
WO 03/097552 PCT/SG02/00072  1 A Method of Wafer/Substrate Bonding
Background and Field of the Invention 5 This invention relates to a method
of wafer/substrate bonding, particularly but  not exclusively, to a method
of anodic bonding. Wafer/substrate bonding has increasingly become a key
technology for  materials integration in various areas of
microelectromechanical systems  10 (MEMS), microoptoelectromechanical
systems (MOEMS), microelectronics, optoelectronics and substrate
fabrication. It is also widely used for vacuum  packaging, hermetic sealing
and encapsulation. In order to bond the wafers/substrates together, various
technologies have  15 already been developed, for example, silicon fusion
bonding, anodic bonding  and intermediate layer bonding, including
eutectic, glass frit, solder and  adhesive bonding. Anodic bonding is
widely used for bonding between a glass wafer/substrate and  20 a metal or
semiconductor wafer/substrate, such as a silicon wafer. Using the  silicon
wafer as an example, in a conventional anodic bonding process, the  wafers
are heated, typically to a temperature between 300 C and 600 C,  which
increases the mobility of the positive ions in the glass. Next, a typical
voltage of 400 volts to 1200 volts is applied to the glass and the silicon
wafer to 25 be bonded, such that the voltage of the silicon wafer is
positive with respect to 



WO 03/097552 PCT/SG02/00072  2 the glass wafer. The positive ions in the
glass are attracted to the high negative  voltage thus creating a space
charge at the glass-silicon interface, which  produces a strong
electrostatic attraction between the silicon and glass wafers,  fixing them
firmly in place. 5 The elevated temperature also causes oxygen from the
glass wafer to be  transported to the glass-silicon interface where the
oxygen combines with the  silicon to form silicon oxide, creating an
irreversible chemical bond at the glass- silicon interface, when the
voltage is subsequently removed. 10 Therefore, a higher temperature
generally yields a better bonding strength.  Preferably, a bonding
temperature above 400C is recommended, which has  been demonstrated to
achieve a successful bond. However, a high bonding  temperature may result
in other problems such as a residual stress after the 15 anodic bonding due
to the thermal expansion mismatch between the two  wafers, and damage of
the metal circuits on the silicon wafer after the bonding.  In addition, a
high temperature may prevent the use of certain metals in the  bonding
stack as well. 20 On the other hand, if the bonding temperature is reduced,
bonding quality will  be affected resulting in a weak or poor bond between
the two wafers. In  



addition, a poor bond is susceptible to the formation of bubbles or
cavities in the  glass-silicon interface, which are difficult to minimize
or eliminate. 25 WO 03/097552 PCT/SG02/00072  3 There have been proposed
methods of bonding between a glass  wafer/susbtrate and a silicon
wafer/substrate at relatively low bonding  temperatures. For example,
patent number US5,695,590 discloses a method of  bonding two glass wafers
using an intermediate layer of alkaline ion barrier 5 between the two
wafers at a temperature between 250C and 500C. However,  a problem with
this proposed method is that bonding quality is relatively poor at  the
lower limit of the disclosed temperature range. Patent document US
5,820,648 relates to an anodic process between a silicon and a glass
substrate  at a temperature of approximatley 200C by irradiating a light
beam to relax the 10 network structure of glass so as to promote the
diffusion of modifier ions in the  glass. A disadvantage of this proposed
method is that it is difficult to irradiate  the entire bonding area of the
substrates, especially for wafer level bonding,  since the electrode to
supply the required voltage may shield the light beam.  Moreover, the
apparatus to perform this proposed method is expensive to  is setup. It is
an object of the invention to provide a bonding method which alleviates at
least one of the disadvantages of the discussed prior art. 



20 Summary of the Invention In a first aspect of the invention, there is
provided a method of bonding two  components, each component being a wafer
or a substrate, the method  comprising the steps of: WO 03/097552
PCT/SG02/00072  4 i. depositing an amorphous and non-hydrogenated
intermediate  layer on one of the components; ii. arranging the components
in spaced relationship with the  intermediate layer therebetween; 5 iii.
heating one or both components; iv. bringing the components into contact;
and  v. applying a voltage to the components. An advantage of the described
embodiment of the invention is that the  io components can be bonded at a
relatively low temperature between 300 C and  200 C or less, and at the
same time ensuring good bonding quality such as  high bonding strength and
bubble-free interfaces. A further advantage of the described embodiment of
the invention is that each  15 individual process step is simple and easy
to apply and compatible with the  existing bonding techniques so that the
proposed method can be carried out at  a low cost. The term
"non-hydrogenated" is used in this application to mean that the  



20 intermediate layer is synthesized without using hydrogen or that the
deposition  process forming the intermediate layer does not deliberately
introduce any  hydrogen or hydrogen radicals. It should be noted that it is
virtually impossible  to remove all hydrogen content since hydrogen may be
introduced due to  contamination, for example during the deposition
process. 25 WO 03/097552 PCT/SG02/00072  5 Typically, the deposition
process comprises the use of a target substance for  forming the
intermediate layer and it should also be apparent that the  constituent
element that is used to form the amorphous layer using such a  process does
not contain hydrogen or hydrogen radicals. 5 Typically, one of the
components is an insulator such as glass material, for  example
borosilicate glass or other suitable glass having alkaline ions.
Preferably, the method further comprises the step of cleaning one of the to
components using a cleaning solution prior to depositing the intermediate
layer  on this component. Typically, the method further comprises the step
of treating  both components with a hydrophilic solution subsequent to the
deposition of the  intermediate layer on one of the components. 15
Typically, the hydrophilic solution is sulphuric or hydrogen peroxide
solution and  the treatment process takes place at an approximate
temperature between 50C  



and 80 C. Preferably, after the cleaning process, the method further
comprises the step of  20 flushing the hydrophilic solution from the
components. Typically, the flushing  process is carried out using deionised
water. After the flusing process, the  method may further comprise the step
of drying the bonding surfaces of the  components. WO 03/097552
PCT/SG02/00072  6 Typically, the components are spaced from each other
using spacers with the  intermediate layer therebetween. The components may
then be placed in a  vacuum chamber for the bonding operation with the
temperature less than 300  C. A typical voltage, approximately between 100
volts to 1000 volts, may also 5 be applied to the components. Preferably,
the two components are bonded  anodically. Preferably, the deposition of
the intermediate layer is carried out using physical  vapour deposition,
for example ion beam deposition, laser ablation or  1o sputtering. A
suitable intermediate layer may be selected from the group  consisting of
silicon, silicon oxide or silicon nitride. In a second aspect of the
invention, there is provided a bonded assembly  comprising two components,
each component being a wafer or a substrate, and  15 an amorphous and
non-hydrogenated intermediate layer. The invention also relates to a
semiconductor device, an electronic device, a  



microelectromechanical system or a microoptoelectromechanical system having
the bonded assembly according to the second aspect of the invention. 20
Brief Description of the Drawings An embodiment of the invention will now
be described, by way of example, with  reference to the accompanying
drawings in which: 25 Figure 1 illustrates a first component to be bonded;
WO 03/097552 PCT/SG02/00072  7 Figure 2 illustrates deposition of an
amorphous intermediate layer using  physical vapour deposition onto the
first component of Figure 1; Figure 3 illustrates the treatment of the
component of Figure 1 in a  hydrophilic solution; 5 Figure 4 illustrates a
second component to be bonded with the first wafer;  Figure 5 illustrates
the alignment of the components of Figure 1 and 4,  spaced apart using
spacers; Figure 6 illustrates the components of Figure 5 being brought into
point  contact with the spacers being withdrawn; 10 Figure 7 illustrates
bonding between the components of Figure 6; Figure 8 illustrates a typical
C-SAM image of the bonded surface between  the components of Figure 7;
Figure 9a is an optical image of a fracture area within the bonded  



components; 15 Figure 9b illustrates a mirror image of the same fracture
area of Figure 9a.  Detailed Description of the Preferred Embodiment Figure
1 illustrates a first component in the form of a wafer 1 to be bonded for
20 example, a semiconductor, ceramic, glass, or other materials, whereas
Figure 4  illustrates a second component in the form of a glass wafer 4. A
suitable type of  glass material is borosilicate glass or other types of
glass material having  alkaline ions may be used. In this embodiment, Pyrex
7740 glass is used as the  glass wafer 4 for the bonding operation. 25 WO
03/097552 PCT/SG02/00072  8 In this embodiment, silicon will be used as an
example for the first wafer 1. The  conditioning of the silicon wafer 1 may
take the form of polishing the surface for  the bonding operation so that
the surface is a "mirror-polished surface", which  has a surface roughness
of typically in the nanometer range. In addition, prior to 5 introduction
of the silicon wafer 1 into a deposition chamber, the surface is
ultrasonically cleaned by means of a cleansing solvent, for example nitric
acid,  ammonium hydrogen peroxide, RCA cleansing solution (which can be
sulfuric  or hydrogen peroxide based) or acetone. 1o Next, in the
deposition chamber, an amorphous intermediate layer 2 is  deposited on the
"mirror polished" surface of the silicon wafer 1, as shown in  



Figure 2. The deposition of the amorphous intermediate layer 2 on the wafer
surface creates a high surface energy on the wafer 1 and a "non-closely"
stacked atom structure. High surface energy reduces the necessary bonding
15 temperature and a "non-closely" stacked structure permits charge
diffusion into  a deeper depth so as to improve the bonding strength.
Examples of a suitable  amorphous intermediate layer 2 are silicon, silicon
oxide and silicon nitride. It is essential that the amorphous intermediate
layer 2 is non-hydrogenated,  20 meaning that the intermediate layer is
deposited without deliberately using  hydrogen or hydrogen radicals during
the deposition process. In this way, the  intermediate layer formed would
be substantially hydrogen free. This is  important because hydrogen has a
higher affinity with oxygen than most of  other elements and thus oxygen
(from the glass wafer 4) which is transported to 25 the glass-silicon
interface between the two wafers 1,4 will bond readily with WO 03/097552
PCT/SG02/00072  9 hydrogen. Therefore, if there is hydrogen present in the
amorphous  intermediate layer 2, the chemical bonding strength between
oxygen and silicon  is reduced resulting in a low bonding quality. To
ovecome this problem, the  amorphous intermediate layer 2 is deposited
using physical vapour deposition 5 (PVD) which reduces or eliminates the
hydrogen content in the amorphous  layer 2. Examples of PVD methods include
laser ablation, ion beam deposition and  



sputtering. In this embodiment, sputtering is used to grow an amorphous and
10 non-hydrogenated silicon intermediate layer 2 on the silicon wafer 1 at
room temperature in the depostion chamber. It should be apparent that there
are no  hydrogen gas or gases with hydrogen content being used in the
deposition  chamber. The silicon intermediate layer 2 is deposited using a
DC magnetron  sputtering system with a base pressure of 5x10-' mbar. A
99:99% high purity 15 silicon planar target was mounted on the sputtering
system and argon (Ar) gas  was used as a sputtering gas. During sputtering,
energised plasma ions strike  the silicon planar target and cause atoms
from the silicon target to be ejected  with enough energy to be deposited
onto the silicon wafer 1, as illustrated by  arrows 3 in Figure 2. The
total flow rate of the sputtering was 100 sccm 20 (standard cubic
centimeter per minute) and the actual pressure was  approximately 2x10-3
mbar. The target current was in the range of 0.4 to 1.4  amperes. By
controlling the depostion time, a typical intermediate layer  thickness
ranging from nanometers to micrometers can be achieved. 25 After the
deposition of the amorphous intermediate layer 2 on the silicon wafer WO
03/097552 PCT/SG02/00072  10 1, the silicon wafer 1 is further treated by
immersing the silicon wafer 1 with the  amorphous layer 2 in a hydrophilic
solution bath, such as sulfuric-, or hydrogen- peroxide-based RCA solution.
This treatement process is carried out at a  temperature between 50C and
80C for about 5 to 10 minutes, so that the  



5 silicon wafer 1 becomes hydrophilic. This is depicted in Figure 3.
Similarly, the glass wafer 4 is conditioned first by polishing the bonding
surface  and then treated in a same hydrophilic solution bath so that the
wafer 4  becomes hydrophilic, as shown in Figure 4. 10 Next, both wafers
1,4 (and the amorphous intermediate layer 2 deposited on the  silicon wafer
1) are flushed with deionised water to remove the hydrophilic  solution
from the wafer's surface. This is followed by "spin-drying" the two  wafers
1,4 or blowing inert gases on the wafers 1,4 to speed up the drying  1s
process. When the wafers 1,4 are dried, the glass wafer 4 is stacked or
arranged in  spaced relationship with the intermediate layer 2 and the
silicon wafer 1, as  shown in Figure 5. The alignment is of a high
accuracy, typically better than 1 20 micron. In order to avoid wafer
contact during vacuumizing, the two wafers 1,4  are separated by spacers 5,
having thickness of typically 20-50 microns, which  are introduced at the
wafer's edges. After the alignment, the stacked wafers 1,4 are placed in a
vacuum chamber.  25 During vacuumizing, one or both of the wafers 1,4 are
heated to a temperature WO 03/097552 PCT/SG02/00072  11 between 300 C and
200 C or less. When the temperature reaches the  predetermined setting, the
two wafers 1,4 are first brought into point contact  



under pressure in the central area, as shown by arrow 6 in Figure 6. Next,
the  spacers 5 are pulled out to allow the rest of the surface between the
glass wafer 5 4 to be in contact with the amorphous intermediate layer 2.
Next, anodic  bonding of both wafers 1,4 is carried out by applying a
voltage ranging between  100 to 1000 volts on the two wafers 1,4 such that
the voltage applied on the  silicon wafer 1 is positive with respect to the
voltage of the glass wafer 4. Figure  7 illustrates the successful bonding
of the two wafers 1,4 at a temperature 1o between 300 (err)C and 200 C or
less and a voltage of 100 volts to 1000 volts.  After bonding, the bonded
assembly of wafers 1,4 are checked with a scanning  acoustic microscope
(SAM) using a resolution of approximately 2.5 microns.  Figure 8 shows a
C-SAM image of the whole bonded surface of a typical 15 bonded wafer 1,4
assembly. As shown, a bubble free glass-silicon interface  could be
achieved. In some test samples, occasionally, small bubbles were  found in
the interface, but the unbonded area due to these bubbles was limited  to
less than 1 % of the whole wafer. A laser profilometer was also used to
check  the warpage and residual stress but there was no warpage and
residual stress  20 detected. The bond created in this manner is
distinguished both by a high mechanical  strength and long mechanical and
chemical durability. The measurements in  "pull" tests have shown that the
bonding strength can be higher than the 25 fracture strength of glass. The
results from the pull tests revealed that bonding WO 03/097552
PCT/SG02/00072  



12 strength higher than 20MPa can be achieved for the bonding temperatures
between 200C and 300C used in the preferred embodiment. It is also found
that fracture, if any, would occur inside the glass, or in some cases the
silicon,  rather than in the glass-silicon interface, as shown in Figures
9a and 9b. 5 Figure 9a shows a fractured surface of a bonded wafer 1,4
after dicing to  10x10mm and Figure 9b is a mirror image of Figure 9a
illustrating the  corresponding fractured surface in the other portion of
the bonded wafer 1,4.  Both optical images show that the fracture happens
in the glass or in the silicon,  1o and not in the glass-silicon interface.
This high bonding strength thus permits further trouble-free processing of
the  wafer plates for the fabrication of, for example highly complex
microstructures  or devices, or the like. It also permits trouble-free post
processing of the  15 wafers, such as grinding, polishing, dicing etc. The
reliable bonding at such low temperature in this invention can minimise
degradation or damage of pre-fabricated devices and integrated circuitry.
It can  minimize or eliminate bonding-induced residual stress or warpage
after cooling 20 which may cause reliability issues. It can also be used
for hermetic and vacuum  sealing at a low temperature. The embodiment
described is not to be construed as limitative. For example,  although the
embodiment describes the bonding between a silicon wafer 1 and 



WO 03/097552 PCT/SG02/00072  13 a glass wafer 4, other types of wafer or
substrate, such as metal, ceramic or  semiconductor material, can be used.
The described method is also applicable for bonding between a substrate and
a  5 wafer and not just between two wafers. The method may also be used for
bonding two substrates or for bonding between a plurality of substrates
and/or  wafers. For example, after a bonded assembly is formed by using the
described  method, the bonded assembly can be further bonded using the
described  method with another component which can be a wafer or a
substrate and to subsequently, the bonded assembly can again be bonded with
a further  component. In this way, a multilayer wafer or substrate assembly
is formed. The preferred bonding temperature is between 300C and 200C to
alleviate any  residual stress to the glass and silicon wafer 1,4. However,
it should be  15 apparent that a bonding temperature higher than 300C may
be applied to the wafers 1,4 to achieve a better bond if both wafers can
withstand the thermal  mismatch, when both wafers 1,4 are subsequently
cooled to room temperature,  or other degradations. 20 The described
embodiment uses sputtering as the PVD process for the  deposition of the
intermediate layer 2. However, other PVD processes such as  ion beam
deposition and laser ablation can also be used. In the alternative,  other
suitable deposition methods, such as chemical vapour deposition (CVD)  



can also be used as long as the amorphous intermediate layer 2 formed is
non- 25 hydrogenated. WO 03/097552 PCT/SG02/00072  14 The sputtering
process described uses a silicon planar target to deposit the  silicon
intermediate layer 2. In the alternative, other suitable planar targets can
be used as long as the substance forming the target does not have hydrogen
as  5 a constituent element. Having now fully described the invention, it
will be apparent to one of ordinary  skill in the art that many changes and
modifications can be made thereto  without departing from the scope of the
invention as claimed. WO 03/097552 PCT/SG02/00072  15 Claims  1. A method
of bonding two components, each component being a wafer or  5 a substrate,
the method comprising the steps of: i. depositing an amorphous and
non-hydrogenated intermediate  layer on one of the components; ii.
arranging the _ components in spaced relationship with the  intermediate
layer therebetween; 10 iii. heating one or both components; iv. bringing
the components into contact; and  



v. applying a voltage to the components. 2. A method according to any one
of the preceding claims, wherein one of  15 the components is glass
material. 3. A method according to claim 2, wherein the glass material is
borosilicate  glass or other types of glass having alkaline ion. 20 4. A
method according to any one of the preceding claims, further  comprising
the step of cleaning one of the components using a cleaning  solution prior
to depositing the intermediate layer on said component. 5. A method
according to claim 4, wherein the cleaning solution is acetone.  25 WO
03/097552 PCT/SG02/00072  16 6. A method according to any of the preceding
claims, further comprising  the step of treating the components with a
hydophilic solution  subsequent to the deposition of the intermediate layer
on one of the  components. 5 7. A method according to claim 6, wherein the
hydrophilic solution is  sulphuric or hydrogen peroxide solution. 8. A
method according to claim 6 or claim 7, wherein the treatment using  10 the
hydrophilic solution takes place at an approximate temperature  between 50C
and 80C. 



9. A method according to any one of claims 6 to 8, wherein after the
treatment process, the method further comprises the step of flushing the
15 hydrophilic solution from the components. 10. A method according to
claim 9, wherein the flushing process is carried  out using deionised
water. 20 11. A method according to claim 9 or claim 10, further comprising
the step of  drying the bonding surfaces of the components. 12. A method
according to any one of the preceding claims, wherein the  components are
spaced from each other using spacers. 25 WO 03/097552 PCT/SG02/00072  17
13. A method according to any one of the preceding claims, wherein the
components are bonded in a vacuum chamber. 14. A method according to any
one of the preceding claims, wherein one or  5 both components are heated
to a temperature less than 300 C. 15. A method according to claim 14,
wherein the temperature is in the range  200 C and 300 C. 10 16. A method
according to any one of the preceding claims, wherein the  deposition of
the intermediate layer is carried out using physical vapour  deposition.
17. A method according to any one of the preceding claims, wherein the 



15 intermediate layer is selected from the group consisting of silicon,
silicon  oxide or silicon nitride. 18. A method according to any one of the
preceding claims, wherein the  voltage is in the range 100 volts to 1000
volts. 20 19. A method according to any one of the preceding claims,
wherein the two  components are bonded anodically. WO 03/097552
PCT/SG02/00072  18 20. A bonded assembly comprising two components, each
component being  a wafer or a substrate, and an amorphous and
non-hydrogenated  intermediate layer. 5 21. A bonded assembly according to
claim 20, wherein one of the  components is glass material. 22. A bonded
assembly according to claim 21, wherein the glass material is  borosilicate
glass or other types of glass having alkaline ion. 10 23. A bonded assembly
according to any one of claims 20 to 22, wherein the  intermediate layer is
selected from the group consisting of silicon, silicon  oxide or silicon
nitride. 15 24. A semiconductor device having a bonded assembly according
to any one  of claims 20 to 23. 



25. An electronic device having a bonded assembly according to any one of
claims 20 to 23. 20 26. A microelectromechanical system having a bonded
assembly according  to any one of claims 20 to 23. 27. A
microoptoelectromechanical system having a bonded assembly  25 according to
any one of claims 20 to 23. WO 03/097552 PCT/SG02/00072  19 28. A
multilayer wafer or substrate having a bonded assembly according to  any
one of claims 20 to 23. 


