ULTRA-CLEAN Si/Si INTERFACE FORMATION BY SURFACE
FREEPARATION AND DIRECT BONDING IN ULTRA-HIGH VACUUM
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Silicon surfaces have been cleaned and bonded in Ultra-High Vacuum, at a
pressure in the lﬂ‘"Tnnrmp.Thbm&diﬂHfmmwm? low

spreading resistance and comrent wr temperature measurements, This
suggests that the barrier is caused by inevitable dislocation networks due to
wafer misorientation, as well as residual oxygen at the interface,

INTRODUCTIOM

Room temperature silicon wafer bonding in a clean room environment relies on
Smooth surfaces, bringing the silicon wafers into close ity. and a chemical
inleraction between adsorbed surface atoms and molecules. Di bonding between the
s-[lmmsurfammminmtmhhmdunﬁllmhummm . By going to Ulira-
High Vacuum (UHV) conditions, wafer hﬂngmbh@pﬁwﬂ&ut&i&ﬂm
ﬂfldmrbadmrfmapucluhirwuhm“ﬂmhwidu t on the wafer surfaces
are incorporated into the bonded ht:tflnulr(l.:t] influencing the interface

i if two

» Tuﬁm.verjrlinhhubumdmnmﬁiumbjmtnmm bonding of
:mfﬂmu:prmmufﬁ*Tmhurz:nmpuwdhyﬂﬁﬁ:udﬂly.Thﬂmwm—kﬂm

aces were prepared heating o samples at a pressure » and a good
bond was achieved as judged from a TEM However, to and maintain
atomicaliy clean surfaces for reasonable lengths I:imn.tm pressures of 10719
Torr are required. Recently, we reported the first resuits on ing in the 107" Torr
range (4). In this work, the direct bonding at 2 UHV base pressure of ix10™"° Torr, after
clewning at a maximum pressure of 2x10* Torr, is forther investigated. The surfaces were
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ments were 12 cm pieces of silicon wafers (CZ,
{100)-oriented, 5-30 Qcm), cleaned in SPM (Sulfaric Peroxide Mixmure, of
H,50,(97%): ), 4:1) for 10 minutes, and rinsed in DI water, 'I'hedrmm:l oxide

After cooling, the surfaces were cleaned: by “flashing” to 850°C duri short periods of
time, to a total time of about 10 minutes. The:samples were then- o for some
minutes bﬁ:jl‘.;l‘ﬂ the su:fmmwm -ba-uught-tuvgﬂherﬂ“ w%mmi 4 micrometer -n:rewﬁfead—ﬁmugh
to a slight ile pressing. the: aces together a second treatment at
npp?glu!;nﬂl]r 455“‘68‘:: performed.

THE UHV-PREPARED SILICON SURFACE

mm;mmmmm&m-mﬂmmﬁﬁm was
p;ﬂmﬂ%g@ﬁﬂhmhm&u&emﬂmmnﬁuﬂum
of bonding.

Immediately after debonding it was concluded that the silicon surfaces had not
oxidized, :incualleEEDp-tﬁu&ummummmswmd-H-mmumfmmddbc
obmad.Tbnmup!nmthmmtguudunhmtﬂﬂ'Cfmuw hours, while

g the pressure in the chamber below 2x10® Torr. This should remove the. surface

(5). HW no diffraction: could be obtained with
, indicating a i andfor disordered ace. AES showed increased
amounts of oxygen as well as carbon on the surface.
After a short additional heating for onl 2 minutes at 850°C, a diffraction pattern was
qamohmmmmtml}mmu%nufundmﬁum:mﬁw.mdﬂmﬂm
mmmhrmlmmmmwumm that takes place
mm&ngmm-huhwithenmnwﬂimdmhwul i i
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structure, can be removed at a higher temperature. The BS0°C is chosen to be above the
silicon dioxide sublimation temperature ().

CHARACTERIZATION OF THE BONDED INTERFACE

The bonded interfaces achieved high mechanical strength, qualitati jndgudﬁ'nm
mcﬁutﬁarihqrmﬂdwittut-:dlpuﬁl:hmg-lbuuhd nuﬂmﬂd

Bonding was not achieved if no or -heating was I;plniThemammforﬂmn
still not clear, presumably it the need for substanbal atomic diffusion to obtain
silicon/silicon bonding across the entire interface. The formed interfaces were characterized

measuremeants. A reference was made in the clean-room -etching. bonding
ot %’Lﬂmuﬁuﬂ 5450 c'mmm'?&ﬁ%m y

. polished to a ®or as a i spreading resistance
-m:uummmmmm3lmnﬂmmﬂkhnhmddﬂzh=ﬁmnf
between UV 2nd. clean-room samples. This mmeans. that the e motaials. oot
between N samples. This means that the surface tials
mﬂmﬁﬁummﬁhmmm i y equal in
samples.

RE

Amumd:tuhd-uijmunfﬂmdmshu“ﬂlﬂmbﬂhmﬂumm'
resistance corresponds to a barrier caused by an interfacial sheet charge of
positive elementary charges per cm’. This corresponds to an energy barrier of
0.1 eV, which_should have a noticeable influence on the carrier transport through the
sample at room temperatore,

EE

To verify the results in the spreading resistance analysis, the bonded Si/Si
type junctions were characterized uwsing conventional current ws w and current ws

the current is thermally activated at lower temperatures. The activation energy is found to be
wlta.gndcpendaut. corresponding to & potential barrier that decreases with the
voltage. This is what one should expect for a bonded SU/Si interface where the potential
barrier is caused by a sheet ﬂmﬂmrfmmm,hdn;ﬁﬂdmm:pnﬁmofu
Fermi level at the interface (7). 4, an activation energy of 0.11 eV is deduced
fnf'rhnmmrrupmdmghm voltage of 0.1 V. This activation energy is in

Electrochemical Society Proceedings Volume 97-36 403



agreement with the Its of the spreadin resistance analysis. At temperatures between
appmima;?y lTﬂﬁTﬂuK&emhgmm imately temperature independent,
m:mmw;mammmmumwmw

EE
g
Bt
:
0
o
1
in
A

- interfacial barrier. The following elements were yoed: S,
(Cs* primary ions) and Na, K, Ca, Cr, Fe, Mn, Ni, Cu, Ta (O primary ions). The
samples were polished in the same way as for the

thereby exposing the bonded interface.

Table [ summarizes the SIMS-resuits for one clean room bonded .and several UHW-
bonded samples. The value A ﬁvmah'ﬂm-dmthdcﬁmd;nﬂmmﬁmm
ratio of the signals [counts/s] from the peak:at-the-bonded interface and from. thotbuil part
of the sample. Figure 5 shows the from the detected non-metallic and metallic
cﬁgarnim:;.:rfpuﬁvﬂy. in the ~sample " UHV{v)" and in the clean room sample

By doing the SIMS analysis in a spot located slightly above the bonded interface on
the beveled sampile, bulk silicon is anal before passing the bonded interface. Since the
sample has a bevel, the cross section of the interface will pilﬂﬂ?ﬂﬂiz:lnal}'mdlmaduﬂng

mnmng.mhmemmfwﬂwhrmdﬂnaunq:nfthu-pgb figure 5. J:nfmmpt
I some important use of known

assuming that they are inavdumuimnnmnd.ﬂuimmfmm-uhmofdm
magnitudes shown in able II. The spread in impurity concentrations between different
UHV-bonded samples were found to be less than an order of magnitude.

though Iy.lh;u : M-;.h%lﬁ : Hwﬁnmd -Ia"ml'?{."'rm“
although a large spread in results is samples ™ )" " ¥)™ in
Tahlelmpmpuedmdmmmlrrm‘hwdudhtheclun

occasion. The samples show considerab lwwmﬂ,ﬂa.ﬂa_aJﬂKummpuadm
huthuUHV—bundnﬂsuuplm.pnhﬁnghpmﬂhhhﬂmnfdﬁfﬂ:mmﬂuwut
nwgmmmmhmmmmmgmm,msm-
muluutmtuﬂumchuwﬂmuufﬂueﬁmﬁmnfmgmwng

procedure.
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can be made with so called + Observed to appear materials at
450°C, and deactivate sbove about 650°C (9), possible o the
amﬂhﬂﬁmmﬂ:ﬂnﬂﬂaﬂ%h&ﬂmpﬂmﬁdhﬂnﬂﬂnmﬁmhﬁwmm
mnmhnumhmrﬁum"iwmmﬂmhh i the

the characteristics at lower and ﬂmmmmm“mfw&rhhm
Dn:maysmlaudu;diﬂ'ﬂmtpuuuﬂhjmmunmmﬁwudm

Another interesting mruiti:lﬁulb:mmmmd:gnthupuu o
Minm.mummmmnm{mmhmmmm@
ﬁgmmmnﬁmmdwhhmmmdurhgmcmt;mi » that destroys the diffraction

i temperatures between
270 K. Also the current vs dﬂuwmiﬁcdlﬁunmmmum
temperatures,



ordered than is ‘hhhywndwmitndhmmdmfu.ﬁn‘ i of
ord wan i possi o hpy-- pm:pmtlv:m
ofﬁ(lll}ummht;fﬁmmﬁruﬁmmﬂuw i of
the interface. )

CONCLUSIONS

lemperature measurements. ,
.ﬂiumggﬂmdﬂ:uﬂuhﬁﬂu—i:mud m@mmﬂﬁum
mmm,umuumﬁduuwﬁmm
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Table I. SIMS data for differently prepared samples, bonded in UHV and in the clean-
room. The values A, ., given afier each eclement is defined as the ratio of the signals
[counts/s] from the peak at the bonded interface and from the bulk part of the sample.

| Bonded in ‘Clean room Result SIMS-analysis (Anar)

!name | chemlstrx -

UHRV SPM + 10% aqHF

[UHV(i)] K(30), Ca4)

UHV SPM H(10), C(3) 0(10). F(10), S(100)
 TUH V(i o Na(8), K(5

Clean room SPM + 10% aqHF H(40), C(130), 0(50), F(10), S(SO) Cl(lO)
[RR] _ Na(1000), K(2000), Ca(1500 20

URV SPM + 10% aqHF H(S), C(2), O(10), CI(10)

[UHV{iii)] | —

UHV SPM + 10% aqHF H(3), C(4), 0(3), F(2), S( 10)

[UHV{iv)] —_— - Na(200), K(500 200 20), Mn(10
UHV SPM + 10% aqHF H(6), C(18), 0(4), F(5)

[UHV(v)] Na(100), K(150), Ca(10)

Table II. Estimated concentrations of impurities at UHV-bonded Si/Si interfaces.

| Element : Com;}ntration (cm>) Element JConcentration (cm™)

Hydrogen 1x10%° Sodium 4x10"

Carbon fi4x 10" ' IlPotassium 2x10"

Fluorine II 2x10'7 Calcium 2x10"

Oxygen 2x10% ; n Chromium 2x10"

Sulfur 45x10"

Ta holders, with contact clamps

Figure 1. The experimental set-up, - Figure 2. LEED pattern showing a (2x1)
showing a perspective view of the -bonded . ' reconstructed silicon surface after heating to
silicon sample mounted on the holders with 850° Cin UHV.

silicon nitride covered heater elements. .
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Figure 3. The measured spreading Figure 4. Activation plot at differer
resistances for samples a) cleaned, bonded,  applied voltages for a Si/Si p-type/p-tyr
and annealed in UBLV, and b) bonded and . jumction formed by wafer bonding in U\
~:furnace-annealed in‘the clean-room. O
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Flgufe §. Non-metallic and metallic contaminants, respectively, as obtained from SIMI
in the UHV-sample "UHV(v)" and in the clean room sampie "RR" of Tabie L.
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