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ABSTRACT

Almost all direct wafer bonding has been conducted between chemical-mechanically polished substrates or between
thin films that were present on top of the polished substrates. Introducing chemical mechanical polishing in the wafer
bonding will make a large range of materials suitable for direct wafer bonding, which has found and will find more, appli-
cations in integrated circuits, integrated optics, sensors and actuators, and microelectromechanical systems.

Introduction
Chemical mechanical polishing (CMP) is a technique

which is frequently used in the fabrication of high quality
lenses and mirrors and in the preparation of silicon wafers
for integrated circuits (IC) processes. Since the early 1990s,
CMP is becoming a key process for planarizing interlevel
dielectrics (ILD) and/or planarizing metal layers in modem
submicron (0.35 p.m) very large scale integrated (VLSI)
circuits.1

However, we have also seen increasing applications of
CMP in direct wafer bonding (DWB) in the past few years.
In this paper we are reviewing the role of CMP in DWB.

The adhesion phenomena between two solids have been
explored for centuries.2 However, direct bonding of two
solids has not been applied on wafer scale until 1986. This
progress was mainly pulled by the market of silicon-on-
insulators (SOl) wafers and pushed by the wafer polishing
techniques in IC industry, especially CMP From a techno-
logical point of view, DWB would have been possible earli-
er, since CMP was developed for wafer polishing well before
the 1980s2,6

In this paper, the influence of surface morphology in
DWB is reviewed first. Then the attainable wafer surface
smoothness with the CMP processes is studied. In the third
section, present applications of CMP in wafer bonding for
fabrication of novel sensors and actuators (S&A), inte-
grated optical (10) devices, ICs, and microelectromechani-
cal systems (MEMS) are surveyed. Finally, some specula-
tions on the future role of CMP in DWB is addressed.

The Effects of Surface Morphology in DWB
A typical DWB process includes three steps: wafer clean-

ing, room temperature bonding, and annealing. In order to
achieve spontaneous, void-free room temperature bonding,
wafer surfaces should be flat, clean, and extremely smooth.
Among those surface topography parameters, the micro-
roughness (or surface roughness in very small wavelength) is
the most important physical factor on DWB. Higher micro-
roughness will result in voids that cannot be closed during
annealing processes,7 and cause higher stress in the bonding
interface.i Once the surface microroughness exceeds a criti-
cal value, the wafer will no longer be bondable.

From the study of the wafer surface chemistry and the
intermolecular or interatomic attraction mechanism dur-
ing DWB, one can obtain preliminary impressions on the
rigid requirements of surface smoothness during wafer

bonding.912 In the case of hydrophilic silicon wafer bond-
ing, during room temperature bonding, silicon wafers are
believed to be mated together via hydrogen bonds between
several (3 to 5) water clusters on top of the wafer surf aces.i
Since the size of an OH group is about 1.0 A and the dis-
tance between two hydrogen-bonded oxygen atoms in ice
is 2.76 A, hydrophilic silicon surface separated up to 10 A
can be bridged together via three or more water clusters.10
This analysis implies that the irregular protrusions on a
bondable surface should be smaller than 10 A. For hy-
drophobic silicon wafer bonding, the requirement on the
wafer surface smoothness will be more rigid. A cluster of
three or more hydrogen-bonded HF molecules may bridge
two surfaces separated up to 8 A.11 These studies revealed
the basic forces and binding energy in DWB. However, in
order to understand the role of surface morphology on
DWB, surface contact mechanics must be used.

One of these studies is the gap closing theory. Con-
sidering two contacted wafers that are separated by a gap
of 2R long and 2h high, the condition for gap closing is13'5

h < 2.6(R5 /2)h/2I + if R << d + d2

R2h< if R>>d1+d2
/ 2.4E1d1Ed
&y(E1d + E2d.)

where Ay is the surface energy between the two contacted
surfaces, d1 and d2 are the thickness of the two wafers, E
and E2, are the Young's modules of the two materials.

The gap closing condition is very useful for studying the
influence of particles, surface irregularities, and substrate
thickness on wafer bonding.1412 It can also be used as design
rules of cavities formed by direct bonding of patterned or
structured wafers.1248 However this condition is less suit-
able for predicting the bondability of a wafer surface.

Root mean square (rms) roughness and/or roughness
average (Ra) have been frequently used in characterizing
the bondability of a surface. This method, however, is limit-
ed by the fact that both rms and Ra are strongly dependent
on the scan length or area, while surface bondability has
been found to be not only dependent on the amplitude of the
surface topography but more importantly related to the
wavelength of the surface scan. Analysis of the surface
topography measured with atomic force microscopy (AFM)

[1]

[21
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using fast Fourier transform (FFT) methods reveals more
information on both the amplitude and the spatial frequen-
cy of the wafer surface roughness. The most influential spa-
tial frequency and its amplitude can be found by comparing
the power spectrum of a wafer surface with its DWB exper-
imental performance.16'7 However, so far only an experi-
mental model that describes the relation between the
roughness spectrum and the bondability of silicon (100)
wafer has been developed.'8

In order to derive a theoretical model that describes the
relation between the adhesive ability of two surfaces, and
the surface morphology, surface adhesion force, and mate-
rials properties, one can use the theory of the surface con-
tact mechanics.'8 In this study, the elastic contact between
a nominally flat, rough surface and a nominally flat, per-
fectly smooth surface is considered. The roughness of the
nominally flat but rough surface is assumed to be a ran-
dom series of asperities, which have spherical caps of the
same constant radius 13, with a Gaussian height distribu-
tion. The adhesion parameters 1 /., which is defined as the
ratio of the standard deviation of the distribution of
asperity heights a to the extension which an asperity can
sustain before the adhesion breaks, can be derived as'9

= 0.513——--
131/3

where KE is the elastic constant defined by the Poisson
ratio, v, and v2, and the Young's modules, E, and E2, of the
two materials

KE = .iT1_— + 1— vfl'
1 E, E2

The relation between the relative pull-off force of the
contacted interface and the adhesion parameter has been
derived by Fuller and Tabor.'9 The relative pull-off force
needed to separate the interface decreases by increasing
the adhesion parameter. Once l/..> 3, no force is needed
to separate the interface.

If the material properties and surface adhesion force are
known, this model gives a necessary surface roughness con-
dition for an unbondable surface. Since the material elastic
properties and the surface energy; together with the surface
topography, are taken into account in evaluating wafer
bondability, this model is able to answer such questions as
why a "soft" material, e.g., Si02, is bonded more easily than
a "hard" material, e.g., SiN9, even though both of them
have the same surface roughness; or why hydrophobic bond-
ing seems to be more sensitive to the surface microroughness
than hydrophiic bonding.

As an example, we consider the bondability of a nomi-
nally flat but rough single crystalline silicon (SCS) wafer
when bonded to a perfectly flat and smooth SCS wafer.
Suppose that the rough SCS wafer surface topography has
a Gaussian distribution and the asperities have a mean
radius of about 100 m. When conducting hydrophilic
wafer bonding, the SCS wafer surface has a surface ener-
gy of about 0.1 J m2. The two SCS wafer surfaces become
adhesive when the standard deviation of the distribution
of asperity heights is less then 2 nm.

Attainable Surface Smoothness with CMP
CMPprocess and its principle—A schematic drawing of

the CMP setup is shown in Fig. 1. The polishing pad is
placed on top of the polishing plate, of which the temper-
ature is adjustable. The wafer is held opposite to the poi-
ishing pad by a chuck that is mounted onto the polishing
head. During polishing, the wafer is pressed onto the pol-
ishing pad with adjustable pressure. Both the head and
plate rotate and the head sweeps on the pad. At the same
time, the slurry is introduced onto the pad.

CMP makes use of both chemical etching and mechani-
cal wearing, where the former ensures the atomic scale
removal of the materials and the latter makes the overall
wafer flatness possible.2022 The protrusions of different

Polishing Head

Fig. 1. Schematic of the CMP process.

[3]

[4]

heights on the wafer will experience different pressures
and subsequently different wearing and etching. This dif-
ference in the removal rate will lead to smoothening of the
surface. Because the particles in the slurry are very small
and normally softer then the materials being polished,
CMP can offer defect-free and mirror-like smooth sur-
faces, having a rms roughness in subnanometer scale.

Attainable surface smoothness with CMP.—A complete
model of the CMP process is still not available.23 However,
by studying the mechanics in CMP, one can obtain a prox-
imal model on its kinetics. In this model, the contacts
among the polishing pad, abrasive particles, and the wafer
surface being polished were considered as a two-body
wear problem,2° see Fig. 2. Considering one particle in con-
tact with the wafer surface, the Hertzian penetration, R,,
can be given by

2/3

= [5]

where 4) is the diameter of the abrasive particle, P is the
pressure applied on all the particles, E is the Young's mod-
ulus of the wafer being polished, and K is particle con-
centration constant (unity for a fully filled close hexago-
nal packing).

In the case of polishing of SCS wafers using colloidal sil-
ica slurry and a polyurethane impregnated polishing pad, a
maximum diameter of the spherical silica particles 4) = 100
nm, an abrasive particle concentration constant K = 0.5,

pp

Particle ///

Fig. 2. Contact mechanics between particle and workpiece dur-
ing polishing.
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and pressure P = 1.5 x 106 Pa, one gets a Hertzian pene-
tration depth R, = 0.03 nm, which is 0.03% of the diameter
of the abrasive particle. The penetration depth due to the
mechanical contact is so small that it can be neglected. In
practice, no scratch can be found on the wafer surface after
CMP if the process is performed properly.

A comparison with other technologies.—In comparison,
the ranges of average surface roughness produced by var-
ious processing methods are listed in Table 1.24 From this
table, recalling the rigid surface flatness requirement in
wafer bonding that was described in the previous section,
one can conclude that CMP is the best, if not the only,
technology for preparing smooth surfaces for DWB.

The Present Role of CMP in DWB
Almost all DWB so far has been done between prime

grade commercial silicon wafers or thin films that were pre-
sent on such wafers. Recalling the manufacturing process of
commercial silicon wafers, in which CMP is the last and
most important step in terms of the surface smoothness of
the wafers, one will see the importance of CMP in wafer
bonding. Without CMP processes there will be no direct
bonding on wafer scale.

Different CMP processes for DWB.—Besides preparing
commercial prime grade silicon wafers by wafer manufac-
turers, the CMP technology has also been used to perform
different kinds of processes for DWB: surface preparation
before bonding (including preconditioning, surface smooth-
ening, planarization), and thinning the device wafer to the
desired thickness in fabricating SOl wafers.

Preconditioning.—Preconditioning using CMP is a
process that activates wafer surfaces for DWB. CMP has
been used as a "soft polishing" step or a "fresh polishing"
step.2327 Soft polishing refers to a process where wafers are
polished on a soft pad with only purified water, while
fresh polishing is a process in which a colloidal silica sus-
pension is used for a few minutes. Instead of smoothening
the rough surfaces, both the soft polishing and fresh pol-
ishing process expose "fresh" material by removing a few
nanometers of material, and therefore activates wafer sur-
faces for direct bonding. The exact activation mechanism
is still not clear. However there are suggestions to explain
the activation effect for preconditioning silicon. In the
case of CMP of silicon, wafer surfaces are predominantly
terminated by hydrogen after polishing.25 Other contami-
nation is believed to be removed even with a very brief
CMP step. After post-CMP cleaning (brushing, deionized
water rinsing, followed by a RCA cleaning), the wafer sur-
faces will be fully terminated with OH- groups which are
instrumental for hydrophilic bonding.

Smoothening.—Smoothening is a final polishing process
that makes generally flat but rough, unbondable surfaces to
be smooth and bondable. In this process, wafers are pol-
ished on a soft pad with the final polishing slurries. After
smoothening, such rough or scratched wafer surfaces are
flattened to defects-free, scratch-free smooth surfaces hav-
ing a nns roughness in the subnanometer scale. Especially,
final polishing provides surfaces with very low roughness of
small wavelength, which is essential for DWB. Smoothen-
ing the rough surface is one of the primary functions of
CMP in DWB, which has been done since the early years of
DWB technology.29

The smoothening processes for different materials are
sometimes very different. There is still a lot of work which
needs to be done in order to optimize the CMP processes.
For example, the CMP process for low pressure chemical
vapor deposition (LPCVD) polysilicon is quite different
from that for SCS. The removal rate of LPCVD polysilicon
was found to be more than five times higher than that of
SCS (100) wafer if the same process procedure is applied.30
Improper polishing of LPCVD polysilicon will result in
steps at the grain boundaries due to the different removal
rates for various grain orientations.31 The removal of
LPCVD polysilicon does not have to be large; as soon as

Table I. Ranges of the average surface roughness produced by
several polishing processes.

Note: U Average application, 0 Less frequent applicationa Data from Ref. 24.

the protruding particles on the LPCVD polysilicon surface
are removed, the CMP process should be stopped. Longer
polishing will lead to the formation of pits on the polished
LPCVD polysilicon surface.

Planariration.—Planarization is a CMP process that flat-
tens patterned or structured wafers with large topography
(up to several micrometers). Stock removal pads and slur-
ries are normally used in the planarization process. After
planarization, a smoothening, or final polishing process is
necessary before DWB can be applied. Planarization of
structured wafer surfaces using CMP has been used fre-
quently before and after bonding.32 Bonding of a stack of
structured wafers, which has been used in manufacturing
micromechanical valves, was only possible with CMP33

Mechanical thinning of SOf.—Mechanical thinning, in
which CMP is used as the last step after grinding and lap-
ping, is the main fabrication technique for making SOl
wafers having a device layer with a thickness above 1 jim.
For details see Blackstone's review.34 It is worthwhile to
mention that, during mechanical thinning, CMP is used
not only as planarization or smoothening process, but also
as a tool to control the thickness and the uniformity of the
device layer. The fact that different materials are polished
in different rates was used as the selective polishing or
polish stopper technique, with which a 60 nm thick top Si
layer with a total thickness variation (TTV) of 8 nm across
a 6 in. wafer has been made.35

Applications
General bonding.—Bonding of materials other than sili-

con is stimulated by the applications of wafer bonding in
IC, 10, S&A, and MEMS, where a wide spectrum of materi-
als are used. In most situations, a CMP step is necessary
before general bonding can be applied. Here, we should spe-
cially mention Philips Research Laboratories. The bond-
ability of a large range of materials that varies from metals
to semiconductors has been investigated using various pol-
ishing techniques, including CMP.36 Recently, the bondabil-
ity of several different silicon-based materials. e.g., P24 sili-
con, KOH etched silicon, LPCVD polysilicon, LPCVD
silicon-rich nitride, PECVD silicon dioxide, has been stud-
ied extensively,18 see also Fig. 3 and 4. Quartz-to-quartz
direct bonding has also been investigated using CMP33

Special SOf wafers—Several kinds of special SOl
wafers have been realized using polished LPCVD polysili-
con as an intermediate layer. Since LPCVD polysilicon
after CMP is smooth and bondable, it has been used fre-
quently as a buffer layer to bond materials that are rough
and difficult to polish.

Due to their low cost, 501 wafers using high temperature
chemical vapor deposition (HTCVD) polysilicon as a sub-
strate material have been made by bonding of an oxidized
Si wafer to a polished LPCVD polysilicon layer which was
grown on top of the HTCVD polysilicon substrate.36

1600 000 460 206 100 5 25 12 6 3

Roughness average (Ra), nm
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Silicon-on-diamond (SOD) wafers using diamond as the

insulating layer have been demonstrated using LPCVD
polysilicon as an intermediate bonding layer.39 The process
of fabricating SOD wafers started with the deposition of
diamond thin film on top of a device wafer. Then CVD
polysilicon was deposited on top of the diamond layer. The
polysilicon layer was polished and bonded to an SCS han-
dle wafer. Finally, the device layer of the SOD wafer was
thinned to the desired thickness.

Most recently, a novel process for fabricating SiC on in-
sulator using wafer bonding has been demonstrated.
Again, chemical-mechanically polished LPCVD polysilicon
layers were used as intermediate layers to transfer a single
crystalline 3C-SiC film that grew on a silicon wafer to the
top of a SiO2 film that grew on top of a silicon wafer.4°

Laminated dielectric isolation (LDI) wafers.—Using an
SCS-to-polysilicon direct bonding, Easter et al.32 and
Inoue et al.4' have demonstrated the fabrication of LDI
wafers, which are useful substrates for power ICs. Com-
pared with traditional dielectric isolation (DI) wafers, the
LDI approach will reduce wafer warpage, increase wafer
size, and decrease device surface area. Planarization of
polysilicon for wafer bonding is a key step in fabricating
LDI wafers. As pointed out by Easter et al., achieving full
strength SCS to polysilicon direct bonding at lower tem-
perature, even at room temperature, will further realize
the benefits of LDI process. This will stimulate the study
of the polishing process for polysilicon, the role of polysil-
icon surface roughness in bonding, and the stress compen-
sation of polysilicon in bonding.

S&A MEMS.—Great freedom has been achieved in the
design and fabrication of S&A, MEMS structures and de-
vices in terms of fabrication processes and materials used
for DWB using CMP.

Silicon-on-nitride (SON) wafers have been fabricated
for making high-Tv superconductor bolometers.4243 An
LPCVD SiN9 insulating layer is used as a membrane that
provides excellent thermal isolation because of its low
thermal conductivity. A thin SCS layer on top of the
LPCVD SiN9 membrane is necessary for epitaxial growth
of the superconducting layer. Only with CMP technology,
SON wafers with thick LPCVD SiN9 insulating layers
(from 200 up to 1200 nm) can be made by DWB. The larg-
er thickness of the SiN9 enables the production of the
bolometer on a larger membrane, thereby greatly improv-
ing the bolometer performance. For instance, using CMP
and DWB, SON wafers with a LPCVD SiN9 layer thicker
than 1 p.m have been made. A high-Ta superconductor
bolometer has been made on a 4 mm2 Si,N9 membrane,
with an effective area of 0.64 mm2. The measured electri-
cal noise equivalent power (NEP) at 5 Hz is 3.7.10-12 W
Hz2. These values make this bolometer comparable to
the best high-T, superconductor bolometer reported so
far.44 Currently a membrane size of 16 mm2 is used.

For the fabrication of active pixel image sensors with
high resolution and a high fill factor, a vertical intercon-
nect technique has been developed using aligned wafer
bonding, where planarization of a tetraethylorthosilicate
(TEOS) layer with high topography using CMP was a key
step in achieving a bondable surface.45

•i_ • ----. -.
KOH etched Si surface before CMP

•J.•
P Si surface before CMP

'II..
h...

RMS3.6nm

LPCVD Si3N4 surface before CMP

PECVD Si02 surface before CMP

.1

Si surface after CMP

0.4 nm

LPCVD S13+XN4 surface after CMP

PECVD Si02 surface after CMP

Fig. 3. Surface roughness of
several silicon based materials
before and after CMP.

KOH etched Si surface after CMP

RMS=2.2 nni RMSO.2 nm
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Fig. 4. DWB interfaces be-
tween several silicon based
materials.

The scanning system is the key component of the laser
display system. One new approach to make the scanning
system is to fabricate silicon micromirror arrays. Planari-
zation of CVD oxide together with DWB are key technolo-
gies in fabricating such silicon micromirror arrays.46

Polishing and bonding of LPCVD polysilicon has been
used in making thin film microaccelerometers47 and mov-
able micromechanical structures.3°

Integrated optics.—Recently CMP has been developed
for planarization of optical layers, in order to eliminate
the optical loss. However, together with DWB, the CMP
technique also offers the possibility to freely combine dif-
ferent optical materials. By doing so, novel 10 devices can
be realized, as well as optical loss-less interfaces.

For instance, CMP is used in bonding wafers with opti-
cal materials for making nanomechanical 10 devices, such
as intensity modulators and phase modulators.48 These 10
devices are based on the nanomechanical optical effects,
where a movable mechanical element is placed on top of a
planar optical waveguide within the evanescent field. By
doing so, the effective refractive index of a mode in the
waveguide can be modulated. The small gap between the
mechanical element and the optical waveguide can be
realized by cavity etching and wafer bonding where CMP
is the essential condition.

Oullook
As more research groups become involved, it is expected

that CMP will play an increasing role in DWB. Using CMP
in investigating the bondability of more materials ranging
from metals, ceramics, to semiconductors, will be motivat-
ed by their applications in S&A, MEMS, IC, and 10
devices.

Polishing and bonding of metal substrates, such as tita-
nium and stainless steel, is of interest for S&A and MEMS
applications. CMP has been successfully applied for Cu,
Al, and W planarization for multilevel metallization in IC
industry. The knowledge obtained in metal planarization
in IC industry may be used for polishing a variety of
metallic materials for wafer bonding.

Revealing the mechanism of CMP is particularly impor-
tant for its applications in DWB, where much more types
of materials are involved than ever before. Because there is
no satisfactory general model to describe the CMP process,

Si

l3ondiiig interfitce

Si3N4 IOnrn

Si

Bonding Interface

P [('V I)Poi
Si

it is still a great challenge to characterize and optimize the
polishing processes for materials of different crystallo-
graphic and compositional conditions that range from
monocrystalline, polycrystalline, amorphous, to composite.

CMP may be used to modify the wafer surfaces in order
to investigate the mechanical properties in the wafer bond-
ing interface, such as bonding strength, microvoids, stress-
es, and deformations. By doing so, more information re-
garding the bonding mechanism may be revealed. In fact,
such kind of research has already begun. In one of the most
recent reports, CMP has been used as a tool to modify sili-
con wafer surfaces in order to investigate the influence of
different surface conditions on direct bonding.49

The lowest limit of substrate surface smoothness pre-
pared with CMP process is not clear yet. It is not a diffi-
cult task, however, for CMP to offer a surface having a rms
roughness at 1 A level nowadays. Even flat and smooth
surfaces may be achieved with further developed CMP
techniques, which will enable more atoms from both sur-
faces being bonded to "meet" each other during precon-
tact. This may find applications in full strength bonding of
materials at room temperature.

Conclusions
The rigid requirement of the surface smoothness in

DWB makes CMP the best, and probably the only, process
for preparing wafer surfaces suitable for bonding. In fact,
almost all DWB experiments so far were performed be-
tween chemical-mechanically polished substrates or be-
tween thin films on the polished substrates.

CMP has been developed as an on-site technology, allow-
ing processes such as pre-conditioning, surface smoothen-
ing, planarization, back thinning, and selective polishing
for wafer bonding. CMP makes a large range of materials
suitable for direct bonding. Therefore great freedoms have
been achieved in designing and fabricating novel struc-
tures or devices for IC, 10, S&A, and MEMS.

As an on-site process for wafer bonding, CMP is still a
technology under development. Since polishing of a large
range of materials is necessary, modeling and optimizing
the CMP process becomes much more complicated. This
makes CMP more an art than a technology. Understanding
the polishing processes will stimulate more applications of
CMP in wafer bonding.

DWB between SCS and SCS after KOH etching and DWB between P' Si and LPCVD Si3N4 after
CMP CMP

DWB between Si02 and LPCVD Polysilicon after DWB between SCS and PECVD Si02 after CMP
CMP
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It is expected that, in the near future, CMP will be used
not only as a technique for wafer bonding but also as a
tool for revealing the wafer bonding mechanism.
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