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A simple model describing the hydrophilic adhesion between solid surfaces, with low roughness is

proposed to explain both the influence of the interface roughness and quantity of water present at

the interface on the work of adhesion and work of separation. The observed hysteresis between

adhesion and separation is explained by the evolving distribution of water along the bonding

interface. This model is based on earlier molecular dynamics simulations of hydrophilic direct

bonding previously obtained by Cole et al. An experimental validation is presented showing good

agreement with model predictions. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913481]

I. INTRODUCTION

Adhesion constitutes a very wide multidisciplinary field

of research with numerous practical impacts on our daily life

from adhesion tapes, water capillarity, or natural biological

systems such as Gecko lizard toe pads.1

Direct adhesion between solids is commonly used as a fab-

rication technique for transferring a thin film from a wafer to

another, for instance, for the fabrication of Silicon-On-Insulator

wafers (SOI).2 Therefore, understanding the fundamentals of

adhesion and developing predictive models for the fracture

toughness of the interface is an important and challenging task.

For hydrophilic bonding, adhesion between solids

occurs through a few mono-layers of water molecules which

are adsorbed on the surface covered by hydroxyl groups

(–OH).3 Then, a network of strong oxygen mediated hydro-

gen bonds is formed between the two solids.

In order to produce effective direct adhesion, the rough-

ness of the surfaces has to be very low, i.e., about 1�
2 Å RMS in case of silicon oxide surface formed on standard

silicon wafers.2

The effect of surface topology on adhesion is usually

studied while considering the elastic deformation of the sur-

face asperities.4–8 However, for very low surface roughness,

considering the elastic deformation of the surface may not be

appropriate because the thickness of the water layer present

at the interface is on the same order of magnitude as the sur-

face topological variations. The diameter of one water mole-

cule diameter is about 3 Å.

Miki et al. use the bearing ratio, which describes the

fractional area lying above a given depth, in order to derive

the effective contact area as a function of the roughness

without considering any elastic deformation.9

The silicon oxide/water/silicon oxide system has been

previously studied using molecular dynamics simula-

tions.10–13 Nevertheless, the usual simulation box is not large

enough in the surface in-plane directions, typically about

30� 30 Å, to account for the surface roughness.

Moreover, the effect of relative humidity, i.e., the quan-

tity of water present at the interface, has been observed to

impact the interface adhesion dynamics.14 An hysteresis

effect has been reported between the adhesion and the sepa-

ration processes a few minutes after the interface creation,

even at room temperature.15 This effect cannot be explained

by the well-known interface aging observed only many hours

after the interface creation.16

Therefore, a model for hydrophilic adhesion is needed, at

a micrometer scale and for surfaces having very low rough-

ness. In this paper, we propose a simple model accounting for

the surface roughness and for the amount of adsorbed water in

order to predict the work of adhesion and of separation.

The model deals with adhesion occurring through

hydrogen bonds only, corresponding to the very beginning of

the hydrophilic direct bonding process, when no covalent

bonds are present at the interface.

The difference between the work of adhesion and sepa-

ration is explained by the movements of the water molecules

along the bonding interface. The work of adhesion is defined

as the energy per unit area gained by the formation of the

interface, and the work of separation or bonding energy cor-

responds to the opening of the interface.

This model is primarily motivated by earlier molecular

dynamics results obtained by Cole et al. concerning the

hydrophilic bonding of silicon and silicon oxide surfaces.12

The adhesive or repulsive forces have been evaluated as a

function of the interface gap and as a function of the quantity

of water.

In order to determine what are the different length scales

playing a role in the adhesion of two surfaces, a portion of

an experimental AFM profile, the thickness of one mono-

layer of water and the box size of the molecular dynamics

simulation are compared in Fig. 1. In addition, the AFM tip

is schematically represented, to scale, by an ellipse.

Some assumptions can be made when looking at Fig. 1.

First, the surface topology is extremely flat, meaning that the

curvature of the surface should not have an effect on the
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behavior of the water layer, and its thickness and chemical

state, should be uniform over the wafer surface. However,

once the interface is closed, the interface gap height is

expected to play an important role, since a constraint is

added on the local thickness of the water layer. Second, the

silica (or silicon) material can be considered non-

deformable, as long as one or a few monolayers of water are

present between the two surfaces. Third, the molecular dy-

namics simulation cell is too small to properly describe the

surface roughness obtained from AFM measurement.

The main idea of the model is to average the forces

obtained by molecular dynamics simulations over the inter-

face gap height variation.

II. THEORETICAL CONSIDERATIONS

A. Description of the model

In the following, the local separation distance between

the two surfaces is called z. The amount of water filling the

gap is quantified by the number of mono-layers, noted ML.

The force between the two surfaces, at a nanometer scale, is

noted fnm(z,ML). The magnitude of these forces is extracted

from Fig. 8 in Ref. 12.

The roughness of a surface is usually defined as the root

mean square value (RMS) of the surface height statistical

distribution. In case of bonding, the interface gap height has

to be considered, which is given by the statistical distribution

of the spacing between the two surfaces in front of one

another. Then, the interface roughness r is defined as the

standard deviation (i.e., the root mean square value) of the

interface gap height distribution, and it is determined from

the two surface roughnesses r1 and r2 by the relationship:

r2 ¼ r2
1 þ r2

2, with both surfaces topographies assumed to

be uncorrelated.

The height distribution of the surface, hence of the

bonding interface, is well described by a Gaussian

distribution,

G z; rð Þ ¼
1

r
ffiffiffiffiffiffi
2p
p exp � z2

2r2

� �
: (1)

Two cases are distinguished in the interface model: the

first corresponds to the adhesion of the two surfaces and the

second corresponds to the separation of the interface. The dif-

ference between both cases is related to the water distribution

along the bonding interface. Fig. 2 is a schematic representation

of the bonding interface before contact (a), just after contact

(b), and before separation (c).

Before bonding, water is assumed to be uniformly dis-

tributed over the wafer surface (Fig. 2(a)). As discussed

before, the variation of the surface topography is too small to

have an effect on the water coverage distribution. When the

two surfaces are brought into contact, the water layer is, in

some regions, undergoing compression and at other regions

undergoing tension (Fig. 2(b)). Because the water layer con-

sists of only a few mono-layers of molecules, the movement

of the water along the interface is assumed slower than the

characteristic time of the bonding, i.e., the water does not

flow along the interface during the bonding process, hence

some regions of the water molecular layers can undergo ten-

sion. The molecular dynamics simulations provide the attrac-

tive or repulsive forces as a function of the gap height and as

a function of the quantity of water molecules. Then, by

imposing mechanical equilibrium, the average distance

between the two surfaces just after contact and, from this,

the work of adhesion can be calculated.

A few instants after the creation of the interface, the

water is expected to move (diffuse) along the bonding inter-

face in order to reduce the energy of the entire system. Then,

the water coverage everywhere along the surface will be a

function of the gap height between the two surfaces (Fig.

2(c)). The work of separation can be calculated, in this case,

using as input values the results of the molecular dynamics

simulation.

The details of the model derivation are presented in the

following, both for the adhesion and separation cases.

B. Adhesion model

The idea is to compute the average force between the

two substrates as a function of the average gap separation

distance z for a given amount of water ML0 and for a given

interface roughness standard deviation r. Because the model

considers a surface size in the micrometer range, the average

force is noted Flm,

Flm ðz; r; ML0Þ ¼
ðþ1
�1

Gðz0 � zÞ fnm ðz0; ML0Þ dz0: (2)

Mechanical equilibrium corresponds to an average force

equal to zero for a gap opening zeq such that

Flmðzeq; r; ML0Þ ¼ 0: (3)

Finally, the work of adhesion W is obtained as the work

performed by the microscopic forces when the two surfaces

are brought in contact from an infinite separation distance to

the equilibrium distance zeq,

Wðr; ML0Þ ¼ �
ðþ1

zeq

Flm ðz; r; ML0Þ dz: (4)

The work of adhesion can be, therefore, estimated as a func-

tion of the interface roughness r and as a function of the

amount of water at the interface ML0. Integration and root

finding are performed numerically, using MATLAB
VR

, from the

FIG. 1. The dark area is a small part of an experimental AFM profile. The

measurement points are located Dx � 40 Å apart (2 lm long scan for 512

points). The dashed line represents one monolayer of water molecules (3 Å)

and the rectangle represents the box size of the molecular dynamic simula-

tion (30� 30� 20 Å
3
). The AFM tip radius is typically about 10 nm. The x-

axis scale is ten times larger than the z-axis scale. The roughness value for

the entire AFM scan (2� 2 lm2) is about 1 Å RMS.

085305-2 Navarro et al. J. Appl. Phys. 117, 085305 (2015)
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interpolated values proposed by Cole et al. The results are

shown in Fig. 3.

C. Separation model

After the interface is closed, the water is expected to dif-

fuse along the bonding interface in order to reduce the sys-

tem energy. Therefore, the quantity of water MLeq at a

certain location along the surface will be a function of the

interface gap height at this point, noted z, in such a way that

fnm(z,MLeq)¼ 0.

For simplicity, the equilibrium quantity of water MLeq is

considered to be a linear function of the gap height:

MLeq¼ z=twater, where twater is the thickness of one mono-

layer of water (�3 Å). This assumption will be discussed

later.

Because the bonding interface is considered as a closed

system, the entire amount of water remains a constant. Its

value is noted ML0. If the amount of water is not enough to

fill the entire interface gap, the equilibrium quantity of water

MLeq could not be satisfied for all possible surface locations.

Hence, two configurations have to be distinguished, depend-

ing whether there is enough water to entirely fill the interface

gap or not (see Fig. 4).

In case of a large amount of water (Fig. 4(a)), the aver-

age gap separation between the two surfaces zeq is deter-

mined by: z
ðaÞ
eq ¼ ML0 twater . Indeed, because the statistical

height distribution is symmetric around the average height

value, the amount of water above the mean value is the same

as the quantity missing below the mean value.

In this case, the macroscopic work of separation, noted

EðaÞlmðr; ML0Þ, is obtained by averaging the nanoscopic work

of separation EnmðM LeqÞ over the interface gap height

distribution,

E að Þ
lm r; ML0ð Þ ¼

ðþ1
�1

Enm
z� z

að Þ
eq

twater

 !
G z; rð Þ dz; (5)

where the nanoscopic work of separation Enm(ML) is

obtained from the molecular dynamics results (see Fig. 9 in

Ref. 12).

The case of a small quantity of water is more complex

because “hard” contacts are expected to occur between the

two surfaces (see Fig. 4(b)). The “hard” contact corresponds

to the configuration where no intermediate water layer is

present between the two surfaces, i.e., there is a direct adhe-

sion through hydroxyl groups or covalent bonds. In this case,

the average separation distance between the two surfaces z
ðbÞ
eq

is determined by the interface area undergoing “hard” con-

tact. This issue is related to the rough surface adhesion mod-

els, taking into account the elastic deformation of the

FIG. 2. Schematic representation of the bonding interface. Plain circles represent monolayer of water molecules; (a) before surfaces are brought in contact,

they are covered by an uniform layer of water; (b) configuration just after the bonding of the two surfaces. The water layer undergoes compression at some sur-

face points (flat ellipses) and is under stretching at other points (elongated ellipses). The work of adhesion is calculated using this configuration as reference;

(c) after some time, the water distribution along the interface becomes non uniform. The local amount of water is then a function of the local interface gap in

such a way that the global system energy is minimized. The work of separation is calculated using this configuration as reference.

FIG. 3. Theoretical work of adhesion calculated from the molecular dynam-

ics results and by considering the interface roughness r and the amount of

water at the interface ML0 (these values are twice those given by Cole et al.
because, in the present work, both surfaces are considered).

FIG. 4. Schematic representation of the bonding interface after rearrange-

ment of the water to minimize energy. (a) Configuration where the water

layer entirely fills the interface gap. (b) Configuration when not enough

water is present to fill the entire interface gap. In consequence, “hard” con-

tact occurs at some points of the interface (diamond symbol).

085305-3 Navarro et al. J. Appl. Phys. 117, 085305 (2015)
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surfaces. For simplicity, the average separation distance is

fixed arbitrarily to z
ðbÞ
eq ¼ 3r, meaning that about 0.13% of

the surface is undergoing a “hard” contact.

Because there is not enough water to fill the entire inter-

face gap, some voids are expected to be present in the areas

where the interface gap is the largest. It is assumed that the

water fills first the small interface gaps, until a certain maxi-

mum gap height, noted zm.

Therefore, the maximum height zm is calculated by solv-

ing the equation,

zm such that ML0 ¼
ðzm

–z bð Þ
eq

z–z bð Þ
eq

twater
G z; sð Þ dz: (6)

The macroscopic work of separation, noted EðbÞlm, is

obtained by averaging the nanoscopic work of separation

Enm(ML) over the interface gap height distribution, but, now,

the integration range is limited by the constraint of constant

amount of water, i.e., from –z(b) to zm,

E bð Þ
lm r; ML0ð Þ ¼

ðzm

�z bð Þ
eq

Enm

z� z bð Þ
eq

twater

 !
G z; rð Þ dz: (7)

Finally, the choice of case (a) instead of case (b) is

determined by the following condition:

ML0 >

ðþ1
�z bð Þ

eq

z� z bð Þ
eq

twater
G z; rð Þ dz: (8)

Similar to the adhesion problem, integration and root find-

ing are performed numerically. The results are shown in Fig. 5.

III. EXPERIMENTAL VALIDATION

The bonding propagation velocity and bonding interface

energy (i.e., the work of separation) have been measured for

different silicon oxide surface roughness.

A 1 lm-thick silicon oxide layer was thermally grown

on 200 mm-diameter silicon wafers. The oxide layer was

then etched by using a diluted hydrofluoric acid solution

(HF) in order to roughen the surfaces before bonding. Three

types of surfaces have been elaborated: Type A with no ox-

ide was removal, Type B after etching over a depth of

150 nm and Type C after etching over a depth of 600 nm.

The surface roughness was measured using a NanoScope

DIM3000 AFM from Veeco Metrology in tapping mode on

2� 2 lm2 scan. The AFM noise is estimated equal to 0:5 Å.

Values equal to rA � 1:0 Å; rB � 2:4 Å, and rC � 3:5 Å are

measured. Therefore, permutations of the surface type allow

testing up to six different interface roughnesses (AA, AB,

BB, AC, BC, and CC).

The work of adhesion W can be roughly estimated from

the bonding velocity v using the relationship: W¼ bv5=4,

where b is a constant.17 The value of the constant is esti-

mated equal to b � 6:5� 10�3 J m�3=4s�5=4 according to a

previous study18 (v¼ 2.4 cm=s and W¼ 112 mJ=m2). It is

worth mentioning that the bonding velocity depends on the

bonding configuration and on the location along the wafer.

For this experiment, the bonding propagation velocity was

recorded using an infrared light observation system. The

bonding initiation was performed at the wafer edge, and the

bonding velocity was taken at the center of the wafer.

The bonding energy is measured using the usual blade

insertion method.19,20 The open crack length is measured

using infrared light transmission images and the beam for-

mula is used despite the circular wafer geometry. For this

reason, a large error is expected on the estimation of the

bonding interface energy.

It is worth mentioning that the wafer bonding step as

well as the interface energy measurements are performed in

a clean room environment where the relative humidity is

about 40%.

The measured variations of the work of adhesion and of

the bonding interface energy as a function of the interface

roughness are shown in Fig. 6.

The work of adhesion is found to decrease with the

interface roughness from about 140 mJ=m2 down to 40

mJ=m2. The interface energy for separation decreases from

about 160 mJ=m2 down to 100 mJ=m2.

The work of adhesion appears to be more sensitive to

the roughness than the interface energy (separation).

According to the model, the rearrangement of water along

the interface allows compensating for the roughness effect

by filling the interface gap.

In addition, the model predictions for 1 ML and 2.5 ML
(i.e., 2 and 5 monolayers of water at the interface) are plotted

on both adhesion and separation plots (Figs. 6(a) and 6(b),

respectively). A relatively good agreement is obtained

between the general theoretical predictions and the measure-

ments, especially when considering the simplification of the

model and the experimental uncertainty.

IV. DISCUSSION

In the following, a more detailed discussion about the

model hypotheses and future model improvements is

presented.

One of the main assumptions of the model is that the

characteristic time of the water flow movement along the

interface is larger than the characteristic time of the interface

FIG. 5. Variation of the theoretical work of separation calculated from the

molecular dynamics results as a function of the interface roughness for dif-

ferent amounts of water at the interface (these values are twice those given

by Cole et al. because, in the present work, both surfaces are considered).

The dashed line indicates twice the surface tension of water (144 mJ=m2).

085305-4 Navarro et al. J. Appl. Phys. 117, 085305 (2015)
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bonding. Considering a bonding velocity v¼ 2 cm=s and a

self-diffusion coefficient of water DH20 � 2� 10�9 m2 s�1 at

25 8C,21 the characteristic length scale at which both charac-

teristic times are equal is L ¼ DH20=v � 0:1 lm. The lateral

length scale of the surface is assumed to be greater than

0.1 lm. Therefore, water diffusion along the interface is

expected not to contribute to the work of adhesion, i.e., to

the bonding front propagation, while it contributes to the

bonding interface toughness as long as the opening occurs

some time after the interface bonding contact (between some

milliseconds to some seconds).

In the separation model, the quantity of water at equilib-

rium MLeq is assumed to linearly depend on the gap separation

distance. According to the molecular dynamics simulation

results, this assumption is valid for more than 1 ML per sur-

face. Below this value, the equilibrium separation gap remains

almost constant. However, defining the gap separation dis-

tance for a small water coverage is not straightforward since

the water molecules, the hydroxyl groups, and the last layer of

silicon oxide can be all mixed together at about the same

height value. In addition, effects related to the discrete nature

of the water may be possible, i.e., a more complex function,

for example, a step function, may be preferable.

Considering only the total amount of water may be not

sufficient to describe the entire chemical state of the inter-

face. The hydroxyl group density, as the chemical state of

the surface, could constitute additional input parameters for

the model.

Another hypothesis used for the separation model is that

the large interface gaps are free of water molecules. It is not

obvious that, even for large gaps, a small quantity of water

will not remain adsorbed on hydroxyl groups. In this case,

the derivation of the entire quantity of water should be modi-

fied. The extreme case of this situation looks like the capil-

lary adhesion between rough surfaces where bridges of water

form between the two surfaces leading to existence of liquid/

void interfaces.22

V. CONCLUSION AND PERSPECTIVES

A model for hydrophilic bonded interface is proposed,

taking into account the interface micro-roughness and the

distribution of water along the bonding interface. The model

is based on previous molecular dynamics simulations

obtained by Cole et al. The hysteresis effect between the ad-

hesion and the separation of the interface is explained by the

different distribution of water along the bonding interface.

The experimental results are coherent with the model

predictions.

The model can be used as a starting point to build a

quantitative description of interface aging, including cova-

lent bonds formation and water diffusion through silicon ox-

ide. However, since both water molecules and covalent

bonds will be present at the interface, and that the interface

energy measurement involves stress on the interface, the

stress corrosion effect will have to be considered.
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