PUBLICATION A

Effects of Plasma Activation on
Hydrophilic Bonding of Si and SiO,

Journal of The Electrochemical Society, Vol. 149,
No. 6, (2002), pp. G348-G351.

Reprinted by permission of ECS

— The Electrochemical Society.



G348 Journal of The Electrochemical Society49 (6) G348-G351(2002
0013-4651/2002/148)/G348/4/$7.00 © The Electrochemical Society, Inc.

Effects of Plasma Activation on Hydrophilic Bonding of Si
and SiO,
T. Suni 2% K. Henttinen,? I. Suni,® and J. Makinen®

a/TT Electronics, Microelectronics Center, FIN-02150 Espoo, Finland
bOkmetic Oyj, FIN-01510 Vantaa, Finland

Low-temperature bonding of Si wafers has been studied utilizing reactive ion etching-mode plasma activation. The hydrophilic Si
and thermally oxidized Si wafers were exposed tq Hr, or O, plasma prior to bonding in air or vacuum. After plasma treatment

the wafers were cleaned in RCA-1 solution and/or deionized water. Strong bonding was achieved at 200°C with all the investi-
gated plasma gases, if proper bonding and cleaning procedures were used. Extended RCA-1 cleaning deteriorated the bond
strength, but a short cleaning improved bonding. We found that the activation of the thermal oxide has a larger influence on the
bond strength than the activation of the native oxide surface in Si/oxide wafer pairs. We suggest that the plasma treatment induces
a highly disordered surface structure, which enhances the diffusion of the water from the bonded interface. As a result of the
plasma exposure the number of the surface OH groups is greatly increased enabling strong bonding at a low temperature.
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Direct bonding of hydrophilic silicon wafers can be applied to interface strength was measured with the crack-opening méthod,
the fabrication of silicon-on-insulatgBOl) structures and advanced and the voids at the bonded interface were studied with scanning
microelectromechanical and optical devices. Wafer bonding usuallygcoustic microscopySAM).
requires high-temperature annealing above 1000°C to achieve strong
bonding between the wafers. When bonding preprocessed wafers it . ) . .
is essential to restrict the annealing temperature in order to avoid !N the experiments100 oriented p-type Czochralski grown sili-
undesirable changes and reactions in the substrate structures. In tG@" Wafers with a diameter of 100 mm were used. The resistivity of
case of materials with different thermal expansion coefficients ex-t e wafers was 1-100 cm. A thermal wet oxide layer with a thick-

cessive stresses may arise in the bonded wafer pair. Therefore, it j2ess of 500 nm was grown at 1050°C on part of the wafers to be

mandatory to find a low-temperature bonding process that results i#sed for hydrophilic Si to Sipbonding(oxide/Si bondsand SiQ

strong bonding at temperatures below 400°C. to SiO, bonding (oxide/oxide bonds Prior to bonding, the wafers

ot . . . were activated in a reactive ion etch@®IE, Electrotech using ar-
It has been reported that strong hydrophilic bonding with Si Cangon, oxygen, or nitrogen plasma. During the plasma exposure the

be achieved at a low annealing temperatsrd 00°Q by exposing  chamber pressure was 50-150 mTorr with the gas flow set at 30
the wafers to a low pressure plasma prior to the bondifh@lter-  sccm. The rf power was varied between 50 and 150 W. With these
natively, surfaces can also be activated with ion bombardment inparameters the bias voltage at the substrate electrode varied between
vacuum? The plasma of various gases, including &d Ar, have 125 and 280 V. The duration of the plasma exposure was varied
been found to yield similar results Infrared spectroscopic mea- between 10 s and 10 min. After the plasma treatment the wafers
surements have confirmed that the bond strengthening in hydrophiligvere cleaned in an RCA-(INH3:H,0,:H,0, 70°Q solution and/or
bonding of Si is due to the formation of covalent siloxane bonds deionized watefDIW). To study the influence of the cleaning step
(Si-O-Sj at the bonded interface® This reaction which involves 0N the bond strength, different cleaning times were used. After
dissociation of silanol groups at the interface can take place even #t€aning, the wafers were dried in a spin dryer. The wafers were
room temperature. The resulting bond strength is limited by theSubséquently bonded in a commercially available wafer bonder
number of silanol groups available for the bonding reaction. Further(l.Electr.OnIC Visions EVﬁO)l ;rhe bort'1d|ng Wat‘s carrled out either in t
bonding only occurs at higher temperatures via plastic flow andigo(gE;mT\r/]aeC%%T d:ﬁu\?va%e? rgﬁgwi?;p;ang;?agrzg S;Tgofgses a
distortion of the silica tetrahedra. lon bombardment by plasma ex s b .

L . . “After this first annealing step the wafers were cut into rectangular
posure or by incident ion beam is known to create structural defectglices using a dicing saw. The diced samples were annealed for
on a Si surfacé.The particles and ions impinging on a Si surface

2-100 h at 100-500°C. The surface energies of the diced samples
also have a charging effettt has been proposed that the disordered yere measured in air using the crack-opening methibde bonded
surface structure is responsible for the increased reactivity of theyvafer pairs were inspected for interfacial voids using IR transmis-
surface! Farrenset al. have suggested that the increased oxidation sion imaging and scanning acoustic microscé®gnix UHR2000.

rate (Si-O-Si bond formationat the bonded interface is due to the The surface roughness of the plasma-activated surface was mea-
plasma induced surface charfg@mirfeiz et al. found no evidence  sured with a Digital Instrument D3100 atomic force microscope
to substantiate this hypothesi§hey suggested that plasma treat- (AFM) using silicon tips in the tapping mode.

ment creates a porous surface structure which enhances the diffusiv-
ity of water molecules from the bonded interface. In summary, a
number of experiments with varying, sometimes conflicting, results ~ The surface energy of Si5i bonds as a function of annealing
have been published on plasma-activated Si wafer bonding. Thidémperature is shown in Fig. 1 for different surface activation treat-

suggests that the effects of plasma activation are not fully clarifiedMents: For reference, the surface energy of the nonactivated oxide/Si
yet. bonds is depicted in Fig. 1b. For nonactivated oxide/oxide bonds we

We have studied the influence of various plasma and bonding{;,ave measured approximately the same surface energy. The wafers
ere exposed to oxygen, argon, or nitrogen plasma and subse-

parameters on the hydrophilic bonding of Si and SiSing alter-  o,ently cleaned with RCA-1 and/or DI water before bonding in air.
native surface treatment procedures prior to bonding. The bondedyong honding is observed for all plasma species investigated after
annealing up to 300°C, if a proper cleaning procedure is used. For

example, a short RCA-1 cleaning step for 45 s results in strong
Z E-mail: tommi.suni@vtt.fi bonding whereas extended RCA-1 cleaning deteriorates the bond

Experimental

Results and Discussion
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Figure 2. The influence of the bias voltage on the bond strength of oxide/Si
3000 bonds. The bonding was performed in air after which the bonded wafer pairs

were annealed at 200°C for 2 h.

& 2500 B —— :
E
E 2000 4 [ —e—N2-plasma, DIW 5min ing optical ellipsometry show that RCA-1 cleaning for 5 min after
2 Igféﬁgmfb?wsﬁ%" plasma exposure remavea 5 nmlayer from the surface of the
g 1900 fo gt < No activation activated oxide. Therefore, we conclude that in the RCA-1 bath the
e damaged layer induced by plasma is consumed and eventually the
8 1000 | activation is lost, as we have observed for extended cleaning times.
t This etchback process is less effective when the bias voltage and
@ 500 penetration depth of the ions increase.

0 While a surface energy of>2000 mJ/m was obtained for

5 1(‘)0 150 260 250 360 350 w00 450 oxide/Si bonds, the _surface energy c_)f oxide/oxide ponds remained
(b) Annealing temperature {°C), 2h below 1500 m.]/r"h W[th all thfe actlva}tlon treatmentd=ig. 4). The

observation is consistent with earlier results on low temperature
Figure 1. (@) The surface energy of oxide/Si bonds for different plasma Ponding of hydrophilic S, The silanol group$Si-OH) of opposing
gases and for different RCA-1 cleaning times. The bias voltage at the subSurfaces can react and polymerize even at room temperature pro-
strate electrode was200 V, and the plasma exposure time was 30 s. The Vvided that they are in close proximityTherefore, the interface wa-
wafers were bonded in air. The bond annealing time was(B)ithe surface  ter trapped between the hydrophilic wafers has to be removed before
energy of oxide/Si bonds for different plasma gases. The subsequent cleaningne polymerization of the Si-OH groups can take place. If one of the
was performed in DI water. The surface energy of the nonactivated oxide/Siyafers is covered with a thin native oxide layer, the water can dif-
wafer pair is shown as a reference. The bias voltage at the substrate electroggse to the oxide/Si interface and oxidize silicon, even at a low
was ~200 V, and the plasma exposure time was 30 s. The wafers wergqemperature. When both wafers are covered with a thick oxide layer,
bonded in air. The bond annealing time was 2 h. the diffusion of water to the oxide/Si interface is hampered at low

temperatures.
A mass spectroscopic analysis of the wafer pairs bonded without

strength. Our results also show that for wafers exposed to an oxygeﬂlasma activation has proved that the interface water can oxidize Si

plasma DIW rinse is not effective in bringing about strong bonding. generating molecular hydrogen at the bonded |n§er?§idgdrogen -
Bonding experiments using plasma activation with a varying biasJas Was also found_ to be the :nam constngent inside th? cavities
voltage and exposure time were also carried out. A short plasmdV0idS after annealing at<700°C. We carried out experiments
exposure up to 30 s was found to be more efficient than a treatmenf/n€re two unoxidized hydrophilic Si wafers were bond&/Si
lasting several minutes. The AFM measurements show that an ex-
tended plasma exposure increases the surface roughness. A surface
roughness of 2 A was measured for a Si wafer activated with Ar 0.2
plasma for 10 min, as compared to a roughness & for an un-
treated sample. Plasma activation at a 200 V bias voltage lasting les
than a minute was not found to have any effect on the surface
roughness. Figure 2 shows the measured surface energy as a fun_‘g:
tion of the bias voltage for a wafer pair exposed to an oxygen ©
plasma for a constant time of 30 s. The bias voltage was controllect
by adjusting the plasma pressure and power. When measured after &
heat-treatment at 200°C the bond strength increases with an increa:Q
ing bias voltage if the wafers are cleaned with an RCA-1 solution
after the plasma exposure. When the cleaning is carried out in DIW,
the influence of the ion energy is less pronounced. Our results sug
gest that the activation extends to a depth controlled by the averag
ion energy in the RIE process. Increasing the bias voltage results ir
ions penetrating deeper into the wafefigure 3 shows simulated
profiles of G, N,, and Ar implanted at 200 eV into S}’ The
projected range of 200 eV O , N, *, and Ar" ions varies be-  Figure 3. The distribution profiles of 200 eV O’ , N, * , and Ar* in Si

tween 1 and 2 nm. This shallow surface layer is very reactive ando, simulated using the SRIM2000 cod&he approximate thickness of the
readily adsorbs water from the cleaning solution. Measurements usaative oxide is given as a guideline.

E,, =200 eV

<4—— Native oxide interface
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Figure 4. Comparison of Si/oxide and oxide/oxide bonds. The wafers were
activated with oxygen plasm@0 9 followed with RCA-1 cleaning45 9.
The wafers were bonded in air. The bond annealing time was 2 h.

bondsg using different plasma activation treatments. A large number
of presumably hydrogen-induced voids was observed by scanning(a)
acoustic microscopySAM) after annealing at 100-400°Eig. 53.

No hydrogen-induced voids were found in hydrophilic silicon-to-
oxide and oxide-to-oxide wafer pairig. 5b. The result is in
agreement with the reported behavior of the voids in wafer pairs
bonded without plasma activatidriThis suggests that the plasma-
enhanced bonding process involves a similar oxidation reaction a:
the conventional hydrophilic Si wafer bonding.

The molecular water resulting from the polymerization of Si-OH
groups may either out diffuse along the bonded interface or react
with Si according to 260 + Si— SiO, + 2H,.! The difference
in bond strength at 200°C between oxide/Si and oxide/oxide bonds
and the behavior of the voids suggest that most of the interface
water is consumed by oxidation reaction if at least one of the oxide
layers is sufficiently thin.

Figure 6 presents the measured surface energy for oxide/Si wafe
pairs bonded with the Oplasma activation but in different atmo-
spheres. A reduced surface energy of 1000 rhdiais measured for
the samples which had been bonded in vacuum or at 150°C in air ir
contrast to the values 62000 mJ/m obtained for the wafer pairs
bonded in air at room temperature. The molecular water is known to
desorb from a Si wafer surface at above 1169€is then reason-
able to assume that most of the water has desorbed from the surfac
held at 150°C or in vacuum. The observed difference in the surface
energies corroborates the important role of water molecules in the(b)
early phase of hydrophilic bonding.

_ In comparison, no dependence of the bond strength on the bondsigyre 5. (a) A SAM image of a hydrophilic Si/Si wafer pair. The wafer pair
ing atmosphere was observed in the samples activated with nitrogefas activated with argon plasma followed with DI water rinse. The bonding
or argon gases. Both vacuum and air bonding resulted in strongvas carried out in air with the bond annealing at 200°C for ZbhA SAM
bonding at 200°C, if argon or nitrogen RIE was used. Hence, theimage of Si/oxide wafer pair. The wafer pair was activated with argon
adsorption of the OH groups appears to produce a more stable suplasma followed with DI water rinse. The bonding was carried out in air and
face coverage in this case. We simulated the surface sputtering prdbe bond annealing at 200°C for 2 h.

cess using the SRIM2000 Monte Carlo cddeor 200 eV Ar ions

incident on a Si@ surface the average sputtering rates for Si and O

are 0.041 and 0.227 atoms/ion, respectively. For real surfaces ththe native oxide surface. The same result was obtained both for
sputtering yield changes during the ion bombardment due to variaargon and oxygen plasma. The result can be explained by the vary-
tions in surface roughness and changes in the stoichiometry. Théng degree of hydrophilicity of the surfaces. The surface of native
large relative difference in the atomic sputtering rates neverthelesxide can accommodate a higher density of silanol groups compared
suggests that the silica surface under Ar bombardment becomes et® the thermal oxide. The density of OH groups on the thermal oxide
riched in Si. The hydroxyl groups link to the enriched silicon atoms surface is 0.06/nfiwhereas the fully hydrated silica surface con-
and constitute a stable hydrated surface. For oxygen plasma expdains about 4.6 OH groups per nanometer squatddnce, the re-
sure the surface remains saturated with oxygen and cannot bind tduced density of the bonding sites available on the thermal oxide
OH before a light etching step in RCA-1. surface becomes the strength-limiting factor in bonding. The number

We also studied the influence of the plasma activation if only oneof bonding sites is increased during the plasma treatment rendering
of the two wafers is activated. The surface energy results for Si/the surface more reactive. The relative amount of this enhancement
oxide wafer pairs in Fig. 7 show that the activation of the thermal is more pronounced in the case of the thermal oxide. Figure 7 also
oxide has a larger effect on the bond strength than the activation ofhows that after annealing at 200°C, where the majority of Si-OH

A/l3
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3000 tion. After the water has been removed the OH groups can react and
form siloxane bridges across the bonded interface. It is well docu-
& 2500 - mented that in hydrophilic Si wafer pairs the polymerization of sur-
§ face Si-OH groups according to Si-OH Si-OH — Si-O-Si
E 2000 - + H,0 increases the bond strendthTo obtain strong bonding at a
= low annealing temperature, there should exist a high number of
g 1500 - available bonding site$Si-OH groups on a wafer surfacé.We
o suggest that plasma induces a surface structure, which can accom-
§ 1000 - modate a much higher number of OH groups than the equilibrium
t -~ Bonded in air at 25°C density of4.6/nnt reported for silica:'° This equilibrium value
@ 500 oo ~A—Bonded in a vacuum at 25°C corresponds to a surface energy-af600 mJ/m? if we assume that
—— Bonded in air at 150°C each silanol pair is converted to one siloxane bond. In contrast, the
0 ' ‘ ‘ ‘ ‘ measured surface energy of 2500 niJimould require 7.2 siloxane
50 100 150 200 250 300 350 400 450

bonds per nanometer squared suggesting a high initial surface cov-
erage by OH ions. ller has calculated that the surface of fully hy-
drated silica holds about 7.85 hydroxyl groups per square nanom-

Figure 6. Surface energy as a function of annealing temperature for Si/oxidegter. 11 This value is very close to the OH coverage required for
wafer pairs bonded in different atmospheres. The wafers were bonded aftef |-t energies measured in this experiment

activation in oxygen plasma followed with RCA-1 cleaning.

Annealing temperature (°C), 2h

Conclusions

. . I Our experiment demonstrates that strong hydrophilic Si-to-
groups should have reacted to form Si-O-Si bonds, the contributiongpermal-oxide bonds can be obtained at temperatures below 200°C
of the two bonded wafers add almost linearly to the final bond by exposing the wafers to RIE-mode plasma prior to bonding. Both
strength. __inert and reactive plasma gases result in strong bonding suggesting

We also measured the surface energy for argon-plasTa-actlvat at the surface activation of hydrophilic Si wafers results from
and DI water cleaned samples after annealing at 50-300°C for 67 hypysical modification of the surface layer. This activation is lost
Ti;e bonding was performed in air. The surface energy of 1200 MJjnger extended treatment in an RCA-1 solution suggesting that the
m" was measured after 50°C, and the surface energy increased lifnogified surface layer is slowly consumed by chemical etching.
early as a function of temperature up to 200°C after which the satuargon or nitrogen plasma activation yields stronger bonds than oxy-
rated value of 2500 mJAnwas reached. In hydrophilic bonding of gen plasma, if the bonding is carried out in vacuum. This can be
Si without plasma treatment the surface energy-aD00 mJ/m is explained by a more stable surface configuration for OH groups on
obtained only at 150°C after the interface water has been remfovedthe oxide surface enriched in Si. Because plasma-assisted wafer
Our result suggests that the interface water is removed5&°C if bonding yields a high surface energy<at00°C, we suggest that the
the wafers are exposed to plasma before bonding. We believe thajlasma activation creates a surface structure which enhances the
the diffusitivity of the water at the bonded interface is increased dueescape velocity of water from the bonded interface. The damaged
to a highly disordered surface structure induced by plasma activasurface layer presumably accommodates a high concentration of OH

groups resulting in high bond strength.
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