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Preparati on Method The invention relates to a nethod for preparing the
surface of a sem conductor substrate, in particular to a method providing
an oxi de- ig®acsamisgonduct or substrate surface. For cepdpigipedpihications, it
IS necessary to provide sem conductor substrates fromwhich the, natural
oxi de | ayer has been renoved. One such situation, for exanple, appears in
the so called. Direct Silicon Bonding (DSB) technol ogy during which
typically a silicon (100) surface of a first substrate is directly bonded
to a silicon (110) f |nterven|ng oxi de
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to renove all possible sources of oxygen or oxi de at the bondlng interface
to prev elimt
the' qual ey BRI R S s R oY BRLUPREE b LN RS LTS BRI 10
such pr geitputeatoesmethod prayétngan oXide- fb%ﬂl%ﬁﬁh@@&lﬁb&&@%@lsd!ﬁb@e responsi bl e for
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bonded substrates. The sane kind of problem occurs during the process of
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As an alternative or in addition, step b) can conprise a gaseous treatnent,
in particular a reducing plasma or a thermal treatnent in a reducing
at nosphere, to get rid off the artifizial oxide. Wth a dry treatnent the
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As an alternative or in addition, step b) can comprise a gaseous freatment, in

particular a reducing plasma or a thermal treatment in a reducing atmosphere, to get

rid off the artificial oxide. With a dry treatment the oxygen quantity on the surface of

the substrate can also be reduced and improved bonding results have been

observed compared to a liquid treatment.

Advantageously, the reducing plasma can comprise a reducing gas plasma and an
inert gas plasma. The addition of an inert gas may lead to improved surface
roughness qualities compared to treatments without and thereby the bonding
capabiliies of the freated substrates can be further improved. Accordingly, a
reducing plasma comprising, for instance, hydrogen and argon is suitable for
realizing the inventive method.



WO 2009/ 101494PCT/ 1 B2009/ 000141 4 Figures 3a - 3i illustrate a third
enbodi nent of the invention directed to preparing a strained silicon on
i nsul ator substrate. Figures la - Ic3illustrate a first inventive
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Preferably, the second semiconductor substrate can aiso have been freated
according to the inventive method. Thus, with both surfaces being optimized, the
bonding energy may be further improved.

Preferred embodiments of the invention are shown in the Figures and will be
explained in detail in the following:

Figures 1a — 1¢ illustrate a first inventive embodiment according to the invention.

Figures 2a and 2b illustrate a second embodiment dealing with direct silicon
bonding, and



‘The reducing step to renove the artificial oxide can be realized using one
of the follow ng treatnents or any conbi nation thereof: According to one
alternative a liquid treatnment, in particular using an HF treatnent, is
carried owyh®@agets rid of the artificial oxide | ayer pri/Fmeondidng to a
second alternative a gaseous treatngnt, in particular a chemcally reducing
pl asma or a thermal treatnent in a redum ng atnosphere, is applied. Wen
using a chemcally reducing plasma, it is preferable to conbine the gas,
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backsi de surtace 1s typically protected fromthe ion bonbardnent. In case
of | i quistbatiaéeaganghen be H@edrléﬁﬁwm%farﬁa%@emn BENBSYh sides like illustrated
in Figure 1c). The oxi de-free surfaces achieved on the semi conductor
substrate 1" have superior hydrophobic properties, eventlng
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the direct silicon bonding of a silicon substrate 21 with a (100) surface

and a sistRPsH seRisBYte 23 with a (110) substrate. In this enbodi ment, both
substrates 21 and 23 have been treated |ike described wth respect to

Figures la - |c and, therefor resent g%“g %%03440 L{rfa%?ef% 25 and{27
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next st%thtgw,@atgﬁgpo,gdgaggféfeg es 21 _and 23 are brought into contact and a
slight pressure is applied so that a bondi ng wave i s generated which
spreads over the entire interface between the two substrates to thereby
attach thgurkWe isbPsbs ahﬁ:ﬁisf%&l,saﬁlobﬁdiﬁ:aﬂhubéﬂm 1't @s fherrasuitd s@braeetcdnd)'mmw new
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main side of the substrate 1), is completely turned into the artificial oxide.

The oxidizing step can be realized by a liquid oxidation, for example using ozone (O3), or by
a gaseous oxidation, for example using an oxygen plasma, or a thermal oxidation step. lThe
oxidizing step is carried out such that the native oxide, the stoechiometry of which is usually .
unknowr;, is turned-into an oxide of known stoechiometry. In the case of silicon oxide, the
natural oxide SiOy is turned into SiO,. Following the oxidation step, the artificial oxide layer 7

has a thickness. of less than 1504, in particular tess than 100A.

The transformation from the native oxide to the artificial oxide can be verified using standard

analyzing techniques, like XPS (X-Ray Spectrometry).



‘Bondi ng Energy roomtenperature (mJ/nR) Exanple 1 Hydrogen Heli um 250W 10s
50% He 18 3 Exanple 2 Hydrogen Helium 250WWe 68% He 15 2 Exanple 3
Hydrogen Hel ium 250W 10s 9 2 Exanple 4 Hydrogen Argon 250W 10s 50% Ar
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The modified semiconductor substrate 1' is then placed info a reducing atmosphere 9 -(see
Figure 1c which illustrates the final result of the next process step). This reducing step leads
to the chemical removal of the artificial oxide layer 7 so that, in the end, a further modified
semiconductor substrate 1" is achieved which presents an oxide-free substrate surface, thus
essentially without the presence of Si-O or 8i-OH bonds.

The reducing step to remove the artificial oxide can be realized using one of thé following
treatments or any combination thereof:

According fo oné alternative a liquid treatment, in particular using an HF treatment’, is carried
out to get rid of fhe artificial oxide iayer 7. According to a second alternative a gaseous
treatment, in particular a chemically reducing plasma or a thermal freatment in a reducing
atmosphere, is applied. When using a chemically reducing plasma, it is preferable to
combine the gas, which has the reducing role in the plasma, with an inert gas plasma, which
protects the substrate surface from unnecessary material removal. As a consequence the
~ surface of the further modified semiconductor substrate 1" remains smooth. For a silicon

substrate an argon/H, plasma treatment lead to optimized results.

The artificial layer is removed from the main surface in case of the plasma treatment. In fact,
the ion bombardment coming from the plasma acts on the wafer front side, as defined
above. The backside surface ié typically protected from the ion bombardmeni. in case of
liquid treatment, the removal can occur on both sides like illustrated in Figure 1c).

The oxide-free surfaces achieved on the semiconductor substrate 1" have superior
hydrophobic properties, thus surfaces preventing a regrowth of an oxide, compared fo
semiconductor substrates from which the natural oxide was removed. As a conseguence,
using this superior substrate 17, it becomes possible to obtain improved starting substrates
for the subsequent fabrication processes.

Figures 2a and 2b illustrate one inventive application using the improved semiconductor
substrate 1", namely the direct silicon bonding of a sificon substrate 21 with a (100) surface
and a silicon substrate 23 with a (110) substrate, In this embodiment, both substrates 21
and 23 have been freated like described with respect to Figures 1a —~ 1c and, therefore
present hydrophobic surfaces 25 and 27, which are essentially oxide-free.



4 1 inventive Exarrpl e 5 Oxygen 535WI s H Ar 250W60s 18% Ar 240 46

I nventive Exanple 6 Oxygen 535WI1 0Cs H Ar 250W 120s 18% Ar 185 35 In the
table, the bonding energy is represented for different reducing plasmas

t r eat ment sug 2bheion®@i hod used to determ ne the bondi ng masgyyemidthe

so-cal | ed crack-openi ng nethod, desaribed in detail in Q-Y. Tong & U.
GCsel e, "Sem conductor wafer bonding: science and technol ogy", page: 25,
1999. The tests were actually carried for each .kind of plasma treatnment for
a nunber of different tinme durations. However, Table 1 only provides the
experinmental results for which the best bonding energy results have been
achi eveds afextsiap e ‘iweenbeﬁmeslééaﬂmi?é@@ waghmimﬂﬁCba@xfaHﬁhb@’e@W Swer e
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secondstﬁ then?‘@ﬂd%%&Qﬁbﬁ@éé@ oxide into an artificial one and then a

It was observed that the bonding energy, thus the energy which characterizes the strength
of the attachment between the two substrates 21 and 23, was about a factor of at least 10
higher compared to the bonding energies of direct bonded substrates achieved from
substrates from which the native oxide layer had been removed and not an artificial oxide
layer,

Table 1 illustrates these results;

Sample - Plasma treatment Bonding Energy
_ room temperature (mJ/m )

Example 1 Hydrogen Helium 250W 10s 50% He 1813
Exampie 2 Hydrogen Helium 250W 10s 68% He 1542
Example 3 Hydrogen Helium 250W 10s 92
Example 4 Hydrogen Argon 250W 10s 50% Ar 4+

inventive | Oxygen 535W 10s H/Ar 250W 60s 18% Ar 240 + 46
Example 5 . :

inventive | Oxygen 535W 10s H/Ar 250W 120s 18% Ar 185 + 35
Example 6 _

in the table, the bonding energy is represented foij different reducing plasmas treatmentis.

The method used to determine the bonding energy is the so-calied crack-opening method,

described in detail in Q.-Y. Tong & U. Gésele, "Semiconductor wafer bonding: science and

tecnnology”, page:'zs, 1998, The tesis were actually carried for each kind of piasmé

treatment for a number of different time durations. However, Table 1 only provides the
" experimental results for which the best bonding energy results have been achieved.

As can be seen for Examples 1 — 4, which are examples that ’were not treated according to
the invention, a bo'nding energy in the range of 4 — 18 mJ/m? was observed, For examples 5
and B treated according to the invention, thus for which first an oxygen treatment was
carried out for 10 seconds to transform the native oxide into an artificial oné and then a



WO 2009/ 101494PCT/ 1 B2009/ 000141 7 hydrogen argon plasma was applied to
renmove the artificial oxide, the bon-ding energy was between 185 - 240
mJ/ nm2. In conclusion, using the inventive nethod to provide an oxide-free

sem condu%(? 09??%9 tﬁr ate surface, superior direct sil |%%?@%g@ﬂ4gr bonded

substrate e DSB substrate 29) with a higher gy are
achi evable.. Figures 3a - 3i illustrate a third enbodi nent of the invention
directed to preparing a strained silicon (sSi) on i nsul ator sem conduct or
substrate, using the method illustrated in Figures la - 1c to obtain an
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subst r atetwkbn (1B5 aW4e @Az from whi ch the oxi de | ayer has been rTenoved,
either with the nethod according to the invention, thus turning the nat ur al
oxide into an artificial oxide and then renoving it (see Figures la - 1c)

% wi th arac?{dmronan&mgmfeh@@bg@w&iemobn@piormdéiammﬁﬁenf%myédﬂaoddntetﬁﬂa&wrade oxi de.
en, SI.I1 con er nanli u 0ovi ver e .
o ot SUhsriot LSRR Hendine BOMEFR SUPs AR IR e rS T B siragses) yih a

ger mani lﬂﬁgh@ﬂﬂirﬁmgen@fgy%aéesmevalbtenearIy or by steps - to progressively
change the lattice constants in the buffer |ayer 33. Subsequently, once the
desired germani um content has been reached and which corresponds to a

pr edet erFigunsdid -aBitﬂiuse'atem"lmlra@tnbaﬁ;n*tehEOfsm haertionfdiretted bupreparingaysrainkd, a

rel axed |I| nium | r .35 the rma nt _.of the buffer
ayer samen (R oA ST yusthle il et AR s T ey & 55 1 s
grown ( H guoebam)an ddygen free sirfagened silicon |ayer 37 is deposited on the
rel axed | ayer 35 (Figure 3d). The strained silicon |ayer 37 adapts its

| attice constant to the one of the underlying |ayer relaxed |ayer 35. Thus
| ayer 37 hhdisstatdpatonbists ic@neidng a whitohsubstrateffleFeure 8a), trhe wneh bk axideur al

s typi P bEC e e e SR e R s orabito T AR bt B8 G e

3e, a prneweafexm inéelas pitificial oxifiecanddhgoreirovinh drisey Bigtred 1ensicjer withea padraxed
il | ant

IS:||yd|r882n an /or%{smﬁhl on%I Fﬁtﬁ)&%ﬁ@ﬁﬂb%}é?gﬁ)%ehn& ?lnclozgl 532? g? J WO

2009/ 101494PCT/ 1B2009/ 000141 8

Then, a silicon germanium buffer layer 33 is provided over the semiconductor subsirate 31
(Figure 3b). In the buffer layer 33 the germanium content increases - linearly or by steps - to
progressively change the lattice canstants in the buffer layer 33.

Subsequently, once the desired germanium content has been reached and which
corresponds to a predetermined lattice constant at the surface of the buffer layer 33, a
relaxed silicon germanium layer 35 with the germanium content of the buffer layer 33 at the

buffer layer's interface 36 towards the relaxed layer 35 is grown (Figure 3c).

Then, a strained silicon fayer 37 is deposited on the relaxed layer 35 (Figure 3d). The
strained silicon layer 37 adapts its laftice constant to the one of the underlying layer relaxed
layer 35. Thus layer 37 has a lattice constant which is different to the one of natural silicon,
which leads to its strained state. The strained silicon fayer 37 is typically grown to a
thickness of about 200A..

As illustrated in Figure 3e, a predetermined splitting area 39 is then created inside the
relaxed siicon germanium layer 35. This is achieved by implanting ions (e.g. Hydrogen
and/or Helium ions) through the sirained silicon layer 37.



Subsequently, the obtained structure 41 is attached, in particular be

bondi ng, via the surface 38 of the strained silicon |ayer 37 to a carrier
substrate 43 (see Figure 3f) to thereby forma donor handle substrate 45,
The carrl rate can be any kind of substrate, r a silicon
waf er . 0%@% 45’grrier substrate 43 conprises an oxﬁ%@&W&yﬁ 7 onits
surface. Subsequently, a -detachnent step is carried out using e.g. a
thermal or a mechanical treatnent or a mxture thereof, to obtain a
detachnment at the predetermned splitting area 39. This leads to the
transfer of the strained silicon |ayer 37, together with a part 49 of the
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1. Method for preparing a surface of a sem conductor substrate conprising
t he st ep%oraﬁﬁasa)apmcenbm thg stlamed silitart @yef 37wl its thickesscofabeot 2004si8let r at e
to ther eb r ral | an
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oxi de, istravedtsilicon ayert3d tobbaine aeaex irdtknéssed tmmanedtleyesur face, with a
reduci ng plasma conprising a reducing gas plasnma and an inert gas plasns,
and c) attaching, in particular by bonding, the first sem conductor
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do so the inventive method as described with respect to Figures 1a — 1¢, the description of

which is not repeated again but incorporated by reference, is carried out. First the native
oxide present on structure 51 is turned into an artificial one, which is then removed. By
doing so, an improved hydrophobic surface is created on layer 37 which can then serve as
the- starting level for thickening the strained silicon layer to obtain the final substrate 51' with

a thicker strained silicon layer 53.



substrate is a Si (110) or a Si (100) substrate or a Si substrate with a
Si Ge buffer layer and/or a Si Ge rel axed | ayer or a strained silicon |ayer.
3. Met hod according to claim2, wherein step a) is carried such that the
artificial oxide is stoechiometric Si92. 4. Method according to one of
claims 1 to 3, wherein the second sem conductor substrate has al so been
treated according to steps a) and b).

Claims

1. Method for preparing a surface of a semiconductor substrate comprising the

steps of:

a) oxidizing the surface of a first semiconductor substrate to thereby
transform a natural oxide of an unknown stoichiometry into an artificial
oxide of a selected stoichiometry,

b) removing the artificial oxide, in particular to obtain an oxide free
substrate surface, with a reducing plasma comprising a reducing gas
plasma and an inert gas plasma, and

c) attaching, in particular by bonding, the first semiconductor substrate
with its oxide free substrate surface side to a second semiconductor

substrate.

2.  Method according to one of claim 1, wherein the first semiconductor
substrate is a Si (110) or a Si (100) substrate or a Si substrate with a SiGe

buffer layer and/or a SiGe relaxed layer or a strained silicon layer.

3. Method according to claim 2, wherein step a) is carried such that the

artificial oxide is stoechiometric SiO,.

4. Method according to one of claims 1 to 3, wherein the second

semiconductor substrate has also been treated according to steps a) and b).



