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dynamicssimulationsareperformedto investigatethe atomicprocessesinitiated by the
adhesion� of two silica surfaces,which arecoveredwith adsorbatesof oxygen,hydrogenor water
molecules.The calculationsdescribethe mechanismof hydrophilic silicon waferbondingin terms
of� empiricalpotentialsassumed.The challengeof the macroscopicallyrelevantcomputationsis to
understand� andto predict the formationof covalentbondsasa function of initial silica structures,
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I. INTRODUCTION

Accordingto the importanceof waferbondingfor semi-
conductor� electronicsand micromechanicapplicationsthere
is
�

an increasinginterestin betterunderstandingthe physical
processes� by theoreticalanalysesof the interactionof the
atoms� at the two surfacesin contact.1,2 Wafer

�
bondingwas

initially
�

appliedto bond fusedquartz.Nowadays,the main
interests
�

in wafer bonding include the enhancementof the
technique
�

for silicon coveredby silicon dioxide at low tem-
peratures� � 100–400°C� ,� the prediction of the behavior of
new� materials, and to control all factors influencing the
bonding
�

process.While moleculardynamics � MD
� �

simula-�
tions
�

have successfullybeen used to describe ultrahigh-
vacuum� bondingexperimentsfor Si� 100�! Ref.3" and� hydro-
gen# passivatedhydrophobic bonding processes,4 and� to
analyze� the defectstructureat bondedinterfaces,5

$
little
%

has
been
�

reportedon the bondingof amorphoussilica & a' -SiO2)

surfaces,� 6
(

which) may be the basisor a first stepto describe
hydrophilic
*

waferbonding.Referringto theempiricalpoten-
tials
�

establishedto investigatethe influenceof moistureon
silica� surfaces7,8

+
and� thebehaviorof particlesin sodiumsili-

cate� glasses,9
,

the
�

presentpapertheoreticallydealswith ef-
fects
-

of structuremodeling,annealing,surfacecoverageand
external� forcesapplied . restrictions/ to

�
transformthe hydro-

gen# bondingto covalentforcesfor silica to silica interfaces.
As
0

thereare no empirical potentialsto describeSi/SiO2
1 in-
�

teractions
�

sufficiently well, our considerationsare restricted
to
�

thedirectinteractionof two a' -SiO2 structures� asmodelsof
thick
�

native oxidesor thosethermally processedin special
atmospheres� replacinghydrophilic Si wafers.

The
2

bulk andsurfacestructureof silica havebeenstud-
ied quite extensivelyover the pastyearsby different experi-
mental techniquesas well as theoreticallyby MD simula-
tions.
�

Mostly, silicon is tetrahedrallybondedto four oxygen
neighbors� in the crystallinesilica c3 -SiO2 polymorphs.� a' SiO



2

glass# is generallyconsideredto be madeup of SiO4 tetrahe-
�

dra
4

linked by sharingoxygens.As the electronicproperties
are� determinedby theSiO4

5 tetrahedra,
�

parameter-freeab' ini-

tio6 structure� calculationswere performedto understandthe
surface� structureas,e.g.,reorderingprocesses,point defects,
H
7

terminationandoxidation 8 see,� for example,Refs.10–139 .
Ab initio calculations� of a few hundredatomsarenow pos-
sible,� which can be extendedto larger structuresby using
tight-binding
�

approximations.However, simulating macro-
scopically� relevantstructuresas, e.g., for the bondingpro-
cess,� alwaysrequiresa largenumberof particles : morethan
104 atoms� in extendedsupercells; to

�
be consideredand

many-body< empirical potentialsto be applied,i.e., classical
MD
�

with suitableboundaryconditions.

II. COMPUTATIONAL PROCEDURE

Classical
=

molecular dynamicssolves the equationsof
motion< of anensembleof particlesassumingempiricalinter-
atomic� potentials.Thequality of all empiricalmethods,how-
ever,� dependson a suitableparametrizationof the potential,
which) shouldreflect both the SiO4

5 tetrahedron
�

structureof
ab' initio investigationsand the bulk propertiesdetermined
experimentally.� The potential used here is the modified
Born
>

–Mayer–Huggins ? BMH
> @

ionic
�

pair interaction com-
bined
�

with a weakthree-bodyterm.7–9
+

The
2

BMH interaction
combines� a repulsion and a Coulombic term, which is
screened� to avoid the long-rangeEwald sums.The three-
body
�

term is similar to that initially developedby Stillinger
and� Weber A SW


 B
for
-

silicon.14 In
C

addition, a Rahman–
Stillinger



–Lemberg D RSLE term
�

was used for the water
interactions.15 The parameterswere fitted to describeliquid
water) andseveralconfigurationsof silica with H2

1 OF by com-
paring� them with quantum-chemicalcalculations.8,15,16 The

2
O
F

–O interactionsaretreatedin the sameway for both silica
and� water. Thereare other well-known potentials,e.g., the
Tsuneyuki
2

potential17 fitting
G

well the vibrational spectraor
the
�

Vashistapotential18 optimized� for quartzandshowinga
better
�

transferability.19 The potentialswerenot only applied
to
�

structurecalculationsandto studythe behaviorof differ-
ent� modificationsof quartz,cristobaliteand tridymite with
respectto the pressure-dependentphasetransitions.They
were) alsoappliedto the H diffusion andto study the liquid
and� fused phases.The BMH–SW–RSL potential of Garo-aH I Electronic
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falini, however,is preferredherebecauseof thebetterstabil-
ity of tridymite and cristobalite,which may be the experi-
mentally< obtainedstructuresat the Si/SiO2

1 interfaces
� L

see,�
e.g.,� Ref. 20 and comparewith the presentresults of the
stability� of silicaM .

The calculationsareperformedusinga constantvolumeN
NVE
O

ensembleP or� a constantpressure Q NpT
O

ensembleR .
NVE
O

is preferredfor free surfacesand for simulationsto
calculate� the diffusion constants,whereasNpT enablesa re-
laxation of the cell dimensionsand the application of an
outer� pressure,which is importantfor, e.g.,theglassgenera-
tion
�

and the simulationof wafer interfaces,respectively.In
order� to control the systemtemperatureeither all particle
velocities� are slightly rescaledeachtime stepor solely the
outer� layers of the structuremodel, still applying periodic
boundary
�

conditionsparallel to the interfaces.In the latter
case,� the energydissipationand thus the dynamicbonding
behavior
�

is controlled by the transfer rates of the kinetic
energy� at thebordersof themodeldescribinganenergyflux
into a macroscopicsubstrate.This improvementof theMD is
important to wafer bondingbecauseeachnew bond at the
interface
�

impliesanenergygainon theorderof eV, which is
distributed
4

to a small numberof atomsprobablyresultingin
a� nonphysicalmelt of thesurfacesin a constant-energysimu-
lation.

III.
S

RESULTS

A. Crystalline and amorphous silica

The
2

generationof amorphoussilica modelsstartsfrom
crystalline� silica structures,ase.g.,cristobalite,tridymite, or
quartz,T whereascoesite,stishovite,andkeatitehavenot been
tested
�

in our simulations.The polymorphsaredifferentiated
in
�

the way in which the tetrahedraare linked or arrangedU
i.e., the Si–O–Si angle� V ,� andby the rings they form. They

all� displaysurprisinglysimilar cohesiveenergies;21
1

however,
the
�

structureshavebeendiscussedquite controversially.Ex-
perimentally,� W -cristobaliteis stableabove1743K at ambi-
ent� pressures.The presentcalculationswere madefor NpT
and� NVE ensembles:The simulatedcrystal structuresare
stable� at 0 K, i.e., theatomicmovementcanbecharacterized
by
�

a meansquaredisplacementX MSD
� Y

of� less than MSDZ
3
[ \

10] 5
$

nm2
1

and� a correspondingdispersion̂ DSP_ of� the
atomic� displacementof less than DSP ` 10a 6

(
nm2 with) re-

spect� to theinitial configuration.Constantpressureannealing
below
�

the glasstransitiontemperature,however,transforms
the
�

initial structuresinto b -cristobalite c Fd3̄m, a' d 0.713
�

nm,
supercell� of 648 atoms, Si–Oe 0.155

�
nm, O–Si–Of 109.47°, Si–O–S

�
i g 179.99°h . The i -cristobalite is very

stable� showing MSDj 3.55
[ k

10l 9
,

nm2
1

with) DSPm 6.6
no

10p 10nm2
1
. During the transformationprocessdifferent

metastable< configurationscan be createdfor different tem-
peratures� during the annealingprocess,strongly depending
on� the heating/coolingratesand the ensembleschosen.For
instance,q -cristobaliteis stableup to 40 K in bothNVE and
NpT
O

simulationsshowingone or two structuraltransitions,
respectively,r before the final s -cristobaliteis reached.The
MSD andthe DSPof the atomicdisplacementsarealsoap-
proximately� proportionalto the temperaturewhenstructural
changes� occur.Below 40 K t -cristobaliteis characterizedby

MSD
� u

7
v w

10x 5
$

nm2 with) DSPy 8
z {

10| 6
(

nm2,� which indi-
cates� a small changeof theSi–O–S

�
i angle� in contrastto the

perfect� stability of } -cristobalite. However, whereasNpT
simulations� yield a rapid 14% volumeenlargementat about
45
~

K andresult in the final � -cristobalitepassingonemeta-
stable� structure,thestructuraltransitionfor theconstantvol-
ume� simulationremainsincompleteand leadsto a noncrys-
tallographic
�

configurationwith MSD� 0.009
�

nm2 but
�

DSP� 0.0011
�

nm2. Structuralchangesarealwaysreversibleonly
if
�

the structurefits the cubic supercellin the MD simulation
sufficiently� well, which is not valid, e.g.,for all quartzmodi-
fications.For the sakeof simplicity, the � -tridymite high-
temperature
�

Wyckoff model22,23 (
�
P
�

6
n

3
� /mmc,
�

a' � 0.503
�

nm,
c3 � 0.822

�
nm, supercellof 648 atoms,Si–O� 0.154

� �
0.002
�

nm, O–Si–O� 109.14� 0.81
�

°, Si–O–Si � 179.92� 0.13
�

°;
the
�

varianceis due to the insufficient fit of the supercell
model< afterannealingbelowtheglasstransitiontemperature�
was) usedas the basisof creatingsomeof the amorphous
silica� glasses,too.

The
2

moleculardynamicssimulationsof meltingdifferent
crystalline� silica structuresapplying a heating rate of 2�

1014 K/s and cooling rates of 2 � 1013 K/s � see� model
N3P2
O

of TableI � show� anannealingbehaviorsimilar to that
demonstrated
4

in Fig. 1 for � -cristobalite.Reversiblestruc-
tural
�

changesoccur for temperaturessufficiently below T
�

m� ,�
which) probablyhappensup to the temperaturewith an al-
most< linearly increasingpotentialenergy.It is evidentfrom
the
�

0 and 37 ps insetsof Fig. 1 that the tetrahedraof the
crystalline� structureprogressivelydistort,althoughbondsare
not readilybrokenuntil thetemperatureTm� is reached,which
is
�

thereforeidentified as the melting point. This occursat
T
�

m � 8150
z

K, but the valuedependson the startingconfigu-
ration, heatingrate,and restrictions.In contrastto NpT en-
sembles� NVE simulationsshowjumpsin the pressurewhen
the
�

heating is startedand at the beginningof the melting
process.� Around T

�
m ,� theNpT ensemblesshowa strongvol-

ume� reductionandaninstability of p� ,� followed by relaxation.
After amorphization,thesampleis heatedto 104 K to ensure
a� goodatomicmixing. A snapshotof themelt shortlybefore
the
�

amorphousstructureis frozen is given by the 217 ps
inset.The intersectionof the slopesof the upperand lower
cooling� curvesat Tg� � 2900K representsthe glasstransition
point� T

�
g� . Therethe molecularmotionsof the materialslow

down
4

considerably.Melting point Tm� and� glass transition
temperature
�

Tg� in Fig. 1, asshownby the intersectinglines
or� that of the slope,respectively,havemuch higher values
than
�

those obtained experimentally. This discrepancyis
thought
�

to bedueto differencesin theheatingratesof simu-
lated and actualglassesand to the fact that the crystalline
starting� model doesnot havecomparabledefectsto initiate
the
�

melting process.Thereforeandfor the sakeof compara-
bility
�

of all results, in the following the temperaturesare
scaled� with the fictive glasstransitiontemperatureTg� of� the
corresponding� simulation, i.e., T

�
g� � 2900

�
K in model N3P2�

cf.� TableI � .
In addition to the model N3P2 described above,�

-cristobalite and   -tridymite were heated to Tm� at� 2¡
1014 K/s

¢
andquenchedat different rates.Someof the re-

sults� aresummarizedin Table I. The T
�

g� values,� short-range
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order,� numberand type of defects,angleand ring distribu-
tions
�

areinfluencedby theBMH parameterschosen24 as� well
as� by the annealingtemperatureandrate.To understandthe
effect� of differentpotentials,two setsof a' -SiO2

1 modelswere
created� £ see� Refs.8 and25¤ and� denotedby N#P1andN#P2,
respectively.r SamplesN#P2tendto havemoredefects,lower
Tg� s� and Tm� s,� and higher densitiesthan N#P1 samples:Our
simulations� yield goodaveragevaluesof the glasstempera-
ture
�

anddensity,viz. T
�

g� ¥ 3100
[ ¦

200K
�

and §©¨ 2.88
�

gcmª 3
�

for thesamplesN#P2,Tg� « 3600
[ ¬

200K and ©® 2.77gcm̄ 3
�

for modelsN#P1,andTg� ° 4100± 200K, ²©³ 2.08gcḿ 3
�

for
the
�

lower-pressuresimulations µ see,� e.g., NlowP1¶ . How-
ever,� thecoolingratesinfluencethesevalues,andfastercool-
ing ratestendto causea largernumberof smallerrings and

more< defectsthanslowerrates.Furthermore,thecoolingrate
and� the pressureappliedinfluencethe numberof coordina-
tion
�

defects.26
1

Broken bonds especially change the ring
structure� andtheconnectionof theSi via theO bridges.One
broken
�

bondmay result in the reductionof the numberof O
bridges
�

from 4 to 3, in theperfectstructureandat thedefect
site.� Suchsilicon atomsareknown asQ

·
3
� species� ¸ generally,#

Q
·

n¹ if
�

nº other� Si are bondedvia O bridges» . Therefore,Q
·

n¹
with) nº ¼ 4

~
andthereductionof thenumberof Q

·
4 species� are

characteristics� of regionswith defects½ as� of thesurface,too,
see� Sec. III B¾ . Similar explanationshold for the oxygen
bonding
�

states,denotedby O1 andO3 in TableI, aswell as
for thering arrangement,describedby therelativenumberof
the
�

silicon atomsin the threefoldrings. Theserings consist
of� exactly three linked –Si–O–

�
groups# in the bulk. In the

simulated� examplesof Table I model N1P2 solely showed
two-fold
�

rings ¿ 0.9%
� À

. Figure 2 demonstratesthe effect of
melting on the internal ring structure.For the sakeof evi-
dence
4

the rings areanalyzedherefor a selectedlayer of the
model< about0.6 nm in thickness.It is importantlater on to
determine
4

analogouslyin layer structuresthe local variation
of� therings,theQ

·
species,� andthusthedefectsasa function

of� the depth below the surface.Note the projection of the
six-fold� rings in thecrystallinematerial Á Figs.

Â
2Ã a� Ä and� 2Å b� ÆÈÇ

and� the correspondingdistortions in silica É Figs. 2Ê c� Ë and�
2
� Ì

d
4 ÍÏÎ

. The data in Table I reflect the increaseof bonding
defects
4

with the cooling rate relative to pressureandpoten-
tial
�

parameters.Figure2Ð e� Ñ demonstrates
4

this moreexplicitly
for the Q

·
4
5 species� as a function of the cooling rate. The

number� of Q
·

4 is
�

roughly proportionalto the negativeloga-
rithm of the cooling rate.

Bondangleandbondlengthdistributionsof bothgroups
were) generallythe sameif valuesof the whole bulk models
were) examined.Differencesoccurredat surfacesand in de-
fect regions.Figure3 showsthebondangleangulardistribu-

TABLE I. Characterizationof sometypical a-silicamodels Ò potentialÓ parametrization:N#P1,a
H

N#P2
Ô b

Õ Ö
obtained

by
×

applyingdifferent cooling ratesandpressuresduring MD annealing:Resultingglasstransitiontemperature
TgØ anddensity Ù , relativerateQnÚ of Si with nÛ oxygenbridges,ratesO1 andO3

Ü of one-andthree-foldbonded
oxygens,andrelativenumberof three-foldrings.

Model

Cooling rateÝ
K/sÞ

Pressure
ß à

GPaá
TgØ â K ãäå
g cm æ 3

Ü ç
Q3
Ü Q4 Q5

è O1

O3
Ü Three-fold

é
rings

N5P1
Ô

2 ê 1015 3400 0.028 0.954 0.018 0.014 0.189
5 2.76 0.023

N6P1
Ô

2 ë 1014 3860 0.014 0.977 0.009 0.005 0.106
5 2.75 0.007

N8P1
Ô

8 ì 1012 3440 0.0 0.982 0.018 0.0 0.111
5 2.75 0.009

NlowP1
Ô

1 í 1013 4100
î

0.008 0.985 0.008 0.004 0.098
1 2.08 0.008

N1P2
Ô

2 ï 1015 3210 0.0 0.958 0.042 0.0 0.167
5 2.83 0.021

N3P2
Ô

2 ð 1013 2900 0.005 0.981 0.014 0.002 0.069
5 2.88 0.009

N9P2
Ô

8 ñ 1014 3310 0.014 0.963 0.023 0.007 0.227
5 2.85 0.019

aH SeeRef. 8.
b
Õ
SeeRef. 25.

FIG. 1. MD glassgenerationby annealing:total potentialenergyper atom
of the simulatedsystemasa function of the temperature.Insets:structural
modelsof thecrystalat low temperatureò 0 psó , slightly belowmelting ô Tmõ ,
37 psö , andof the melt ÷ 217 psø nearù the glasstransitionTgØ .
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tion
�

function û ADF
0 ü

and� lengthdistributionspair distribution
function
- ý

PDF
þ ÿ

of� two structuresunder different annealing
regimes.Beforeannealing,thedistancesandtheangulardis-
tribution
�

aresharpascharacterizedabovefor � -cristobalite.
For
Â

temperaturesbelowT
�

m� � regimer of reversibility� the
�

same
data
4

describetheaveragevaluesof bondsandangulardistri-
butions,
�

however, at increasingvariance � see� � -tridymite
data
4 �

. Typical silica glassstructures,however,may be char-
acterized� asfollows: Si–Si � 0.315

� �
0.013
�

nm, Si–O� 0.161
�

	
0.002
�

nm, O–Si–O
 108.8� 4.8°, Si–O–Si � 157.2
17.4°, whereTm� is in therangeof 1.5Tg� –2.5Tg� . Themost

important
�

differencesoccur for the Si–O distances,shifted
approximately� 10% to higher values,and the lowered Si–
O
F

–Si angularpeakreducedby about30%with respectto the
crystalline� structure. The distributions are not symmetric
with) respectto the meanvalues,and a lower pressureor a
higher
*

cooling rate seemsto increasethe peakshift and to
broaden
�

the distributions.The structuresgeneratedat higher
pressures� are preferredin the following becausethey better
revealr the experimentaldensity.This is importantsolely for
the
�

diffusion processesand results from a sufficiently fast
equilibration� similar to theproblemof high meltingandglass

transition
�

temperaturesdiscussedabove.A comparisonwith
low-pressure
%

annealing� as� for NlowP1 of Table I � showed�
that
�

thereis no remarkableinfluenceon thesimulationof the
bonding
�

processitself aswill be discussedin Sec.III B.

B. Free silica surface

Free
Â

surfacesweregeneratedfrom annealedglassmod-
els� using further relaxationat a constantvolumeby extend-
ing thesimulationbox in thez� direction,

4
with reflectingwalls

at� the top and bottom of the cell, and applying periodic
boundary
�

conditionsin the x� and� y� directions.
4

Hereby, the
bottom
�

third of atomsin the z� direction
4

wasfrozento room
temperature
�

by rescalingthe particlevelocitiesaccordingto
the
�

temperaturedifferences.This resultedin a lowerheatflux
from the surfaceinto the bulk and enabledstructuralrelax-
ations� becauseof the surfaceor reactionenergiesgained.

Most
�

of the danglingbondsat both z� -directedsurfaces,
generated# by switchingoff theperiodicboundaryconditions,
recombinein a very short period. In this way, a mainly
oxygen-terminated� surfacehadformed,with someof thesili-
con� atomsconnectedto only threeothersiliconsvia bridging

FIG.
�

2. Determinationof the six-fold ring structure��� a� , � b× � crosssections;�
c� , � d� plainÓ views� in one selectedlayer of c-silica � a , ! c" and a-silica#
b
× $

, % d& , andcorrespondingnumberof Q4
' speciesasa functionof thecooling

rate( ) e* .
FIG.
�

3. Influenceof the annealingregimeon the resultingglassstructure:
Si–O PDF, O–Si–O ADF and Si–O–S

+
i ADF of glassmodelsN8P1 and

NlowP1
Ô ,

seeTableI - .
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oxygens.� Thus the numberof Q
·

3
� species� at the surfacesis

higher than in the bulk. Becauseof the dangling oxygen
atoms� or the freesilicon valences,which arerelatedto these
Q
·

3
� species,� thesesitesareexpectedto havea highersurface

reactivity. Besides,the reconstructionalso leadsto a high
density
4

of three-fold rings near the surface.Suchrings are
hardly
*

ever found within the bulk structure . see� Table I / .
Since



the numberof three-foldmemberedrings is larger at

the
�

surfacethan in the bulk, the averageangle and length
distributions
4

of the surfacelayer versusthe bulk will be dif-
ferent.
-

Thesedifferencesarerelatedto higherbondenergies
and� could thereforebe a reasonfor increasedsurfacereac-
tivity
�

too. In contrastto othersimulations6,24
(

no remarkable
amounts� of two-fold ringswereobtainedherefor low density
structures� 0 NlowP1,

O 1
2%
�

two-fold rings2 . However, sur-
faces
-

of high-densitystructuresshow two-fold rings up to
40%. Insteadof the ring behavior,Fig. 4 showsthe changes
of� thePDFandtheADF’s for thebulk andthesurfacelayer
of� themodel.Thedistributionfunctionscanbedirectly com-
pared� with Fig. 3. Near the surface the distributions are
broadened
�

and the angularpeaksare shifted toward lower
values� 3 see� alsoRefs.6, 24 and27 andreferencestherein4 .

After
0

relaxation,the reconstructedsurfaceswere bom-
barded
�

with H2O
F

groups.Somerelevantsimulationsaresum-
marizedin Table II: 20–80 watermoleculeswith an energy
of� 0.5–5 eV and a rate of 0.5 molecules/pswere randomly
deposited
4

on thesurfaceby allowing themto settleandreact
with) it. H2O

F
groupswith energiesof up to 1 eV became

attached� to the surfacemostly by hydrogenbonding 5 see�
Table
2

II, models I and II 6 . There they formed clustersor
chains.� At higherenergies,someH2O

F
moleculesreactedwith

the
�

silicatesurfaceto createsilanolSiOH- andfreeH or OH
groups,# which are connectedto the surfaceor other H2

1 OF
molecules< via H bonds.At 3 eV, the maximumnumberof
SiOH



groupsform 7 IV 8 . Higher impact energiesresult in a
stronger� dissociationof water, implying however,a smaller
amount� of silanols 9 V: ; forming.

-
In order to simulatea uni-

form
-

hydrogen-bondedwater layer at the surface,the 3 eV
impact energymodel is subsequentlybombardedwith 60 1
eV� H2

1 OF molecules < VI,
:

VII = . The depositionbehaviorand
the
�

resultingsilanol/waterlayersarealso influencedby free
oxygen� radicalscreatedby fragmentationor additionaldepo-
sition.� This, however,will be discussedin a forthcoming
paper.�

The
2

snapshotsof Fig. 5 characterizethe reactionof wa-
ter
�

with the silica surface.First, water clustersform. The
overlap� of the clusters,however,resultsin a homogeneous
water) layer > Fig.

Â
5? a� @BA with) a silanol densitycomparableto

the
�

experimentalones.The simulation time applied is too
short� for the recombinationof the reactionproductsof the
silanol� formation, i.e., someof the H and OH remainfree.
The
2

water bombardmentof the surfaceinitiates only small
changes� in thesilica structure.In Fig. 5C b� D ,� theuppersurface

FIG. 4. Structuralchangesof the a-silica from the bulk to the surfacelayer
comparingthe Si–O PDF, O–Si–O ADF andSi–O–S

+
i ADF distributions.

TABLE
é

II. Adsorbateson silica surfacesafter waterdeposition E startingfrom NlowP1F : Distribution of mol-
eculefragmentsG Si H OHI , Si J OHK 2L , H2

L O, OH, HM asa function of the depositionenergyandrate N energyand
numberof H2O depositedO .

Model
P Starting

structure
EnergyQ

eVR H2
L O

deposited Si S OHT Si U OHV 2L H2
L O OH H

I free surfaces 0.5 20 2 1 14 4 4
II free surfaces 1 20 5 1 11 5 6
III free surfaces 2 20 6 0 8 8 10
IV
W

free surfaces 3 20 12 2 5 7 7
V
X

free surfaces 5 20 8 0 3 12 14
VI
X

model IV 1 50 12 4 30 11 9
VII
X

modelV 1 80 14 4 59 12 8

2631J.
Y
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layer of the free relaxedsilicate glass Z light grey[ and� the
corresponding� hydroxylatedstructure\ model< VII; black] are�
matched< and viewed in normal projection to the interface.
Figure5̂ c� _ shows� a magnifiedpartof theareamarkedby A,
C
=

and B. Again, both modelsare projectedinto the same
plot,� but now asa crosssectionof theinterface.In thesestick
models< only the Q

·
3
� species� and those silicon atoms with

bonded
�

OH groupsare representedby small balls for the
pure� surfaceandthe hydroxylatedone,respectively.All the
other� Si atomscanbe revealedsolely by the crossingbonds
via� oxygen.Obviously,the silica networkhaschangedonly
slightly.� Two main processesaredistinguishable:First, after

dissociation,
4

most of the water reactingwith the surfaceis
bonded
�

to the Q
·

3
� groups.# Thusdanglingbondsaresaturated

without) breakingany Si–O bond ` Figs.
Â

5a b� b and� 5c c� d site� A
and� all nonmarkedsites with black balls are of this typee .
Second,



only a smallnumberof H2O
F

groupsis ableto cleave
the
�

strongSi–O–Si bridges,
�

i.e., to breakthesiloxanebonds.
This
2

preferablyhappensto Si–O–S
�

i groups,# which arepart
of� three-or four-fold rings f sites� Bg . The destructionof the
S



i–O–Si bridge
� h

siloxanes� i resultsnot only in the formation
of� two silanol groupsbut alsoin a relaxationof theadjacent
network.� Furthermore,both the Q

·
3
� saturation� andthe break-

age� of siloxaneresultsin multiple silanols j see� sitesC, called
geminal# groupsin Ref. 28k . The particularreactionsandes-
pecially� thearrangementof the twofold silanolsat siteC are
directly
4

shownin the magnifieddetail of Fig. 5l c� m .

C.
n

Silica bonding behavior

Two adjoininghydroxylatedsurfaces,eachcoveredwith
1–2 monolayers of water o e.g.� surface model VII p are�
brought
�

into contactto simulatethe wafer bondingbetween
silica� and/orhydrophilicSi. Figure6 showssnapshotsof the
interfaceat differenttemperaturesandsimulationtimessimi-
lar
%

to thosein Ref. 6: q a� r initial
�

configuration,0.125T
�

g� , 3� 0
ps,� s b� t 0.7

�
Tg� ,� 110 ps, u c� v 1.6Tg� ,� 40 ps, w d4 x 0.8

�
Tg� ,� 250 ps.

Note
O

the breakup of the surface, particularly at 1.6Tg� .
Longer
y

andshortersilica strandsloosenfrom thesurfaceand
migrate< into the gap.This bridging effect occurrednot only
at� temperatureshigher than Tg� but

�
also during long time

simulations� at 0.8Tg� ,� z Fig. 6{ d4 |~} . The manyopenspacesin-
dicate
4

that smallerportionsof the surfacehavebrokenfrom
this
�

layer and most probably migrated into the gap. Pits
formedin oneareaof the surfacethroughthe actionof tem-
perature� and pressurehelp form bridging covalentbondsin
other� sectionsof the wafer.

The
2

processesand the resultingsurfacerougheningcan
be
�

studiedin detail usingthe calculateddensityplots across

FIG. 5. Silica surfaceafter H2
L O bombardment� model VII � : � a� side view�

silica: ball andstick model;water: largerballs� , � b× � matchedtop view of a
silica surfacelayer before � grey� and after water treatment � black

× �
: Solely

Q3
Ü sitesand Si of silanolsare displayedas balls at the pure and the hy-

droxylatedsilica surface,respectively� free hydrogenand water molecules
areomitted in the stick model; the different reactionsat A, B, C arebond
saturation,siloxanebreakingand geminalgroup generation,respectively� ,�
c� sideview of the matchedsurfacestructuresof � b× � cut alongA, C, B.

FIG.
�

6. Snapshotsof MD simulationsof hydrophilic wafer bondingat different temperingtemperaturesandsimulationtimes:T � 0.1TgØ , t � 0 ps; T � 0.7TgØ ,
t � 110 ps; T � 1.6TgØ , t � 40 ps; andT � 0.8TgØ , t � 250 ps.
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the
�

interface,andmonitoring the H2O
F

dissociation� see� Fig.
7
v �

. Figure7� a� � shows� the variationof the Si andthe H den-
sity� throughthe interfacein the z� direction

4
for different tem-

peratures� correspondingto Fig. 6. The stepwisetransitionof
the
�

density for lower temperaturesis broadenedat higher
ones� andcorrespondsto the hydrogendiffusion zone.In ad-
dition,
4

the dissociationof the watergroupswithin the gapis
plotted� asa function of the temperature� Fig.

Â
7� b� �~  . In gen-

eral,� at temperaturesbelow approximately0.3Tg� ,� the rapid
breakage
�

of H2
1 OF groupswith the formationof H andOH is

obvious.� However,the mobility of theseconnectedandfree
H
7

ions is restrictedto the x� and� y� directions,
4

i.e., along the

wafer) surfacethey cannotenter the bulk. Near Tg¡ the
�

OH
groups# beginto break,too. ThesmallerH andO groupscan
diffuse
4

into thebulk moreeasily.Coupledwith thefragmen-
tation
�

andopeningof thesurface,anincreaseof thediffusion
constant� of hydrogenfor the z� direction

4
is obtained.As will

be
�

shownbelow ¢ see� Figs. 9 and 10£ this
�

diffusion process
influences
�

the wafer bondingbehavior.

D. Bond breaking and diffusivity of adsorbates

Figure
Â

8 showsthe MSD function of all atomicspecies
in thegapat about0.3Tg� for a typical MD bondingsituation.
In order to emphasizethe movementof the H2

1 OF molecules,
oxygen� ¤ OF Si

¥ ¦ bonded
�

to silicon in the bulk structure,and
oxygen� § OF Ḧ bonded

�
to hydrogenin the gap,will be consid-

ered� separately.After a very shortparabolicsection © 0.1
�

psª
the
�

functionsreveala rough linearity. While hydrogenand
oxygen� within the gaparequite mobile andindicatea trans-
lational
%

movement,the small MSD values( «¬ 0.1
�

nm)2
1
,� but

smaller� thanthe squareof the Si–O distance® of� silicon and
oxygen� within the bulk result from a purely vibrational
movement.< The slope of the MSD functions enablesthe
evaluation� of the diffusion constantD,� using the Einstein
relation:

D ¯ d
°

/
�
dt
° ±~²´³

r µ r0
¶ · 2
1 ¸

/2
�

N
¹ º

,�
where) N

¹ »
1 for the diffusion in one direction,N

¹ ¼
2 for the

diffusion
4

in a plane,andN
¹ ½

3
[

for a three-dimensionaldiffu-
sion.� This calculation,however,only makessensefor the
hydrogenandthe oxygendiffusion with the assumedstrong
translational
�

movement.
Figure
Â

9 showsthe diffusion of the hydrogenatomsin
the
�

z� direction,
4

i.e.,perpendicularto thegap,aswell asin the
xy� plane,� i.e., parallel to the gap, for temperaturesbetween
0.17
�

T
�

g� and� 1.4T
�

g� . In the xy� direction,
4

the hydrogenmove-
ment< results in a nearly linear temperaturedependence
within) the Arrhenius plot. This reflects an ideal diffusion
behavior
�

along the gap with probablyno significantdistur-
bances
�

at anytemperature.For thediffusion perpendicularto
the
�

gap, threedifferent regionscan be identified.For lower
temperatures
�

up to 0.3Tg� ,� thediffusion valuesaswell asthe
linearity of the plot are comparablewith the xy� diffusion.

4
Here,
7

becauseof the relatively shortMSD times,mainly the

FIG.
�

7. Structuralchangesat thebondedinterface: ¾ a¿ normalizedù averaged
densityÀ /

Á Â
0
Ã ( Ä 0,Si

Ã : Si bulk density;Å 0,H
Ã : initial H densityin thegapÆ of the

atomicspeciesÇ Si: full line, H: dottedlineÈ perpendicularÓ to theinterfacefor
the
É

differently temperedmodels of Fig. 6, Ê b× Ë dissociationof the water
within the interfacegapasa function of the temperature.

FIG.
�

8. MSD functionsof thebondedsilica interfacestructuresfor different
atomicspeciesÌ oxygensin H2

L O andSiO2
L distinguishedÍ .

FIG.
�

9. Arrhenius plot of the hydrogen diffusion coefficients D
Î

H
Ï in
+

a
bonded
×

silica interfacestructureperpendicularÐ zÑ directionÒ andparallel Ó xyÔ
directionÕ to

É
the interface.Insets:x projectionof the H atomsat 0.3TgØ and

1.1 TgØ .
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movementwithin the gap is measured.At temperaturesbe-
tween
�

0.3 and0.9T
�

g� the
�

diffusion is approximatelyconstant.
This meansthat the water–silica interface seemsto be a
strong� barrier to the hydrogendiffusion, which canbe over-
come� only at temperaturesaboveT

�
g� . BetweenT

�
g� and� 1.4T

�
g�

the
�

diffusion constantincreasesrapidly, revealinga different
diffusion
4

mechanism.The inserts of Fig. 9 show typical
snapshots� of thediffusion of H into thesilica materialsat the
temperatures
�

of 0.3 and 1.4T
�

g� . Note that herehydrogenis
not� distinguishedto belongingeitherto theH, theOH or the
H2O

F
group.The diffusion into the bulk is remarkablesolely

above� 0.9Tg� .
The
2

diffusion of watermolecules,oxygenions,andOH
groups# is measuredby the movementof oxygenwithin the
gap.# It results in a diffusion similar to that of hydrogen,
however,with at leastone order of magnitudelower diffu-
sion� constants.Only at temperaturesnearor aboveT

�
g� do
4

the
diffusion
4

valuesdeviate from a linear Arrhenius behavior.
This indicatesthe start of the bondingprocess,which also
inhibits
�

the oxygen diffusion in the xy� direction.
4

In the z�
direction
4

againthreesectionswithin the diffusion curvecan
be
�

recognizedenablinga similar interpretationfor hydrogen.
It alsomustbe emphasizedthat at elevatedtemperaturesthe
diffusion
4

constantin the z� direction
4

for hydrogenis about
eight� timeshigher thanthat of oxygen.

To sum up the diffusion behaviorin Fig. 10, the ratio
Dxy× /

�
DzØ of� the xy� and� z� directed

4
diffusion is shownfor both

the
�

H andO species.Below approximately0.3T
�

g� the
�

move-
ment< of H and H2O

F
within the gap is nearly isotropic, i.e.,

the
�

diffusion constantsareindependentof the direction.The
meanfree path reachesthe order of the gap width at about
0.6
�

T
�

g� ,� resulting in a strong increasein the ratio D
Ù

xy× /
�
D
Ù

zØ .
Suitable



MD measurementsÚ half
*

width of the gap density
Fig. 7, and maximumchangeof the MSD slope in Fig. 8Û
yieldÜ averagediffusion lengthsof 0.28nm for H2

1 OF and0.35
nm� for H. The correspondingmeanfree path of 0.027 and
0.12
�

nm, respectively,given by the theoryof an ideal gasat
a� temperatureof 0.6Tg� ,� aremuchsmaller,andindicatethat
the
�

simulateddiffusion lengthsreflect the gapwidth.
At
0

the strongmaximumaround0.9T
�

g� ,� the diffusion in
the
�

xy� direction
4

is more than 20 times higher than in the z�
direction.
4

For higher ( Ý 1.2Tg� )Þ temperaturesthe diffusion

into thebulk is nearlyof thesameorderof magnitudeasthe
diffusion
4

along the interface.In this temperaturerangethe
bulk
�

diffusion should be the most essentialprocess,espe-
cially� becauseof the very long diffusion pathsto the wafer
edges.� A rough estimation of the experimentaldiffusion
paths� into the wafer ß on� the orderof 10 nmà and� out of the
edges� of a wafer á on� the orderof 1 cmâ shows� that the ratio
D
Ù

xy× /
�
D
Ù

zØ has
*

to be at leaston the order of 1013– 1014 for
-

a
preferred� water removalout of the wateredges.Extrapolat-
ing theMD calculatedratiosfor T ã 0.9

�
Tg� to

�
lower tempera-

tures
�

this can only be reachedfor temperatureslower than
T
� ä

400
~

K.
By analyzing the vibrational spectrum å which) will be

done
4

in detail in a forthcomingpaperæ these
�

resultsmay be
confirmed� anddirectly relatedto experimentalinfrared ç IRC è
and� Ramanspectra.

IV. DISCUSSION

Although
0

only onesilica polymorphis stablein classical
MD usingtheBMH potential,sufficientlygoodsilica glasses
can� be created.Future work will considerother potentials
and� especiallymodifiedembeddedatomicapproximationsto
enhance� the structuregenerationand to enablethe Si/SiO2

interactions.Theserelaxedsilica glasseshavea highly reac-
tive
�

surface.Watermoleculessettlingon the surfacehaveat
least
%

threedifferentkindsof bondingsites.Theycorrelateto
sites� attachedto Q

·
3
� ,� or wheresilanolsarecreatedby crack-

ing Si–O bondsin the surface.Furtherwatermoleculesare
bonded
�

via hydrogenbonds.A depositionenergyof approxi-
mately< 3 eV yieldsa goodhydroxylationof thesurface.Sub-
sequent� bombardmentwith oxygen leadsto the dissolution
of� waterandthe separationof hydrogen.The reactivity is a
function
-

of the Q
·

3
� density
4

and of the numberof three-fold
rings,r which bothdescribethedefectstructureof thesurface.

The activatedandrelaxedsurfacescoveredwith silanol
and� water form the basisfor the simulationof silica wafer
bonding,
�

which canbeusedasa modelof thehydrophilicSi
wafer) bonding.Therearethreedifferent regimes,which can
be
�

relatedto experimentalobservations.29
1

Theshort-timebe-
havior at low temperaturesandpressuresleadsto hydrogen-
bonded
�

surfaceswith a low bonding energy.The bonding
energy� canbe increasedeitherby increasingthe temperature
and/or� the pressure,or by temperingat lower temperatures
for sufficiently long times.Increasingthe temperatureand/or
pressure� enablesus to dissolvethe silanol andwatergroups
and� to lower the diffusion barriers.Thus the interfacegap
can� beclosedby forming directsilica–silica bonds.Thelong
time
�

behaviorshowsa reactiverearrangementof thesurface,
which) locally leadsto strongsilica bondsevenat low tem-
peratures� é e.g.,� at 0.6Tg� within) somepsê . However,the rela-
tion
�

betweenthesedifferent bond regimesand the experi-
mentally< observedbondenergyplateausis incomplete,asin
our� presentmodel the water, OH and oxygen diffusion is
described
4

without theoxidationof thebulk Si. Nevertheless,
the
�

oxidationaswell asthemovementof theoxidationreac-
tion
�

front may influencethe diffusion. It hasto be the most
important
�

processbecausethe oxide is much thinner thana
possible� diffusion lengthalongthe bondedinterface.

FIG. 10. Ratioof thediffusion coefficientsof H andO within waterandits
dissociationfragmentscalculatedfor thebondedsilica surfaceasa function
of the temperature.
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V. CONCLUSIONS AND SUMMARY

Moleculardynamicssimulationsbasedon empiricalpo-
tentials
�

areusedto investigatetheelementarystepsof bond-
ing
�

two silica surfaces.MD simulationsshowthat the most
crucial� problem consistsin finding complex atomic poten-
tials
�

coveringbulk and surfacestructuresas well as the in-
teraction
�

with adsorbates.Theresultingbondenergydepends
on� the assumptionsof the moleculardynamicsmodelingas,
e.g.,� heattransfer,annealingtemperature,and surfacetreat-
ment.< Watermoleculesarereactingwith the siloxanebonds
thus
�

forming silanol layers. The structureof further water
layersis determinedby externalforcesandthekinetic energy
of� H2

1 OF as well asby all thevariousfragmentshavingformed
during
4

the reaction.The critical energybarrier to transform
hydrogen
*

bondsto covalentSi bridgesis relatedto the sur-
face roughnessand the diffusivity of the adsorbates,and is
thus
�

mostly controlledby the annealingtemperature.
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ton,
É

ElectrochemicalSocietyProceedings,Vol. 97–36, pp. 381–392.
3
Ü
D. Conrad,K. Scheerschmidt,andU. Gösele,Appl. Phys.A: Mater.Sci.
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