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In advanced microsystems various types of devices (metal-oxide semiconductor field-effect transistors, bipolar transistors,
sensors, actuators, microelectromechanical systems, lasers) may be on the same chip, some of which are 3D structures in
nature. Therefore, not only materials combinations (integrated materials) are required for optimal device performance of
each type but also process technologies for 3D device fabrication are essential. Wafer bonding and layer transfer are two of
the fundamental technologies for the fabrication of advanced microsystems. In this review, the generic nature of both wafer
bonding and hydrogen-implantation-induced layer splitting are discussed. The basic processes underlying wafer bonding and
the layer splitting process are presented. Examples of bonding and layer splitting of bare or processed semiconductor and
oxide wafers are described.

1. Introduction

ªWafer bondingº refers to the phenomenon that mirror-
polished, flat, and clean wafers, when brought into contact
at room temperature, bond to each other without using ad-
hesives or external forces. The phenomenon that optically
polished pieces can adhere or bond to each other has been
known for a long time and was first studied by Rayleigh in
1936[1] for quartz glass. But it was only in 1985 that an at-
tempt was made almost simultaneously by researchers at
Toshiba[2] and IBM[3] to use this room-temperature adhe-
sion phenomenon coupled with an appropriate heating step
for silicon wafers in order to replace epitaxial growth of
thick silicon wafers or to fabricate silicon-on-insulator
(SOI) structures, respectively. Shortly afterwards, as an ex-
tension of the well-established ªanodic bondingº, the bond-
ing of structured silicon wafers was applied to the fabrica-
tion of micromachined pressure sensors, termed ªsilicon
fusion bondingº.[4] It has been demonstrated that wafer
bonding is not restricted to silicon/silicon bonding but can
be applied to many kinds of materials combinations involv-

ing silicon or other materials.[5] The generic nature of wafer
bonding was recognized in the early nineties[6] and it is one
of the two main topics of this review and will be discussed
in more detail based on recent developments.

In many wafer bonding applications, thinning of one wa-
fer of a bonded pair is a necessary step to realize the de-
sired materials combination. In SOI, a thin single crystal-
line silicon layer is employed to make devices. Its thickness
is in the range of 5 nm to a few micrometers, depending on
the device structures. In the case of bonding of dissimilar
materials, thinning of one wafer of a pair to a thickness less
than the respective critical value for the materials combina-
tion is essential. This approach prevents the generation of
misfit dislocations in the layer and avoids cracking of the
bonded pairs during subsequent thermal processing steps.[7]

The most promising approach to realizing layer transfer in-
volves using wafer bonding and hydrogen-implantation-in-
duced layer splitting from the host wafer to a bonded de-
sired substrate.[8] This approach has been applied to Si
(SOI), Ge,[9] SiC,[10,11] InP,[12] and GaAs[13] layer transfer;
among these, SOI wafers are now in mass production. Fully
processed or partially processed device layers can also be
transferred from the host materials onto a desired substrate
and the back side of the device layer can then be further
processed for an improved device performance. The 3D
double-gate SOI MOSFET (metal oxide semiconductor
field effect transistor) has been considered as a promising
candidate for ultra-small devices with a gate length of
about 25 nm for future VLSI (very large scale integration)
circuits. Several designs of the device have been reported,
and wafer bonding and layer transfer appear to be essen-
tial.[14] Recently, layer transfer of oxides such as sapphire
and LaAlO3 has also been demonstrated.[15] The generic
nature of H-implantation-induced layer splitting is just be-
ginning to be recognized[16] and it is therefore one of the
subjects of this review.

In the following, we will first discuss our present under-
standing of the wafer bonding process. The general re-

Adv. Mater. 1999, 11, No. 17 Ó WILEY-VCH Verlag GmbH, D-69469 Weinheim, 1999 0935-9648/99/1712-1409 $ 17.50+.50/0 1409

±

[*] Prof. Q.-Y. Tong
Research Triangle Institute
RTP, NC 27709 (USA)

Prof. U. Gösele
Max Planck Institute of Microstructure Physics
Weinberg 2, D-06120 Halle (Germany)

Prof. Q.-Y. Tong, Prof. U. Gösele
School of Engineering, Duke University
Durham, NC 27708 (USA)

[**] We thank the members of the wafer bonding research groups at Duke
University and at the Max Planck Institute of Microstructure Physics
in Halle, Germany for their contributions to the wafer bonding re-
search reported in this paper. The support of the Center of Semicon-
ductor Research at Research Triangle Institute is greatly appreciated.
We are grateful for the technical assistance in CMP by Tao Zhang, R.
Rhoades, and A. Clark of Rodel, Inc. Part of the research was support-
ed by grants of SEH, Japan and Intel (Duke University) and by the
German Federal Ministry of Science, Education, Research and Tech-
nology under contracts BMBF-13N6758/0 and BMBF-13N6451/1.



1410 Ó WILEY-VCH Verlag GmbH, D-69469 Weinheim, 1999 0935-9648/99/1712-1410 $ 17.50+.50/0 Adv. Mater. 1999, 11, No. 17

quirements of wafer conditioning for successful wafer
bonding are described in terms of the process building
blocks of wafer bonding: surface preparation, room-tem-
perature bonding, low-temperature bond enhancement,
and maintaining a bubble-free bonding interface (Sec. 2).
Then we turn to the essential mechanisms involved in the
H-implantation-induced layer splitting process. The condi-
tions under which layer splitting can be achieved are dis-
cussed in terms of layer splitting modules: platelet gen-
eration, hydrogen molecule formation in microcracks, and
layer cleavage (Sec. 3). Finally, examples of wafer bond-
ing and layer splitting applications are presented (Sec. 4).
In this review we will not try to be exhaustive in terms
of references but refer to recent conference proceed-
ings,[17±20] review articles,[21±25] a special 1995 issue of the
Philips Journal of Research,[26] and a book on this sub-
ject.[27]

2. Process Modules of Wafer Bonding

The basic requirements for good wafer bonding are:
i) the materials being bonded form a covalent or chemical
bond across their interface, ii) high stresses are avoided,
and iii) no interface bubbles develop. The basic process
modules to achieve these goals of wafer bonding are i) sur-
face preparation, ii) room-temperature bonding, iii) low-
temperature bond enhancement, and vi) maintaining a
bubble-free bonding interface.

2.1. Surface Preparation

2.1.1. Surface Smoothness

The phenomenon of wafer direct bonding originates
from the intermolecular forces of attraction between two
contacting surfaces. Therefore, the first step in the wafer
bonding process is appropriate wafer surface preparation
for bonding (contacting) at room temperature using no ad-
hesive or external forces. Physically, the bonding surfaces
should be sufficiently smooth and flat. Chemically, the sur-
faces must be sufficiently clean and preferably terminated
by a couple of monolayers of bonding species.

It is well known that electrically polarized (identical or
different) molecules are attracted to each other by so-
called van der Waals intermolecular interactions. There are
three types of van der Waals forces:[6] the dipole±dipole
force between two polar molecules, the dipole-induced
force between a polar and a non-polar molecule, and the
dispersion force between two non-polar molecules result-
ing from the non-zero average value of the square of the
temporary dipole moment due to charge distribution fluc-
tuations.[28] Therefore, van der Waals forces ubiquitously
exist between almost all substances. The force acting be-
tween two macroscopic bodies is the result of many-body
effects. The pairwise summation of all of the interatomic
forces acting between all of the atoms of the two bodies
plus any additional medium can be considered as a first ap-
proximation of the force acting between the two bodies.
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The surface force F between two bodies decreases rapidly
with distance t, e.g., with the inverse third power for flat
plates (Eq. 1).

F ~ t±3 (1)

Based on the above discussion, it is clear that two solid-
state plates of almost any materials can be bonded to each
other at room temperature provided that their surfaces are
sufficiently smooth to allow the surface molecules of two
plates to get close enough and the van der Waals forces be-
tween atoms on the touching surfaces to be sufficiently
strong. The smoothness of wafer surfaces required for suc-
cessful bonding mainly depends on the type and strength of
the forces of interaction at the bonding interface. Bonding
by the dispersion force, which is weak and exists between
any substances, requires extremely smooth surfaces, which
may only be achieved by expensive optical polishing.

There is an especially strong form of dipole±dipole at-
traction termed hydrogen bonding in which the hydrogen
atom in a polar molecule interacts with an electronegative
atom of either an adjacent molecule or the same molecule.
A hydrogen atom can participate in a hydrogen bond if it is
bonded to oxygen, nitrogen, or fluorine because H±F, H±O,
and H±N bonds are strongly polarized, leaving the hydro-
gen atom with a partial positive charge. This electrophilic
hydrogen has a strong affinity for non-bonding electrons so
that it can form intermolecular attachments with an elec-
tronegative atom such as oxygen, nitrogen, or fluorine. For
instance, water is a polarized molecule consisting of hydro-
gen as well as oxygen, which allows hydrogen bonds to
form between water molecules themselves. If two mating
surfaces are terminated by water molecules, the H_O hy-
drogen bonding between water molecules across the mat-
ing surfaces results in a strong van der Waals force of at-
traction. The hydrogen bond energy of ~0.20 eV is about
10 % of a normal Si±Si covalent bond energy of 1.9 eV.
Since a cluster of two or three water molecules is energeti-
cally more favorable than an isolated water molecule,[29]

the linkage of water molecules may form a bridge between
the two mating surfaces. In this way a ªlong-rangeº inter-
molecular force can be realized[30] and the requirement of
surface smoothness for room-temperature bonding is
greatly eased. Similarly, HF and NH3 molecules are ex-
pected to have the same function as water molecules in wa-
fer bonding, as evidenced by the bonding of HF-dipped hy-
drophobic Si wafers,[31] HF bonding of SiO2/SiO2,[32] and
NH4OH-treated SiO2-covered wafer bonding.[2,33]

It is known that a bare Si surface is usually covered by a
native oxide layer. Si wafers can also be oxidized thermally.
Chemicals with OH±, H+, or F± can attack Si±O±Si bonds
and form Si±OH or Si±F groups on the surfaces of bare or
oxidized Si wafers. The polar OH groups can form hydro-
gen bonds readily with water molecules. Figure 1 shows
schematically the bridge of water molecules between two
SiO2 surfaces. Since the size of an OH group is 1.01 � and

the distance between two hydrogen-bonded oxygen atoms
in ice is 2.76 �, a bridge of three hydrogen-bonded water
molecules has a length of about 10 �. It implies that two
SiO2 surfaces that are separated by up to 10 � (average
surface roughness of 5 �) can adhere to each other by hy-
drogen bonding at room temperature.[33] This implication is
supported by results of infrared (IR) spectroscopy mea-
surements[42] and other experimental observations.[34] Since
commercially available Si wafers have a mean surface
roughness of about 1 � they can bond to each other readily
at room temperature. Similarly, chemicals containing OH±,
H+, or F± ions can also attack the Si±N±Si bond to form Si±
OH, Si±F, or Si±NH groups[35] for hydrogen bonding.

The smoothness discussed above is a microscopic property
of bonding surfaces that determines the strength of the
forces of attraction or the bonding energy. It should be noted
that conventionally bonding energy between two mating
surfaces is the sum of the surface energies of the two sur-
faces at the time immediately after they are separated. If the
bonding wafers are identical the total bonding energy is two
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Fig. 1. Schematics of water bridging between two hydrophilic Si bonding wa-
fers on a) isolated and b) associated Si±OH groups.
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times that of the specific surface energy of one of the bonded
wafers. For convenience, in this paper the bonding energy is
defined as the average specific surface energy of the two
bonding surfaces when the bonded pair is partially separated
by a separator such as a razor blade of thickness tb,[36] as
schematically shown in Figure 2. If the bonded wafers are
identical the bonding energy refers to the specific surface

energy of one of the bonded wafers. The bonding energy or
surface energy can be estimated from the bond density at
the interface and the bond energy of each bond.[27] Experi-
mentally, the bonding energy can be determined by measur-
ing the equilibrium crack length when a separator is inserted
into the bonding interface.[36] This method is based on the
equilibrium between the elastic forces of the bent separated
part of a pair and bonding forces at the crack tip. In the case
of bonded pairs with identical wafers of thickness tw and E1

= E2 = E where E is Young's modulus, the bonding energy g
can be obtained from the equilibrium crack length L:[36]

g � 3 Et3
w t2

b
32 L4

(2)

For wafers of different thickness and/or elastic properties
analogous formulae are available.[27] The bonding energy g
is typically around 100 mJ/m2 for room-temperature-
bonded hydrophilic Si surfaces and around 20 mJ/m2 for
(hydrogen-covered) hydrophobic Si surfaces prepared by
an HF dip.[31] It is clear that there are usually many micro-
gaps at the bonding interface of room-temperature-bonded
wafer pairs, resulting from the microroughness of the bond-
ing surfaces as shown in Figure 3. In order to reach a full
bonding strength the microgaps will have to be closed. As

we will discuss later, this can be realized by increased bond-
ing energy and/or oxidation or atom migration during sub-
sequent annealing at elevated temperatures.

2.1.2. Surface Flatness

Bonding surfaces of two wafers are never perfectly flat.
Local unbonded regions can result from the gaps at the
bonding interface caused by the waviness of the mating sur-
faces. The flatness, non-uniformity, or waviness is a global
and macroscopic property of bonding surfaces. Wafers with
sufficiently smooth surfaces but having a certain degree of
waviness may still bond to each other because the elastic
deformation of the two bonding wafers can accommodate
this scale of surface waviness, as schematically shown in
Figure 3. The resultant stress at the bonding interface is in
the 1 ´ 107 N/m2 range, which is much less than that re-
quired to nucleate dislocations and to plastically deform Si
(2.5 ´ 109 N/m2), and should not affect the structural prop-
erties of Si wafers of the bonded pairs.[37]

Whether two wafers bond or not depends not only on the
bonding energy at room temperature but also on the height
2h and the extension 2R of the gaps at the bonding inter-
face, see Figure 4. For R > 2tw (Fig. 4a) the condition for
gap closing is given by

h <
R2������������
2

3

E0 t3w
g

r (3)

where E¢ is given by E/(1 ± n2) with n being Poisson's ratio.
For R < 2tw (Fig. 4b) the condition for gap closing is inde-
pendent of the wafer thickness tw and is given by

h < 3.6 (Rg/E¢)1/2 (4)

Fig. 4. Schematic of gaps between wafers for the case of a) R > 2tw and b) R
< 2tw.

In Figure 5 the regions of gap closing or not closing are
shown for two Si wafers of equal thickness tw based on g =
100 mJ/m2 for various values of tw. For structured wafers, in
Equations 3 and 4 g may be replaced approximately by fbg
where fb is the ratio between the interface area in contact
and the whole wafer area.[38] In practice, the flatness varia-
tion of 1±3 mm over commercial 4 inch (1 inch = 2.54 cm)
Si wafers poses no obstacle to wafer bonding at room tem-
perature. Bow and warpage of wafers up to about 25 mm
are also tolerable. In reality the waviness is represented in
a whole Fourier spectrum of amplitudes for certain wave-
lengths. If more than one single spatial frequency (e.g., the
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Fig. 2. Schematic of the crack-opening method for surface energy measure-
ment.

Fig. 3. Schematic of a) wafer surfaces before bonding and b) bonding inter-
face of room-temperature-bonded pairs.



macroscopic bow) is dominating, an integral formulation
has to be used. The developed theoretical expressions also
show that even infinitely thick pieces can be bonded pro-
vided the surface flatness is sufficiently good, as has been
known for almost one hundred years to occur with optically
polished bulk pieces of glasses or metals. Experimentally,
optically polished Si crystals 4 inches in diameter and
20 mm thick with a surface flatness variation of 630 � have
been bonded successfully at room temperature.[39]

In summary, it appears that a wafer of any material can
be bonded at room temperature to another wafer of the
same or a different material via van der Waals intermolecu-
lar forces provided that the bonding surfaces are suffi-
ciently smooth, flat, and preferably terminated by a couple
of monolayers of bonding species.

2.2. Room-Temperature Bonding

After surfaces of bonding wafers are properly prepared
to be sufficiently smooth and flat, the two wafers can read-
ily bond to each other at room temperature when they are
brought into contact in air, as shown in Figure 3. However,
interface bubbles may form at this stage for one of the fol-
lowing reasons: 1) particulate contamination on the sur-
faces, 2) trapped air at the bonding interface.

A particle with a diameter of 2h can form an unbonded
interface area or bubble with a diameter of 2R for R > 2tw:

R = (0.67 E¢tw3/g)1/4 h1/2 (5)

A particle of about 1 mm diameter leads to an unbonded
area with a diameter of about 0.5 cm for typical 4 inch di-
ameter Si wafers with a thickness of 525 mm.

In order to avoid getting particles between the wafers
during room-temperature bonding, after wafer cleaning
procedures wafers are bonded in air either in a conven-

tional cleanroom of class 10 or better or in a so-called mi-
crocleanroom. Using a microcleanroom,[40] two wafers are
placed face to face and separated by spacers to about a
couple of millimeters and deionized water is flushed
through the gap between the two wafers to remove parti-
cles that are weakly attached to the wafer surfaces during
the room-temperature bonding operation (see Fig. 6).

Fig. 6. Schematic of microcleanroom set-up and procedure.

Trapped air bubbles at the bonding interface are usually
caused by the spreading of bonding areas starting from
more than one location at the bonding interface. To prevent
trapped air bubbles, when two wafers are brought into con-
tact bonding is usually initiated at only one point by slightly
pressing the wafers together locally. The bonded area then
spreads over the whole wafer in a couple of seconds.

2.3. Low-Temperature Bond Enhancement

2.3.1. Polymerization of Bonded OH-Terminated Surfaces

Wafer bonding provides a high degree of flexibility in
materials integration. Although differences of bonding ma-
terials in terms of composition, crystal structure, crystal ori-
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Fig. 5. Parameter combinations of gap height h and lateral extension R of
gaps that can be closed for various Si wafer thicknesses and g = 100 mJ/m2.



1414 Ó WILEY-VCH Verlag GmbH, D-69469 Weinheim, 1999 0935-9648/99/1712-1414 $ 17.50+.50/0 Adv. Mater. 1999, 11, No. 17

entation, wafer thickness, doping type, and profile do not
present obstacles to wafer bonding, thermal mismatch im-
poses a severe restriction on the temperatures of the an-
nealing following room-temperature bonding to increase
the bonding energy. Therefore, it is crucial to achieve
strong bonding by low-temperature annealing. Here ªlowº
means relatively moderate temperatures typically in the
range 23±400 �C. Low-temperature bonding is also essential
for bonding of processed wafers or compound materials to
prevent undesirable changes or decomposition even if the
bonding wafers are thermally matched.

As mentioned above, bonding surfaces covered with sili-
con oxide or nitride can form hydrogen bonds if an activa-
tion treatment in chemicals containing OH±, H+, or F± ions
to form Si±OH, Si±F, or Si±NH groups is performed prior
to room-temperature bonding. For RCA- (RCA1: H2O/
H2O2/NH4OH = 5:1:1; RCA2: H2O/H2O2/HCl = 5:1:1)
treated bare or oxide-covered Si wafers, the surfaces are
hydrophilic and are terminated mainly by OH groups. It is
known that polymerization of silanol groups (Si±OH) to
form strong siloxane (Si±O±Si) covalent bonds can take
place at temperatures as low as room temperature provided
that these groups are in close proximity and hydrogen
bonded:

Si±OH + HO±Si > Si±O±Si + HOH (6)

Reaction 6 is reversible at T < 425 �C if water is present.
For strong siloxane bonds (Si±O±Si) to form across the
bonding surfaces excess water has to be removed. It can be
done, for instance, via annealing at T > 110 �C to remove
water molecules that bridge across the bonding wafers.
Water can also be generated by the polymerization reac-
tion (Reaction 6). Some water molecules diffuse along the
bonding interface to the outside, which is a slow process.
Some water molecules may also diffuse through the sur-
rounding native or thermal oxide to react with Si to form
SiO2 and hydrogen:

Si + 2 HOH ±? SiO2 + 2 H2 (7)

Figure 7 shows the typical bonding energy of hydrophilic
Si/Si pairs as a function of annealing temperature.[41] The
attainable bonding energy is approximately 50 % of the
fracture energy of silicon and ~30 % of the fracture energy
of thermal silicon oxide after 150 �C annealing. The inte-
grated IR absorbance of HOH and OH stretching modes
obtained from IR spectra of the bonding interface of hy-
drophilic Si/Si pairs as a function of annealing temperature
indicates that 80 % of the molecular water and up to 50 %
of the interfacial OH groups have been removed after 70 h
of annealing at 150 �C.[42] Hydrogen molecules are small
and much easier to diffuse out or dissolve in the oxide than
water molecules. Therefore, bonding of a Si wafer with a
very thin native oxide layer to a Si wafer covered with a
thick oxide layer can readily result in a strong bond at low

temperature because the thin oxide favors Reaction 7 to
remove the water and the thick oxide can absorb the hy-
drogen to reduce the gas pressure at the bonding interface.
The experimental results appear to support this argu-
ment.[34] Since the bonding reaction depends only on the
bonding surfaces, and a silicon oxide layer can relatively
easily be deposited by PECVD (plasma-enhanced chemical
vapor deposition) at low temperatures (<200 �C), an oxide
layer may be used as the bonding layer for materials other
than Si in order to achieve a strong bond at low tempera-
tures.

Bare Si wafers are usually covered by a native oxide
layer with a thickness of 2±10 �. A native oxide is a
strained oxide with a much higher chemical reactivity than
a thermal oxide. As shown in Figure 7, after standard RCA
treatment, the surface of a native oxide is saturated with
OH groups (~4.6 OH groups/nm2) and the bonding energy
of bonded bare Si/Si pairs can be equivalent to about half
of the bulk Si fracture energy during annealing at a temper-
ature as low as 150 �C and the water produced by Reac-
tion 6 can easily diffuse through the thin oxide layer and be
removed as shown in Reaction 7. After 150 �C annealing,
the bonding energy of bare Si wafer pairs treated in
HNO3,[43] HCl,[44] or H2SO4

[44] aqueous solutions before
room-temperature bonding is higher than that of RCA-
treated pairs. This behavior may be attributed to the in-
creased chemical reactivity of chemically grown oxide on
the Si wafer surfaces.

2.3.2. Polymerization of Bonded NH2-Terminated Surfaces

In order to achieve a strong bond at low temperatures
for bonding of Si wafers covered by a relatively thick
oxide (SiO2/SiO2), it is beneficial to treat the surfaces
prior to room-temperature bonding so that they are ter-
minated by species that produce less or no water during
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Fig. 7. Bonding energy of bonded hydrophilic and hydrophobic Si wafers
measured by the crack opening method as a function of annealing tempera-
ture for an annealing time of 100 h at each temperature.



the required polymerization reaction. It has been found
that SiO2 surfaces treated in ammonium hydroxide
(NH4OH) solution prior to room-temperature bonding
can yield a stronger bond at low temperatures than those
treated in standard RCA solution.[12,44] The SiO2 surfaces
are terminated mainly by NH2 and OH groups after the
treatment:

2 (Si±O±Si) + NH4OH ±? Si±NH2 + 3 (Si±OH) (8)

During room-temperature bonding, it is likely that a clus-
ter of two or three NH3 or HOH molecules forms a bridge
between the NH2 or OH groups on the two mating sur-
faces. Low-temperature annealing removes NH3 and HOH
molecules and the following three reactions take place:

Si±OH + HO±Si > Si±O±Si + HOH (9)

Si±NH2 + OH±Si ±? Si±O±Si + NH3 (10)

Si±NH2 + NH2±Si ±? Si±N±N±Si + 2 H2 (11)

The bond energy of Si±N is 4.6 eV and is close to the
4.5 eV of the Si±O bond. The siloxane bond formation rate
in polymerization reaction 9 is greatly accelerated in basic
solution.[45] Since the interface water is more basic than in
the standard RCA-treated case due to the presence of am-
monia the increased pH could accelerate the formation of
strong covalent siloxane bonds across the bonding surfaces.
Since the reverse reaction in Reaction 10[46] only occurs at
relatively high temperatures of ~500 �C,[47] the formed si-
loxane bonds should not be attacked by NH3 at lower tem-
peratures. The hydrogen produced in Reaction 11 can dif-
fuse away or dissolve in the surrounding oxide, and the
strong Si±N bonds will remain. Overall, the three reactions
result in a higher bonding energy of SiO2/SiO2 bonded
pairs after annealing at low temperatures (e.g., 150 �C) than
observed for standard RCA-treated SiO2/SiO2 bonded
pairs, as shown in Figure 8.

2.3.3. Generic Nature of Polymerization of Hydrogen-
Bonded Hydrophilic Surfaces

For some metals M with relatively high electronegativity,
such as those in group III or higher and some transition
metals, their oxides show less ionic character and their hy-
droxides may also be able to polymerize at low tempera-
tures to form a strong covalent bond:

M±OH + HO±Si ±? M±O±Si + HOH (12)

or

M±OH + HO±M ±? M±O±M + HOH (13)

Figure 9 shows the surface energy of an oxidized Si/sap-
phire (Al2O3) bonded pair as a function of annealing time
at 150 �C. It is believed that the polymerization effect is re-
sponsible for the increased bonding energy:

Fig. 9. Bonding energy of an oxidized Si/sapphire (Al2O3) bonded pair as a
function of annealing time at 150 �C.

Al±OH + HO±Si ±? Al±O±Si + HOH (14)

A similar reaction may also be involved in Si/ZnS bond-
ing:[48]

Zn±OH + HO±Si ±? Zn±O±Si + HOH (15)

It was reported[35] that Si±(NxHy) groups can be formed
on Si3N4 surfaces by an HF dip or NH3 plasma treatment
followed by a water rinse. Similar to Si±OH groups on Si
surfaces, Si±NH groups across two bonding Si3N4 surfaces
can also react to form strong covalent bonds at tempera-
tures as low as 90 �C:

Si±(NxHy) + (HyNx)±Si ±? Si±(2Nx)±Si + y H2 (16)

From the above discussion, it is clear that polymerization
of hydrogen-bonded hydrophilic surfaces at low tempera-
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Fig. 8. Bonding energy of RCA- and NH4OH-activated hydrophilic Si-
bonded pairs as a function of annealing temperature for annealing time of
45 h at each temperature.
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tures to form strong covalent bonds is a rather generic ef-
fect and can be applied to bonding of many different mate-
rials.

2.3.2. Low-Vacuum Bonding of Hydrophilic Wafers

Compared to bonding wafers in air, bonding of hydro-
philic bare silicon wafers in low vacuum (~700 Pa or a few
torr) leads to even stronger bonds at the bonding interface
after annealing at temperatures as low as 150 �C.[49] The
bonding energy reached is close to that of thermal silicon
oxide itself. This fact would imply that the microgaps at the
bonding interface caused by surface roughness of the bond-
ing wafers are almost completely closed, possibly by the
oxide formed during the low-temperature annealing. The
low vacuum effects appear to be associated with a signifi-
cant reduction of trapped nitrogen at the bonding interface.
Trapped nitrogen prevents the intimate contact of a signifi-
cant proportion of the bonding surfaces during annealing
and thus prevents formation of covalent siloxane bonds.
However, in order to achieve a strong bond the water gen-
erated by Reaction 7 must be removed. This argument is
supported by IR spectra at the bonding interface[42] and the
following experimental observations:

It was found that the oxidation reaction of Si with water
at low temperatures takes place preferentially at surface
steps.[50] Our experimental results have shown that low-vac-
uum-bonded hydrophilic Si(100) wafers with only ~0.1�
miscut angle have a similar bonding energy to air-bonded
pairs. On the other hand, low-vacuum-bonded hydrophilic
Si(100) wafers with ~1� standard miscut angle have a much
higher bonding energy than the air-bonded pairs.[44]

In recent experiments at the Max Planck Institute of Mi-
crostructure Physics (Halle, Germany) a higher bonding
energy as a result of low-vacuum bonding could not be re-
produced. Part of the reason for the discrepancy in results
may be based on the following considerations:

According to Reaction 7, a simple estimate indicates that
1.33 cm3 water will be required to form 1 cm3 oxide. As-
suming that the microgaps are cubes with 10 � on each
side, to fill up the gaps by oxide 44 water molecules per
gap will be needed. It is known that on hydrophilic Si sur-
faces, each isolated OH group forms hydrogen bonds with
one water molecule and each hydrogen-bonded OH group
forms hydrogen bonds with two water molecules. The fully
hydroxylated silica surface contains 4.6 OH groups per
100 �2. Among them 1.4 groups per 100 �2 are isolated
OH groups and 3.2 groups per 100 �2 are hydrogen-
bonded OH groups.[51] Therefore, if the bonding surfaces
are fully saturated with OH groups ~36 water molecules
(one monolayer) will be contained in the 10 � cubes at the
bonding interface. More than one monolayer of water mol-
ecules is required to oxidize the Si surrounding the micro-
gaps. The surface coverage of molecular water on the silica
surfaces depends on the relative humidity (RH): in order
to have more than one monolayer on the bonding surfaces

low-vacuum bonding should be performed at RH >
15 %.[27] It can also not be excluded that low-vacuum bond-
ing mostly favors a high bonding energy in a narrow ring
around the rim of the bonded wafers. Clearly, more experi-
ments are needed to understand the effect of low vacuum
on bonding energy.

There are several alternative methods to achieve strong
bonding at low temperatures. An example is plasma treat-
ment of the bonding surfaces, which cleans the surface and
introduces bond defects, to enhance the chemical reactivity.

Bonding of fresh surfaces having no contamination layers
should allow a covalent bond to be formed at low tempera-
tures provided that the surfaces are reactive and not self-
reconstructed into a low surface energy inert state. Experi-
mentally, clean surfaces usually require ultrahigh vacuum
(UHV) conditions. Recently, covalently bonded, large-
area, and self-propagating 4 inch (100) silicon wafer pairs
under UHV conditions were achieved at room tempera-
ture,[52] although not for structures containing cavities.
Bonding is so strong that without any subsequent heat
treatment the bonded samples fractured in tensile tests at
other locations than the interface.

General speaking, a strong bond can be formed across
the bonding hydrophilic surfaces of many materials during
low-temperature annealing via the polymerization reaction
and subsequent removal of the generated water or gas. The
microgaps formed during room-temperature bonding due
to the surface roughness may be fully or partially closed
through i) elastic deformation resulting from an increased
bonding energy and ii) oxidation of bonding materials.

2.4. Bubble-Free Bonding Interface

Even after a bubble-free (particle-free) bonding inter-
face has been achieved during room-temperature bonding,
interface bubbles can still be generated during subsequent
annealing at elevated temperatures. In bonded hydrophilic
bare Si wafer pairs, the hydrogen molecules resulting from
Reaction 7 can not be dissolved appreciably in the silicon
and therefore generate a gas pressure at the interface. In
bonded hydrophobic Si wafer pairs, hydrogen molecules
are also produced during annealing at temperatures higher
than 300 �C:[31]

Si±H + H±Si ±? Si±Si + H2 (17)

For good bonding, in addition to removing all particles
from the bonding surfaces, one of the following methods
should be adopted to prevent interface bubble generation
during annealing: i) removal of hydrocarbons, which are es-
sential in the nucleation of interface bubbles, from the
bonding interface by annealing wafers at 600 �C[53] in oxy-
gen or by careful and adequate cleaning such as in the
strong oxidizer HIO4;[54] ii) providing a hydrogen absorp-
tion bonding layer such as silicon oxide at the bonding in-
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terface unless one of the bonding wafers itself can dissolve
hydrogen molecules;[55] iii) providing a groove mesh in one
of the bonding wafers to allow the hydrogen or other gases
to diffuse outÐgrooves ~2±80 mm in width and 0.3±5 mm in
depth, connected to the wafer edge, and separated from
each other by up to 2.5 mm can be employed[56,57]Ðand
iv) performing room-temperature bonding under UHV
conditions.

3. Process Modules for Layer Splitting

Hydrogen-implantation-induced layer splitting is based
on the fact that the implanted hydrogen atoms can embrit-
tle the host materials. Figure 10 schematically shows the
H-implantation-induced layer splitting process. Although

implanted H or He can induce blisters or splitting in amor-
phous materials or in metals at very high doses (>1018/cm2),
in single crystalline materials it can be achieved at medium
H-implantation doses (~5 � 1016/cm2) due to the formation

of microcracks. The formation of molecular hydrogen in
the microcracks leads to an internal pressure sufficiently
high to cleave the implanted layer. The basic requirements
for industrially applicable layer splitting are: i) the layer
can be split at reasonably low hydrogen implant doses,
ii) excessive stresses and undesirable changes in the host as
well as in the handling of materials can be avoided, and
iii) the split layer has a smooth surface and few defects.
The basic process modules to achieve these goals of layer
splitting are: i) platelet formation in the host material
around the peak of the implanted hydrogen concentration
profile, ii) molecular hydrogen formation in the platelets,
and iii) layer cleavage at low temperatures.

3.1. Platelet Formation

Although isolated H atoms can break Si±Si bonds to
form Si±H bonds, it is energetically more favorable if H
pairs with existing broken Si bonds. During H implantation
point defects, i.e., self-interstitials and vacancies (so-called
Frenkel pairs), are generated. In silicon, each implanted H
ion produces approximately 10 Frenkel pairs at implant en-
ergies in the range of 30 to 100 keV. These defects provide
many Si dangling bonds. The energy associated with an H
atom in a Si±H pair with an existing Si dangling bond in a
hydrogenated vacancy is 2.50 eV lower than when the H
atom is unpaired. Similarly, the energy of H is 2.55 eV low-
er when the Si±H pair forms on an existing (111) or (100)
surface.[58]

The formation of an H2 molecule also leads to a reduc-
tion in energy: 0.87 eV in crystalline silicon and 1.26 eV in
free space.[58] Atomic H is therefore strongly chemically re-
active and there exists a driving force for H to both passi-
vate broken Si bonds and form H2 molecules. Impurities in
Si are also defects and can be passivated by H. Atomic H
reacts strongly with boron in Si resulting in 1.09 eV energy
lowering. Therefore, defects in Si are strong H gettering
centers.

Although H atoms diffuse quickly in defect-free mono-
crystalline Si even at room temperature, the actual diffusiv-
ity of H is determined by the presence of defects that trap
H, reducing its mobility significantly. Similarly, the H
solubility in defect-free Si is very low (only 2 ´ 107/cm3 at
300 �C)[59] but its actual concentration (solubility) at low
temperatures can be significantly higher when defects are
available. In contrast, H2 molecules are stable and immo-
bile at temperatures below ~500 �C in silicon.

During the implantation process, some of the H atoms
form molecular H2 or remain as atomic H. Most of the H
atoms interact immediately with the implantation-induced
or pre-existing dangling bonds in silicon (X) to form a vari-
ety of X±H complexes, such as interstitial-H, multivacancy-
H, and multi-H-monovacancy complexes:

H + X ±? X±H (18)
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If a sufficient number of vacancy-H complexes are located
in close proximity, planar defects (termed ªplateletsº) can
form on (100) and (111) planes in monocrystalline Si. These
platelets consist of H-passivated adjacent crystalline planes
of a finite area. If the host material is severely damaged or
amorphized platelet formation will not be possible. It was
reported that a hydrogen dose greater than 1 ´ 1016/cm2 is
required to form platelets in Si. However, only about 1/8 of
the implanted hydrogen may be trapped in platelets.[60] This
observation suggests that the required H dose for platelet
formation will be much lower if implanted hydrogen atoms
have a higher efficiency in forming platelets. It also implies
that for effective layer splitting platelets should be the domi-
nating H-trapping sites and other defects should be avoided
as much as possible.

It has been observed that a low dose (>5 ´ 1012/cm2) bo-
ron implantation preceding the H implantation with the
same projected range significantly lowers the H dose re-
quired for platelet formation.[61] It is known that even at
room temperature B and other group III elements in Si can
be strongly passivated by H, resulting in the formation of
B±H complexes:

B + H±Si ±? (B_H)±Si (19)

Monte Carlo simulations indicate that each B atom gen-
erates ~400 Frenkel pairs. These pre-existing defects (the
Frenkel pairs and B itself) greatly enhance X±H complex
formation. Moreover, each B atom can trap a cluster of up
to 12 H atoms[62] and the Si±H bond appears to be weak-
ened by the presence of B next to it.[63] H atoms released
from the Si±H bonds can move towards the vacancies near
existing vacancy-H complexes to accelerate the formation
of platelets. Therefore, the B atom appears to act as a cata-
lyst, enhancing platelet creation during the subsequent H
implantation. Experimentally, it has been shown that the
enhancement effect is more significant if B is implanted
prior to H implantation. A reversed order of implantation
results in a much lower enhancement of platelet forma-
tion.[61] Platelet formation and layer splitting are also en-
hanced in heavily boron-doped silicon.[61]

It is known that if implantation is performed at elevated
temperatures, some implant damage can be removed by dy-
namic annealing and damage accumulation can be pre-
vented because of the enhanced mobility of point defects,
which leads to an increased number of recombination or
annihilation processes. In the case of H-only implantation,
if H is implanted at an elevated temperature implant-in-
duced defects would be more concentrated around the
most defective region, i.e., the implanted H concentration
peak, than in the case of room-temperature implantation.
The lower number of competing defects for H trapping out-
side the implanted H peak and an increased H mobility
during H implantation result in more platelets at the im-
planted H peak region.[16] However, the H implantation
temperature must be lower than the temperature at which

X±H complexes dissociate or H2 molecules become mobile.
Since an appropriate density of H-trapping defects is re-
quired for platelet formation, in order to have sufficient H-
trapping defects the H implantation temperature should
not be too high. On the other hand, if the H implantation
temperature is too low too high a density of implant dam-
age may result, which also prevents platelet formation.[64,65]

Recently, it has been found that in order to form an ade-
quate density of platelets to lead to blistering on free sur-
faces or splitting from hydrogen-implanted monocrystalline
wafers in bonded pairs, in addition to the requirement that
the hydrogen dose must be above a minimum value,[66] the
wafer temperature during hydrogen implantation must fall
within a temperature window that is specific to each mate-
rial.[67] No blistering or splitting is observed if H implanta-
tion is performed at temperatures outside its corresponding
temperature window even if the H doses are much higher
than the required minimum dose within the temperature
windows. The approximate temperature windows for Si,
SiC, GaAs, InP, c-cut sapphire, LaAlO3, GaN, LiNbO3, and
Pb0.91La0.09(Zr0.6Ti0.4)O3 were determined experimentally
and are listed in Table 1.

Table 1. Approximate windows of wafer temperature during H implantation
required to induce blistering/splitting of Si, SiC, GaAs, InP, c-cut sapphire,
LaAlO3, GaN, LiNbO3, and Pb0.91La0.09(Zr0.6Ti0.4)O3.

Generally speaking, H-induced platelets can be formed
in almost any monocrystalline material provided that i) H
is implanted with a sufficiently high dose, ii) amorphization
of the host material is prevented in the implanted region,
and iii) an adequate number of H-trapping defects are con-
centrated around the implanted H peak. The formation of
platelets can be significantly enhanced if an adequate den-
sity of H-trapping centers pre-exists and/or H implantation
is performed at appropriate elevated temperatures.

3.2. H2 Molecule Formation in Microcracks

As discussed above, there is a driving force for the im-
planted H in Si to form hydrogen molecules (H2) in free
space. The platelet is a planar defect of finite area consist-
ing of two H-passivated adjacent crystalline planes. Since
the platelets are likely to be the result of the agglomeration
of vacancy-H complexes, they provide the ªin-diffusedº H
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a free space in Si to form H2 molecules. During annealing
at elevated temperatures, X±H complex dissociation occurs
with the less stable X±H complexes dissociating at lower
temperatures. The released H atoms diffuse into the plate-
lets to form molecular H2 gas, which results in the forma-
tion of microcracks and an increased internal pressure in
the microcracks. The subsequent growth of the microcracks
during annealing that causes blistering and splitting is a
combined effect of the increased internal pressure and
chemical reaction between the ªin-diffusedº H atoms and
the strained Si±Si bonds around the rim of the micro-
cracks.[68] The chemical reaction, given by

Si±Si + 2 H ±? Si±H + H±Si (20)

combined with the mechanical pressure in the microcracks
may lead to the injection of Si interstitials, SiI, into the host
substrate when the elastic energy exceeds the Frenkel pair
formation energy. The vacancy generated may be hydroge-
nated:

Si + n H2 ±? SiI + VH4 + (n ± 2) H2 (21)

where n is the number of H2 molecules in the microcracks.
The reduced number of H2 molecules provides a space for
ªin-diffusingº H to form H2 molecules in the microcracks:

H + H ±? H2 (22)

It has been found that Si±Si bond breaking around the
rim of the cracks is usually the rate-limiting step in the
growth of microcracks because the activation energy de-
rived from the Arrhenius relation of the blistering time as a
function of annealing temperature of H-implanted Si ap-
proximately equals the Si±Si bond energy. The above rela-
tion is also approximately valid for Ge, SiC, diamond, and
sapphire (Al2O3).[69] Figure 11 shows the experimentally
determined activation energies Ea of H-implanted Si, Ge,
SiC, diamond, and sapphire samples and their correspond-
ing bond energies Eb.

3.3. Layer Splitting at Low Temperatures

3.3.1. Surface Blistering of H-Implanted Host Materials

If the hydrogen implantation dose is above a minimum
dose, surface blistering of the implanted wafer will develop
during subsequent annealing because of the increased in-
ternal pressure and chemical reaction between ªin-dif-
fusedº H and the Si±Si bonds at the rim of the microcracks.
When the dose of implanted H is sufficiently high, e.g.,
>1 ´ 1017/cm2 in Si, blisters are observed to form even with-
out subsequent annealing. It has been found that initially
the microcracks that are located around the maximum H
concentration below the surface of the implanted material

grow laterally until surface blisters suddenly develop after
a specific annealing time (termed ªblistering timeº) during
which the microcracks reach a critical size.[70] In Si, the size
of the initial platelets is usually about 50 to 250 � in length.
The critical size of the microcracks is typically in the range
1±2 mm and depends on the surface layer thickness, H im-
plantation dose, and Young's modulus of the surface layer.
This phenomenon may be understood qualitatively based
on the equilibrium between the internal force of the bent
layer of the blisters and the bonding force in the H-im-
planted rim of the blisters.

This effect allows the H-implanted wafers to be annealed
prior to bonding up to the point just before surface blister-
ing occurs. Then the pre-annealed wafer can still be bonded
to a desired substrate, and the layer splitting of the im-
planted layer will takes place with a much lower thermal
budget (lower temperatures and/or shorter times) than re-
quired without pre-annealing.[61]

In order to achieve whole layer splitting of the H-im-
planted wafers, surface blistering must be prevented. This
can be achieved by bonding the H-implanted wafers to a
desired substrate of a thickness exceeding the critical thick-
ness, e.g., >20 mm, followed by annealing to reach a bond-
ing energy higher than that of the H-implanted region with
a thermal budget (temperature and time) lower than that
required to generate blisters on the H-implanted wafer sur-
face if the wafer were not bonded. Since the H-implanted
region is greatly weakened by the generation of micro-
cracks the average bonding energy in the H-implanted re-
gion in Si can be as low as 500 mJ/m2, which is about 1/5 of
the bonding energy of typical bulk Si.[71]
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3.3.2. Low-Dose, Low-Temperature, and
Low-Roughness Layer Splitting

For bonded pairs of an H-implanted
wafer and a substrate, sudden layer split-
ting at the whole wafer scale will take
place when the microcracks in the H-im-
planted region overlap. According to re-
cent reports,[66,72] the minimum H dose
fm for layer splitting can be estimated by

fm �
g
akT

(23)

where g is the bonding energy of H-im-
planted planes to be split during subse-
quent annealing, a a parameter related
to the efficiency of the implanted H
atoms at splitting (percentage of H atoms
involved in splitting), k Boltzmann's con-
stant, and T the absolute temperature.

In H-only implanted Si, it was found that only ~1/8 of the
initial implanted H is involved in platelet formation and
30 % of the initially implanted H contributed to the actual
layer splitting.[42] It is clear that in order to lower the mini-
mum H dose, a should be increased.

As discussed above, to lower the minimum H dose and
the thermal budget for layer splitting, one of the following
four approaches can be adopted:
l B implantation with small doses (>5 ´ 1012/cm2) prior to

an implantation-peak-aligned H implantation (B + H
co-implant);

l H implantation at elevated temperatures;
l Combination of the above two options, i.e., B + H co-

implantation in which H is implanted at elevated tem-
peratures;

l H implantation followed by He implantation.
To determine the minimum H dose for Si layer splitting,

following a fixed B implantation at 180 keV and a dose of
5 ´ 1014/cm2, H+ was implanted at a fixed energy of 65 keV
at various doses from 1.2 ´ 1016/cm2 to 1 ´ 1017/cm2 into Si
samples. In H-only implanted Si, there is no blistering ob-
served with H doses less than 3.6 ´ 1016/cm2. However, on
B + H co-implanted Si samples, blistering takes place with
an H dose as low as 1.2 ´ 1016/cm2. Although splitting was
not achieved at this low H dose, a whole 4 inch Si layer was
transferred onto an oxidized Si wafer (SOI) with an H dose
of 2.8 ´ 1016/cm2 during annealing at 400 �C. Figure 12
shows H evolution with temperature for H-only and B + H
co-implanted Si samples, measured by quadrupole mass
spectrometry. It is apparent that more H was incorporated
in blistering in the B + H case than in the H-only implanted
case, meaning a larger a is obtained. By combined B pre-
implantation at 180 keV at a dose of 5 ´ 1014 B ions/cm2

with a high-temperature (300 �C) implant of H at a dose of
2.0 ´ 1016 H ions/cm2, a whole 4 inch Si layer was trans-

ferred onto an oxidized Si wafer (SOI) during annealing at
400 �C.[16]

Recently, it was reported that H implantation followed
by He implantation enables layer splitting at a much lower
total dose than required for either H or He alone.[73] It was
demonstrated that the minimum dose for silicon layer split-
ting was achieved by H implantation at a dose of 7.5 ´ 1015/
cm2 at 30 keV followed by He implantation at a dose of 1 ´
1016/cm2 at 33 keV. In this process, H chemically interacts
with the broken silicon bonds it creates during implanta-
tion to form a high density of platelets. Because He is an in-
ert species and is not readily trapped by broken silicon
bonds, it can more easily diffuse into the platelets or micro-
cracks, resulting in crack growth that leads to splitting.

The surface mean roughness of the split Si layer is in the
range of 100 � in terms of rms (root mean square) values.
There are two main causes of the surface microroughness.
First, H-induced platelets/microcracks are located on (100)
and (111) planes in Si independent of the surface orienta-
tion of the wafers being implanted. A close inspection of
transmission electron microscopy (TEM) images of micro-
cracks in H-implanted Si indicates that after annealing the
dominating crack consists of connecting (100) and (111)
microcracks. For a (100) wafer, the surface microroughness
is determined by the length of the (111) microcracks that
connect the two (100) internal surfaces.[42] Therefore, any
technique that can increase the density of (100) and (111)
microcracks will result in smoothing the split surfaces. Ob-
viously, B implantation increases the density of the (111)
and (100) microcracks significantly, leading to a reduced
surface roughness.[16]

Another factor that effects the surface roughness of the
split layer is the bonding energy of the bonded pair of an
H-implanted wafer and a substrate. In the extreme case of
a very weak bond, surface blistering instead of layer split-
ting will occur in the H-implanted wafer of the bonded
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pairs. The surface of the blistering wafer shows a topogra-
phy on the order of 1±2 mm even though the density of
(100) and (111) microcracks can be very high. It has been
demonstrated that at a bonding energy of >1000 mJ/m2 be-
fore the splitting temperature a surface roughness of ~10 �
is achieved.[16] At present, the mechanism involved in this
process is not clear.

Based on the above discussion, layer transfer by wafer
bonding and B + H or H-only implanted layer splitting
should work for almost all solids provided that: i) H can
passivate B and the broken bonds (X) of the host material
and form H-stabilized platelets. ii) It is energetically favor-
able that H2 molecules form in the gap of the platelets.
iii) H2 molecules are immobile and stable below a reason-
able critical temperature. A sufficient amount of H2 mole-
cules must be accumulated in the microcracks by diffusion
of the H atoms released from the B±H and X±H complexes
during annealing at temperatures lower than the critical
temperature. iv) The amount of damage that occurs before
or during implantation should be within an adequate range.
As discussed above, too high or too low an implantation
damage level will prevent splitting taking place. v) The
bonding energy of bonded pairs must be higher than the
bonding energy of the H-implanted region in the host ma-
terial at the splitting temperatures.

4. Application Examples

4.1. InP Layer Transfer onto Si Wafer

Transfer of a thin layer of a compound semiconductor
onto a Si substrate leads to a new materials system in which
integration of compound semiconductor optoelectronic de-
vices with silicon signal processing circuits can be realized.
On top of the thin layer, other compound semiconductors
or quaternaries can be grown epitaxially. The materials sys-
tem has a thermal conductivity and a mechanical strength
very close to that of silicon, which is usually much better
than that of compound semiconductors. The wafer size and
thickness of the materials system can therefore match that
of silicon and the well-developed silicon technology can be
employed.

Recently, InP layer transfer onto Si wafer was demon-
strated using wafer bonding and H-implanted layer split-
ting.[12] The InP wafers employed were 3 inches in diam-
eter, had (100) orientation, were Fe doped, had >1 ´
107 W cm of resistivity, and were 600 mm thick. The Si wa-
fers used were 3 inches in diameter, had (100) orientation,
were B doped, had 8±10 W cm of resistivity, and were
400 mm thick. In order to form an adequate density of
platelets, as discussed above, the temperature of the InP
wafers during H implantation has to be between ~150 and
~250 �C in the H-only implantation case. No blistering or
splitting is observed during subsequent annealing if the wa-
fer temperature during hydrogen implantation is outside

the specific temperature window even though the H dose is
2 ´ 1017/cm2, which is much higher than the minimum dose
required for layer splitting within the appropriate tempera-
ture window. The required H implantation temperatures
are somewhat lower in the case of B + H co-implantation
than in the H-only implantation case. It appears that simi-
lar to the situation in Si, boron atoms in InP serve as cata-
lysts and can form B±H complexes, which dissociate at low
temperatures, and the mobility of the released hydrogen
atoms is enhanced at elevated temperatures during hydro-
gen implantation. All these factors assist platelet/micro-
crack formation.

It has been found that using ammonium hydroxide in-
stead of standard RCA solution for SiO2 surface activation,
the bonding energy of bonded PECVD SiO2 to SiO2 pairs
can reach up to ~1000 mJ/m2 at an annealing temperature
of 150 �C, which is sufficiently high for layer splitting. In
Figure 8 a comparison of bonding energy as a function of
annealing temperature of PECVD SiO2/SiO2 pairs using
RCA or ammonium hydroxide treatment prior to room-
temperature bonding is made.

The InP wafers were coated with a 3500 � thick PECVD
SiO2 layer at 250 �C and annealed at 300 �C for 50 h to
drive off trapped hydrogen in the oxide layer. The InP wa-
fers were then implanted with B+ at 190 keV and a dose of
5 ´ 1014 cm±2 at room temperature followed by hydrogen
implantation at 108 keV and a dose of 3.5 ´ 1016 H2

+ cm±2

at 90 �C. The peaks of the two implantation profiles were
aligned. In order to achieve a bondable surface, CMP
(chemical mechanical polishing) of the oxide-coated InP
wafers was performed for 10 min. The 3 inch InP wafers
were then cleaned in a standard RCA1 solution, followed
by activation in ammonium hydroxide prior to bonding to
a 2500 � thick thermal oxide±coated 3 inch Si wafer in low
vacuum. The bonded InP/Si pairs were annealed at 100 �C
for 50 h to increase the bonding energy. This was followed
by 150 �C annealing to split the InP layers and transfer
them onto the Si substrates.

4.2. Layer Transfer for Insulator on Semiconductor (IOS)

Similar to the conventional SOI (silicon-on-insulator or
semiconductor-on-insulator) materials, reversed SOI, i.e.,
IOS (insulator-on-semiconductor) is also a very useful kind
of material combination. For high-frequency mobile com-
munication systems, a thin layer of piezoelectric or ferro-
electric oxide crystals such as quartz, LiTaO3, or LiNbO3

on Si is required for high Q-factor and low temperature
coefficient miniaturized surface acoustic wave filters, sur-
face and bulk resonators, and oscillators. Combining these
materials with Si can lead to the integration of electronic
and acoustic devices (so-called integrated electroacoustic
devices) on the same chip. Voltage-controlled and tempera-
ture-compensated high Q-factor crystal oscillators, crystal
resonators with Si oscillators, and filters on a chip can also
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be realized. The integration of high-performance GaAs
photodetectors with LiNbO3 waveguides makes integrated
optical circuits possible. By preparing a thin layer of single
crystalline transition metal oxides such as magnetic garnets
on Si or III±V semiconductors, stabilized laser diodes can
be realized due to the availability of on-chip thin-film opti-
cal isolators and circulators. However, the results reported
to date were all done on small samples (<10 mm ´ 10 mm)
and involved relatively thick layers (~15±20 mm) because
of the large thermal mismatch and non-uniformity of me-
chanical lapping. Layer transfer by wafer bonding and layer
splitting provides a unique opportunity to prepare IOS ma-
terial combinations efficiently.

4.2.1. Sapphire Layer Transfer onto Si

A thin layer of sapphire (Al2O3) on Si wafer is desirable
for MEMS (microelectromechanical system) devices, such
as high temperature pressure sensors and etch-stop layers.
Although single-crystal Al2O3 films with (100) orientation
can be epitaxially grown on Si(100),[74] a c-cut sapphire film
of [0001] orientation can only be transferred onto Si from a
bulk c-cut sapphire wafer. The c-cut sapphire layer on Si
could be used to integrate Si with GaN on the same chip, in
which a GaN film is epitaxially grown on the sapphire on Si
for integration of blue-light lasers and Si signal processing
devices. Recently, it has been demonstrated that surface
blistering and layer splitting of sapphire is possible if H im-
plantation is performed at elevated temperatures within a
temperature window of approximately 700±850 �C for the
sapphire wafer. In our experiments the temperature of the
wafer holder during implantation was about 100 �C lower
than the actual wafer temperature.

The c-cut sapphire wafers used were 2 inches in diameter
and were implanted by H2

+ at 160 keV at a dose of 5 ´ 1016/
cm2 in the above-given temperature window. Surface blis-
ters developed during the subsequent annealing from 500
to 1000 �C. The blistering time as a function of annealing
temperature of the H-implanted sapphire is shown in Fig-
ure 11. It shows an Arrhenius relation very similar to that
in H-implanted Si. The activation energy of ~5.1 eV is also
close to the bond energy (5.3 eV) of Al±O bonds. These re-
sults suggest that the blistering process in H-implanted sin-
gle crystalline c-cut sapphire is similar to that in H-im-
planted Si. TEM images of as-implanted c-cut sapphire
that was implanted by H2

+ at a dose of 5 ´ 1016/cm2 at an
energy of 160 keV at 450 �C and 750 �C, are shown in Fig-
ure 13a and b, respectively. The [011Å0] platelets and micro-
cracks are clearly shown in both samples. The size of these
defects is more than 100 % larger in the 750 �C sample than
in the 450 �C implanted samples. A large crack along with
many bubbles in the middle of the defective region is ob-
served in the 750 �C case. Based on the Monte Carlo simu-
lator Trim95, the number of defects created by H implanta-
tion in sapphire is about a factor of three larger than in Si
for the same implantation dose and energy. This fact sug-

gests that the H-implantation temperature is necessarily
higher for sapphire than for Si in order to form micro-
cracks. However, H-implantation temperatures higher than
900 �C were found to be too high to form blisters, probably
due to ªout-diffusionº of H2 molecules.
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Fig. 13. TEM images of platelets in as-implanted c-cut sapphire that was im-
planted by H2

+ at a dose of 5 ´ 1016/cm2, an energy of 160 keV, and a tem-
perature of a) 450 �C and b) 750 �C.



The H-implanted 2 inch diameter c-cut sapphire wafers
(H2

+ dose of 5 ´ 1016/cm2, energy of 160 keV) were bonded
to Si(100) wafers and annealed at 250 �C to strengthen the
bond. After cutting the bonded pairs into smaller pieces to
reduce the risk of breakage due to thermal stress, the sam-
ples were annealed between 625 and 800 �C. Thin sapphire
stripes 0.4 mm thick and 10 mm ´ 2 mm in size were trans-
ferred from the sapphire onto the Si.

4.2.2. LaAlO3 Layer Transfer

Blistering and layer splitting were also observed in H-
implanted LaAlO3.[15] It was found that in order for La-
AlO3(100) to achieve blistering and layer splitting with an
H2

+ dose of 3.5±5.0 ´ 1016/cm2 H implantation must be per-
formed on a wafer in the temperature range ~450 to
~550 �C. For the LaAlO3 samples that were implanted by
H2

+ at 450 �C at an H2 dose of 5 ´ 1016/cm2 at 160 keV the
blistering time as a function of annealing temperature is
given in Figure 14. Again, an Arrhenius relation is ob-
served and the activation energy is about 1.7 eV.

Fig. 14. Blistering time as a function of annealing temperature of LaAlO3

samples that were implanted by H2
+ at 450 �C with an H2 dose of 5 ´ 1016/

cm2 at 160 keV.

5. Conclusions

In this review two of the fundamental technologies
for microsystem fabrication, i.e., wafer bonding and
layer splitting were discussed in terms of their basic
process modules. Both wafer bonding and layer split-
ting are generic in nature and may be used for many
materials.

Direct bonding of almost any solid material appears to
be possible via van der Waals forces of attraction provided
the bonding surfaces are sufficiently smooth, flat, and
clean. OH-, NH-, or FH-terminated hydrophilic bonding
surfaces allow a strong bond to be developed during an-
nealing at low temperatures via polymerization reactions
and removal of the by-products.

Layer splitting of any crystalline material appears feasi-
ble with H-only or B + H co-implantation at a reason-
able dose, with the materials being implanted at tempera-
tures in a window that is specific to each material. These
conditions allow adequate defects for platelets to be
created and for stable H2 molecules to be formed in the
platelets, which leads to an increased internal pressure in
the microcracks formed, which in turn causes layer split-
ting.

As shown in Figure 15, layer transfer can also be
achieved by wafer bonding and layer peeling realized by a

mechanical force such as a pressurized gas layer (a gas
blade).[75] Since the H-implanted region is embrittled a me-
chanical force can peel off the H-implanted layer from its
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Fig. 15. Schematic of the H-induced embrittlement and layer peeling pro-
cess.
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host substrate if the bonding energy at the bonding inter-
face is much higher than that in the H-implanted region.
Thus, layer transfer at room temperature can be realized.

Overall, wafer bonding and layer splitting combined rep-
resent a versatile and practical materials as well as device
technology. Applications appear to be more limited by our
lack of imagination than by practical constraints.
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