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The effects of hydrogen bonds on the adhesion of inorganic oxide
particles on hydrophilic silicon surfaces
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Hydrogen bonds have a dominant effect on the adhesion of inorganic oxide particles, such as SiO2

and Al2O3, to hydrophilic silicon surfaces. An analysis of adhesion forces due to hydrogen bonds
between particle and substrate surfaces has been carried out, and is used to interpret the efficiencies
of removing polystyrene latex, SiO2, and Al2O3 particles from a hydrophilic silicon surface by laser
cleaning. Evidence of the dominant effect of hydrogen bonding was confirmed by using alcohol
instead of water during particle deposition. ©1999 American Institute of Physics.
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I. INTRODUCTION

Contamination on wafer surfaces remains a serious p
lem in semiconductor manufacturing.1 It is well known that
particle contamination decreases device yield drastically.2 To
remove particles from a wafer surface requires a knowle
of those adhesion forces which hold the particles to that
face.

The attractive interaction forces between different me
are classified as long and short range. Long-range force
to bring the particle to the surface and establish the adhe
contact area; they include van der Waals and electros
forces. Short-range forces can add to adhesion only afte
establishment of an adhesive contact area; they include
various types of chemical bonds: metallic, covalent, a
ionic, as well as hydrogen bonds.3 Much work has been don
to describe adhesion forces between particle and subs
surface.4–7 This work has led to the conclusion that van d
Waals, capillary, and electrostatic adhesion forces are
major contributors. Chemical bonds at the contact area
tween the adherents are so far accounted for o
qualitatively,4,5,8,9 although they may play an important ro
on the silicon surface, because a quantitative treatmen
chemical bonds between particle and substrate surfac
very difficult.

It is well known in surface chemistry that many sol
surfaces contain potential hydrogen bond donors and ac
tors. Because hydrogen bond formation has a low activa
energy, it occurs at room temperature; therefore, partic
substrate surface interactions via hydrogen bonding
possible.10 Water viscosity experiments have demonstra
the existence of hydrogen bonds between spherical and
fused silica surfaces.11 Although the hydrogen bond is not
strong chemical bond~its bond energy is generally about
kcal/mole or 0.22 eV/bond!,3 it is, nonetheless, much stron
ger than the energy of van der Waals adhesion, typically
kcal/mole or 0.043 eV/bond.12 Thus, hydrogen bonding ma
play a very important role in the adhesion of particles
substrate surfaces.
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This article discusses the adhesion forces due to hy
gen bonds between both SiO2 and Al2O3 particles and a hy-
drophilic silicon surface, then uses the chemical adhes
model to explain the experimental laser cleaning results.

II. EXPERIMENTS

Although the details of particle removal by laser clea
ing have been given previously,13 a brief description will be
given here. We irradiated the contaminated wafer surfac
ambient air with KrF excimer laser pulses~MPB Technolo-
gies, Inc. AQX-150, at 248 nm wavelength, with a 22
pulse width at half maximum!, using both dry and steam
laser cleaning techniques. Steam laser cleaning has a
cleaning efficiency, made possible by the use of a thin fi
of deposited water as an energy transfer medium and a
sion force reduction agent. Dry laser cleaning is simpler,
that no liquid is involved; and is compatible with clust
tools.

Three kinds of particles were deposited onto a silic
wafer surface using a particle generator~Particle Measuring
System, Inc.!. The particles were: 0.1mm polystyrene latex
~PSL! from Particle Measuring System, Inc., and 0.1–0
mm agglomerated SiO2 and 0.2mm Al2O3 from Beta Dia-
mond Corp. The particle generator used a diaphragm pu
to force air through a filter. Filtered air then moved throu
a nebulizer having about 0.007% monodisperse particles
pended in de-ionized~DI! water. The flow then passe
through a drying chamber where the water droplets eva
rated. Finally, the particle-laden air was sprayed onto
wafer surface through a long tube with a movable nozzle

III. RESULTS

Figure 1 shows the particle densities for each kind
particle, before and after laser cleaning. We found that,
dry cleaning, KrF excimer laser radiation effectively r
moved all the PSL particles from the silicon surface but,
SiO2 and Al2O3 particles, the particle densities were n
4 © 1999 American Institute of Physics
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FIG. 1. 0.1mm PSL, SiO2, and Al2O3 particle densities
before ~gray bar! and after~white bar! laser cleaning.
~a! During dry laser cleaning, the laser energy flux
were 326, 314, and 326 mJ/cm2, respectively, and two,
four, and four cleaning scanning cycles, respective
were used.~b! During steam cleaning, the laser energ
fluxes were 180 and 154 mJ/cm2, respectively, and five
and four cleaning scanning cycles were used, resp
tively.
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much reduced. For steam laser cleaning, both SiO2 and
Al2O3 particles were removed with high efficiencies.

A second set of experiments was used to verify the ef
of hydrogen bonds on the adhesion of particles to hyd
philic silicon surfaces. This was achieved by using two d
ferent alcohols~methanol and ethanol! instead of DI water
during particle deposition. On alcoholic steam cleani
which immediately followed particle deposition and had e
perimental conditions identical to those of steam clean
except for a larger laser flux, the cleaning efficiencies
SiO2 and Al2O3 particles were drastically reduced, as sho
in Fig. 2.

IV. CHEMICAL BONDS AND ADHESION FORCES

A summary of our previous discussion of adhesi
forces between PSL and SiO2 particles and a hydrophilic
silicon surface,13 is given in Table I. There, the van de
Waals force was shown to dominate capillary and elec
static forces for submicron sized particles attached to
silicon surface. It can be expressed as5

FV5F0
V1FDeformation

V 5
hv̄132r P

8pz0
2 1

hv̄132a
2

8pz0
3 . ~1!

The first term of Eq.~1! is the van der Waals forces betwee
a sphere and a plane, and the second term is due to elas
plastic deformation.hv̄132 is the Lifshitz–van der Waals
constant,r p is the particle radius,z0 is the separation dis
tance between particle and substrate, which is not mea
able but assumed to range from 4 to 10 Å4 ~we usedz0

54 Å!, a is the deformation contact radius of particle on t
surface, which can be calculated using the JKR model14 for
rigid particles (SiO2 and Al2O3):

FIG. 2. 0.1mm SiO2 and Al2O3 particle densities before~gray bar! and after
~white bar! steam laser cleaning, using methanol and ethanol instead o
water during particle deposition. The laser energy flux was 204 mJ/cm2, and
five cleaning scanning cycles were used.
Downloaded 06 May 2002 to 132.204.56.47. Redistribution subject to A
ct
-

-

,
-
g
f

-
e

or

ur-

a35
9

2
Wpr p

2S 12n1
2

E1
1

12n2
2

E2
D , ~2!

whereW is the work of adhesion of the particle on the su
strate surface which approaches the value of 2(g1g2)1/2, g1

and g2 being the surface free energies of particle and s
strate, respectively;n andE are Poisson’s ratio and Young’
modulus for particle and substrate. For PSL particles,
contact radius is not a function of the particle radius to
2/3 power but, rather, to the 1/2 power.15 The softer the
particle, the larger both the contact radius and the adhe
force. Based on these calculations, PSL particles should
more difficult to remove than the two inorganic particles, b
the laser cleaning experiments give the opposite results.

To explain this contradiction, we consider the sho
range adhesion forces from hydrogen bonds between
droxyl groups on the inorganic oxide particle surfaces and
the hydrophilic silicon surface. PSL particles, having no s
face oxide, do not produce such hydroxyl groups.

A key characteristic of the SiO2 surface is that it be-
comes covered with silanol~SiOH! groups at room
temperature.16 The concentration of SiOH groups on th
silica surface is about the same for different type of silica17

the results of several methods agree very well and give
average value of 4.660.2 OH/nm2 for a fully hydroxylated
silica surface.10,16 This average number of silanol group
very nearly corresponds to the number of silicon atoms o
silica surface. The metal–oxygen bond of many metal oxi
is more ionic in character than that of silica. The oxygen io
of an alumina surface seem to be effective hydrogen b
acceptor sites; furthermore, alumina surfaces which w
previously exposed to water vapor or moist air are term
nated by a monolayer of hydroxyl groups, each occupy

TABLE I. The adhesion forces of 0.2mm PSL and SiO2 particles on the
silicon surface.

Dry cleaning Steam cleaning

Adhesion forces PSL particles SiO2 particles SiO2 particles
~0.2 mm! ~0.2 mm! ~0.2 mm!

van der Waals 160 mdyn 9.9 mdyn 3.2 mdyn
~deformation!
van der Waals 1.4 mdyn 1.5 mdyn 0.5 mdyn
~nondeformation!
Capillary 4.7 mdyn 9.0 mdyn 0
Electrostatic 0.004 mdyn 0.004 mdyn 0.035 mdyn
Chemical bonds none surface hydroxyl surface hydrox

I
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about 0.08 nm2 on the surface, corresponding to 12
OH/nm2.17

Our hydrophilic silicon surface was hydroxylated durin
SC1 pretreatment.13 SiO2 and Al2O3 particles were kept in
air and immersed in water for deposition, so their surfa
were also hydroxylated. Water, which has both hydrog
bond donor and acceptor properties, has a pronounced
dency to interact with the OH groups on hydroxylated s
faces through hydrogen bonding. Figure 3 shows severa
amples of how a water molecule may be bound to
hydroxylated surface.18–21

An operational definition commonly used22 states that a
hydrogen bond between two groups X–H and Y exists wh
there is evidence of interaction between X–H and Y. T
distance between atoms X and Y~in our case, the hydroge
bond isO–H–O! is comparable with the van der Waals co
tact distance~;3.4 Å!23 so, when the particles are deposit
on the substrate surface, they may be bonded to the su
either ~a! indirectly, through hydrogen bonding with wate
molecules adjacent to the contact area, or~b! directly,
through hydrogen bonding of the hydroxyl groups of parti
and substrate in the deformation area,24 as shown in Fig. 4.
Absorbed water molecules can be retained around the co
area up to a temperature of 180 °C.25

In order to calculate the adhesion force due to hydro
bonding, we must know the total bond energyEtotal which is
calculated as

Etotal5DSEbond, ~3!

FIG. 3. Several examples of water hydrogen bonded to hydroxylated
faces. The dashed lines are hydrogen bonds.

FIG. 4. Indirect~a! and direct~b! hydrogen bonding between particle an
substrate surfaces. The dashed lines are hydrogen bonds.
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whereD is the OH group density,S and Ebond are the total
interaction area and the hydrogen bonding interaction ene
between particle and substrate.Ebond depends on the nature
of the surfaces, in particular on their degrees of hydroxy
tion and on the electronic structure of the materials. T
average bonding energy of theO–H–O hydrogen bond is
about 5 kcal/mole~;0.22 eV/bond!.26,27 In the case of dry
cleaning, the interaction area is

S5pa212pr pDzb, ~4!

where the first term is the deformation area of the partic
and the second term is the ring area cut at a heightDz near
the contact point with the probabilityb that particle and sur-
face form a hydrogen bond.

In general, the totalO–H–Obond length is 2.72 Å and
the length of a hydrogen bond H–O is 1.7 Å.28 The X–H–O
bond angle was set at 120°.23 The length of the O–Si bond is
1.66 Å,29 and we used 0.96 Å as the length of the O–H bo
in a water molecule and a surface silanol group.29 According
to the hydrogen bond structure in Fig. 4,Dz is approximately
equal to the total length of the hydrogen bond chain. If th
is only one water molecule involved, the chance of this wa
molecule connecting particle and surface is 50%; if two w
ter molecules participate, the possibility reduced to 25%
For SiO2 particles,Dzb is ;7.21 Å and, for Al2O3, it is
;7.05 Å. During steam cleaning, a water film covers t
particle surface, the hydrogen bond has a 50% probability
connecting the particle to the surface or connecting the
water molecules in the film, so the second term in Eq.~4! is
reduced by half. To break the hydrogen bonds between
ticle and substrate, the work done by the cleaning force m
be larger than the total adhesion energy of hydrogen bo
ing. To simplify the problem, we assume the adhesion fo
of a hydrogen bond as being uniform and existing in t
range from its potential minimum to the dissociation distan
dbond. Finally, we obtain the adhesion force due to hydrog
bonding:

FH bond5Etotal/dbond. ~5!

To our knowledge, there are few studies on the disso
tion length of the hydrogen bond. Fliszar30 studied the dis-
sociation energies of chemical bonds as a function of b
electron density. He noted that the loss of one millielectr
at each atom forming a single bond translates into a b
weakening of less than 1 kcal/mole~0.043 eV!. When two
ground state molecules,A andB, associate to form a hydro
gen bond, they do not lose their chemical identities: so
charge transfer is generally to be expected into theA–B
bond, but it is much less than that in forming a norm
chemical bond. Thus, during the dissociation process,
electron loss is expected to be smaller and the dissocia
distance, longer. The force constant of theH–O–Hhydrogen
bond is 0.693105 dynes/cm.31 According to our assumption
of a uniform energy change with bond length, a change
0.1 Å in the length of a hydrogen bond would take less th
0.043 eV. Therefore, in order to break the hydrogen bond
in other words, to overcome the 0.22 eV hydrogen bo
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energy, the dissociation distance should be near 1 Å.
arbitrarily selected this value as the dissociation distanc
our calculation.

Using Eqs.~3!–~5!, we calculated the adhesion force
due to hydrogen bonding between particle and substrate
both dry and steam cleaning, as shown in Fig. 5; the van
Waals forces, calculated from Eqs.~1! and ~2!, are also
shown in Fig. 5, for comparison with the hydrogen bondi
forces. It appears that the adhesion force due to hydro
bonding is much larger than that due to van der Waals in
action. For PSL particles, there are no surface groups cap
of participating in hydrogen bonding, so only van der Wa
forces play a role. Hydrogen bonding is the reason why S2

and Al2O3 particles have lower dry cleaning efficiencies th
PSL particles.

The dissociation distance can have a substantial effec
the calculated results of the adhesion force due to hydro
bonds. For example, bond lengths 30% shorter in disso
tion distance will cause a 40% increase in the calcula
adhesion force. There are other parameters which can in
calculation errors, such as the degrees of hydroxylation
particle and substrate surfaces and the presence of aspe
on the surfaces. Here we use 100% hydroxylation althou
in practice, it may be less. The presence of asperities
particle and substrate surfaces can greatly reduce the a
sion forces,4 a subject which will be considered in a subs
quent article.

When we used methanol and ethanol instead of w
during particle deposition, we expected similar adhesion
havior for the hydroxylated particle surfaces because t
OH groups can also act as hydrogen bond participants.32 Ex-
amples of alcohol molecules on SiO2 and Al2O3 surfaces are
shown in Fig. 6.10,33–35 When the particles deposit on th
hydrophilic silicon surface, alcoholic hydroxyl groups a
sorbed on the particle surfaces bond with hydroxyl groups
the substrate surface. The interaction energy ofH–O–R is
about 7 kcal/mole for silica33,35and about 14 kcal/mole35 for
alumina, so that the order of the interaction energies betw

FIG. 5. FH bond andFvan der Waalsas a function of particle diameters for SiO2

and Al2O3 particles on the silicon surface during dry and steam cleanin
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particle and surface with the different deposition liquids
Al2O3/ROH.SiO2/ROH.Al2O3/H2O.SiO2/H2O. During
steam cleaning, free water molecules have difficulty repl
ing the alcohol molecules involved in indirect hydroge
bonds because the alcohols have larger interaction ene
than water. Therefore, the order of laser cleaning efficienc
is expected to be Al2O3/ROH,SiO2/ROH,Al2O3/
H2O,SiO2/H2O, as found experimentally.

V. CONCLUSIONS

The hydroxylated surfaces of inorganic oxide partic
and hydrophilic silicon wafers can interact to form hydrog
bonds. A simple model has been developed to calculate
adhesion forces due to such hydrogen bonds. The value
the adhesion forces calculated according to our model
rationalize the experimental results of laser cleaning,
which PSL particles were easily removed by dry cleaning
SiO2 and Al2O3 particles were not. When we used alcohol
a dispersal agent instead of water during particle deposit
the cleaning efficiencies of SiO2 and Al2O3 particles were
greatly reduced during the steam cleaning which follow
because the hydrogen bonds formed with alcohol molec
have stronger interaction energies and are more difficul
replace by free water molecules during steam cleaning.
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