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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 SiO
and ALO3, 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, SpPand ALO; 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. 99 American Institute of Physics.
[S0021-897€09)06415-4

I. INTRODUCTION This article discusses the adhesion forces due to hydro-
gen bonds between both Si@nd ALO; particles and a hy-
Contamination on wafer surfaces remains a serious proldrophilic silicon surface, then uses the chemical adhesion
lem in semiconductor manufacturindt is well known that  model to explain the experimental laser cleaning results.
particle contamination decreases device yield drastiéally.
remove particles from a wafer surface requires a knowledge
of those adhesion forces which hold the particles to that sur)- EXPERIMENTS
face. Although the details of particle removal by laser clean-
The attractive interaction forces between different mediang have been given previoustya brief description will be
are classified as long and short range. Long-range forces agiven here. We irradiated the contaminated wafer surface in
to bring the particle to the surface and establish the adhesioambient air with KrF excimer laser pulsé@slPB Technolo-
contact area; they include van der Waals and electrostatigies, Inc. AQX-150, at 248 nm wavelength, with a 22 ns
forces. Short-range forces can add to adhesion only after theulse width at half maximui using both dry and steam
establishment of an adhesive contact area; they include thHaser cleaning techniques. Steam laser cleaning has a high
various types of chemical bonds: metallic, covalent, anctleaning efficiency, made possible by the use of a thin film
ionic, as well as hydrogen bond$Auch work has been done of deposited water as an energy transfer medium and adhe-
to describe adhesion forces between particle and substraséon force reduction agent. Dry laser cleaning is simpler, in
surface’™" This work has led to the conclusion that van derthat no liquid is involved; and is compatible with cluster
Waals, capillary, and electrostatic adhesion forces are thwmols.
major contributors. Chemical bonds at the contact area be- Three kinds of particles were deposited onto a silicon
tween the adherents are so far accounted for onlyvafer surface using a particle generatBarticle Measuring
qualitatively*>89 although they may play an important role System, Ing. The particles were: 0.km polystyrene latex
on the silicon surface, because a quantitative treatment ¢PSL from Particle Measuring System, Inc., and 0.1-0.2
chemical bonds between particle and substrate surface jgm agglomerated SiQand 0.2um Al,O; from Beta Dia-
very difficult. mond Corp. The particle generator used a diaphragm pump
It is well known in surface chemistry that many solid to force air through a filter. Filtered air then moved through
surfaces contain potential hydrogen bond donors and accep-nebulizer having about 0.007% monodisperse particles sus-
tors. Because hydrogen bond formation has a low activatiopended in de-ionizedDl) water. The flow then passed
energy, it occurs at room temperature; therefore, particlethrough a drying chamber where the water droplets evapo-
substrate surface interactions via hydrogen bonding artated. Finally, the particle-laden air was sprayed onto the
possible!® Water viscosity experiments have demonstratedvafer surface through a long tube with a movable nozzle.
the existence of hydrogen bonds between spherical and flat
fused silica surfaces. Although the hydrogen bond is not a
. . Ill. RESULTS
strong chemical bondits bond energy is generally about 5
kcal/mole or 0.22 eV/bond it is, nonetheless, much stron- Figure 1 shows the particle densities for each kind of
ger than the energy of van der Waals adhesion, typically a particle, before and after laser cleaning. We found that, for
kcal/mole or 0.043 eV/bontf Thus, hydrogen bonding may dry cleaning, KrF excimer laser radiation effectively re-
play a very important role in the adhesion of particles tomoved all the PSL particles from the silicon surface but, for
substrate surfaces. SiO, and ALO; particles, the particle densities were not
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(a) Dry cleaning (b) Steam cleaning Al,0; FIG. 1. 0.1um PSL, SiQ, and ALO; particle densities

i before (gray bay and after(white bajy laser cleaning.

(a) During dry laser cleaning, the laser energy fluxes
were 326, 314, and 326 mJ/émespectively, and two,
four, and four cleaning scanning cycles, respectively,
were used(b) During steam cleaning, the laser energy
fluxes were 180 and 154 mJ/émespectively, and five
and four cleaning scanning cycles were used, respec-
tively.
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much reduced. For steam laser cleaning, both,Si0d , 9 (1-18 1-3
Al,O5 particles were removed with high efficiencies. a’=5 Wy E, + E, |’
A second set of experiments was used to verify the effect

of hydrogen bonds on the adhesion of particles to hydroyherewy is the work of adhesion of the particle on the sub-
philic silicon surfaces. This was achieved by using two dif-grate surface which approaches the value of;,36)2, v,
ferent alcoholsmethanol and ethanplnstead of DI water 54 .. heing the surface free energies of particle and sub-
during particle deposition. On alcoholic steam cleaninggyrate respectivelyy andE are Poisson’s ratio and Young's
which immediately followed particle deposition and had ex-moqulus for particle and substrate. For PSL particles, the
perimental conditions identical to those of steam cleaninggniact radius is not a function of the particle radius to the

except for a larger laser flux, the cleaning efficiencies ofy3 power but, rather, to the 1/2 pow&rThe softer the
SiO; and ALO; particles were drastically reduced, as shownpicle, the larger both the contact radius and the adhesion

in Fig. 2. force. Based on these calculations, PSL particles should be
more difficult to remove than the two inorganic particles, but
IV. CHEMICAL BONDS AND ADHESION FORCES the laser cleaning experiments give the opposite results.

. . _ . To explain this contradiction, we consider the short-
A summary of our previous discussion of adhesionrange adhesion forces from hydrogen bonds between hy-
forces between PSL and SiQarticles and a hydrophilic - droxyl groups on the inorganic oxide particle surfaces and on

silicon surface;® is given in Table I. There, the van der the hydrophilic silicon surface. PSL particles, having no sur-
Waals force was shown to dominate capillary and electroface oxide, do not produce such hydroxyl groups.

static forces for submicron sized particles attached to the A key characteristic of the SiQsurface is that it be-
silicon surface. It can be expressed as comes covered with silanolSiOH) groups at room
hoysfp hoisa’ tgmperaturé? .The concentration of SiOH groups on_the
FV= F})’+ F\éeformaﬁonz > . (1) silica surface is about the same for different type of silica;
8z 8mzg the results of several methods agree very well and give an
The first term of Eq(1) is the van der Waals forces between average value of 4:60.2 OH/nnt for a fully hydroxylated
a sphere and a plane, and the second term is due to elasticsilica surfacé®*® This average number of silanol groups
plastic deformationhw;s, is the Lifshitz—van der Waals very nearly corresponds to the number of silicon atoms on a
constantr, is the particle radiusz, is the separation dis- silica surface. The metal—oxygen bond of many metal oxides
tance between particle and substrate, which is not measuis more ionic in character than that of silica. The oxygen ions
able but assumed to range from 4 to 10 &ve usedz, of an alumina surface seem to be effective hydrogen bond
=4 A), ais the deformation contact radius of particle on theacceptor sites; furthermore, alumina surfaces which were
surface, which can be calculated using the JKR miédet  previously exposed to water vapor or moist air are termi-

rigid particles (SiQ and ALO5): nated by a monolayer of hydroxyl groups, each occupying
1000 . . .
900 Methanol Ethanol TABLE |. The adhesion forces of 0.2m PSL and SiQ particles on the
S g0 | ALO, _ silicon surface.
E 700 Si0; .
< 600 | i Si0, Dry cleaning Steam cleaning
% jgz ‘ Adhesion forces ~ PSL particles  SiQarticles SiO, particles
® 0l (0.2 um) (0.2 um) (0.2 pm)
£ 00 van der Waals 160 mdyn 9.9 mdyn 3.2 mdyn
T 0 (deformation
0 van der Waals 1.4 mdyn 1.5 mdyn 0.5 mdyn
(nondeformatioh
FIG. 2. 0.1um SiO, and ALO; particle densities beforgray baj and after Capillary 4.7 mdyn 9.0 mdyn 0
(white bay steam laser cleaning, using methanol and ethanol instead of DI Electrostatic 0.004 mdyn 0.004 mdyn 0.035 mdyn
water during particle deposition. The laser energy flux was 204 n3,)amd Chemical bonds none surface hydroxyl surface hydroxyl

five cleaning scanning cycles were used.
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whereD is the OH group density$ and E,,,q are the total
o—— s, O 0E interaction area and the hydrogen bonding interaction energy
particle surface .
/ between particle and substrakg,,,q depends on the natures
] \v of the surfaces, in particular on their degrees of hydroxyla-
5 tion and on the electronic structure of the materials. The
H H H H average bonding energy of th@—H-0O hydrogen bond is
St e about 5 kcal/molg~0.22 eV/boni?®?” In the case of dry
4. 4 cleaning, the interaction area is
1 1

(a) subsMace b S= 7Ta.2 + 27 pA Z b, (4)

where the first term is the deformation area of the particles
FIG. 3. Several examples of water hydrogen bonded to hydroxylated surand the second term is the ring area cut at a helghhear
faces. The dashed lines are hydrogen bonds. the contact point with the probability that particle and sur-
face form a hydrogen bond.
; In general, the totaD—H—-Obond length is 2.72 A and
gbl_?/%tn?(_)ig)s nrh on the surface, corresponding to 12.5 the length of a hydrogen bond H-0 is 1.7&The X—-H-0O
bond angle was set at 128*The length of the O—Si bond is
1.66 A2 and we used 0.96 A as the length of the O—H bond
in a water molecule and a surface silanol grétpccording
o the hydrogen bond structure in Fig.Xz is approximately

Our hydrophilic silicon surface was hydroxylated during
SC1 pretreatmertt SiO, and ALO; particles were kept in
air and immersed in water for deposition, so their surface

were also hydroxylated. Water, which has both hydroge .
bond donor and acceptor properties, has a pronounced teﬁgual to the total length of the hydrogen bond chain. If there
dency to interact with the OH group,s on hydroxylated sur-'S only one water molecule involved, the chance of this water

faces through hydrogen bonding. Figure 3 shows several e)pjolecule connecting particle and surface is 50%; if two wa-

s - 0
amples of how a water molecule may be bound to Jer molecules participate, the possibility reduced to 25% etc.

hydroxylated surfac&-2! For SiQ, particles,Azb is ~7.21 A and, for AJO;, it is

An operational definition commonly us&dstates that a ~7'.05 A. During steam cleaning, a water film cover;the
hydrogen bond between two groups X—H and Y exists Wherpartlcle §urface, the. hydrogen bond has a 50% pr'obablllty of
there is evidence of interaction between X—H and Y. Theconnecting the particle to the surface or connecting the free
distance between atoms X and(M our case, the hydrogen water molecules in the film, so the second term in &g.is
bond isO—H-0O is comparable with the van der Waals con- r_educed by half. To break the hydrogen bondg between par-
tact distancé~3.4 A% so, when the particles are Olepositeolt|cle and substrate, the work d(_)ne by the cleaning force must
on the substrate surface, they may be bonded to the surfa&.g Iarger_ tha.n the total adhesion energy of hydrog_en bond-
either (a) indirectly, through hydrogen bonding with water Ing. To simplify the problem., We assume the ad_hgsmn force
molecules adjacent to the contact area, (by directly, of a hydrogen bond. as pglng uniform gnd gX|lst|ng'|n the
through hydrogen bonding of the hydroxyl groups of particlerange frpm its poteanI minimum tq the dissociation distance
and substrate in the deformation afé@s shown in Fig. 4. dbond: Finally, we obtain the adhesion force due to hydrogen
Absorbed water molecules can be retained around the conta%?nd'ng:
area up to a temperature of 180°C.

In order to calculate the adhesion force due to hydrogen FH bond™ Etotal/ bona: ®)
bonding, we must know the total bond enelgyy, which is
calculated as To our knowledge, there are few studies on the dissocia-
tion length of the hydrogen bond. Flis?3studied the dis-
Eotar= D S Byonas ©) sociation energies of chemical bonds as a function of bond

electron density. He noted that the loss of one millielectron

at each atom forming a single bond translates into a bond

o____ weakening of less than 1 kcal/mo(6.043 eV\}. When two

H/ ™ particle surfuce ground state molecules, and B, associate to form a hydro-

\, gen bond, they do not lose their chemical identities: some

0— charge transfer is generally to be expected into AkeB

1'{ bond, but it is much less than that in forming a normal

~./ \O chemical bond. Thus, during the dissociation process, the
electron loss is expected to be smaller and the dissociation

Ji 41 distance, longer. The force constant of theO—Hhydrogen

bond is 0.6 10° dynes/cm®! According to our assumption

of a uniform energy change with bond length, a change of

0.1 A'in the length of a hydrogen bond would take less than

FIG. 4. Indirect(a) and direct(b) hydrogen bonding between particle and 0-043 €V. Therefore, in order to break the hydrogen bond or,

substrate surfaces. The dashed lines are hydrogen bonds. in other words, to overcome the 0.22 eV hydrogen bond

(a) substraté surface (b)

Downloaded 06 May 2002 to 132.204.56.47. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 86, No. 3, 1 August 1999 Wu, Sacher, and Meunier 1747

\ \ ; 3

Fitpona(ALO; in air) | R .
1000 TFH_bnnd(AIZOJ in water) 0 \0/
F\(SIO, in air) H \H 5

% F(Si0, in water) (I) H

= 100 I |

8 Fyypondl SO, in air) Si surface (6]

=3

E Fyy 50na(Si0, in water)

3

5

<

FIG. 6. Postulated ways in which alcohol molecules may form hydrogen
bonds with hydroxyl groups on Siand ALO; surfaces.
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particle and surface with the different deposition liquids is:
Al,03/ROH>SIO, /ROH>AI,05/H,0>Si0O,/H,O. During
steam cleaning, free water molecules have difficulty replac-
ing the alcohol molecules involved in indirect hydrogen
FIG. 5. Fyy pang ANy der wancd @ function of particle diameters for $iO bonds because the alcohols have larger |nter_act|on_ energies
and ALO; particles on the silicon surface during dry and steam cleaning. than water. Therefore, the order of laser cleaning efficiencies
is expected to be AD;/ROH<SIO,/ROH<AI,O3/
H,0<SiO,/H,0, as found experimentally.
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energy, the d|SSOC|at_|on distance shquld pe near 1A WQ/ CONCLUSIONS

arbitrarily selected this value as the dissociation distance in

our calculation. The hydroxylated surfaces of inorganic oxide particles
Using Egs.(3)—(5), we calculated the adhesion forces and hydrophilic silicon wafers can interact to form hydrogen

due to hydrogen bonding between particle and substrate fdronds. A simple model has been developed to calculate the

both dry and steam cleaning, as shown in Fig. 5; the van dexdhesion forces due to such hydrogen bonds. The values of

Waals forces, calculated from Eqgél) and (2), are also the adhesion forces calculated according to our model can

shown in Fig. 5, for comparison with the hydrogen bondingrationalize the experimental results of laser cleaning, in

forces. It appears that the adhesion force due to hydrogewhich PSL particles were easily removed by dry cleaning but

bonding is much larger than that due to van der Waals interSiO, and ALO; particles were not. When we used alcohol as

action. For PSL particles, there are no surface groups capabéedispersal agent instead of water during particle deposition,

of participating in hydrogen bonding, so only van der Waalsthe cleaning efficiencies of SiCand ALO; particles were

forces play a role. Hydrogen bonding is the reason why, SiOgreatly reduced during the steam cleaning which followed

and ALO; particles have lower dry cleaning efficiencies thanbecause the hydrogen bonds formed with alcohol molecules

PSL particles. have stronger interaction energies and are more difficult to
The dissociation distance can have a substantial effect oreplace by free water molecules during steam cleaning.

the calculated results of the adhesion force due to hydrogen
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