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Abstract 

The quantum-chemical methods of modified neglect of diatomic overlap (MNDO) and Austin model 1 (AMl) are discussect 
and applied to the investigation of the different steps of direct bonding of silicon or silica wafers enhanced by water molecules. 
Conccming the hydrophilization, the reaction cnthalpy of joining a water molcculc to the silica surface was found to be 4.3 kcal 
mol-‘, which is insufficient for a molecule to disintegrate, therefore higher concentrations of OH- ions are necessary to form 
silanol bonds, realized, e.g., by NH,OH treatment. The strength of the HZ0 interaction with an oxidized surface is nearly five 
times higher than that with pure silicon. At low bond densities, i.e., if only one siloxane bond is formed from two adjacent silanol 
groups, the transformation of silanol bonds into siloxane ones is exothermal, leading to an easy procedure, implying, however, low 
adhesion (fixing). Stronger bonding is provided by higher densities of reacting silanol bonds, but then the process becomes 
endothermal because of spatial restrictions, requiring a thermal treatment. At the hydrophilized silica surface a specific 
arrangement of silanol bonds and water clusters results. Its thermodynamic stability is determined by the equilibrium of core-core 
repulsion and the exchange interaction of the electron shells. As the formation enthalpy depends non-linearly on the bond number 
the stable configuration is attained at a density of four silanol bonds per 100 A’, coupled with 2-4 water molecules per silanol 
bond. 
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1. Introduction 

As is well known, direct bonding of two hydrophilic 
mirror-polished silicon wafers allows layer systems to 
be fabricated without additional glue, and can avoid 
excessive thermal stresses in cases of dissimilar materi- 
als. The latter is due to the relatively low temperatures 
(in comparison to, e.g., bonding by glass fusing) which 
may be achieved at the annealing step of this bonding 
procedure. Hence, a doping profile broadening is also 
prevented, as well as the generation of defects and 
problems of contamination. Because of the advantages 
associated with the flexibility of the method regarding 
crystal orientation, thickness of the wafer, doping type 
and profile and combination of the bonding partners, 
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considerable efforts have been made in the last decade 
to improve the direct wafer bonding technique, which 
was first presented in 1985 by Lasky [I]. Recent devel- 
opments in this field, reviewed by Tong and Gbsele [2], 
provided some progress in the bonding technology, 
revealing, however, different problems. These essentially 
are: (i) the further decrease in. the annealing tempera- 
tures with regard to increase in the bonding strength, 
(ii) a better approach to structural and electrical perfec- 
tion of the interfacial region, and (iii) the comprehen- 
sive understanding of the different steps of the bonding 
mechanism across the interface on an atomic scale. The 
last topic should provide the key to the first two. This 
paper tries to contribute to this purpose. 

In general, wafer direct bonding starts with contact- 
ing the hydrophilic surfaces of the bonding partners at 
room temperature in air, after hydrophilization, by 
applying special procedures or a conventional treatment 
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with standard solutions [3-61 (for hydrophobic sur- 
faces, see Ref. [7]). As silicon wafers are usually covered 
with at least some monolayers of native oxide it can be 
assumed that the atomistic bonding mechanisms for 
silicon and silicon oxide wafers are identical. Thus, in 
both cases considerations may start on the basis of the 
known surface chemistry of silicon oxide [8] which 
implies that the residual valences of the SiOZ units at 
the free silica surface react with the water molecules [9]. 
Therefore, at the surface, silanol groups (=Si-OH) 
occur which can form siloxane bonds (=Si-0-Siz) 
between the opposite surfaces after water release: 

Si-OH + HO-Si --f Si-0-Si + H,O 

Such a polymerization of silanol bonds at room temper- 
ature requires that the distance between the two hy- 
droxyl groups of the opposite wafer surfaces is small 
enough, which is guaranteed if they are hydrogen 
bonded. Thus, a first rough understanding of the kinet- 
ics of the water-enhanced bonding process would com- 
prise three reaction steps: (i) joining via water clusters 
at T < 200 “C, (ii) strengthening of the binding force by 
hydrogen bonds between silanol groups, and rearrange- 
ment of the water clusters at T = 200-700 “C, and (iii) 
development of siloxane bonds under the release of 
water, which then diffuses away. 

First estimations of the corresponding maximum sur- 
face energies of the three steps (via the bonding energy 
in the water configurations or the surface energy of 
quartz) yielded 0.17, 0.6347 and 1.967 J m -*, respec- 
tively [lo]. 

Following Michalske and Fuller [ll] and especially 
Stengl et al. [lo], who proposed the first molecular 
models of the water-enhanced bonding process, the 
specific arrangement of the water molecules involved is 
to be considered here in more detail. It is evident that 
the atomic structure of the absorbed water interlayer 
will determine the kinetics of the bonding process dur- 
ing the annealing procedure. 

Contacting of the water-covered silica surfaces in- 
duces hydrogen bonds between the oxygen and hydro- 
gen atoms of the water interlayer, for energetic reasons 
resulting in the formation of larger water clusters con- 
taining four molecules. These cyclic tetramers originate 
from the separation of water molecules from the silanol 
groups during the first bonding step and subsequent 
arrangement of the water monomers in rings around 
the bridging bonds between two opposite silanol 
groups. In the interlayer these rings are parallel to the 
interface; their formation can be postulated by a simple 
energy balance [lo]. Roughly estimating the maximum 
energy gain after the formation of a cyclic tetramer 
[ 12,131 yields approximately 0.43 eV per water 
molecule. The strength of a hydroxyl water bond within 
a dimer, however, is known to be nearly 0.13 eV. Thus 

the ring formation in the described manner should 
clearly be energetically favourable. At elevated temper- 
atures, after the decomposition of the cyclic water 
ciusters and the diffusion of the individual water 
molecules through the silica network the free silanol 
groups should form siloxane bonds and water 
monomers, as mentioned above. 

For discussing the validity of the mechanisms and 
molecular arrangements described above, as well as of 
any other model explaining the atomic steps of water- 
enhanced bonding, it is necessary to determine the data 
of formation enthalpies and bonding energies of the 
different molecular configurations involved in this pro- 
cess which are based on quantum-mechanical calcula- 
tions. This may also provide the possibility of 
improving the model by considering additional pro- 
cesses, which might explain, e.g., the observed influence 
of the applied pressure on the bonding strength and the 
role of electrostatic bonding. 

In addition, the effect of the degree of hydrophiliza- 
tion should be described more clearly as it can be 
assumed that a high density of hydrogen bridges will 
stabilize the three-dimensional network of water 
molecules and hydroxyl groups in the interlayer. In this 
context it should also be pointed out that a plasma 
activation of the surfaces prior to bonding [ 14,151 may 
essentially increase the number of hydroxyl groups, i.e., 
the density of bonding sites, resulting in a bond 
strengthening. 

Moreover, the model in its present state needs intri- 
cate phenomenological parameters concerning, e.g., the 
activation energy for the transformation of silanol to 
siloxane bonds or the time constant [ 10,151 describing 
the time dependence of the bonding strength. Neverthe- 
less, it is interesting that at least a qualitative agreement 
with experimental data on surface energies can be at- 
tained [ lo]. 

In the following, at first the quantum-mechanical 
methods used will be explained, with the modelling as 
well as the limits of the approximations being eluci- 
dated. Then the results of the calculations will be 
discussed and consequences for the understanding of 
the bonding mechanisms deduced. Additionally, we 
also treat the problem of a direct chemical reaction 
between water and silicon for surfaces that are abso- 
lutely free of oxide layers. 

2. Calculations using the method of modified neglect 
of diatomic overlap (MNDO) and the Austin model 1 

(AMI) 

The constructions of molecular orbitals (MOs) using 
linear combinations of atomic orbitals (LCAOs) are 
convenient methods for the determination of electronic 
properties of molecules and solids, e.g., energy-eigenval- 
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ues, charges, local densities of states, and, in special 
cases, for the calculation of thermodynamic parameters 
(e.g., formation enthalpies) as well as of geometric ones 
(e.g., bonding length, bonding and torsion angles) 
[ 16,17,19]. Other properties reproduced by MO-LCAO 
methods are ionization energies [ 16,171, electron affini- 
ties [ 261, polarizabilities [ 271, molecular vibrational fre- 
quencies [28] and chemical shifts in electron 
spectroscopic techniques. In MO-LCAO methods the 
wave function of a molecular orbital Yj is represented 
as a linear combination of atomic orbitals (Pi: 

c,pk (1) 
k=l 

The atomic orbitals are Slater functions [20] of the 
form: 

(Pk = NY;” (6 4) exp( - tkr) 69 

where <k are the orbital exponents and Yy(B, 4) are the 
real spherical harmonics. The orbital exponents repre- 
sent the effective nuclear charge experienced by an 
electron in the atomic orbital. As usual, Slater’s rules 
were used for determining the exponent for any given 
orbital [20]. The orbital coefficients cik, in Eq. (l), can 
be estimated in an energy minimizing procedure. For its 
practical execution several approximations of different 
degrees of restriction are necessary. The most successful 
simplifications are the intermediate neglect of differen- 
tial overlap (INDO) and the neglect of diatomic differ- 
ential overlap (NDDO) [19,21]. Within these models 
the energy minimizing procedure after Roothan and 
Hall leads to a system of equations [ 16,19,21]: 

where Ek is the eigenvalue of the MO Yyi. The elements 
F,, of the Fock matrix are the sum of a one-electron 
part (core Hamiltonian) and a two-electron part. Using 
the assumptions of the NDDO approximation the diag- 
onal elements F,, and the non-diagonal elements Fpy 
(two electrons at one centre) and F,, (two electrons at 
two centres) of the Fock matrix are: 

F,,,, = Up, + c V,,, (one-electron part) 
B 

A 

+ c P”” 
B 1 

+ C t P,,(pp, 10) (two-electron part) (Ja) 
B I,rr 

(4b) 

with the U,,, as one-centre one-electron energies and 
two types of one-centre two-electron repulsion inte- 
grals, i.e., g,, = (pp, vv) as Coulomb integrals and 
h,, = (PLY, pv) as exchange integrals. The fllcl are intro- 
duced as two-centre one-electron core resonance inte- 
grals. As in most semi-empirical methods they are 
assumed to be proportional to the corresponding over- 
lap integrals spl and assigned to adjustable empirical 
parameters [ 16,191. The (pv, no) are two-centre two- 
electron repulsion integrals and the I’,,,, two-centre 
one-electron attractions. The P,,” are the elements of the 
density matrix. 

In the MNDO method used for our calculations only 
valence electrons (of the atoms which constitute the 
molecules or clusters, representing the solid) of s- and 
p-like character are taken into account. These are the 3s 

and 3~~,~,= electrons of silicon, the 2s, 2p__ electrons of 
oxygen and the 1s electron of hydrogen. The electronic 
energy Eel of the molecule, or the cluster, can be 
represented depending on the elements of the Fock 
matrix F,,, the density matrix Ppy and the one-electron 
part of the Hamiltonian HP”: 

& = ; c c P,,(H,~ + 4,) (5) 
P ” 

The core-core repulsion energy EAB depends on the 
distance RAB of the cores A and B, their charges ZA, 2, 
and on specific atomic parameters aA, aB and YAn. For 
those elements having four valence electrons to be 
considered in MNDO calculations, e.g., B, C, N, 0, Si, 
P, S and Cl [ 16-181, the repulsion energy is given by: 

EAB = c c ZAZByAB( e-‘ARAB + e - @AB) (W 
A B 

and for representing hydrogen bonded to N or 0 it is 
[ 161: 

l&n = &Zn~~n 
R 

K > 
y e-OLxRXH + e-‘nRXH 1 (6b) 

Evidently, the total energy of a molecule or cluster is 
the sum of the electronic energy, Eq. (5), and the 
core-core repulsion energies, E,q. (6) : 

Et,, = 4, + c c EAB (7) 
A B 

The ground state energy of a molecule or cluster is 
given by the sum of the energy-eigenvalues Ek, multi- 
plied by their occupation number nk Normally, the 
electronic ground state is characterized by an occupa- 
tion number of nk = 2 for all eigenvalues with energies 
below the Fermi level EF, and nk = 0 for all eigenvalues 
with energies higher than EF. Therefore the ground 
state energy can be written as: 
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Egr = f nkEk = 2 1 Ek (8) 
k=l E<E,c 

Following [ 16,171 the formation enthalpy of the 
molecule AH, can be obtained from its total energy by 
subtracting the electronic energies E$ of the single, 
isolated atoms and adding the experimentally measured 
formation enthalpies AH? of the atoms: 

AH,=E,,,-1 E:+x AHi+ (9) 
A A 

Eq. (9) can be used to get information about the 
thermodynamic stability of special geometric arrange- 
ments of the atoms in a cluster or a molecule, and, 
especially in connection with the optimization al- 
gorithm developed by Davidon [23], Fletcher and Pow- 
ell [21] (DFP-algorithm), to discover the most stable 
configuration. The variation of geometric parameters 
(bonding lengths, bonding and torsion angles) will 
influence E,,, and therefore AH, of the whole system. 
Thus local minima of AH, will indicate stable geometric 
configurations. 

With the aid of calculated formation enthalpies by 
Eq. (9) it is also possible to get information about 
reaction enthalpies of chemical reactions. The reaction 
enthalpy AHR is the difference of the formation en- 
thalpies of the reaction products AHF and the initial 
substances AHf”‘: 

AHR=~AH;e”C-~AH;“i (10) 

Moreover, it is possible to get information about elec- 
tronic properties of molecules and clusters by results of 
MO-LCAO calculations as, e.g., energy-eigenvalues 
and their occupation numbers [35,36]. Total and partial 
densities of s- and p-states are obtainable using energy- 
eigenvalues and orbital coefficients [ 361. Information on 
the size of the band gap Egap of a cluster, representing 
a solid, is achieved by the energy difference of the 
highest occupied (HOMO) and the lowest unoccupied 
(LUMO) molecular orbital. 

In order to apply the MNDO method and the DFP- 
algorithm for describing the atomic processes involved 
in the wafer bonding procedure, the clusters shown in 
Fig. 1 have been chosen to simulate the bulk and 
surfaces of the silicon dioxide wafers. In bulk SiO, each 
silicon atom is bonded to four oxygen atoms and each 
oxygen atom to two silicon atoms. The border silicon 
atoms are in plane configuration with three oxygen 
atoms; the border oxygen atom is bonded additionally 
by a p-p-n bond to saturate all valences (Fig. 1, Cl. 1). 
To simulate an SiO, surface with silicon as the top 
layer, the silicon surface atoms are bonded to three 
oxygen atoms. The unsaturated valences form dangling 
bonds (C1.2). A surface with oxygen as the top layer is 
simulated in a similar manner (C1.3). After the hy- 

0 0 0 

Cl 2 

0 0 

Si Si Si Si 

0 0 0 0 0 

Cl 3 

, 

0 0 0 0 0 0 

Si Si ’ Si Si 

0 0 0 

0 OH ( .o 

Si Si Si Si \ 

0 0 ‘0 ‘0 0 

Cl 5 
0 cm HO 0 

Si si Si Si 

0 0 0 0 0 

Fig. 1. Examples for the simulation of silicon dioxide clusters (Cl.) 
for MNDO and AMI calculations: Cl. 1, SiO, bulk; C1.2, SiO, surface 
with silicon as top layer and two dangling bonds; C1.3, SiO, surface 
with oxygen as top layer and two dangling bonds; C1.4, SiO, surface 
after partial hydrophilization with one silanol group and one dan- 
gling bond; and C1.5, SiO, surface after total hydrophilization. Also 
neighbouring surface silicon atoms are bonded to silanol groups. 

drophilization process the dangling bonds of the surface 
atoms are saturated with hydroxyl groups, forming 
silanol bonds (=SiOH, Cl.4 and C1.5). 

Although MO-LCAO calculations with the MNDO 
method can reproduce most .of the molecular properties 
with sufficient precision, problems arise, however, in the 
case of systems consisting of several molecules at spac- 
ings greater than ca. 1.5 times the corresponding cova- 
lent distance. These systematic deviations seem to be 
due to an overestimation of repulsions at great dis- 
tances and can be avoided in the AM1 method by a 
modified core-core repulsion function [24]. For the 
study of interactions between silicon dioxide clusters 
with water molecules, and between silanol groups, both 
MNDO and AM1 calculations have been carried out, to 
get information about the dimension of error by overes- 
timation of repulsion energies in the MNDO method. 
In the present paper, those results found by AM1 
calculations are marked. 
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Fig. 2. Energy-eigenvalues of clusters representing reaction partners 
of the hydrophilization process (MNDO calculations); (a) SiO, 
(bulk); (b) SiOz (surface with two dangling bonds); (c) Hz0 
molecule; (d) ‘OH radical; and (e) SiO, surface after hydrophilization 
with two silanol groups. 

3. Results and discussion 

The bonding process can be described with quantum- 
chemical methods in three steps with the aid of model 
clusters. The first step is the hydrophilization reaction 
of a silicon dioxide surface with formation of silanol 
bonds (ZSi-OH). The second one describes the forma- 
tion of siloxane bonds (SSi-O-Sk) after contacting the 
silicon wafers with thin oxide layers, after hydrophiliza- 

3 

4 

2 

0 

-2 

-Q 

AH, (kcal/mol) 

Fig. 3. Reaction enthalpy AHR for the system of a water molecule 
approaching (a) a silicon and (b) a silicon dioxide surface depending 
on their distance r. AM1 calculations. 

tion. Finally, the interaction of silanol groups with each 
other and with further water molecules on silicon diox- 
ide surfaces is discussed. 

3.1. Hydrophilization of the SiO, surface 

As already mentioned, silicon is usually covered with 
some monolayers of native oxide. Therefore, the first 
step of the bonding process, i.e., the hydrophilization 
reaction, can be described as a reaction of a silicon 
dioxide surface, having dangling bonds (Cl.2), with 
water molecules, with silanol bonds forming too (Eq. 
(11)). Formal balance of charge in the processes, Eq. 
(ll), is given by the formation of a bonding pair of 
electrons between the single electron of thei’ dangling 
bond and the single electron of the hydroxvl group in 
c1.4: 

Cl.2 

,O.. ! 

s< 
i c, i\ 

,i \ 
'Si 

i,O\\, 

AS ,,' 
,' \ ~~~,o,~~st“-o,~~~=~~,o 

+ Hz0 ------L 

0 0 

/O 
,' 

Cl.4 si 
-\1 l 

,*"t + "+ ,/ \ 
,//' ‘\ ' 

0 0 0 (114 
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0 OH !;o 
\ 

Cl.4 
Si si Si Si + Hz0 + 

0 0 0 0 0 

0 OH HO(-) 0 

Cl.5 si 
Si Si Si + fl+ 

0 0 0 0 0 (lib) 

These reaction steps of the hydrophilization process 
can be treated with Eqs. (7) (8) (9) and ( 10) to get 
information about their thermodynamic balance and 
the electronic properties of the involved reaction part- 
ners. The spectrum of the energy-eigenvalues of the 
clusters involved in the hydrophilization process ( 11) is 
shown in Fig. 2. The electronic and thermodynamic 
instability of the surface state with dangling bonds in 
comparison to the bulk material is characterized by the 
energetic position of surface induced states, marked by 
arrows in Fig. 2(b). Two doubly occupied states appear 
narrow below the Fermi level. Two singly occupied 
molecular orbitals (SOMOs) appear at 3.6 eV and 9.7 
eV below EF with high local densities of states localized 
at surface atoms. Therefore the ground state energy, the 
total energy and the formation enthalpy of the cluster 
representing the surface state are much lower than the 
bulk ones, as shown in Table 1. The hydrophilization 
leads to a drastic stabilization, characterized by a 
marked lowering of the energetic positions of most of 
the electronic states, even in comparison to bulk SiOZ, 
as indicated by Fig. 2, e.g., the deepest state, adjoined 
to a MO formed by Si( 3s) and 0( 2s) atomic orbitals, is 
1.04 eV lower in hydrophilized SiO, than in bulk mate- 
rial. It is evident that the electronic stabilization also 
induces the thermodynamic one. This is demonstrated 
in Table 1, where both properties are compared. The 
hydrophilization requires a dissociation of a water 
molecule into ions or radicals: 

H,O-+OH- +H+ (regular dissociation) (12a) 

2H20 + OH _ + H30 + (dissociation with proton 
transition) (12b) 

Table 1 
Total energy (I&), ground state energy (Es,) and heat of formation 
(AH,) of clusters representing bulk, surface and hydrophilized silicon 
dioxide. MNDO calculations 

Cluster 

Cl. 1 (bulk SO,) 
Cl.2 (surface SiO,) 
Cl.4 (surface SiO,, 
one silanol group) 

Cl.5 (surface SiO,, 
two neighbouring 
silanol groups) 

-2965.9 - 1349.1 -492.1 
-2641.6 -1181.4 -402.7 

- 2980.2 - 1322.0 -495.3 

-3318.6 - 1519.4 -583.6 

H,O + OH’ + H’ (bond splitting into radicals 
with I unpaired electrons) (12c) 

Semi-empirical MO-LCAO methods such as MNDO 
and AM1 have formerly been applied successfully for 
the calculation of proton affinities (PAS) and deproto- 
nation enthalpies (DPEs) [30]. Heats of formation, PAS 
and DPEs of the involved partners of the reactions (12) 
resulting from our MNDO and AM1 calculations are 
shown in Table 2 in comparison with their experimen- 
tally observed values. 

The thermodynamic interaction of a silicon or silicon 
dioxide surface with one or several water molecules 
over distances greater than the covalent bond lengths 
can be described by the reaction enthalpy Eq. (lo), 
which is specified for this case as the difference of the 
formation enthalpy of the whole system AH:“’ and its 
components, according to Eq. (10): 

AH&) = AH:“‘(r) - (AH%“’ + AHr’O) (13) 

This reaction enthalpy depends on the distance r of the 
single components and is calculated by the AM1 
method as the bonding properties of molecules at great 
distances can be described adequately in this way. 
AH?’ is the formation enthalpy of a silicon or a silicon 
dioxide cluster (Cl.2 in Fig. 1) with dangling bonds. 
The reaction enthalpy, Eq. (13) for the approach of a 
molecule to a silicon or silicon dioxide cluster depends 
on the distance r of its single components and is shown 
in Fig. 3. For the case of pure silicon it exhibits only a 
weak minimum of N 0.8 kcal molt’ at a distance of 
about 3 A, indicating a very weak interaction between 
the water molecule and the silicon surface. If the silicon 
surface is covered with an oxide layer of a thickness of 
a few atomic layers, then the course of the reaction 
enthalpy of this system (consisting of one water 
molecule and the silicon dioxide surface with dangling 
bonds) shows a stronger minimum of - 4.2 kcal mall ’ 
at a distance of about 4 A. Nevertheless, this value is 
too small to initiate the dissociation of the water 
molecule according to Eqs. (12) only by the approach 
of the reaction partners without any further energy 
supply. Alternatively, therefore, a high concentration of 
free OH - ions is offered by the reaction conditions 
( NH,OH/HZO,) to initiate the hydrophilization pro- 
cess. 

A further approach of the reaction partners leads to 
an increasing core-core repulsion energy and therefore 
to an increasing reaction enthalpy of the system. For 
distances nearer than 2.7 A between the water molecule 
and the silicon dioxide surface. the water molecule 
avoids this increasing core-core repulsion energy by an 
enlargement of the angle of the H-O-H bond from 
103.5” to 107.0” (AM1 calculation). This results in a 
turning-point behaviour of the corresponding reaction 
enthalpy curve, which is indicated by an arrow in 

Fig. 3. 
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Table 2 
Formation enthalpy, proton affinity (PA) and deprotonation enthalpy (DPE) of water molecule, hydroxyl ion, radical and hydronium ion as 
possible reaction partners in the hydrophilization process 

Molecule/ 
ion/radical 

AH, (kcal mol-‘) PA/DPE (kcal mol-‘) 

MNDO AM1 Exptl. Ref. AM1 Exptl. Ref. 

W - 60.9 -59.2 -57.8 [3ll 
‘OH +os $0.9 +9.5 [321 
OH- -5.8 -14.1 +412.3 +390.8 I331 
H,O+ + 134.2 + 143.5 + 164.5 + 166.5 [331 

3.2. Formation of siloxane bonds 

The second step of the bonding process is character- 
ized by the formation of -Si-0-Sis bonds after con- 
tacting the silicon wafers having thin oxide layers from 
hydrophilization and silanol groups =Si-OH at their 
surfaces. This process can be simulated by a reaction of 
clusters according to the following equations: 

, 
O===Si 

,’ O~,:sl/,s-” 
+ 
H-“~\\\si~o\ lSkO 

Cl.6 

1 c1-6 

,,i,/\,,~ ““. si/o\,si 
ON ‘\-.oi/ \o,i \,/ 1, + H20 

Cl.5 
(1% 

1 

~Si'"\Si'o\Si~o\SkO + H 0 

\,/\,/'\,/ 

2 

Cl.1 (14b) 

Eq. (14a) simulates the formation of the first siloxane 
bond of two adjacent silanol groups, between opposite 
wafers, leading to a fixing effected by only one siloxane 
formation and the neighbouring bonds leaving silanol 
groups. In this way the first siloxane group may find its 
torsion angle (dihedral) without a spatial restriction 
due to a neighbouring siloxane bond. Thus a fa- 
vourable arrangement of the involved atoms with en- 
ergy gain is possible, leading to the reaction enthalpy of 
- 8.2 kcal mol-’ which results in the exothermal be- 
haviour of this process. Eq. (14b) simulates the forma- 
tion of further siloxane bonds between the fixed wafers. 
This process is sterically restricted by the already exist- 
ing siloxane bond. An energy threshold resulting from 
the corresponding core-core repulsion energy has to be 
overcome in order to form this next siloxane bond. 

!! 2 
rl=2.3 A r2’3.6 8, 

A&=5.4 kdmol AH~c5.0 kdmol 

Fig. 4. Relative arrangement of two water molecules with different 
dihedrals. 

Therefore this process requires a high reaction enthalpy 
of + 32.3 kcal mol-‘, i.e., it is endothermal (Table 3). 

These results show that the bonding process de- 
scribed by Eq. (14) follows two distinct thermodynamic 
pathways: (i) the reaction of hydrophilized silicon wafer 
surfaces with low densities of silanol bonds (i.e., if these 
bonds are not situated at the nearest-neighbour silicon 
atoms) can easily be initiated and proceeds exother- 
mally, and therefore autonomously, and (ii) the reac- 
tion of wafers with high densities of silanol bonds, 

Table 3 
Heat of formation of the reaction partners involved in the bonding 
process ((14a), (14b)), (AMI calculations) 

Cluster AH, (kcal mol-‘) 

Cl.6 
( SiO, surface after total hydrophilization 
with neighbouring silanol groups) 

Cl.5 
(two clusters after partial formation of 
siloxane bonds, with two silanol groups) 

Cl.1 
(two clusters after total reaction of all 

silanol groups to siloxane bonds) 

H,O 

-317.3 

-583.6 

-492.1 

- 59.2 
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MEP 

Fig. 5. Electrostatic potential on the 1.7-fold van der Waals surface of a silicon dioxide cluster with one silanol bond. The hydrogen atom is 
allowed to take up arbitrary torsion angles. The cluster geometry is optimized by the DFP algorithm, involved in AMI calculations. 

(Wmol) 

m >20 

m >lO 

20 

j--j =o 

CO 

< -10 

especially of direct-neighbour -Si-OH bonds, requires 
additional amounts of energy to be fed and proceeds 
endothermally, i.e., during thermal treatment. 

3.3. Interaction of silanol groups and water molecules 
on hydrophilized silicon dioxide surfaces 

The reaction enthalpy owing to the interaction of two 
water molecules, depending on their distance, shows 
two minima, according to their torsion angle (dihedral). 

If both molecules are in nearly coplanar arrangement, 
as shown in case 1 in Fig. 4, the equilibrium distance rl 
IS - 2.3 A, and the enthalpy of the interaction due to 
the hydrogen bond is about 5.4 kcal mol - ‘, determined 
by AM1 calculations. If the planes of both molecules 
are twisted by 90”, as shown in case 2 of Fig. 4, the 
distance r2 at the minimum of the reaction enthalpy of 
about 5.0 kcal mol- I is found at w 3.6 A. 

As the interaction between a water molecule and a 
silicon dioxide cluster is much weaker than the interac- 

0 90 180 270 360 

Fig. 6. Reaction enthalpy AHR of the system of a silicon dioxide cluster with one silanol group (cluster of Fig. 5) depending on the torsion angle 

w of the hydrogen atom relative to the surface. AMI calculations. 
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Fig. 7. Reaction enthalpy for the interaction of a hydrophilized silica 
surface with NsioH silanol bonds with NH20 water molecules. 

tion between two water molecules, the reaction en- 
thalpy is correspondingly lower. The interaction of 
silanol groups &-OH with dangling bonds of the SiOZ 
surface and with further water molecules, as well as the 
charge separation within the -OH bonds and the 
charge transfer between the donor/acceptor compo- 
nents, are also weaker than for two water molecules. As 
an example Fig. 5 shows the charge distribution of a 
single silanol bond on top of a silicon dioxide cluster, 
consisting of 24 silicon and 64 oxygen atoms. The 
geometry of the SiO, cluster is optimized by the DFP 
algorithm, involved in the AMl-calculation program 
[22-241, and the hydrogen atom of the silanol bond is 
allowed to rotate around the Si-0 axis. The molecular 
electrostatic potential (MEP) shown in Fig. 5 refers to 
a sphere of radius 1.7 times the van der Waals radius, 
for the sake of an appropriate representation. 

,.:I::::I;:: 

Fig. 8. Model for a hydroxylated crystalline SO2 surface, proposed 
by Stengl et al. [lo]. 

Fig. 6 shows the course of the reaction enthalpy of 
this system, depending on the torsion angle o, of the 
hydrogen atom relative to a cluster axis in the surface 
plane. At each point of this curve all the other bonding 
lengths and angles are optimized. Both the absolute 
minima of enthalpy (3.7 kcal mol-‘) correspond to a 
position where the hydrogen atom is located immedi- 
ately in front of the donating dangling bonds of the 
oxygen atoms. Weaker local minima indicate other 
quasi-stable positions, with respect to other oxygen 
atoms, which are arranged in the spatial neighbour- 
hood. The,corresponding bonding length r of the O-H 
bond varies from 0.93 to 0.96 A; the bonding angle 8 of 
the =Si-O-H bond ranges between 119.0” and 123.4”. 
Thus, all the geometric parameters (bonding lengths, 
bonding and torsion angles) are optimized by the DFP- 
algorithm used, with the exception of the torsion angle 
of the silanol bond. This result indicates that the inter- 
action of silanol groups with each other and with 
additional water molecules on the silicon wafer surfaces 
via hydrogen bonds will lead to specific geometric ar- 
rangements. An essential feature influencing the final 
geometry of the system surface/additive is the non-lin- 
earity of the increments of enthalpy which arise from 
the increase of the number of partners (corresponding 
to the increasing number of interacting silanol bonds or 
water molecules on the surface) [34]. A geometric 
model proposed by Stengl et al. [lo] is investigated in 
detail in the following with regard to this topic. Con- 
cerning the optimum density of the silanol bonds the 
calculations yield the results illustrated in Fig. 7. An 
increase in the number of silanol bonds from zero to 
four per six unit cells (corresponding to nearly 100 A’, 
Fig. 8) stabilizes the system electronically (via I?,,,) and 
thermodynamically (via AHR) as can be seen by the 
ordinate of Fig. 7. A further increase in the number of 
silanol bonds then has a destabilizing effect, i.e., the 
total energy of the system and therefore its reaction 
enthalpy increase as the repulsion effects connected 
with the further addition of silanol groups become 
predominant. 

It is interesting to investigate the additional stabiliz- 
ing effects of water molecules which are arranged in the 
interlayer, forming specific planar clusters in parallel 
orientation to the wafer interface. An essential enthalpy 
gain for the equilibrium configuration of four silanol 
bonds per six unit cells, described above, is achieved by 
joining two water molecules at a maximum, as demon- 
strated by Fig. 7, with the abscissa representing the 
number of water molecules, and the parameter of the 
family of curves being the number of silanol bonds. A 
further increase in the number of water molecules then 
contributes little to the gain in the reaction enthalpy of 
the whole system. This result is due to the non-linearity 
of the increments of enthalpy mentioned above. Fur- 
thermore, from Fig. 7 it may be concluded that the 
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(4 

(b) 
Fig. 9. (a) Silicon dioxide cluster with four silanol bonds and three 

water molecules. Geometry optimization by the DFP-algorithm, im- 
plemented in AM1 calculations. (b) Surface region of the cluster (a). 
The van der Waals spheres of the atoms are represented. 

influence of additional interlayer water molecules is 
higher the lower the density of the silanol bonds across 
the interlayer. Whereas Fig. 8 must be understood mainly 
as a scheme, Fig. 9 demonstrates the real computed 
spatial equilibrium arrangement, where, for the sake of 
graphic representation, four silanol bonds, with two 
additional water molecules, coupled by hydrogen bonds 
are represented. This minimum energy configuration 
corresponds well to the model proposed in Ref. [IO]. 

4. Conclusions 

The different steps of the direct bonding process of 
silicon or silica wafers, enhanced by water molecules, 
were investigated by semi-empirical quantum-mechanical 
methods (MNDO and AMl). The results can be summa- 
rized as follows: 

(i) Hydrophilization. The strength of interaction be- 
tween water molecules and an oxidized silicon surface is 
nearly five times higher than that with a pure slicon 
surface (Fig. 3). However, the reaction enthalpy for a 
water molecule to be joined to the silica surface is about 
4.3 kcal mol - ’ which is not sufficient for the disintegra- 
tion of a water molecule. As, however, OH- ions are 
necessary for the formation of silanol bonds they must 
therefore be added from the beginning, e.g., via a 
treatment with NH40H solution (Section 3.1). 

(ii) Bonding. The transformation of silanol bonds into 
siloxane ones is an exothermal process if the density of 
silanol bonds at the surface is low, or strictly speaking: 
if only one siloxane bond is formed from two neighbour- 
ing silanol groups (no spatial restriction of torsion angles 
due to neighbouring siloxane bonds). Therefore, in this 
case the transformation may easily proceed, but it leads 
to only a small adhesion (fixing). A stronger bonding 
requires higher densities of the reacting silanol bonds. 
However, in this case the bonding process becomes 
endothermal (Section 3.2) and, therefore, a thermal 
treatment is necessary. 

(iii) Atomic equilibrium conjiguration. The silanol 
bonds and the water molecules are specifically arranged 
on the hydrophilized silica surface. The thermodynamic 
stability of this arrangement is characterized by the 
equilibrium of core-core repulsion and the exchange 
interaction of the electron shells. Owing to the non-lin- 
earity of the increments of the formation enthalpy with 
respect to the number of bonds the thermodynamically 
stable configuration is achieved at a density of four silanol 
bonds per 100 A’, which are coupled with two to four 
water molecules per silanol bond. 

(iv) Outlook. Calculations including entropy effects are 
being continued to investigate the effect of annealing 
temperatures (from RT to 900 “C) to the interface energy 
of bonded hydrophilic and hydrophobic silicon wafers. 
Moreover, a better understanding of the transition from 
the exothermal to endothermal reaction balance 
(silanol -+ siloxane) by estimating the critical densities is 
sought. 
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