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Low temperature wafer direct bonding is one of critical technologies in micro/nano fabrication. In this
study, a description of interfacial requirements for spontaneous wafer direct bonding under low temper-
ature is proposed. The model relates the occurrence of bonding to interfacial adhesion energy, interfacial
nano-topography and elasticity of wafers. Its derivation is based on Johnson–Kendall–Roberts (JKR)
theory and a competition between the bonding energy and the deformation of interfacial micro/nano-
roughness. The analysis identifies three bonding possibilities, namely spontaneous bonding without
voids, spontaneous bonding with voids, and bonding under external pressure with gap or un-bondable.
To verify the model, experiments were carried out for silicon wafers with different surface nano-scale
roughness.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Wafer bonding processes are widely developed and applied in
semiconductor industry, from silicon-on-insulator materials to
optoelectronic devices, but the bonding mechanisms remain
poorly understood with regard to their interfacial nano-topogra-
phy [1]. Due to stress-related reliability issues of high temperature,
high pressure and bonding with intermediate layers involved in
the bonding process, low temperature wafer direct bonding with
spontaneous or self-propagating capabilities can find more indus-
trial applications. Spontaneous wafer bonding is described as a
special phenomenon from which the bonded area can be seen
spread over the entire wafer surface, particularly for hydrophilic
wafers bonding under low temperature (usually less than
200 �C). Interfacial properties of bonding pair will have direct effect
on bonding results, and high surface waviness and roughness will
result in failing to bond or bond with the formation of voids and
gaps at the bonded interface [2]. Therefore, it is critical to under-
stand spontaneous bonding mechanism, especially the formation
mechanism with respect to the interfacial properties of bonding
pair.

In the present, there are two major contact theories which con-
sider the surface attraction forces between the contact surfaces,
namely DMT (Deryagin, Muller, and Toporov) theory and JKR the-
ll rights reserved.
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ory [3]. Several groups have investigated the effect of interfacial
properties on wafer bonding and surface contact mechanics of
room temperature wafer bonding. In Farrens’s work [4], a van
der Waals force model is set up to model the initial contact bond
force, while the model is the reliance upon quality information
about the chemical nature and dielectric properties of activated
bonding surface. In Bengtsson’s study [5], a model based energy
conservation is set up to explain why the contact wave velocity
in silicon wafer bonding decrease with wafer thickness. In Yu’s
modeling [6], elastic accommodation is considered to bond the
misfit wafers. Gui [7] studied the effect of surface roughness on
wafer bonding based on DMT contact theory and made a statistical
surface roughness model. They also conducted some experiments
to bond silicon wafers with different surface roughness. It turned
out that surface roughness had great effects on the bonding results.
Reiche studied the bonding speed of silicon wafers in one work [8],
it showed that the lateral bonding speed of room temperature
bonded wafers increases with decreasing pressure, and is inversely
proportional to the viscosity of the ambient gas. In his another
work [9], the defect formation at bonded interface is studied
through molecular dynamics simulation. However, the spontane-
ous phenomenon in wafer bonding was not considered in their
work, the mechanism of spontaneous wafer bonding was not re-
vealed yet up to now, and no quantitative model for this process
exists to date.

In this study, we addressed the problem of spontaneous wafer
bonding in relation with the properties of wafer surfaces under
low temperature, and silicon wafers were used as an experimental
model system. Since the surface of commercial wafer available was
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sufficiently flat, only surface waviness and roughness were con-
cerned in this work. Following JKR theory, a mathematical model
was proposed to study the effect of nano-topography on bonding
process and the formation of spontaneous wafer direct bonding
under low temperature. In the end, experiments were also carried
out and experimental results were analyzed to verify the model.

2. Theoretical analysis

Fusion mechanism was generally considered for high tempera-
ture wafer bonding (usually over 450 �C), while contact theory was
applied for wafer direct bonding under low temperature. In the fol-
lowing, a contact model was developed first, then the conditions of
spontaneous bonding was justified and the effect of surface rough-
ness was discussed.

2.1. Model development

It was agreed that the JKR theory is valid for solids with a large
surface energy [10], which is generally the case for hydrophilic wa-
fer bonding because nano-scale roughness is in the range of nano-
scale where the adhesion forces between contact solids are in a
dominant position. According to the conclusion of Greenwood
[11], the effect of model considered roughness on two surfaces is
the same as the model assumed that one of the contact surfaces
is perfectly flat, so here the lower wafer surface is assumed to be
perfectly flat. Since the dimensions of the asperities on wafer sur-
face are sufficiently small, the wafer bodies can be considered infi-
nitely. Taking wavelength of asperity as a measure, the schematic
drawing of model of low temperature wafer direct bonding was
showed in Fig. 1. Assuming that the surface nano-scale profile of
upper wafer are periodically rough, which could be given by
f ðxÞ ¼ h sin2 px

L

� �
, where x e (kL � a, kL + a), 2a < L, k is an integer,

a is the radius of contact zones, L and h are the length and height
of gap respectively. According to contact mechanics of periodically
roughness surfaces [12], the pressure (line force, with a dimension
of force/length) distribution underneath the asperities inside the
contact zones can be deduced as the following:

pðxÞ ¼
cos px

L

� �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2ðpa=LÞ � sin2ðpx=LÞ

q
E�hp

2L
½sin2ðpa=LÞ � 2 sin2ðpx=LÞ� þ F

L

� �
; ð1Þ
Fig. 1. Schematic drawing of nano-topography of the bonding interfaces, where
dashed line represents interfacial geometry before bonding and solid line repre-
sents that after bonding.
where E� ¼ 1�m2
1

E1
þ 1�m2

2
E2

� ��1
is elastic modulus, Ei and vi are Yong’s

modulus and Poisson’s ratio respectively, F is the force per asperity
on wafer surface, which is also a combined force of both adhesion
force and external forces. In Hertz contact, there is no adhesion,
the left side of Eq. (1) is equal to 0 when x ? �a, then

E�hp
2L

sin2 pa
L

� �
¼ F

L
ð2Þ

where F is contributed by external force Fe, namely, Hertzian con-
tact F is given by

F ¼ E�hp
2

sin2 pa
L

� �
ð3Þ

Assumed that the wafers contact fully, then 2a ? L, the limit
Hertzian contact force is

F lim ¼ E�hp=2 ð4Þ

If the surface adhesion is taken into account, contact forces will
be contributed by both the adhesion force and the external force Fe.
According to JKR theory, the contact zone size 2a is determined by
equating the energy release rate of the gap outside the contact
zone f to the wafer surface energy W. Because the surface contact
forces are assumed to act in a region of vanishing area, for surface
profile given by f(x), the energy release rate f is [11]

f ¼ E�hp
2L

sin2 pa
L
� F

L

	 
2 L cotðpa=LÞ
2E�

ð5Þ

The relation between the contact zone size 2a and F is obtained
by imposing the condition f = W and above equation becomes

F ¼ E�hp
2

sin2 pa
L
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2E�WL tanðpa=LÞ

q
ð6Þ

For better understanding the correlation between the surface
energy and the surface profile, A dimensionless parameter is intro-
duced as the following,

bF ¼ F
F lim
¼ sin2ðpcÞ � a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tanðpcÞ

p
; ð7Þ

where Flim is defined by Eq. (4), c = a/L, a is a dimensionless param-
eter defined as

a ¼ 2
ffiffiffi
2
p

p

ffiffiffi
L
p

h

ffiffiffiffiffiffi
W
E�

r
ð8Þ

Fig. 2 plots the normalized force bF versus the normalized con-
tact length c for different values of a. The special case of a = 0 cor-
responds to the Hertzian contact where there is no interfacial
adhesion. According to Eq. (7), if bF is positive, it means that exter-
nal force is needed (Fe > 0) to bond wafers. With the increase of a, bF
is decreasing while c is kept constant, and if bF is negative or zero
for all 0 6 c 6 0.5 it means that no external forces is needed for
bonding, or it means that bonding will occur spontaneously.

According to Eq. (7), there is a maximum value bF or bF max for
each a at 0 6 c 6 0.5. If bF max is positive, it means that external force
is needed (Fe > 0) to bond wafers. With the increase of, bF max is
decreasing, until bF max ¼ 0, a critical value a = a* can be calculated
under this case, where a� ¼ 3

3
4=4 � 0:57. When bF max is less or equal

to zero all 0 6 c 6 0.5, it means that no external force is needed for
bonding. And for spontaneous bonding to occur with full contact or
wafer self-propagating, it must also satisfy the condition dbF=dc � 0
for all 0 6 c 6 0.5which yields another critical value of a or ac,
which can be found to be ac ¼ 15

16
5
3

� �1
4 � 1:065. It means that the

parameter a must be large enough to satisfy the condition of
self-propagating wafer bonding without gap or voids. From Eq.
(8), we can see that there are several ways of increasing the value
of parameter a, such as increasing the surface energy of wafer or
using wafers with the smaller surface roughness. Using the critical
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Fig. 4. Correlation of gap height h with wafer surface energies for a = 0.57 and
a = 1.065.

0.0 0.1 0.2 0.3 0.4 0.5

-6

-5

-4

-3

-2

-1

0

1

a/L

α=1.2

α=0.57

α=0.3

α=0.0

F
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value ac = 1.065, the critical condition for spontaneous wafer bond-
ing can be obtained

h ¼ 1
1:065

2
ffiffiffi
2
p

p
WL
E�

	 
1
2

ð9Þ

The above equation can be used to justify the formation of
spontaneous wafer direct bonding under low temperature. As a
special case, it will be used to analyze on silicon wafer direct bond-
ing in the following section.

2.2. Effect of surface roughness on spontaneous bonding

Taking silicon direct wafer bonding as example, applying typical
material parameters [7], surface energy of silicon wafer W = 0.1 J/
m2, Young’s modulus E = 160 GPa, and Poisson’s ratio v = 0.28,
therefore we can get silicon elastic modulus E* = 70.53�109.
According to Eq. (9), we plot gap height h against gap length L of
silicon wafers for a = 0.57 and a = 1.065. Three regimes can be
identified from Fig. 3. When gap height is less than the critical
height of self-propagating, which is in the regime III, wafer would
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Fig. 3. Correlation of gap height h with gap length L of wafer roughness for different
values of a.
bond spontaneously without voids due to surface forces. When gap
height exceeds the critical height of gap-closing that is in the re-
gime II, voids would appear in wafer bonding. When gap height ex-
ceeds another critical value, which is in the regime I, voids will still
exist even with external forces.

Considering the two critical value a = 0.57 and a = 1.065, we can
plot the correlation of gap height h with wafer surface energies and
the correlation of gap length L with wafer surface energies as
shown in Fig. 4 and Fig. 5, respectively. The results showed that
higher surface energy will render larger surface roughness, which
was described by lower gap height and shorter gap length. This ex-
plained that the activation of wafer surface for bonding was an-
other critical condition for formation of spontaneous bonding,
and in the next section, experiments were designed with the acti-
vation of wafer surface before bonding.

3. Experimental results and discussion

To verify this model, we conducted experiments on silicon wa-
fers with different surface roughness. The details of the experiment
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Table 1
Experimental results of wafer direct bonding under different surface nano-scale roughness

Wafer pairs L (lm) h (nm) Experimental results a Results of our model

A 0.147–0.182 1.2 Not bondable 0.342–0.381 Regime I
B 0.242–0.351 0.6 Spontaneous Bond with voids 0.878–1.058 Regime II
C 0.237–0.349 0.13 Self-propagating 4.014–4.871 Regime III
17 0.301–0.472 1.2 With pressure, slow bond speed 0.49–0.614 Regime I&II
27 0.329–0.493 1.1 With pressure, slow bond speed 0.559–0.684 Regime I & II
37 0.125–0.166 1.0 Bonding with voids 0.379–0.437 Regime I
47 0.114–0.174 0.9 Bonding with voids 0.402–0.497 Regime I
57 0.20–0.378 <0.1 Self-propagating 4.794–6.59 Regime III
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would be presented in another work since we focused on the effect
of wafer roughness in this work. Because our model was based on a
sinusoidal distribution for surface roughness, parameters of h and L
can be estimated with the surface measurements of atom force
microscopy. The experimental results were presented in Table 1
for wafer pairs A, B and C. The results showed that wafer pair A
with large surface roughness, whose value of parameter a is esti-
mated less than 0.381, bonding can not occur even with large
external pressure, while wafer pair B with a between 0.878 and
1.058 can be bonded without external pressure, however, interfa-
cial voids were observed under Infred camera. For wafer pair C
with a between 4.014 and 4.871, no void was observed after spon-
taneous bonding.

Taking the experimental data from literature [7] for further ver-
ification, 5 bonding pairs with different surface roughness were
considered, where parameters of h and L were estimated with
experimental data, and the value a were calculated and shown in
Table 1.The results showed that wafer pairs 1 and 2 bonded slowly
after being brought into contact with external pressure, and a few
voids were detected by means of the IR camera. Wafer pairs 3 and
4 were not bondable at all, even under pressure. Wafer pair 5
bonded spontaneously without any eternal pressure. The phenom-
enon was in reasonable agreement with analysis of our model. For
wafer pairs 1 and 2, the value of parameter a remain in the interval
which included the critical value 0.57, in other words, the surface
roughness characteristics covered both regime I and II at the same
time. According to the predictions of our model, one part of wafer
surface would be able to bond with the application of pressure, and
the other would bond with voids. For wafer pairs 3 and 4, because
a was less than the critical value 0.57, the surface roughness
parameters were in regime I, wafer would not bond at all even un-
der the external force. For wafer pairs 5, because a was larger than
the critical value 1.065, which was covered in regime III, the wafer
pair could be bond spontaneously.

4. Conclusions

High surface waviness and roughness of wafers will result in
failing to bond or bond with the formation of voids at the bonded
interface. We propose a quantitative model to describe the sponta-
neous bondability of wafers. Based on the model, a dimensionless
analysis was carried out in detail for silicon wafer direct bonding
under low temperature. The requirements of bonding surfaces
and results of bonding can be predicted in a quantitative and non-
destructive way through correlation of the surface energy and
nano-topography of wafers. Based on the dimensionless analysis,
and taking the dimensionless number a as a measure, three regions
of silicon wafer bonding possibilities can be identified. When
a < 0.57 as in regime I, the wafer would not bond fully even with
external force. When 0.57 < a < 1.065 as in regime II, the wafer
can bond spontaneously with voids, when a > 1.065 as in the re-
gime III, the wafer would bond spontaneously with full contact
or no voids.
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