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Abstract

We report a oxygen plasma enhanced low-
temperature wafer bonding process. At a thermal
bonding temperature of 600 °C, there is negligible
boron out-diffusion from the etch-stop layer. As
observed by cross-sectional Scan Electron Microscopy,
the bonding strength of oxygen plasma treated sample
is so large that forced break from bonded wwafers
separates the oxide-Si hetero-mterface mstead of the
oxide-oxide bonding interface. In sharp contrast, there
is no chemical bonding for samples by the same 600
°C anneal but without oxygen plasma treatment. Such
stong bonding is theoretically not possible in
conventional process umntil the annealing temperatire
reaches 1100°C. The bonded interface shows good
stucture integrity as observed by cross-sectional
Transmission Elecron Micoscopy. A low oxide
charge density of -2.0x10"° an” is obtained from
capacitance-voltage measurement. The plasma mduced
charges chring this bonding process are very low that
is suitable for SOI applications.
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Silicon-on-insulator (SOD)" has attracted much
attention recently because of the application m low-
power high-perfformance CMOS devices, power
devices, and micro-mechanical structures. The bond
and etchback SOI (BESOI)” is a promising technique
to fabricate SOI, and the thick oxide m BESOI is
especially useful for high speed devices and power
devices. The process of BESOI bonds two oxide
surfaces grovm on each silicon wafers, and a selective
etch-stop process is followed to remove one of the
substrate and leaves less than 0.1ym Si layer on the
bonded oxide. The bonding swufaces of oxide are
hydrophilized and brought mto contact at room
temperature. Iitial contact is performed by applying
gentle pressure at some location on the pairs.
Pemanent bonding is then achieved by annealing at
elevated temperatures (~1100°C), that is necessary to
mcrease the bonding strength for device fabrication.
Unfortumately, the high temperatire bonding process
creates some drawbacks. Boron (B) dopant in selective
etch-stop layer will diffise into active Si and buried
oxide dwring the required high temperatumwe process.
The diffused B will cause a threshold voltage shift in a
MOSFET and is wmacceptable for circuit application.
Although a high temperatme hydrogen anneal can
reduce the B concentration in active Si layer,’ a high
concentration of B is still left in the buried oxide and
will diffuse out by subsequent themmal cycle used for
device fabrication.

In this letter, we proposed a new bonding
process to overcome this problem. A low temperature
of 600 °C is used to lower the thermal budget, and
there 1is negligible B out-diffusion at this
temperature.”* In order to enhance the bonding energy,
we have used 0, plasma treatment to increase the



activity of bonding interfaces.”'® I has been reported
by Sun et al’ that plasma treatment enhances the
number of OH-groups at swnface by an order of
magnitude, and the mcreased OH-groups improves
wafer bonding. Farens et al.'' also reported that
plasma mduced sunface charges enhance the growth rate
of oxide at the bonding interface, which is due to
mcreased atom mobility in the near-sunface region and
reduced free energy of oxide formation by radical
reactant ions.
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Standard 4-m. (100) silicon wafers were used in
this experiment. Wet oxides of 1100 A were grown on
each wafer at 850°C. Standard RCA cleaning process
is used to achieve a hydrophilic condition. One set of
wafer was treated with oxygen plasma of 50 W and 20-
scan-flow rate for 4 mmutes, and then followed by an
mitial contact. Another set was performed with mitial
contact directly. Themmal bonding was performed at
600 °C in nitrogen ambient for 15 hours. Cross-
sectional Scan  Electon Miaoscopy (SEM),
Transmission Electron Microscopy (TEM), were used
to examine the material properties after wafer bonding.
MOS capacitor was fabricated by Alhmimm (Al)
metalization and capacitance-voltage €V
measurements were used to characterize the electrical
properties of bonding mterface.

ERESH
In order to mwestigate the effect of oxygen
plasma treatment, the bonded wafers were forced to
break from the bonding mterface. Fig. 1 shows the
coss-sectional SEM of the broken wafer from the
bonding iterface, without the oxygen plasma
treatment. The measured oxide thickness is 1160 A,
which is close to the original oxide thickness before
bonding and within experimental emor. The forced
broken wrafer shows the same wviolet color before
bonding and throughout the whole suface. This is an
mdication that there is no chemical reaction after 600
°C themmal treatment. This is in consistent with
reported paper in literature that a high temperature of
~1100 °C is required to form strong chemical bonding.
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Fig. 1. Cross-sectional SEM of bonded wafer
by forced break. The bonding conditions are
600 °C thermal annealing for 15 hours.

The bonding mterface of oxygen plasma treated
wafer, after forced to break, is shown in Fig. 2(a). In
shap contrast to the one without oxygen plasma
treatment , the measured oxide thickness is 2130 A,
which is the double thickness of initial oxide
thickness. A thin white line of ~ 150 A is observed in
the middle of oxide that may be the bonding mterface
after oxygen plasma treatment. To finther demonstrate
the above assumption, we have also examined the
cross-sectional SEM in an air-bubbled region. As
showvn I Fig. 2(b), the oxide thickness is gradually
decreased from bonded region mto air-bubbled region,
and a clear bonding interface is observed. The
thickness difference between bonded region and am-
bubbled region is about twice which is a strong
evidence of successful bonding by oxygen plasma
treatment. It is noted that the bonding strength is so
large in the oxide-oxide-bonding mterface that did not
separate after forced break. Instead, the separation is
taken place at oxide-Si hetero-interface. As observed
by microscope, the thermmally grown oxide of one wafer
is stripped off and attach to the oxide of another wwafer
after forced break. Such strong bonding can only be
obtamed by conventional method after a high
temperature annealing at ~1100 °C where a viscous
flow of oxide takes place at this temperature .’

We have used cross-sectional TEM to finther

study the oxygen plasma treated bonding mterface. As
shovm I Fig. 3, there is no defect in bonded oxide
that

can be obseaved by aoss-sectional TEM.
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7 Fig. 2. Cross-sectional SEM of bonded wafer by
forced break i (a) bonded region and (b) ai-
bubbled region. Oxygen plasma treatment is used
before thermal annealing.
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Furthermore , in spite of the bonding interface , there is
another interface that is also observed beneath the
bonding mterface. The separation of these two
interfaces is ~ 150A that may be due to the oxygen
plasma treatment. Although the detailed mechanism of
oxygen plasma treatment is not well known, the high-
energy plasma may damage the oxide to break the Si-
oxide bonds and create traps. It may also form oxygen-
rich oxide after oxygen plasma treatment. Therefore the
~ 150 A region, beneath bonding interface, may be due
to the newly formed oxygenrich oxide after oxygen
plasma treatment .
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Fig. 3. Cross-section TEM of the bonding interface
after forced break.

To finther characterize the electrical properties of
oxygen plasma treated bonding interface, we have
fabricated MOS capacitor on these oxides shown in
Fig. 2(a) and after forced break. Fig. 4 shows the
measure C-V and an effective oxide charge density of -
2.0E10 an” is obtained. I contrast to the normally
observed positive charge density, the measured
negative charge may be due to trapped electrons from
plasma or dangling bonds broken by oxygen plasma.
Other possibilities may be cue to over-saturation of
hydrogen m oxide by hydrophilic bonding suface
proposed by Afanas’ev et al.’
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Fig. 4. C-V curve of the bonded oxide.

It is noted that this negative charged oxide can
be easily repaired and converted mto nommal positive
charged oxide by grown a very thin oxide of 50 A.
Fig. 5 shows the measured C-V cuve and an effective
oxide charge density of 6.6E10 an” is obtained. In
spite of the negative value, the density of effective
oxide charge is quite low that demonstrates good
electrical quality and is suitable for SOI application.
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Fig. 5. C-V cmve of the bonded oxide after grown 50A
thermal oxide.
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We have demonstrated an oxygen plasma
enhanced low-temperatire wafer bonding process. The
bonding strength of oxygen plasma treated sample is
so large that separates the oxide- Sihetero-mterface after
forced break mstead of the oxide-oxide-bonding
mterface. In sharp contrast, there is no chemical
bonding for samples by the same 600 °C anneal but
without oxygen plasma treatment. Such strong
bonding is theoretically not possible in conventional
process until the amnealing temperature reaches 1100
°C. The plasma-induced charges during this bonding
process are kept very low that is suitable for SOI
applications.
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