afer bonding, also termed

direct bonding or fusion

bonding, has increasingly

become a technology of

choice for materials integra-

tion in various areas of micro-
electronics, optoelectronics, and
microelectromechanical systems (MEMS).
The Electrochemical Society has played
an important role in furthering this new
technology by organizing a biannual
series of symposia on this subject starting
in 1991. In the present article we will
describe the status of this technology,
and mention major accomplishments as
well as challenges and opportunities for
future research and applications. We will
concentrate on the basic principles
involved, rather than on detailed descrip-
tions of applications. Because the litera-
ture on wafer bonding has become rather
extensive, it is not our goal to be exhaus-
tive but rather to stress aspects which are
important or just interesting in our own

o
o
~

a)

b)

<)
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somewhat personal view. For more
details, we refer the reader to the pro-
ceedings of the above mentioned confer-
ence series, 1.2 a recent book,3 and a
number of excellent review articles on
this subject.4-10 We will cover a range of
materials including silicon and IlI-V
compounds, as well as various topics
such as low temperature bonding
approaches including ultra-high vacuum
bonding, thinning processes based on
hydrogen-implantation induced layer
splitting (“smart-cut” and “‘smarter-cut”),
“compliant universal substrates” based
on twist wafer bonding, and the poten-
tial use of wafer bonding for the protec-
tion of wafer surfaces.

What is Wafer Bonding?

Wafer bonding refers to the phenom-
enon that mirror-polished, flat and clean
wafers of almost any material, when
brought into contact at room tempera-

ture, are locally attracted to each other by
van der Waals forces and adhere or bond
to each other. In most, but by far not all
cases, the wafers involved in actual appli-
cations are typical single crystal semicon-
ductors such as silicon or gallium
arsenide. After starting the bonding
process, by locally applying a slight pres-
sure to the wafer pair, the bonded area
spreads laterally over the whole wafer
area in a few seconds as shown in Fig. 1.
Because the bonding achieved at room
temperature is typically relatively weak,
room-temperature bonded wafer pairs
usually have to undergo a heat treatment
to strengthen the bonds across the
bonding interface. Frequently, one of the
wafers is then thinned to a thickness in
the range of a few nanometers to many
micrometers, depending on the specific
application. Also depending on the spe-
cific application and materials system,
the generic process flow as shown in Fig.
2 may be modified in a number of ways

a) wafer cleaning

] annaahng

i) direct bonding

cd) thirrmg

Fic. 1. (left) Infrared picture of initiation and propagation of a bonding wave in wafer bonding of 4-in silicon
wafers. (The dashed line comes from the tong used to initiate the bonding).

FiG. 2. (above) Generic direct wafer bonding process flow.
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(e.g., no heating or thinning step, combi-
nation of the heating and bonding steps,
use of an intermediate bonding layer, or
of structured wafers).

Historical Background

Probably the first report on the
sticking of flat glass plates can be found
in a 1638 book by Galileo Galilei.1 Later
on, this phenomenon was empirically
known and partly used for optically pol-
ished pieces of materials and was first sci-
entifically investigated for polished
pieces of quartz glass by Lord Rayleigh in
1936. In the sixties and seventies this
adherence phenomenon was used for
some isolated applications involving
glass or 111-V compound wafers. In the
eighties, almost simultaneously,
researchers at Toshibal2 and IBM13 used
this room temperature adhesion phe-
nomenon followed by an appropriate
heating step to replace the epitaxial
growth of thick silicon wafers or to fabri-
cate silicon-on-insulator (SOI) structures,
respectively. In the case of SOI wafers, at
least one of the silicon wafers is ther-
mally oxidized before bonding so that
this oxide layer may later form the
required insulating layer. Shortly after-
ward, bonding of structured silicon
wafers was applied for the fabrication of
micromachined pressure sensors and
termed silicon fusion bonding.14 In the
meantime, wafer bonding has been
applied to all kinds of materials combi-
nations involving silicon or other mate-
rials. The wide availability of chemical
mechanical polishing (CMP) in inte-
grated circuit fabrication and of a variety
of precision thinning approaches has led
to a widespread and diverse use of wafer
bonding. The application areas range
from microelectronic devices based on
SOl structures, power devices, high
voltage devices, optoelectronic devices
based on IlI-V compounds, non-linear
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optics devices, and MEMS including
pressure and acceleration sensors.
Although wafer bonding can be applied
as a simple and elegant method to join
equal or different materials, one of its
main advantages appears to be the possi-
bility to fabricate single crystal layers on
top of substrates which may be either
amorphous, polycrystalline, or a single
crystal with large lattice mismatch. The
term wafer bonding somehow implies
that wafers are involved, but bulk pieces
(such as pieces of laser crystals) can also
be easily bonded by the same approach
provided that the surfaces are sufficiently
flat.

Surface Requirements

In contrast to conventional diffusion
bonding performed at temperatures close
to the melting point, no macroscopic dif-
fusional transport of the materials to be
bonded usually occurs across the inter-
face of bonded wafers. Plastic deforma-
tion of the wafers also should generally
be avoided. As a consequence, wafer
bonding requires clean and mirror-pol-
ished surfaces that might be chemically
conditioned before bonding. The wafers
do not have to be atomically flat and
may thus contain surface steps and ter-
races as long as their density is not too
high. Because the wafers can deform elas-
tically, a certain waviness and bow can
be tolerated. It is nowadays possible to
calculate which surface roughness, wavi-
ness and bow (as e.g. determined by mea-
surements) will still allow bonding for a
specific surface interaction.3 It is fair to
say that almost all materials may be pol-
ished in such a way that the surface
requirements for bonding are fulfilled.
Generally, most commercial semicon-
ductor wafers (with the possible excep-
tion of SiC) may easily be bonded
without further polishing, independent
of their diameter and thickness.

IA Heating

Trargparent
i Llarf-
Step3: &=
Drying

High speed
gribel ey

Step 4
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Fic. 3. Schematic of the microcleanroom setup and procedure.
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In the best investigated case of silicon
wafer bonding, three different kinds of
surface conditioning are presently used:
(1) hydrophilic surfaces, which usually
consist of an oxide layer (native oxide or
thermally grown oxide) to which water
molecules are attached via intermediate
OH-groups; (2) hydrophobic surfaces,
which consist of hydrogen saturated sil-
icon surfaces obtained by an HF-dip
removing any oxide layer; and (3) clean
silicon surfaces without adsorbates,
which may be realized only under ultra-
high vacuum (UHV) conditions. For
each materials system, the surface prepa-
ration step has to be carefully considered
especially because the resulting surface
layer, even if it consists of only a mono-
layer, may cause undesirable interface
reactions during a heating step.

It is worth remembering that cavities
in the wafer surfaces do not prevent
bonding, whereas particles or local pro-
trusions do prevent bonding at least
locally around these disturbances and
lead to unbonded areas that are fre-
quently termed interface bubbles. There-
fore, particles on the surfaces have to be
avoided by proper cleaning and bonding
procedures. Surfaces with undesirable
surface topographies may be rendered
bondable by directly polishing the sur-
face. If this is not allowed or possible, a
process and device-compatible sacrifial
layer (e. g., a CVD oxide or polysilicon
layer or a spin-on glass) may be
deposited, which can then be polished
to offer a bondable surface.

How is Bonding Performed?

Different bonding procedures appear
to be appropriate for different materials
systems. Whereas for bonding of
hydrophobic and hydrophilic silicon
wafers, the actual contact of the two
wafers is usually performed at room tem-
perature in ambient atmosphere,
bonding of IlI-V compounds is fre-
quently performed at elevated tempera-
tures in a hydrogen atmosphere. To
avoid particles between the wafer sur-
faces, which would lead to unbonded
areas, the contact has to be performed in
a clean room of class 10 or better or in a
“microcleanroom.” A microcleanroom?5
is a centrifuge-based device specifically
designed to avoid particles between the
wafer surfaces to be bonded (Fig. 3). After
contacting the wafers, the actual
bonding starts at one location, typically
after initiation by local application of a
slight pressure. The bonded area then
spreads over the whole area within a few
seconds as mentioned above and shown
in Fig. 1.
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Directly after room temperature
bonding, the adhesion between the two
wafers is determined by van der Waals
interactions or hydrogen bonds and is
one or two orders of magnitude lower
than typical for covalent bonding. The
surface energy is typically around 100
mJ/m2 for hydrophilic surfaces and
around 20 mJ/m2 for (hydrogen cov-
ered) hydrophobic silicon surfaces gener-
ated by an HF dip. For most practical
applications a higher bond energy is
required than obtained after room tem-
perature hydrophilic or hydrophobic
bonding. Such an increase (to about
2000 mJ/m2 for covalent bonding) may
be accomplished by an appropriate
heating step. In the case of silicon the
heating step is associated with chemical
reactions. This heating step is frequently
performed at temperatures as high as
1100°C in the case of silicon. The reac-
tions at the bonding interface may con-
veniently be investigated by multiple
internal reflection spectroscopy (MIRS).

For details the reader is referred to the
literature.16 For hydrophobically bonded
wafers during heating the reaction con-
sists of sequential hydrogen desorption
and silicon-silicon covalent bond forma-
tion across the interface

=Si-H + H-Si= => Si-Si=+H, (1)

At temperatures up to about 600°C the
hydrogen does not diffuse into the sil-
icon but rather diffuses along the
bonding interface. In the case of
hydrophilic wafer bonding, the end
result, namely the generation of molec-
ular hydrogen, is the same but there are
intermediate steps involved. Initially
there exists molecular water at the inter-
face in terms of monolayers of water
adsorbed on hydrophilic oxides. Molec-
ular water will also come partly from the
reaction

=Si-OH+HO-Si= =>=5i-0-Si= +H,0 (2)

which starts to form strong covalent
bonds across the bonding interface at
temperatures above about 120°C. Molec-
ular water will oxidize the surrounding
crystalline silicon and form molecular
hydrogen via the reaction

Si + 2H,0 => SiO, + 2H, ®)

Hydrogen molecules resulting from
Reaction 3 cannot appreciably dissolve
in the silicon phase and therefore gen-
erate a high gas pressure at the interface.
This pressure, which may lead to forma-
tion of interface bubbles or weakening of
the bonding, decreases with increasing
oxide thickness (because the hydrogen
can be dissolved in the oxide). Therefore,
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for strong and high quality bonding a
combination of a very thin oxide (which
favors getting rid of the water via Reac-
tion 3) and a thick oxide (which reduces
the pressure at the interface) appears to
be most favorable, as indeed was found
experimentally.

As mentioned above, the bonding of
111-V compounds is frequently performed
in a hydrogen atmosphere at elevated
temperatures (around 500-650°C) for rel-
atively small pieces of say 1 cm x 1 cm
which are pressed together by an
external load. Only recently, we man-
aged to demonstrate that whole GaAs
wafers of up to 6” in diameter may be
bonded in a hydrogen atmosphere
without the application of any
weights.17:18 One essential feature of our
process is the separation of the two GaAs
wafers during heating in hydrogen and
the subsequent in situ contact of the
wafers in hydrogen at elevated tempera-
tures. This procedure should allow wafer
based fabrication of bonded vertical
cavity surface emitting lasers (VCSELSs).

Low Temperature Bonding Approaches

In many cases, in order to avoid
thermal stresses or damage to already
existing structures in or on the wafers
involved, it is desirable to perform wafer
bonding close to room temperature or at
least at moderate temperatures of only a
few hundred degrees centigrade (often
termed low temperature wafer bonding).
In the case of hydrophilic silicon
bonding long-time annealing (for 10-100
hours) at temperatures at 200°C or even
lower may lead to relatively high
bonding energies.3 A very promising
approach for low temperature bonding is
based on various plasma treatments of
the silicon surfaces, which in some cases

Step 1: H Implantation

o

Singla Crystal Walar

allow for high bonding energies already
at room temperature,19 although one
has to be careful to avoid plasma related
contamination problems.

An attractive possibility to reach the
full bonding energy directly at the room
temperature bonding step consists in
contacting two silicon surfaces free of
adsorbates under UHV conditions.®
Mechanical testing of UHV bonded 4”
(100) silicon wafers confirms the cova-
lent nature of the bonding at the inter-
face. Covalent bonding has also been
accomplished for 3” GaAs wafers at tem-
peratures around 300°C under UHV con-
ditions after in situ cleaning of the
surfaces by atomic hydrogen.20 The elec-
trical properties of such bonded inter-
faces are still not yet understood in any
detail although they will be important
for device applications in which current
has to flow across the interface.

Thinning Approaches

Depending on the specific applica-
tion, frequently thinning one of the
bonded wafers down to a thickness
between about 10 nm to some microme-
ters is required. From the many different
approaches such as precision polishing,
the use of etch-stop or polishing/
grinding stop layers (including the
remarkable case of a porous silicon layer),
we will discuss here only an especially
elegant procedure that has been sug-
gested by Bruel and termed “smart-
cut.’2122 1t is based on hydrogen
implantation before bonding, which
leads to the splitting of silicon wafers
along  hydrogen-filled  microcracks
induced by the precipitation of the
implanted hydrogen during a heating
step after bonding (Fig. 4). The process is
also known as hydrogen-implantation

Step 3: Layer Splitting

*

Step 2: Direct Wafer Bonding

FiG. 4. Schematic of the hydrogen-induced layer transfer.

Step 4: Single crystal layer
on a host substrale
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induced layer splitting, exfoliation,
delamination, or ion-cut.

One main advantage of this proce-
dure, which allows a thickness variation
in the 10 nm range, is that split wafers
may be re-used (after some soft pol-
ishing, which is also required for the
transferred layer) since its thickness has
changed only by about a micrometer or
less. Co-implantation of a much lower
dose of boron facilitates a decrease of the
temperature and/or time of splitting
considerably (“smarter-cut”).23 Lower
temperature layer splitting is most
important for bonding materials with
different coefficients of thermal expan-
sion such as silicon and quartz glass.
Implantation of silicon at temperatures
higher than ambient may lead to fewer
defects and will also allow splitting at
lower temperatures. Recently it has been
demonstrated that hydrogen-implanted
wafers may also be split by mechanical
means at room temperature instead of
using an annealing step causing a gas
pressure in the microcracks.24

If hydrogen-implanted wafers are
annealed without bonding, surface blis-
ters will develop. These blisters will
finally break and flaking will occur,

TABLE |. Approximate temperature windows

which for many years has been known
as an undesirable side effect of hydrogen
(or helium) implantation. Observing
these surface blisters is a convenient way
of investigating the hydrogen agglomer-
ation process as a function of implanta-
tion temperature, implantation dose and
energy, annealing temperature and time,
and crystallographic orientation. Layer
splitting by hydrogen implantation and
wafer bonding is especially interesting
for expensive materials such as single
crystal SiC, diamond, GaAs, InP, GaN
and a number of complex and expen-
sive oxides for which the smart-cut
procedure also works. In Fig. 5, the
annealing time to observe surface blis-
ters after hydrogen implantation in Si,
SiC, InP, GaAs, and LaAlOj is shown as
a function of reciprocal temperature for
a dose of about 5 x 1016 cm2 of
hydrogen molecules.

It is important to note that micro-
cracks may develop only for certain
implantation temperatures which may
not include room temperature. For too
low a temperature, implantation will
generate too much lattice damage to
allow sufficient hydrogen agglomera-
tion. For too high a temperature,
hydrogen is already mobile during the
implantation process and will move
out of the implanted region. Some

Single crystal Temperature approximate temperature windows for
Material Window (°C) hydrogen implantation are compiled
) in Table 1.10 GaP and most other
S! 5010 450 materials are expected to be susceptible
Sic 5010 900 to the layer splitting process, provided
GaAs 160 to 250 that appropriate processing conditions
InP . 150 to 250 will be used. Repeated transfer of thin
c-cut sapphire 700 to 800 single crystal layers of expensive mater-
Ga'\: 450 to 275 ials onto appropriate inexpensive sub-
L‘?A O3 250 t0 500 strates (e.g., single crystal SiC onto
LiNbO3 2510 500 polycrystalline SiC) could allow a large
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drop in the price of these materials and
consequently to more widespread and
economic usage. Hydrogen implanta-
tion induced layer splitting may also
enable further advances in three-
dimensional integration of microelec-
tronic devices and possible integration
with opto-electronics.

Compliant Universal Substrates

Heteroepitaxial growth of single
crystal layers on a substrate with a dif-
ferent lattice constant leads to the
incorporation of misfit dislocations if
the film exceeds a critical thickness,
which depends on the lattice misfit of
the two materials. The generation of
misfit dislocations is generally associ-
ated with a high density of threading
dislocations in the epitaxially grown
layer. It has always be a dream to have
a “magic” substrate available, which
would preclude the generation of
misfit dislocations or at least that of
threading dislocations.

Theoretically, epitaxial growth on
an extremely thin substrate, which
would always remain below its critical
thickness, has been shown to conform
with the growing film such that no
misfit  dislocation is  generated.
Although this has also been shown to
work experimentally, such thin films as
substrates are not practical. Recently,
Lo and co-workers25.26 at Cornell Uni-
versity have fixed a very thin layer of
(100) GaAs on a (100) GaAs substrate
rotated by a certain twist angle. The
fabrication was accomplished by twist
wafer bonding of two GaAs wafers one
of which contained an epitaxial
AlGaAs etch-stop layer followed by a
thin (about 3-10 nm) GaAs layer and
subsequent back-etching. The resulting
structure is schematically shown in Fig.
6. Growth of misfitting IlI-V com-
pounds (InGaAs and InSb) on this thin
GaAs layer bonded on the GaAs handle
wafer showed a drastically reduced
density of threading dislocations.25.26
The “compliant universal substrates,”
as the material was called by Lo and co-
workers, has created an enormous
interest in the semiconductor commu-
nity. Presently, it is unclear how such a
compliant universal substrate would
actually work. In our own experiments,
in which we tried to confirm the Cor-
nell results, we also got hetero-epitaxial
layers free of threading dislocations??
but our twist bonded GaAs layer con-
tained a high density of pin holes. In
cases where the pin holes were
avoided, no dislocation-free heteroepi-
taxial layers could be accomplished.
These results appears to cast serious
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doubt on the concept and realization
of a universal compliant substrate.
Clearly further experiments are desir-
able in this area.

Surface Protection by
Reversible Wafer Bonding

In order to protect the mirror pol-
ished surfaces of semiconductor wafers
from particle or organic contamination
during transport and storage in poly-
meric boxes, it has been suggested to
bond wafers by weak van der Waals
bonding and to ship and store bonded
wafers instead of single wafers.28 By
this approach, the wafer surfaces would
be protected and, in addition, less
space would be used for storage and
transport resulting in lower costs. The
bonded wafers would be separated just
before device processing by an air or
nitrogen jet as schematically shown in
Fig. 7.

What does the Future Hold
for Wafer Bonding?

Wafer bonding is now a well estab-
lished technology for the fabrication of
commercially available SOl wafers. This
area will become of increasing impor-
tance after SOl becomes a mainstream
technology. Wafer bonding is also
commercially used in the MEMS area.
Another commercially established
application is the replacement of GaAs
substrates by GaP substrates by a wafer
bonding process for high efficiency
light emitting diodes.29 In the latter
case, as well as in the case of building
up smart thyristor structures by
bonding two appropriately pre-
processed silicon wafers, electrical cur-
rent has to flow across the bonding
interface, a subject which is not yet
properly understood.

Wafer bonding may be used for
many different areas of materials inte-
gration such as three-dimensional pho-
tonic crystals,30 bonding of diamond
covered  silicon  structures  for
implantable biomedical devices, three-
dimensional microelectronic devices
(by repeated application of smart-cut
procedures), value added substrates (by
proper bonding and thinning of
GaAs/AIN, GaAs/Si or Si/GaAs), ferro-
electric films directly on silicon
without the presence of intermediate
phases (by a low temperature wafer
bonding approach), or magnetoelec-
tronics (by allowing combination of
ferromagnetic metals with silicon
without the formation of silicides by
appropriate bonding procedures), to
name just a few. Such possible applica-
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tions of materials integration are aston-
ishingly diverse and apparently limited
more by our lack of imagination than
by technological restraints. ]
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