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simulations of wafer bonding
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Abstract

Molecular dynamics simulations using suitably fitted empirical potentials have been emploved to describe atomic
interactions at interfaces created by the macroscopic wafer bonding process. Investigating perfect or distorted
surfaces (steps. reconstruction. adsorbates, facets, mistilt, twist rotation) of different semiconductor materials as well
as of silica enables one to study the elementary processes and the resulting defects at the interfaces as well as to
characterize the ability of the potentials used. Preliminary simulations on the basis of empirical potentials developed
by the bond order tight-binding approximation. yield enhanced interface structures and energetic relaxations as well
as {ransferability to new materials systems. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

According to the importance of wafer bonding for
semiconductor electronics and micromechanics appli-
cations (see the reviews [1.2]) there is an increasing
interest to describe the atomic forces at the interfaces.
The alomic processes determine the behaviour of
extended defects at a microscopic level, thus influen-
cing the macroscopic properties of bonded materials.
While, in principle. it is now possible to predict ma-
terial properties by using quantum-theoreétical ab initio
calculations with a miminum of free parameters, e.g..
density functional (DFT) based approximations, the
only method 1o simulate atomic processes with macro-
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scopic televance is the molecnlar dynamics (MD)
method using suitably fitted many-body empirical po-
tentials. Such simulations enable a large number of
particles (10°-10%) and sufficient relaxation times (10

1000 ps) to be considered. However. the electronic
structure and the nature of the covalent bonds can
only be described indirectly. Therefore, it is of import-
ance to find physically motivated semiempirical polen-
tials starting mostly with the moments of the ¢lectron
density and using tight-binding representations [3]. A
second momenl approximation of the tight-binding
model can be used to establish a general form at the
level of the Tersoff potential with at least only four
free fit parameters [4]. A further enhancement is poss-
ible based on the bond order potential (BOP4) [3],
which is an approximation up to the fourth-level con-
linued fraction of the Greens function. Its ability is
demonstrated in the following lor Diamond wafer
bonding, the details will be published clsewhere.
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The MD simulations have successfully been used to
describe ultra-high-vacuum bonding experiments for
Si(100) [6]. hydrogen passivated hydrophobic bonding
processes [7]. and to analyze the defect structure at
bonded interfaces [8-10], However, little has been
reported on the bonding of amorphous silica (4-Si0;)
surfaces [11.12]. which may be the basis or a first step
to describe hydrophilic wafer bonding. In addition. the
transferability of the simulations to other materials
systems is not well suited up to now. On the other
hand, conventional transmission (TEM) and high res-
olution electron mieroscopy (HREM) structure ima-
ging has been applied to investigate the resulting
interfaces and the defect structures at an atomic level
[13]. which in combination with calculated TR-spectra
provides a good experimental evidence of the results.

2. Method

The method of molecular dynamics (MD) solves
Newton’s equations of motion for a molecular system,
which results in trajectories for all particles considered
in the system. Thus, MD provides a tool suitable for
simulating time-dependent processes at an atomic level
as. e.g.. the growth of crystals. the reordering of inter-
faces, the interaction between adatoms and surfaces as
well as the relaxation of core structures of lattice
defects. The calculations are performed with the fifth-
order predictor-corrector algorithm of Gear using a
constant volume (NVE ensemble) or a constant press-
ure (NpT ensembie) and time steps of the order of
0.25 fs 10 ensure the proper calculation of surface
modes. NVE is preferred for free surfaces and simu-
lations to calculate the diffusion constants. whereas
NpT enables the relaxation of the cell dimensions and
the application of an outer pressure. which is imporl-
ant for glass generation and the simulation of wafer
interfaces, respectively. For controlling the system tem-
perature, cither all particle velocities are slightly
rescaled at each time step, or solely the outer layers of
the structure model. still applying periodic boundary
conditions parallel to the interfaces. In the latter case,
the energy dissipation and thus the dyvnamic bonding
behaviour are controlled by the transfer rates of the
kinetic energy at the borders of the model describing
an energy flux into a macroscopic substrate, In ad-
dition, for straight defects created at the interfaces the
system is coupled elastically to the bulk wafers.

As mentioned above. the mmteratomic forces in co-
valent solids can completely be described only if the in-
fluence of the local environment according to the
quantum e¢lectronic structure is also included. Simple
pair potentials and potentials of the valence force field
or related types as. e.g., the Keating (K) potential. are
restricted in their validity to solely small deviations

[rom the equilibrium. Howcever, empirical potentials
have been developed. which allows one to simulate the
non-local many-body interaction sufficiently well. The
potential most often used for semiconductors is the
Stillinger-Weber (SW) potential. consisting of two-
and three-body interactions, with a smooth cut-off
behind the nearest neighbour distance, and which is
fitted to the cohesive energy, the lallice constant, and
the melting point. It supports a symmetric quasi-five-
fold coordinated reconstruction at interfaces and fails
for large distortions in the surrounding of defects.
Nevertheless. it allows the next neighbour interaction
to be included by rescaling, which is a4 presupposition
to the simulation of the dynamical behaviour without
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e.g., the interaction of two silicon surfaces can be stu-
died by correctly revealing the 2 x | reconstruction of
a clean Si(100) surface. The potential used for silica is
the modilied Born—-Mayer—Huggins (BMH) ionic pair
interaction combined with a weak three-body term.
The BMH interaction combines a repulsion and a
Coulomb term. which is screened to avoid the long-
range Ewald sums. the three-body term is similar to
SW. In addition. a Rahman-Stillinger—Lemberg (RSL)
term was used for the water interactions.

The potential of Tersoff (here are at least three para-
metrizations TI, TII. TII) consists of a third-order
cluster structure and has the shape of a bond order.
which is a complete other functionality. It predicts the
asymmetric reconstruction with fourfold coordinated
atoms at interfaces with defects. Therefore, it was
applied to investigate the cores of 60° partial dislo-
cations in Si and other defects left after bonding two
wafers. Because of the short range of the Tersoff po-
tential it was supposed that the bond topology is given
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of a suitable surface structure and orientation (surface
reconstruction. steps and adsorbates) and applying
long-range potentials. For hydrogenated Si-wafer
bonding, the Tersoff potential. proposed by Murty and
Atwater, was used to model the silicon—hydrogen inter-
action, The potential is equivalenl to TII without
hydrogen, und to the potentials used by Brenmer for
hydrocarbons without silicon. Thus hydrogenated
Si(001) surfaces are well described mcluding recon-
structions of the (1 x 1) and (3 x 1) types.

Most of the existing potentials available are of the
SW or T types, compured to each other [14] they offer
advantages and disadvantages in range of validity,
physical meaning, fitting and accuracy as well as appli-
cability. Such restrictions exist for other potential
types. oo, even if the embedded atom approximation
(EAM) is used or special environment dependencies
are constructed to enhance the elastic properties near
defects. as. e.g.. in [13]. In addition, all potentials are
not well applicable [or long range interactions, The dif-
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Fig. 1. Defect core reconstructions: (a) 42m dreid] as the structural unit of a 90" twist boundary and the core structures of the two
stable nodes (T1.T2) for fully Tll-relaxed screw (S) networks: (b) (111) projections of the perfect 1/2[110] screw dislocation (S) and
the dissociated 30" partials (P1, P2) after 3-step MD relaxation with SW, K, and TIT potentials: (¢) [110] cross-sectional HREM
image of a wafer-bonded twist boundary. enlarged stacking fault ribbon hounded by two 307 partials, and image simulation from
the MD relaxed model with (P1, P2).
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a start interface at 300 K b

Fig. 3. MD simulations of bonding diamond surfaces: (1) C (00112 x | with tight-hinding MD: (b) C (111)=2 % i and using a

BOP4 potential.

equivalent reconstruction in Fig. 3a and b. respectively.
Both the tight-binding MD in Fig. 3a and the semi-
empirical MD using a BOP4 potential in Fig. 3b.
which enables one to use far more atoms in the calcu-
lation and which demonstrates the guality of the fit.
show the same bonding bchaviour. The tight-binding
level is necessary to describe correctly the m-bonds.
The dimers remain. the z-bonds are broken during the
bonding process. there is no graphitization at tempera-
tures not too high. The fourfold coordination is the
resulting stable minimum structure. On the (111) sur-
face. therefore. the outermost dimers must be re-
arranged [rom threefold coordinations to a fourfold
one.

4. Summary

Malecular dynamics simulations based on empirical
potentials are used to investigate the elementary
steps of bonding two Si(001) wafers. The system is
coupled elastically to the bulk walers, and the energy
dissipation is controlled by the transfer rates of the
Kinetic energy at the borders of the model, Calcu-
lated bonding energies and forces strongly depend on
the surface termination, native oxides. adsorbates,
and the process control. Twisted starting conligur-
ations. steps or rotational misorientations resull in
special interface configurations mostly no longer per-
fectly coordinated. Bonding energy and forces are
determined not only by the surface structure but

also by surface adsorbates as shown by MD of
hydrogen on hydrophobic Si and by water—silanol
reactions on silica surfaces describing the hydrophilic
termination. The simulations lead to a better under-
standing of the physical processes at the interfaces
and support the experimental investigations. es-
pecially the electron microscope structure analysis.
Simulations based on potentials derived from the
bond order expansion are used to enhance the physi-
cal reliability of the investigations and to predict the |
bonding behaviour of a wide variety of semiconduc._ |
tor surfaces.
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