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We studied the bonding between two flat Si substrates with thin metal films. The bonding was
accomplished during thin film sputter deposition on contamination free surfaces of metal films. In
this work we used Ti and Pt. Successful bonding of these metal films~each having a thickness of
10–20 nm! occurred at room temperature over the entire bonded area (12 mm312 mm).
Self-diffusion, particularly at grain boundaries and film surface, was the mechanism for bonding.
Suitable metal bonding only occurred if the film surface roughness is sufficiently smaller than the
self-diffusion length of metals. Particularly in the bonding of Ti to Ti films, transmission electron
microscope observation revealed that complete crystalline grains had been formed across the former
interface between the single thin Ti films. The interfaceless bonding can be explained by
recrystallization of the Ti lattice due to the high self-diffusion coefficient of Ti. This technique
would be applied to bonding of wafers to fabricate thin film devices or microsystems. Moreover, this
bonding technology can be used with many different thin film materials and various semiconductor
substrates. ©1998 American Vacuum Society.@S0734-2101~98!05004-0#
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I. INTRODUCTION

Physics at interfaces of solid state films is now an ind
pensable driving source of thin film device and microsyst
technologies. An atomically sharp interface with a we
defined two-dimensional structure is a prerequisite to de
desirable physical properties. This interface structure mus
achieved by current IC processing technology. A dir
bonding technique of semiconductor wafers with a functio
multilayered thin metal film between the wafers is a prom
ing candidate to realize thin film devices like the spin-va
transistor1,2 because it is difficult to grow a device qualit
semiconductor material on top of a metal film.

The bonding technique of two standard mirror-polish
semiconductor wafers without an adhesive of an extern
applied electric field has been termed ‘‘direct wafer bon
ing.’’ With this technique, two wafers can be bonded to ea
other by Van der Waals forces, provided that their surfa
are sufficiently flat and clean.3 However, an annealing step
necessary to achieve a reasonable bond strength afte
initial room temperature bonding of the wafers.4 Therefore,
direct wafer bonding cannot be used for the desired bond
of wafers with thin metal films because the annealing s
would destroy the required film structure by thermally ac
vated diffusion of the metal atoms. Thermally formed s
cides at the interface between the Si substrate and the m
film may also yield an unpredictable electrical properties
the device.

Adhesion of metals with an atomically clean surface i
well-known phenomenon in connection with a metallic bo
between the metal substances.5–7 Bonding of metals have
been achieved with a very high bond strength with no s
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sequent anneals.8,9 The bonding of metals is usually carrie
out in ultrahigh vacuum~UHV! system since the surfac
contamination of the metals’ surfaces would obstruct the m
tallic bonding at the interface and reduce the resulting bo
strength. Ion argon sputtering or fast-atom-beam techniq
are used in UHV condition to remove contamination on t
metal surfaces before the bonding. This metal bonding te
nique would seem to be a promising candidate to realize
bonding of semiconductor wafers with thin metal films. Bu
the metal-metal bonding must take place under UHV con
tions. Moreover, a well-defined plane-to-plane bonding w
thin films has not been realized yet.

In the present work, we studied the bonding of two me
films during film deposition on Si substrate by sputterin
Contamination of the metals’ surface is expected to be n
ligible to realise metallic bonding at the interface, which
one of motivations of this study. Moreover, the sputter
metal atoms that have arrived at the surface are expecte
have a high mobility,10 which might be another advantage
achieve metallic bonding on atomic scale at the interface
this article, we discuss the microstructure of bonded P
and Ti/Ti films deposited on a Si substrate, in connect
with deposition conditions, and mechanism of the bond
process.

II. EXPERIMENTAL PROCEDURE

In this study, we used a sputtering system with a b
pressure less than 331028 mbar. Figure 1 shows a sche
matic illustration of the bonding process during sputtering
special tool was designed to accomplish the bonding;
substrates on holders of the special tool move towards e
other during continuous sputtering of the thin films after fi
deposition. The bonding was performed with a slight force
20– 30 g/cm2. The substrates had different sizes; one w
12 mm318 mm, the other 12 mm321 mm. The bonding

n,
:
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2126 Shimatsu et al. : Metal bonding during sputter film deposition 2126
area was 12 mm312 mm by crossing the substrates in lo
gitudinal directions. A magnetron cathode with a 2 in. target
was used to create the sputtering plasma. The distance
tween the target and substrate surface during film depos
was 10 cm. High grade Ar gas was used during sputter
The deposition rate for Pt was 0.16 nm/s. The sputtering
pressure was varied between 4 and 40~mbar!. The substrates
were at room temperature during deposition. Film thickn
~each side! ranges from 2 to 200 nm, which was derive
from the deposition rate. For the Ti film, a deposition rate
0.09 nm/s was used.

Substrates were cut from prime quality 3 in. Si~100!
single-crystal wafers with 0.38 mm thickness. Before c
ting, the surface of the Si wafers was thermally oxidiz
~about 30 nm SiO2!. During the substrate cleaning, the ge
erated Si particles on the substrates were etched awa
chemicals that do not attack the protective SiO2 layer. Fi-
nally, the protective SiO2 layer was removed, resulting int
substrates with a particle free, bare Si~100! surface@as ob-
served by scanning electron microscopy~SEM!#. The
cleaned two substrates were fixed onto the substrates ho
of the special robot by means of metal clips. Via the loa
lock chamber, the robot was brought into the sputter
chamber by the use of a manipulator arm. The movemen
the substrate holders was controlled by using a magn
coupling connection from outside of the chamber.

The microstructure of the bonded films were observed
transmission electron microscopy~TEM!. Grinding and Ar
ion-milling steps have been performed for preparation o
cross section of the bonded sample. The temperature du
the complete preparation of TEM samples was less t
90 °C. X-ray diffraction~XRD! with Cu Ka radiation source
was used to analyze the preferred grain orientation ofsingle
films, here single film means a film just deposited onto
substrate without advanced metal-metal bonding proc
The surface roughness of single films was estimated by
glancing-incidence x-ray analysis program~GIXA, Philips
Analytical B. V. Almelo, The Netherlands!, which is based
on Maxwell’s equations describing the interaction of elect

FIG. 1. Schematic illustration of the bonding process during sputterin
J. Vac. Sci. Technol. A, Vol. 16, No. 4, Jul/Aug 1998
be-
n

g.
r

s

f

-

by

ers
-
g
of
tic

y

a
ng
n

s.
e

-

magnetic waves and matter11,12 incorporated using the
Névot–Croce method.13

III. RESULTS AND DISCUSSION

A. Microstructure and bonding mechanism

The two Pt/Pt films, each with film thickness of 10–2
nm, were successfully bonded to each other over a wh
bonded area (12 mm312 mm) except for sputtering cond
tions in which the Ar pressure was higher than 40mbar. It
was impossible to estimate the bonding strength by a pul
test since the bonding force was significantly larger than
tensile strength of the Si substrate.

Figure 2 shows a TEM cross-section image of the bon
Pt/Pt films deposited at 7mbar Ar pressure. The individual P
layer thickness, estimated by a deposition rate, was 20
Film adhesion was found to occur across the entire obse
area.~Increasing sample thickness explains Pt/Pt film bro
ening in this image.! Inside the Si substrates, we did n
observe any interference region which would indicate crys
strain due to the bonding, which implies that the bonding
the two films does not introduce remarkable stress on
substrate surface.

Figure 3 shows a high-resolution TEM image of the sa
sample, with a schematic figure of the image. The interf
of the two bonded films is clearly visible, however, no v
cancies are observed. It should be noted that the inter
shows a zig-zag shape, and the turning point of this zig-
fluctuation is located at the intersection points of gra
boundaries with the interface of the original two films,
other words, at the threefold points formed by the gra
boundary and the interface of the bonded two films. T
fluctuation depth of the zig-zag interface estimated from t
image is 4–5 nm.

At the interfaces of each Pt layer and the Si substrate,
can see certain regions with a different contrast from the

FIG. 2. TEM cross-section image of the bonded Pt/Pt films deposited
mbar Ar pressure.
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2127 Shimatsu et al. : Metal bonding during sputter film deposition 2127
substrate, which are layers of compounds of Pt and Si. F
thermore, microprobe composition analysis revealed
SiO2 layers have formed on the interface between the
substrates and the bonded films~the visible white layers of
about 2 nm in thickness! in spite of the removal of the pro
tective SiO2 layers in the cleaning process of the substra
before the sputtering of the thin Pt films. The formati
mechanism of these peculiar layers is dealt with in the A
pendix.

We also succeeded in bonding two Ti films across
entire sample area. Figure 4 shows a high-resolution T
image of the bonded Ti/Ti films deposited at 7mbar Ar pres-
sure. The individual Ti layer thickness estimated from t
deposition rate was 15 nm. Figure 4 shows that no interf
which would correspond to the original Ti surface is visib
Complete crystalline grains have formed across the for
interface between the single thin Ti films. The presence
one Ti film over the entire thickness was also confirmed
electron diffraction. This result differs from that of the Pt/
bonded samples.

Figure 5 shows XRD patterns forsinglePt andsingleTi
films, respectively, deposited at the same Ar pressure
those of the respective metal-metal bonded samples m
tioned above. The thicknesses of the Pt and Ti films were
and 15 nm, respectively. The single Pt film shows fcc-~111!
preferred grain orientation with thê111& direction perpen-
dicular to the film plane. The half width of the rocking curv
for the fcc-~111! diffraction was about 4°, which indicate
very sharp ^111& fiber texture. Pt films deposited ont
Si~100! are well known to exhibit a sharp fiber texture with

FIG. 3. High-resolution TEM image of the bonded Pt/Pt films deposited
mbar Ar pressure, with a schematic figure of the image.
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smooth film surface and are widely used as a seedlayer
thin films or multilayered films.14 A high number of oscilla-
tions observed at the low angle diffraction patterns is s
porting the evidence that the film surface of the Pt single fi
is smooth. The surface roughness, Ra, of this film estima
by GIXA was about 0.5 nm. It should be noted here that t
estimated Ra value is sufficiently smaller than the fluctuat
depth of the zig-zag interface of 4–5 nm in the bonded P
sample. This result suggests that interdiffusion of Pt atom
the film surfaces plays a predominant role in the bonding
two Pt films to each other, resulting in the zig-zag shap
interface because of much larger self-diffusion speed at g
boundary than inside the grains.

On the other hand, the Ti single film shows hcp-~002!
preferred grain orientation with thê001& direction strongly
perpendicular to the film plane. Although the diffraction i
tensity of this film is more than one order of magnitu

7

FIG. 4. High-resolution TEM image of the bonded Ti/Ti films deposited a
mbar Ar pressure.

FIG. 5. XRD patterns forsinglePt and Ti films, respectively, deposited at
mbar Ar pressure.
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2128 Shimatsu et al. : Metal bonding during sputter film deposition 2128
lower than that of Pt, the half width of rocking curve for th
hcp-~002! diffraction was about 5°, which implies a ver
sharp^001& fiber texture of this film. The Ra value estimate
by the GIXA was about 0.4 nm, which is almost the same
the Pt single film. It should be noted here that microdiffra
tion by TEM for the bonded Ti/Ti films showed hcp-~100!
texture with^100& direction perpendicular to the film plane
and this orientation of grains is completely different fro
that of the single film. This indicates that recrystallizati
must have occurred during the bonding process resulting
change of thec-axis direction from perpendicular to parall
to the film plane, which is a very surprising result.

The self-diffusion coefficient of solid Ti determined from
the Arrhenius equation is 6.0310232 cm2/s, using frequency
factor A58.631026 cm2/s and activation energyQ
535.9 kcal/mol.15 This value is about 18 orders of magn
tude larger than that of solid Pt@7.8310250 cm2/s ~A
50.22 cm2/s and Q566.5 kcal/mol!#.15 It is assumed tha
the disappearance of the interface and recrystallization in
bonded Ti/Ti films is attributable to this large self-diffusio
coefficient of Ti.

B. Deposition condition and the bonding

In order to clarify the relation between deposition con
tion andquality of the bonding, we estimated the bondin
strength under various kinds of deposition conditions by
ing a special substrate with a rim structure. Figure 6 show
schematic figure of a bonded sample with the rim structu
We made a rim of SiO2 with 425 nm~thickness!3200 mm
~width! across the surface of one of the substrates, and m
sured the unbonded gap lengthL after the bonding. The im-
age obtained by using a transmission infrared beam tho
the bonded sample enabled a nondestructive precise
surement ofL. The metal film thickness was fixed at 10 n
in each side to obtain sufficient intensity of the transmit
infrared beam.

As can be seen in Fig. 7, the value ofL gradually in-
creases from 0.44 to 0.95 mm with increasing Ar press
from 4 to 40mbar. The two films successfully bonded ev
at 40 mbar in this experiment, but this pressure was a v
critical pressure to realize bonding. Bonding could not
succeeded at pressure exceeding 40mbar.

Maszaraet al.16 calculated the relation between the u
bonded gap length and surface energy based on elastic
formation of the substrate, which was originally developed
estimate the bonding strength of bonded Si wafers due to
Van der Waals force. Their calculations predicted that s
face energy is proportional toL24, and the right side vertica

FIG. 6. Schematic figure of a bonded sample with a rim structure.
J. Vac. Sci. Technol. A, Vol. 16, No. 4, Jul/Aug 1998
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axis of Fig. 7 indicates the calculated surface energy~bond-
ing strength! by using their model. Although an assume
elastic deformation of the Si substrates in the present stud
more complex than that of Maszara’s model, calculated s
face energies by using this model are 4.1 J/m2 (L
50.44 mm) and 0.19 J/m2 (L50.95 mm) with using 1.66
31011 N/m2 as Young’s modulus of the Si~001! substrate.17

These values are almost of the same order of magnitude
the surface energy at room temperature expected for s
Pt.18 It should be noted that the calculated bonding stren
significantly drops from 4.1 to 0.19 J/m2, more than one or-
der of magnitude, by the increasing Ar pressure from 4 to
mbar.

The bonded Pt/Pt sample at 20mbar was subject to the
high-resolution TEM observation, and Fig. 8 shows a cro

FIG. 7. The unbonded gap length,L, after the bonding as a function of A
pressure during sputtering. The right side vertical axis indicates calcul
surface energy~bonding strength! by using the model of Maszaraet al. ~see
Ref. 16!.

FIG. 8. High-resolution TEM image of the bonded Pt/Pt sample at 20mbar
of Ar pressure.
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2129 Shimatsu et al. : Metal bonding during sputter film deposition 2129
section image of this sample. We did not observe any vac
cies in this image, but, the interface between the original
films is inhomogeneously modulated, and homogeneous
zag shape~see Fig. 3 for the 7mbar condition! is no longer
observed in this image.

Figure 9 shows XRD patterns for single Pt films~10 nm
thickness! deposited at 7 and 20mbar, respectively. Figure
10 shows surface images of these films observed by ato
force microscopy~AFM!. As the Ar pressure is increase
the diffracted intensity from the fcc-~111! plane is signifi-
cantly reduced and diffraction from the fcc-~200! plane is
clearly observed at 20mbar. This result indicates that a re
markable degrade of preferred grain orientation of the~111!
plane has occurred by increasing the Ar pressure. Moreo
the numbers of oscillation observed at low angle diffract
decreases as a function of Ar pressure, which indicates
increase in surface roughness. Estimated Ra values by
GIXA changes from 0.4 nm~at 7 mbar! to 0.8 nm ~at 20
mbar!. The remarkable change in the surface image obse
by AFM further supports the increase of the surface rou
ness by increasing Ar pressure.

This result implies that the unsuccessful bonding at
pressure higher than 40mbar can be attributed to the larg
surface roughness of the deposited films compared to
self-diffusion length of the Pt atoms. It was impossible
bond thick Pt films~each single film having a thickness o
200 nm! to each other even at 7mbar, which can be under
stood from the fact that thick metal films inherently show
relatively large surface roughness, as is well known. Mo
over, crystallographic grain orientation is microscopica
different from one grain to the other in the films deposited
high Ar pressure as mentioned earlier in the text. The s
diffusion coefficient normally depends on the crystal
graphic orientation. Our experimental results theref
strongly suggest that microscopic differences in se
diffusion speed along the direction normal to film pla
makes the bonded interface inhomogeneously modulate
films deposited at relatively high Ar pressure. It can be c
cluded that lower Ar pressure is suitable to realize me
bonding with good bonding strength and a homogeneous
crostructure.

FIG. 9. XRD patterns for single Pt films deposited at 7 and 20mbar Ar
pressure, respectively.
JVST A - Vacuum, Surfaces, and Films
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On the other hand, our method of bonding during fi
deposition enables less contamination at the bonded in
face, which is an important advantage. In order to exam
the effect of surface contamination on bonding strength,
tried bonding with a certain lag time after the film depo
tion; we stopped the film deposition after the film depositi
at 7 mbar ~10 nm in each! by closing a shutter between th
cathode and substrate, and the bonding was accompli
after a certain hold time. The film surface was exposed to
same Ar pressure as that during sputtering deposition. H
the estimated partial pressure of total impurity gases~mainly
O2 and H2O! was 831028 mbar. The bonding of Ti films
using the artificial rim substrates was not successful if
hold time was 60 min. In contrast, it is surprising that the
films were bonded with a hold time of 60 min. Pt is chem
cally nonreactive to oxygen at room temperature, which m
explain this remarkable difference between the materi
However, it should be noted that the estimated bond
strength of the Pt sample with 60 min hold time was ab
five times smaller than that bonded during film depositi
~hold time50!. This result well supports the importance
surface purity for the bonding, and involves the advantage
the present bonding technique during a sputtering film de
sition.

Another important point which should be considered
the following. It is suggested that grain boundary se
diffusion ~and/or self-diffusion at the bonded interface! plays
a predominant role in the present metal bonding rather t
solid diffusion, because the diffusion speed of atoms a
grain boundary is usually a few tens orders of magnitu
higher than that inside grains as is well known. The zig-z
interface in Fig. 3 is a clear evidence for this assumpti
The grain size of thin metal films is several orders of ma
nitude smaller than that of usual the bulk materials~or single

FIG. 10. Surface images observed by AFM for single Pt films deposited
and 20mbar Ar pressure, respectively.
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2130 Shimatsu et al. : Metal bonding during sputter film deposition 2130
crystals!, which means that the ratio of grain boundary ar
to grain volume in thin films is several orders of magnitu
larger than that of bulk materials. It is assumed that this h
grain boundary area compared to bulk plays a key role
successful bonding by the present method. The bonding
no vacancies at the interface might be much more diffic
or impossible in some cases, if the grain size of thin fil
would be in the order ofmm to mm like in bulk materials. In
other words, a film deposition condition which leads to fi
grain size is expected to be much more suitable condition
the metal bonding.

Not only Pt or Ti, but also the other metals are expec
to be bonded to each other by this bonding method, provi
that the surface roughness is sufficiently smaller compare
the self-diffusion length of the materials. Metals norma
used for application@except for Va and VIa groups~Ta, Nb,
W, Mo, ...!# show larger diffusion coefficient than Pt, ther
fore, these might be more suitable candidates for a succe
bonding. However, in addition to the rate of self-diffusio
surface roughness and grain size, it is assumed that the b
ing behaviour also depends on chemical properties~impurity
level of the bonding atmosphere!, type of initial film growth
~crystal structure!, and so on, which must be taken into a
count in an overall description of the bonding.

It is expected that bonding of films during film depositio
will be successful using evaporation method, instead of s
tering, provided sufficiently small surface roughness, a
low contamination during film deposition. Because diffusi
of metals is expected in contamination free surface indep
dently of deposition methods. However, high mobility
sputtered atoms on the depositing film surface and/or a
vated film surface by sputtering plasma are expected to
hance the self-diffusion of atoms at the bonded interface
sulting better metallic bonding in atomic scale. Moreov
the sputtering process enables a freezing nonequilibr
phase, which is another advantage of the use of sputterin
the bonding. The bonding of a metal film to another kind
material films~ceramic films, semiconductor films,...! might
also be feasible by this bonding method.

IV. CONCLUSION

In conclusion, we have shown that bonding during fi
deposition by sputtering is a successful method to realize
bonding of two thin metal films, and may develop into
technique for making thin film devices. Self-diffusion o
metals, particularly at grain boundaries and the film surfa
results in metallic bonding on an atomic scale at room te
perature provided that the film surface roughness is su
ciently smaller than the self diffusion length of the meta
Our bonding technique would be one technique for bond
wafers to fabricate thin film devices or microsystems. Mo
over, many kinds of thin film devices with a functional th
metal film in between the wafers are expected to be real
using this bonding technique.
J. Vac. Sci. Technol. A, Vol. 16, No. 4, Jul/Aug 1998
a

e
n
th
t,
s

r

d
d
to

ful

nd-

t-
d

n-

ti-
n-
e-
,
m
for
f

e

e,
-
-

.
g
-

d

ACKNOWLEDGMENT

Part of the research reported in this article was sponso
by the European Brite Euram project HOTSEAMS, BE9
3407.

APPENDIX

On the interface of Si substrates and bonded films in
images of Figs. 3 and 4, we can see certain regions w
different contrast from Si substrates, and some clear laye
case of Fig. 3. Inside the Si substrate in the image of Fig
darker regions closed to the bonded Pt/Pt films indicates
presence of Pt atoms inside the Si substrates. This was
firmed by microprobe composition analysis. Moreover, TE
images with larger magnification revealed that lattice sp
ings and orientation inside these partly crystalline darker
gions were different from those inside the Si substrate, in
cating these darker regions are layers of compounds o
and Si, PtSiX . Their presence could be explained by the fa
that during the sputtering the impinging Pt atoms have a h
velocity or, translated into thermal energy, yielding that
atoms penetrate over some distance into the Si substrate
could possibly have formed these PtSiX layers close to the
former surface of the Si substrate.

Greyish interfacial layers inside the Si substrates a
close to the bonded Ti/Ti films are present in the image
Fig. 4. These layers were found to be amorphous by a d
field image. The difference in thickness of the possible PtX

compound layers and the thickness of the amorphous TX

interfacial layers could be explained by two reasons. On
that the formation temperature of solute TiSiX ~more than
500 °C! is much higher than the formation temperature of t
possibly observed PtSiX compound layers~around 200 °C in
equilibrium state!. Another is that the mass of a Ti atoms
much lower than the mass of a Pt atoms, corresponding p
etration depth of the sputtered Ti atom into the Si substr
will probably be shorter than that of Pt.

On the interfaces between the Si substrates (PtSiX) and
the bonded Pt/Pt films in Figs. 3 and 7, thin white laye
~about 2 nm in thickness! are visible. Microprobe composi
tion analysis revealed an certain amount of O in these
gions, indicating the presence of SiO2 layers. In spite of the
removal of the protective SiO2 layers by the cleaning proce
dure just before the sputtering of the thin Pt films, SiO2 lay-
ers are observed. In contrast, we could not observe any la
which indicates the formation of SiO2 layers in case of Ti/Ti
bonded sample.

Three possible reasons are assumed for the formatio
SiO2 layers in the bonded Pt/Pt sample. One is a formation
native SiO2 layer after the final oxide stripping step usin
BHF in the substrate cleaning procedure. However, Si s
strate remained hydrophobic up to over 1 h after the final
oxide stripping step. Moreover, a measurement with an el
someter indicated that the formation of the native SiO2 layer
is very slow with less than 1 nm within the first hour after t
final oxide stripping step. The time lug between the fin
oxide stripping step and the starting of evacuation of
load-lock chamber with substrate inside was less than 10
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2131 Shimatsu et al. : Metal bonding during sputter film deposition 2131
in the present study, therefore, the thickness of the form
native SiO2 layer in the TEM image can impossibly be orig
nated only from the native SiO2 layer formed before the
sputtering of the Pt films. The second possible reason is
formation of SiO2 layers during and/or after the sputtering
the thin Pt films. During the sputtering of the Pt films besid
the process gas~Ar!, other impure gases like O2, are also
present and will be buried into the sputtered Pt film. As P
known to be very resistant to oxidation, it is likely that th
dissociated O2 will diffuse along the grain boundaries out o
the Pt to Si substrate. And at the bottom end of the gr
boundaries inside the Pt, a SiO2 layer will be formed. This
diffusion behavior of O along Pt grain boundaries was a
observed earlier.19 This behavior is also partly made plau
sible by the occasionally observed white (SiO2) spots close
to an intersect of a Pt grain boundary with the Si substrat
the image of Fig. 3. The last possibility is the formation
SiO2 layers after the last milling process of TEM samp
preparation, but it was technically impossible to check t
possibility.

On the other hand, a Ti film deposited onto a Si~001!
substrate with a SiO2 layer of ,2(nm) can free the Si from
its oxidized state, as Ti strongly bonds to the oxygen in
SiO2 layer.20 So, even if native SiO2 layers were formed
again onto the Si substrate before the sputtering, the s
tered Ti films will cause that they will disappear.
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