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Strained interface of lattice-mismatched wafer fusion
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~Received 28 January 1997!

A model has been developed for the periodic strain field near the wafer-fusion interface of lattice-
mismatched single crystals. A solution has been found that satisfies the elastic mechanical equilibrium and the
boundary conditions. It reveals a wavy interface with the amplitude of the atomic displacement rapidly decay-
ing a short distance from the interface. The model is consistent with the experimental observations of nearly
defect-free material except at the interface. The strong alternating strains along the interface have implications
for its electronic energy-band structure and electrical characteristics.@S0163-1829~97!05219-3#
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There has been considerable recent interest in a ‘‘wa
fusion’’ process in which single-crystal wafers are press
together at elevated temperatures for the formation of co
lent bonds along the interface.1–15 The process is similar to
sintering but occurs in a more macroscopic scale. It furt
allows grown single-crystal layers to be transferred a
monolithically integrated onto a substrate of a different l
tice parameter or of a different crystal orientation to fo
novel optoelectronic devices. Except at the interface, vi
ally no dislocations have been found in the wafer-fus
materials,2,6–8,12 in sharp contrast with the direct heteroep
taxial growth of the materials on lattice-mismatch
substrates.16–18The realization of this long-sought capabili
has a potential for an entirely new class of optoelectronic
electronic devices. Indeed, a number of high-performa
devices with good reliability have already bee
developed.2–5,8–10,12One example of these rather interesti
applications is a practical manufacturing of highly efficie
~Al xGa12x)In0.5P light-emitting diodes, in which a transpa
ent GaP substrate is wafer fused to replace the absor
GaAs.10,11 However, considerable strain is still present ne
the wafer-fusion interface and needs to be examined to b
understand the nature of the interface and to facilitate fur
applications. In particular, the strain modification of the ele
tronic energy-band structure can have significant impli
tions for the electrical characteristics or other physical pr
erties of the interface.

Several groups have obtained high-resolut
transmission-electron-microscope cross-sectional views
the GaAs/InP wafer-fused interface and have observed
array of misfit dislocations along the interface with a regu
spacing as expected from the amount of latt
mismatch.2,6,8,12Based on this observation, we have dev
oped in this work a comprehensive model of the strain fi
near the interface. We consider the periodic compressive
tensile strains along the interface and describe a solution
satisfies the mechanical equilibrium and the boundary co
tions. The model shows that the strain is highly localized
the interface and is consistent with the experimental ob
vations of virtually defect-free materials and reliable hig
performance devices.

The present model of lattice-mismatched wafer fusion
illustrated in Fig. 1. The two semi-infinite perfect crysta
prior to the bond formation are illustrated in Fig. 1~a!. The
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lattice parameters of the upper and lower wafers area and
(11«)a, respectively, and thex andz axes are parallel and
perpendicular to the interface, respectively. Figure 1~b! illus-
trates the bond formation between the two crystals after
fer fusion. The lattice mismatch« is usually a few percen
and gives rise to misfit dislocations with a regular spacing

L5a/«. ~1!

In the upper wafer, in regions near the dislocation cor
there is compressive strain in the lateral direction, wherea

FIG. 1. Schematic drawing of the present model of the interf
of lattice-mismatched wafer fusion. Part~a! shows the two starting
semi-infinite perfect single crystals of two different lattice para
eters, and part~b! shows the bond formation after wafer fusion. Th
mismatch results in a periodic array of misfit dislocations as ill
trated in ~b!. The strain field can be found by solving the elas
mechanical equilibrium equations for the given boundary con
tions. The model reveals a wavy atomic displacement perpendic
to the interface. It also shows that the strain field is highly localiz
to a thin region along the interface.
12 899 © 1997 The American Physical Society
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regions between the dislocations the strain becomes ten
The opposite is true in the lower wafer. This periodic stra
field must also satisfy the mechanical equilibrium conditio
i.e.,

]sxx

]x
1

]sxz

]z
50, ~2!

and

]sxz

]x
1

]szz

]z
50, ~3!

wheresxx and szz are the normal stresses, andsxz is the
shear stress.~For simplicity, the crystal has been approx
mated as a continuum.! This simple two-dimensional case
considered first, and an extension to the more realistic th
dimensional case will be given later. Equations~2! and ~3!
state that at equilibrium there is no net force acting on a
given volume element. With the additional boundary con
tion of diminishing strain away from the interface, a soluti
can readily be found~by first considering the Airy stres
function19! for the upper wafer, i.e.,

sxx52szz5 (
m51

`

Ame
2m§ cos~mj! ~4!

and

sxz52 (
m51

`

Ame
2m§ sin~mj!, ~5!

where

j[
2px

L
, ~6!

§[
2pz

L
, ~7!

and theAm’s are the coefficients to be determined by matc
ing to the atomic arrangement along the interface. The s
tion for the lower wafer is similar but with some opposi
signs. A simplification of retaining only the fundament
term ofm51 will be considered first for an illustration o
the principles.

For elastically isotropic materials, the strains are given

«xx5
1

2m~11n!
~sxx2nszz!5

A

2m
e2§cosj, ~8!

«zz5
1

2m~11n!
~szz2nsxx!52

A

2m
e2§cosj, ~9!

and

«xz5
1

2m
sxz52

A

2m
e2§sinj, ~10!

wherem is the shear modulus andn is the Poisson’s ratio
The coefficientA can now be determined by matching to t
ile.
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strain in regions in between the dislocations, such as
near the origin in Fig. 1~b!; where a symmetry consideratio
places the strain at«/2, i.e.,

«xx~0,0!5«/2. ~11!

Note that correction will be needed for any deviation fro
the symmetry assumption of equal elastic constants in
two materials. By comparing Eq.~11! with Eq. ~8!, we have

A5«m. ~12!

Substitution of Eq.~12! into Eqs.~8!–~10! yields the strain
field.

The atomic displacementsux anduz , parallel and perpen-
dicular to the interface, respectively, can now be evalua
by integrating Eqs.~8!–~10!, i.e.,

ux5
a

4p
e2§sinj ~13!

and

uz5
a

4p
e2§cosj. ~14!

Note that Eq.~14! leads to a wavy interface, i.e.,

uz~x,0!5
a

4p
cos

2px

L
. ~15!

This is reflected in Fig. 1~b!, but with an exaggeration by a
factor of 2, so that the wavy feature can be more clearly se
Also note that the amplitude of the wavy atomic displac
ment quickly decays a short distance from the interface
to the exponential factore22pz/L in Eqs.~13! and ~14!. The
present picture of a strong periodic strain field along
interface is in general agreement with the cross-sectio
transmission-electron-microscope observations, espec
those in Ref. 2.

The present two-dimensional solution can be generali
to the more realistic three-dimensional case by superposit
With the additional orthogonaly axis, it can readily be veri-
fied that the three-dimensional solution as represented by
set of atomic displacements

ux5
a

4p
e2§sinj, ~16!

uy5
a

4p
e2§sinh, ~17!

and

uz5
a

4p
e2§~cosj1cosh!, ~18!

with

h[2py/L, ~19!

satisfies the mechanical equilibrium and boundary con
tions.

While the present solution appears to be accurate for
gions between the dislocations, the strain in regions close
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the dislocations is probably significantly underestimat
More accurate solutions can be obtained by including
higher-order terms in the Fourier expansion, but would
quire more detailed knowledge of the atomic arrangem
there. These higher-order terms would nonetheless repre
effects that are even more short ranged or localized as ca
seen in the exponential factors in Eqs.~4! and ~5!. It should
be noted, however, that the present consideration base
linear elasticity theory is not applicable to the dislocati
core regions.

The rapidly diminishing strain away from the interfac
implies a minimal disturbance to the bulk of the materi
during the wafer-fusion process, despite the considera
strain introduced to the interface. This is consistent with
experimental observation of virtually no dislocation gene
tion in the wafer-fused materials. This is also consistent w
the good device performance and reliability obtained, wh
are virtually identical to those on the original lattice-match
substrate. Such a result is rather different from the hetero
taxial growth of thick layers on lattice-mismatched su
strates, in which the strain relaxation resulted in high den
ties of threading dislocations in the grown layers.16–18Thus,
the wafer fusion process is a viable alternative for integrat
with lattice-mismatched substrates without material degra
tion. The highly localized strain further precludes any stre
,
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enhanced long-range diffusion and therefore ensures a l
term stability and reliability of the materials and devices.

The present model may also provide insight into the el
tronic structure and the electrical characteristics of the m
matched interface. Since strain alters the crystal symm
and shifts the electronic energy bands, the strong alterna
strains along and across the interface should result in con
erable modulation of the band structure and may lead
interesting phenomena. Potential wells may be formed
lead to ‘‘quantum dots’’ and ‘‘quantum wires.’’ The elec
tronic behaviors will probably be affected by the presence
dislocations. The coherent array of dislocations along
wafer-fused interface may make it simpler for investigati
such effects. The interface strain pattern, and hence the e
tronic structures, can be altered by choosing the degree
lattice mismatch, misorientation~i.e., angle-polished, off-
axis wafers!, or rotation between the two single-crystal w
fers. Further experimental and theoretical studies will
needed to explore these possibilities.
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