectroscopy

In order to determine the surface energy of the both surfaces to
adhere wetting tests are performed. The wetting test used four
different liquids (deionised water, ethylene-glycol, benzyl alcohol,
diiodo-methane) with a drop volume equal to 1 mL. The angle of
contact was determined by approximating the drop profile using
the software Drop Shape Analysis V.1.80. Results summarized in
Table 1 shows that surface energy is greater for Zerodurs samples.

So this material seems to be a better candidate for direct
bonding. According to the literature, the bonding will obviously be
easier to perform when the surface energy of adhesion is high and
furthermore when roughness is low [26,12]. The difference in



Fig. 2. Behaviour of surfaces during room temperature bonding according to their hydroxylated rate (from [14]).

Fig. 3. Roughness measurement results.

Table 1
Surface energy for silica glasses and Zerodur glasses [28].

Material γs (mJ/m2)
surface energy between non-bonded and debonded surfaces was
found to be approximately 20%. Surface wettability and XPS results
show the quasi-reversibility of the process [28,30].
Silica 51.59
Debond silica 48.57
Zerodur 40.43
Debond Zerodur 41.52
4. Interface characterization

To characterize assemblies' interfaces, it is proposed to measure
mechanical strength and bonding energy of an elementary
mechanical structure using a double shear test procedure and a
wedge test. With these two mechanical tests, the influence of the
roughness on two failure modes (I & II) is observed.

4.1. Double shear tests

Double shear tests were performed to study the influence of
the annealing parameters and roughness on the mechanical
resistance in order to improve mechanical strength of bonded
interfaces [28]. We assume that, in this case, the ultimate force is
proportional to the bonding energy due to the brittle behaviour of
3

molecular bonding. Table 2 shows the experiments performed to
measure the influence of roughness (5 samples per tests).

4.2. Wedge tests: bonding energy measurement

One of the main parameters classically used to characterize
adhesion is the bonding energy [31], which can be connected to
the critical strain energy release rate [8]. The most popular
method to measure the bonding energy is the crack propagation
method or wedge test. A razor blade is inserted at the interface



Table 3
Summary of wedge tests performed on fused silica samples.

Annealing temperature (°C) Annealing time (h) Roughness (nm RMS)

– – 0.4, 0.8
100 5, 35, 120 0.4, 0.8
200 5, 35, 120 0.4, 0.8
between two blades bonded together. A crack will appear along
the bonded interface until the establishment of equilibrium
between the elasticity of blades and the bonds responsible for the
adhesions which are hydrogen bonds in our case. The length of the
crack l is measured with a camera using interference fringe due to
the small thickness of air trapped at the open interface.

At the equilibrium, the critical strain energy release rate is equal to
the work of adhesion [32–34] and related to the crack length using
linear elastic fracture mechanics. When both surfaces are identical:

G1C ¼Wadhesion ¼ 2γ ð5Þ

With γ the surface energy of surfaces. The critical strain energy
release rate can be approximately related to the length l using the
following equation [32]:

G1C ¼
3Et3y2

8l4
ð6Þ

where E is the Young modulus of blades, t the blade thickness, y
the razor blade thickness and l the length of the crack.

Samples are constituted with two blades of silica with 500 mm of
thickness (t), 10mm of width and 80mm of length bonded together.
The razor blade (100 mm (y) of thickness) is always inserted by the same
length using a mobile plate and the insertion is controlled with a
camera above the blades as shown in Fig. 4. Wedge test has been
performed to study the evolution of the bonding energy with annealing
parameters and roughness. Table 3 relates the experiments performed,
two samples have been tested for each parameter twice. Between each
tests, surfaces have been cleaned and re-adhered without being
polished anew. Thermal treatments were limited to 200 °C due to the
results of the first study [28] and due to the optical and coating
industrial constraints.
Table 2
Summary of double shear tests performed [28].

Materials Roughness (nm RMS)

Fused Silica 0.2, 0.4, 0.6, 1
Zerodurs 0.2, 0.6, 1

Fig. 4. Experimental device of wedge test developed.

Fig. 5. Roughness influence combined with thermal treatment on fused silica glass
(a) and Zerodurs samples (b) tested in double shear configuration: average values
and standard deviations of measured ultimate loads [28].
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4.3. Results and discussion

Results presented in Fig. 5 shows the evolution of the ultimate
force with roughness coupled with thermal treatment (200 °C during
120 h for silica samples and 130 °C during 120 h for Zerodur samples).
The roughness is measured using the experimental device described
in Section 4. We observe that the ultimate force increases with
roughness until 0.6 nm RMS then decreases. But due to the disper-
sion, it seems important to check the validity of this statement with a
statistical analysis (f-test and t-test types). In Zerodur case, we cannot
validate this assumption, it seems more plausible to conclude that all
roughness give the same result (in term of mechanical strength all
roughness are equivalent). In silicate case, the assumption is validated
and moreover it seems that there is no difference between 0.6 nm
and 1 nm RMS. So, in double shearing test, it seems that high
roughness gives a best mechanical strength.

Fig. 6 presents the evolution of the bonding energy with
roughness; full line represents results for the first adhesion and
the dotted line for the second adhesion. Results show the same
trends, a higher bonding energy with an optimal roughness, which
is not the lower one. Results also show a decrease of the bonding
energy for the second adhesion highlighting a phenomenon of
surface damaging with successive adhesion–wedge tests–re-
adhesion. Those results suggest that for our physical and chemical
preparation, a quite higher roughness is preferable. Too low
roughness leads to the appearance of residual stresses on surfaces
during polishing process. Moreover we have seen before that
between 150 °C and 450 °C the bonding energy is limited by the
contacted area which is higher for surfaces with higher roughness
explaining better results for high roughness [28]. This phenom-
enon increases with thermal treatment; indeed, thermal treat-
ment promotes the formation of siloxane covalent bonds [22] and
thus increases the mechanical resistance and the bonding energy.
In wafer bonding field, it is commonly accepted that the roughness
minimal value gives the best bonding energy. But the experi-
mental investigations performed and related results confirm the
existence of a roughness optimal value in direct bonding strength
improvement of fused silica glasses or Zerodurs assemblies.
5. Discussion on roughness effect for room temperature
bonding physics

In literature the experimental investigation on direct bonding
has shown the importance of roughness at room temperature
contacting step. Indeed, if the roughness of the two surfaces is too
large, adhesion became impossible. In this section, we proposed a
Fig. 6. Influence of roughness measured with wedge tests on fused silica samples.
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discussion on roughness effect for room temperature bonding
using two different simplified models available in the literature
(one based on JKR theory and the other based on adhesion
description at nanoscale) in order to understand and explain the
existence of the roughness optimal value observed in experi-
mental results.

5.1. A simplified model of roughness: Tang et al. based on JKR theory

A first simplified model based on JKR theory of the effect of
roughness, due to Tang [17] is recalled. By modelling the contact of
two rough surfaces by the contact of one surface with the com-
bined roughness and the other as a rigidly flat surface (Fig. 7) it is
possible to have a parameter-denoted α in the following-
characterizing the bonding: spontaneous bonding, bonding using
an external force or impossibility of bonding.

The simplified cross sectional surface profile of the upper sur-
face in the equivalent model (Fig. 7) is

f xð Þ ¼ L2

2Rπ
sin2 πx

L

� �
; xA kL�x0;kLþx0ð Þ; 2x0rL ð1Þ

where k is an integer, x0 is the length of the contacted zones, L the
periodic length of the asperities (wavelength) and h¼ L2

2Rπ the
combine maximum height of the asperities with R the mean
asperities radius. After derivation detailed in Appendix A, we can
write the following equation:

F̂ ¼ sin2 πcð Þ�α
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan πcð Þ

p
ð2Þ

where

c¼ x0
L

ð3Þ

And

α¼ 4
ffiffiffi
2

p
π

ffiffiffiffiffiffiffiffiffiffi
ωR2

E�L3

s
¼ 2

ffiffiffi
2

p

π

ffiffiffiffiffiffiffiffiffiffiffi
ω
E�
:
L

h2

s
ð4Þ

F̂ is the force per asperity on the silicon surface contributed by
both the adhesion force and the external force [15]. The first term
corresponds to the normalized Hertz pressure and the second
Fig. 7. Schematic model of direct bonding for a periodic distribution of roughness
(a) equivalent model. The solid line indicates the interface before bonding; dotted
line represents the interface during bonding from [26].



Fig. 8. Evolution of the normalized contact force versus the normalized contact length c for different values of α.

Fig. 9. Schematic model of direct bonding for a periodic distribution of roughness (a) equivalent model. A simplified model of roughness.
expresses the influence of the silicon surface force on the contact
zone [26,17,18].

The dimensionless parameter α defines the state of bonding at
room temperature: when α is inferior to 0.57 bonding is sponta-
neous, when α is between 0.57 and 1.065 bonding is possible with
an external force and when α is superior to 1.065 bonding is
impossible.

This parameter α traduces the importance of roughness on
direct bonding at room temperature. Once the two surfaces are
adhered it is important to study the influence of the roughness on
the mechanical resistance and bonding energy. Fig. 8 shows the
evolution of the normalized contact force versus the normalized
contact length c for different values of α. The contact force strongly
depends on the roughness and mechanical parameters (height of
roughness, wavelength, stiffness, etc.) at room temperature. Thus
one way to improve the contact force is to increase the length of
contacted zone, even if it is difficult to control in practice.

In this simplified model presented above (Eq. (4)) the adhesion
depends on the height of the asperities, the curvature of the
asperities, the wavelength, the real surface of contact and the local
stiffness of the contact surfaces. Thus, the optimal roughness is
necessarily a compromise between all these physical parameters.
As a first step in this modelling, the coefficient α depends on the
ratio between the height of the asperities and the wave length. For
instance a simultaneous decrease or increase of these two para-
meters leads to the same bonding quality. Moreover, this model
neglects residual stress due to the polishing process. In this
modelling, it is possible to propose an analogy between the
increase of residual stresses and the increase of the equivalent
modulus E�. Note, that the decrease of the bonding energy after a
first bonding (damaging phenomenon), as observed in the
experimental results obtained can be explained by an increase of
the residual stresses due to polishing operations.
6

5.2. A simplified model of roughness: adhesion at nanoscale

Two small elements of surface with dimension ds are con-
sidered. The interaction between these two surfaces is derived
from the Lennard-Jones potential as proposed by Hamaker [36]. If
the two surfaces are plane, the normal force density T is given by

T ¼ A

3πd3c

dc
d

� �3

� dc
d

� �9
" #

z ð5Þ

where d is the distance between the two surfaces, dc is the critical
distance (distance at equilibrium), n the normal unit vector to the
surface, and A a given constant. Hamaker defines the surface
energy or energy of adhesion by the work necessary to separate
the two surfaces i.e.:

w¼
Z þ1

dc

A

3πd3c

dc
d

� �3

� dc
d

� �9
" #

dl ds ð6Þ

Thus,

w¼ An ds

8πd2c
¼ws ð7Þ

Now, a simplified model of roughness is considered (see Fig. 9),
with only one asperity.

In the following, h denotes the height of the asperity and δ dS
its width. In this case, the normal force density is given by

T ¼ A

6πd3c
δ

dc
d

� �3

�δ
dc
d

� �9

þð1�δÞ dc
dþh

� �3

�ð1�δÞ dc
dþh

� �9
" #

z

ð8Þ



Fig. 10. Surface energy density.
The equilibrium distance between the two surfaces and deno-
ted by de is given by the following equation:

δ
dc
de

� �3

�δ
dc
de

� �9

þð1�δÞ dc
deþh

� �3

�ð1�δÞ dc
deþh

� �9

¼ 0 ð9Þ

Note that derdc. Obviously, the value de can be found
numerically using for instance a Newton method. Following the
idea of Hamaker, the surface energy density is given by

w ¼
Z þ1

de

A

3πd3c
δ

dc
d

� �3

�δ
dc
d

� �9

þ 1�δ
� � dc

dþh

� �3

� 1�δ
� � dc

dþh

� �9
" #

dl

ð10Þ

Thus,

w ¼ A
6π

δ

2d2e
�δd6c
8d8e

þ 1�δ
2ðdeþhÞ2

� 1�δ
� �

d6c
2ðdeþhÞ8

" #
ð11Þ

In Fig. 10, it is shown the surface energy density (with A¼ 1 in
order to simplify) as a function of the ratio between the length of
the asperity and the critical distance (i.e. h

dc
), for various values of

δ dS.
In Fig. 10, it is observed that the behaviour of the energy is

strongly nonlinear. For a given value of the asperity width, the
energy increases with the decrease of the roughness. In the same
way, for a given value of the height of the roughness, the energy
increases when the width of the asperity increases.

However, it can be observed that the conjugate effects, a
simultaneous decrease width and height, can lead to a decrease of
the energy (from point A to point B in Fig. 10). Thus, this simple
model shows that in practice, to obtain a systematic increase of the
bonding energy using polishing techniques (which lead to a
decrease of the height of the asperities), it is necessary to control
simultaneously the width of asperities.

Since the polishing process was done, with a fixed abrasive
grain, it is possible that the height of the asperities was reduced
while maintaining the same length at the minimal value of abra-
sive grain. This effect can partially explain the experimental results
obtained in the previous section of this paper.
7

6. Conclusion

Roughness is an important parameter during room tempera-
ture direct bonding, characterizing the ability to adhere two sur-
faces. The literature for silicon wafer bonding relates that the
minimal roughness gives the maximal bonding energy. These
works proposed to make some experiments on elementary
mechanical structure after a room temperature direct bonding and
an annealing at optimal temperature in order to quantify the
roughness influence on mechanical strength and bonding energy.
So double shear tests and wedge tests were performed on fused
silica glasses and Zerodur samples and show an optimal value of
roughness to increase mechanical strength and bonding energy.

Two different simplified models were proposed and compared,
to understand the existence of an optimal roughness. Each model
relates physical mechanisms based on JKR theory and Lennard-
Jones Potential. With these analogies, different ways can be ima-
gined to understand the role of the roughness in direct bonding
physical mechanisms. In both models, direct bonding mechanisms
is a compromise between height and width evolutions of the
asperities during the polishing process. Moreover, in the model
based on JKR theory, direct bonding mechanisms is also a com-
promise between residual stresses due to low roughness and the
size of the contacted zone. The roughness influence on mechanical
strength, in glass elementary mechanical structure field, seems to
be not only a problem of minimization but about how to control
and optimize the geometries of the asperities and the surface
residual stresses.

In the future, we intend to propose a mathematical and
numerical modelling of the direct bonding taking into account
roughness characteristics (spatial repartition, amplitude, standard
deviation, etc.). The final aim consists in the development of an
interface mechanical model of direct bonding. The model should
be an implemented law linking the bonding energy, the mechan-
ical critical strain energy, the process parameters and the chemical
kinetic in a multi-physic and multi-scale formalism in order to
help to design complex optical assemblies.
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Appendix A

The simplified cross sectional surface profile of the upper sur-
face in the equivalent model is

f xð Þ ¼ L2

2Rπ
sin2 πx

L

� �
; xA kL�x0;kLþx0ð Þ; 2x0rL ðA:1Þ

where k is an integer, x0 is the length of the contacted zones, L the
periodic length of the asperities (wavelength) and h¼ L2

2Rπ the
combined maximum height of the asperities with R the mean
asperities radius.

According to the contact mechanics of periodic roughness
surfaces, the pressure distribution underneath the asperity inside



the contacted zone can be deduced:

p xð Þ ¼ cos πx
L

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 πx0

L

� �� sin2 πx
L

� �q

� E�L
4πR

sin2 πx0
L

� �
�2 sin2 πx

L

� �h i
þF
L

	 

ðA:2Þ

where

E� ¼ 1�ν21
E1

þ1�ν22
E2

� ��1

ðA:3Þ

With E� the equivalent Young's modulus, E1, E2 the young's
modulus, ν1, ν2 Poisson's ratios and F is the force per asperity on
the silicon surface contributed by both the adhesion force and the
external force [14]. When k¼ 0, we obtain:

p x-x0�ð Þ ¼ �KIffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2π x0�xð Þ

p ðA:4Þ

where KI is the stress intensity factor. Note that if we do not
consider the surface forces between contacted silicon surfaces the
condition KI ¼ 0 is satisfied and we obtain:

F ¼ E�L2

4πR
sin2 πx0

L

� �
ðA:5Þ

When the contact is total, which means 2x0-L we have:

Flim ¼ E�L2

4πR
ðA:6Þ

For surface profile given by f(x) the energy release rate of the
gap outside the contacted zone is given by

ζ ¼ KI
2

2E�
ðA:7Þ

According to the JKR theory [35], the contacted zone size 2x0 is
determined by equating ζ to the surface energy 2ω. Thus we have

F ¼ E�L2

4πR
sin2 πx0

L

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2E�Lω tan

πx0
L

� �r
ðA:8Þ

The first term corresponds to the normalized Hertz pressure
and the second expresses the influence of the silicon surface force
on the contact zone [25,16,17].

Eq. (A.8) can be written as

F̂ ¼ sin2 πcð Þ�α
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan πcð Þ

p
ðA:9Þ
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