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The nature and strength of the bonding forces between two H-passivated Si surfaces are studied with the
density-functional theory, using an approach based on recent theoretical advances in understanding of van der
Waals forces between two surfaces. Contrary to previous suggestions of van der Waals attraction between H
overlayers, we find that the attraction is mainly due to long-range van der Waals interactions between the Si
substrates, while the equilibrium separation is determined by short-range repulsion between occupied Si-H
orbitals. Estimated bonding energies and Si-H frequency shifts are in qualitative agreement with experiment.
@S0163-1829~98!06448-0#

Direct bonding of oxide-free Si wafers is a promising
technique for the fabrication of materials with abrupt dopant
profiles,1,2 as well as for the integration of micromechanical
and microelectronic components.3 A standard way of prepar-
ing Si wafers prior to bonding is to rinse them in a H-fluoride
solution, thus forming H-passivated~hydrophobic! surfaces.
When the two surfaces are brought into contact they bond
spontaneously, but weakly, with bonding energies in the
range 10230 mJ/m2.4–7 To strengthen this bond, the wafers
are subsequently annealed at high temperature, whereby hy-
drogen desorbs from the interlayer.1,5

There have been several proposals for the origin of the
initial room-temperature bond between the two H-passivated
surfaces, including intrinsic bonding due to van der Waals
forces between H atoms4,5 and bonding caused by adsorbed
OH groups8 or F atoms.9 In this paper, we investigate the
nature of the bonding forces using first-principles techniques.
Our theoretical method is based on density-functional theory
~DFT!, and we compare calculations where the exchange-
correlation energy is calculated in the local-density approxi-
mation ~LDA !,10 the generalized gradient approximation
~GGA!,11 and an approach based on recent advances in the
description of van der Waals forces in DFT.12–15 To our
knowledge, this is the first time such an approach has been
used to calculate binding energies.

Calculations are performed for two Si(100)-H(231) and
two Si(111)-H(131) surfaces. In both cases we find an at-
tractive interaction. We show, contrary to previous propos-
als, that the long-range attraction is mainly due to van der
Waals forces between the underlying Si substrates, with a
weak dependence on the Si-H bond length. The latter van-
ishes at large separations, but at the equilibrium separation it
gives rise to a small elongation of the Si-H bond. The equi-
librium separation is determined by the competition between
the attractive van der Waals force and kinetic-energy repul-
sion between occupied Si-H orbitals.

The DFT calculations are based on a plane-wave
electronic-structure program, where H and Si atoms are de-
scribed by ultrasoft pseudopotentials.16 We determine the Si
lattice constant to bea0

GGA55.46 Å in the GGA anda0
LDA

55.40 Å in the LDA, both in good agreement with the ex-
perimental lattice constanta0

Exp55.43 Å.17 To study
surface-surface interactions, we use a supercell with two
slabs, where one is a mirror image of the other~see Fig. 1!.
We vary the surface-surface separationd defined as the dis-
tance between the top layers of Si atoms, as well as the
relative parallel displacementR measured in units of the
surface-lattice constant. We calculate the interaction energy,
Eint5E222E1 , whereE2 is the total energy of the two in-
teracting slabs in the supercell, andE1 is the total energy of
an isolated slab in the supercell. By using the same supercell
length for both calculations, we obtain faster convergence of
the interaction energy as a function of the plane-wave basis
set. Detailed convergence tests18 show that well-converged
interaction energies can be obtained by using two four-layer
Si slabs with H-passivated back sides, a total of 17 Å empty
space in the supercell, special-pointk-grid spacings
,0.4 Å21, and plane-wave basis sets with kinetic-energy
cutoff 23 Ry. The geometry of the isolated surfaces is ob-

FIG. 1. Geometry of supercell with two Si(100)-H(231) slabs.
~a! Side view of thex direction. ~b! Side view of they direction.
The componentsRx and Ry of the relative parallel displacement
between the two slabs are indicated.
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tained by relaxing the H atoms and the first two Si layers,
and the resulting bond lengths and bond angles are similar to
other first-principles calculations.19–23 Test calculations
show that surface relaxations due to interaction between the
wafers change the interaction energies by less than 5%, and
we only include such effects for the calculation of Si-H fre-
quency shifts.

Figure 2~a! shows the interaction energy calculated within
GGA for the two Si(100)-H(231) surfaces as a function of
d andR. At larged, the interaction energy is nearly indepen-
dent of R and coincides with the interaction energy of two
Si~100! surfaces without H passivation~dashed line!. At
smaller d, the interaction between the passivated surfaces
becomes repulsive, whereas it continues to become more at-
tractive for the nonpassivated surfaces. The value ofd for
which the interaction energy is a minimum depends on the
relative displacementR. The bonding energy is smallest for
the relative geometry where the H atoms on the two surfaces
are in registryR5(0,0) and largest, where they are laterally
furthest apartR5(0.5,0.5).

We next investigate the microscopic nature of the short-
range repulsive and long-range attractive forces. For this pur-
pose, we divide the interaction energy into contributions
from kinetic energyEint

kin, electrostatic energyEint
el , and

exchange-correlation energyEint
xc . Van der Waals interac-

tions arise from density-density correlations and are part of
the exchange-correlation contribution. However, long-range
density-density correlations are not properly accounted for in

local or semilocal approximations, like LDA or GGA. When
a long-range exchange-correlation attraction is mimicked in
these approximations,24 it is often due to an unphysical po-
larization of the electron density. We, therefore, make a
separation of the self-consistent density of the interacting
systemn12

sc5n11n21Dn12 wheren1 andn2 are the densities
of the single slabs, andDn12 is the polarization. We define
n125n11n2 for the nonpolarized density of the interacting
system.

In Fig. 2~b! we show the separate terms of the interacting
energy of the two Si(100)-H(231) surfaces displaced by
R5(0.5,0.5) calculated using the Harris functional25 with
n12

sc ~dashed lines! andn12 ~solid lines! as input densities. The
total energy is variational and the two density approxima-
tions give roughly the same total interaction energy. In the
range 3 Å,d,5.5 Å, the values of Eint

xc and Eint
el

1Eint
kin (5Eint2Eint

xc) are similar in the two approximations.
The repulsion between the two surfaces is from the kinetic
energy, and it arises mainly from the overlap between the
occupied Si-H orbitals. The long-range attraction is from the
exchange-correlation energy and thus due to van der Waals
forces. Ford.5.5 Å, the exchange-correlation energy cal-
culated usingn12

sc becomes positive and the kinetic energy
becomes negative. This illustrates the fact that ford
.5.5 Å the GGA approximation is no longer valid and the
calculated polarizationDn12

sc is unphysical. At the wafer
separations relevant for wafer bonding we expect that the
polarization will be small, and in the following we approxi-
mate the density of the interacting system byn12.

In Fig. 3~a! we show the separate terms calculated in the
LDA and the GGA. Since LDA and GGA densities are al-
most identical, the two approximations give similar values
for the kinetic and electrostatic energies, while values forEint

xc

are very different. For example, defining the bonding energy,

FIG. 2. ~a! Interaction energies calculated within GGA of two
Si(100)-H(231) slabs, as a function of their separationd. Differ-
ent curves are for varying parallel displacementR. The dashed line
shows the interaction energy when H is removed from the two
surfaces.~b! The interaction energy for displacementR5(0.5,0.5)
separated into kinetic energyEint

kin , electrostatic energyEint
el , and

exchange-correlation energyEint
xc . Solid lines show calculations us-

ing a non-self-consistent density, and dashed lines show self-
consistent calculations.

FIG. 3. The interaction energy of two Si(100)-H(231) slabs
with displacementR5(0.5,0.5).~a! Solid lines show the interaction
energy separated into kinetic energyEint

kin , electrostatic energyEint
el ,

and exchange-correlation energyEint
xc calculated within LDA and

GGA. The dotted, dot-dashed, and dashed lines show the VDW
approximation forEint

xc calculated withk50.4, 1, and 2 Å21, re-
spectively. ~b! Total interaction energies with the exchange-
correlation part calculated using the GGA, LDA, and the three dif-
ferent VDW approximations.
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EB , as the minimum interaction energy for a givenR, we
find for R5(0.5,0.5) that the LDA givesEB5200 mJ/m2,
and the GGA givesEB520 mJ/m2. Furthermore, the van
der Waals attraction between two parallel surfaces is known
to have a power law decay at large distances,26,13,14while the
interaction energy calculated within LDA or GGA has an
exponential decay. It is therefore clear that neither approxi-
mation is usable for investigating the larged limit.

Recently, Refs. 12–14 have proposed van der Waals den-
sity functionals, with explicit expressions in the asymptotic
limits. To separate out the long-range contribution, we fol-
low Kohn et al.15 and divide the exchange-correlation energy
into a short-range chemical part and a long-range van der
Waals part. We calculate the short-range part using the
exchange-correlation energy of a homogeneous electron gas
with short-range electron-electron interactionUsr(r )
5e2kr /r and call this approximation srLDA.27 Inspired by
Refs. 12–14, we propose a parametrization of the long-range
contribution,

Eint
lrxc~d!52C2

12S 12e2k~d22z0!

d22z0
D 2

, ~1!

whereC2
12 is called the van der Waals coefficient andz0 the

van der Waals plane measured outwards relative to the first
Si plane. This equation has the correct asymptotic form for
the van der Waals attraction between two parallel surfaces,13

and we have added the exponential term in the numerator in
order to account for the modified long-range Coulomb po-
tential, U lr(r )5(12e2kr)/r . Anderssonet al.13 have pro-
posed a model for calculating asymptotic values forC2

12 and
z0 , using the average density perpendicular to the slab and
the centroid of the surface charge induced by a static uniform
external electric field oriented perpendicular to the surface.
We have calculated the average density and the centroid of
the Si(100)-H(231) surface within the LDA, and using

those values we obtainC2
1250.064 eV andz051.1 Å. The

corresponding values for the Si(111)-H(131) surface are
C2

1250.064 eV andz051.0 Å. The main assumptions in
these calculations are the neglect of surface corrugation, the
use of local jellium approximations for the dielectric tensor,
and a cutoff.13

We now define an approximation, named VDW, for the
exchange-correlation energy as the long-range part calcu-
lated using Eq.~1! and the short-range part calculated using
the srLDA. The separation of exchange-correlation energy
into these two fractions is determined by the value ofk. The
value ofk must be such that the short-range part dominates
at distances where chemical interactions are important, and
the long-range part dominates at distances where van der
Waals interactions are most important. To fulfill this we
must havek;1 Å21. Furthermore, the asymptotic value of
the VDW exchange-correlation energy at small separations is
determined by the value ofk (limd→2z0

Eint
lrxc5k2C2

12), and
must approach the LDA energy which we assume to be ac-
curate at such separations. In Fig. 3~a! we show the VDW
exchange-correlation energy calculated withk50.4, 1, and
2 Å21, and we see that thek50.4 andk51 Å21 approxi-
mations have the correct asymptotic behavior, while thek
52 Å21 approximation is too large at small separations.
For thek51 Å21 approximation the crossover from domi-
nant short-range to long-range exchange-correlation takes
place atd;3.5 Å. The fact that the LDA and VDW results
coincide in this regime shows that LDA mimics van der
Waals forces rather well at medium distances. In Fig. 3~b!
we show the total energies obtained by adding the kinetic
and electrostatic energy to the exchange-correlation energies.
The k50.4 andk51 Å21 approximations predict bonding
energies similar to the LDA value, while thek52 Å ap-
proximation has no minimum.

In Table I, we summarize the results of calculations for

TABLE I. The maximum/minimum bonding energyEB of all different relative displacement of
two Si(100)-H(231) and two Si(111)-H(131) surfaces, calculated within the LDA, GGA, and
VDW (k51 Å21) approximations, and the separations of the wafersdeq in the bonding geometry, as
measured between the topmost Si layers. The relative displacement with minimum bonding energy is in
both casesR5(0,0), while R5(0.5,0.5) is the displacement with maximum bonding energy. The two
Si(111)-H(131) surfaces are rotated by 180° in the minimum bonding energy configuration. For the two
Si(111)-H(131) surfaces we also list the change in the Si-H bond lengthDzH and the shift in the frequency
of the asymmetric Si-H stretch modeDvas.

Si(100)-H(231) LDA GGA VDW Expt.

EB (mJ/m2) 198/57 18/16 217/94 10230 a2 d

deq ~Å! 3.1/4.9 4.9/5.7 3.4/5.2

Si(111)-H(131) LDA GGA VDW Expt.

EB (mJ/m2) 151/68 17/17 121/88
deq (Å) 3.9/5.0 5.8/5.8 4.5/5.3
DzH (0.0001 Å) 2/50 -1/4 -5/12
Dvas (cm21) -12/-21 -2/-2 -5/-8 -17e

aReference 4.
bReference 5.
cReference 6.
dReference 7.
eReference 28.
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the bonding energy of two similar H-passivated Si surfaces
using the LDA, GGA, and the VDW approximation withk
51 Å21. The table shows the maximum and minimum
bonding energies obtained when varying the relative dis-
placement of the two slabs. The VDW approximation gives
bonding energies similar to the LDA values, while the GGA
values are one order of magnitude smaller. In all three ap-
proximations the minimum bonding energy is obtained for
the geometry where H atoms on the two surfaces are in reg-
istry, and the maximum bonding energies obtained in the
geometry where H atoms are furthest apart. An arbitrary ro-
tation of the two wafers relative to each other will in general
result in a geometry somewhere between these two extreme
situations, and we therefore expect the corresponding bond-
ing energy to be intermediate to the values listed in Table I.

For the Si(111)-H(131) surfaces, we also list the change
in the Si-H bond lengthDzH and the asymmetric Si-H stretch
modevas due to the presence of the other wafer at the equi-
librium wafer-wafer separation. Similar to previous LDA
calculations28 we find a small outward relaxation of the H
atoms and a softening ofvas during bonding. To obtain the
VDW result we calculated each term of the total energy as
function of bothd andzH . At the equilibrium separation the
outward relaxation of the H atoms is vanishing, however, the
wafer interactions change the curvature of the H potential
and thereby the frequencyvas.

It is instructive to compare the theoretical results with
experiment, bearing in mind that the experimental situation
may be considerably more complex due to steps, multiple
phases, adsorbed species, and elastic deformation of the crys-
tals. The VDW approximation withk51 Å has the most
correct description of the van der Waals interactions and
therefore the best theoretical model. For the two
Si(111)-H(131) surfaces, the VDW shift ofDvas is in
qualitative agreement with the measured shiftDvas
'17 cm21.28 For H-passivated Si~100! the experimental es-
timates of the bonding energies obtained by the crack open-
ing method giveEB510–30 mJ/m2.4–7 We should compare
this value with the average value for the different registries
of two Si(100)-H(231) surfaces. The VDW approximation
predicts an average bonding energy of'150 mJ/m2. It is
certainly reasonable that theory will tend to overestimate
EB , as corrugation effects such as steps and other defects
will tend to lower the effective contact area, and hence the
measured bonding energy. However, even taking such ef-
fects into account the VDW bonding energy seems too large
compared with experiment. The GGA bonding energy is
much smaller, suggesting that an improved description of the
system can be obtained by making a VDW approximation
based on a short-range GGA functional.

We now discuss the nature of the bonding forces. The
attraction is from van der Waals surface-surface forces,

which are parametrized usingz0 andC2
12. In Fig. 4, we show

the attractive part of the interaction between two Si~111!
surfaces for different H passivations. At large separations the
attraction is determined mainly byC2

12. This parameter is
independent of the position of the H atoms and similar toC2

12

of a nonpassivated silicon surface. The asymptotic long-
range attraction is therefore mainly from the Si substrate, as
suggested by Fig. 4 and the GGA results of Fig. 2~a!. How-
ever, the van der Waals planez0 does depend on the position
of the H atoms. This gives rise to the vertical shift of the
curves in Fig. 4 and is the origin of the outward relaxations
of the H atoms. We emphasize that this effect is not due to
direct H-H van der Waals interactions, since at the equilib-
rium wafer separations the van der Waals interaction~param-
etrized using values of Ref. 29! between two isolated H over-
layers is much smaller than the wafer-wafer van der Waals
interaction and cannot account for the bonding energy. Al-
though we cannot exclude that other effects may contribute
to the bonding energy, such as OH groups or F atoms ad-
sorbed on the surfaces,8,9 our theoretical results show that
such a hypothesis is not necessary to explain the measured
bonding energy.

In conclusion, we have calculated the bonding energy be-
tween two H-passivated Si surfaces using the LDA, GGA,
and an approach based on recent advances in the description
of van der Waals forces in DFT. The calculations show that
the force that leads to spontaneous bonding is a long-range
van der Waals force between the Si samples, while the equi-
librium separation of the wafers is determined by short-range
kinetic energy repulsion between occupied Si-H orbitals.
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ported by the Danish Research Councils.
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