Semiconductor heterostructure The present invention relates to a _
semiconductor heterostructure comprising a support substrate with a first
in-plane lattice parameter, a buffer structure formed on the support .
substrate and having on top in a relaxed state a second in-plane lattice
parameter, and a multi-layer stack of ungraded layers formed on the
buffer structure. Such heterostructures are used for wafer recycling (_)f a
donor wafer after taking off a useful layer of a semiconduc(;or material and
are known from the docu t 2005/0167002 Al. This document
describes, for example, a%%ﬁg?f%cg%rré iKe IRe u&c%)'ﬁrgr wafer 16 shown

in Fig. 7, consisting of a silicon support substrate 1 on which a graded _
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defects in the upper multi-layer structure. To perform this function, the
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sifvthddpitice, Boiscineiesor e krlfxeey3iGe layer 3 is formed with a
uniform concentration of Ge almost identical to the Ge concentration of

the buffer layer 2, such as about 20 %, and has a typical thickness of
The Bt susn2hrs dhediration to adapt the lattice parameters a; and a, between the

crystallographic structures of the support substrate 1 ~and the fayers of the multi-tayer
stack and to reduce thereby the density of defects in the upper multi-layer structure. To
perform this function, the buffer layer 2 has at its interface with the support substrate 1 a
lattice parameter almost identical to the lattice parameter a, of the support substrate 1,
and has at its interface with the multi-layer stack a lattice parameter almost identical to
the lattice parameter a; of the layer 3 of the multi-fayer stack directly adjacent to the

buffer layer 2.

The thickness of the buffer layer 2 is chosen between 1 and 3 micrometers for surface
* concentrations of Ge of less than 30 % to obtain a good sfruciural refaxation at the
surface, and to confine defects refated to the difference in the lattice parameters,

The relaxed SiGe layer 3 is formed with a uniform concentration of Ge almost identical to
the Ge concentration of the buffer layer 2, such as about 20 %, and has a typical

thickness of about 0.5 to 1 micrometers.

The strained silicon layer 4 which is formed on the relaxed SiGe layer 3 must not exceed
a critical thickness for relaxation. For the layer 4 made of strained Si inserted between



The strained silicon layer 4 which is formed on the relaxed SiGe layer 3
must not exceed a critical thickness for relaxation. For the layer 4 made
of strained Si inserted between 2 two layers of relaxed SiGe with a
concentration of Ge of about 20 %, the critical thickness is of the order of
about 20 nanometers. The multi-layer stack used has a sufficient
thickness to form at least two useful layers, such as the strained silicon
layers 4, 8, that can be detached and additional mate(ﬂ?I can he re
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not suitable for direct wafer bonding which is important for the Smart
Cut(r) process. Embodiments of the present invention seek to provide a

Alseanatoinguriopinietefshstrienss repidasdve mentianet Se2Re Gl fies At is

wéwréa@@drwg@q@sae{aoaﬁwﬂangwm aeﬁy&hﬁgp@%ay m;amr@saumpse polishing
inve tlondvtgere ded semlcond

steps to pn ughnéss c{o eterqsc[ h sm#%re'z%'ré%own that,
8 e’[ratfe Wlth a CHr P plane Tat & arame?er all ab
W@W@d&ﬂ@cﬁﬁm@‘db@h Qh@@@bﬁgrﬁg@@stm@aahmaeuﬁbﬂaﬁn sapaeedd pbihrdap layer

8 Saia1s86PRHiE-MPRaaitieei PRIRNRIBH 32amdhd RARKNIdayeh StACK G scan so
that the known donor wafer structures are not suitable for direct wafer bonding which is

important for the Smart Cut® process.

Embodiments of the present invention seek to provide a semiconductor hetero-siructure

of the above mentioned type with a lower surface roughness.

in accordance with a first aspect of the present invention, there is provided
semiconductor heterostructure comprising a support substrate with a first in-plane lattice
parameter a1, a buffer structure formed on the support substrate and having ontopina
relaxed state a second in-plane lattice parameter a2, and a multi-layer stack of
ungraded layers formed on the buffer structure, characterized in that said ungraded
layers are strained layers, wherein said sirained layers comprise at least one strained
smoothing layer of a semiconductor material having in a relaxed state a third in-plane
lattice parameter a3 which is between the first and the second lattice parameter,

wherein a;<as<a,.



ungraded layers formed on the buffer structure, characterized in that said
ungraded layers are strained layers, wherein said strained layers
comprise at least one strained smoothing layer of a semiconductor
material having in a relaxed state a third in-plane lattice parameter a3
which is between the first and the segond lattice parameter, wherein
al<a3<a2. 2a ltis the surprising findifig of this invention that direct
bonding between a donor wafer composed like semiconductor
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reduced surface roughness. As a consequence, the surface roughness

on top of the semiconductor heterostructure is reduced in comparison

with state of the art heterostructures and bonding is facilitated. This is due

to the fact that the layers of the multi-layer stack which are formed on the

smoothing layer grow on a strained but smooth surface of the underlying

smoothing layer. In this context, the term "in-plane lattice parameter"

corresponds to a lattice parameter of the various layers in a direction

essentially parallel to the interfaces between the various layers and to

lattice parameters which the layers would show in an relaxed state. It is, in

fact, known that the lattice parameter depends on the material used, but

also on the nature of the underlying material on which it is deposited. To

be able to compare lattice parameter values of different layers in the

following, it is always referred to values as if



the layers were in a relaxed state, and not in the strained state under
heteroepitaxial conditions,, which is also known u_nder the terms
pseudomorphic or commensurate growth. As an mterfacg may be N
characterized by two lattice parameters, the above- mentioned condition
can either be satisfied for both lattice pagameters or for only one. In
addition, the top layer of the heterostructure is not necessarily the final

h erss tra ed or re can be provided thereon.
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addition, the top layer of the heterostructure is not necessarily the final layer, further
fayers strained or refaxed can be provided thereon.

According to a favourite embodiment of the present invention, said buffer structure
comprises an at least spatially graded buffer layer formed on the support substrate. The
spatially graded buffer layer is used to adapt gradually or step by step the lattice
parameter between the underlying support substrate and the deposited material of the
multi-layer stack, while trying to minimize the gensity of defects.

In a preferred example of the invention, said buffer structure comprises a relaxed layer
formed on the graded buffer layer. The ungraded relaxed layer on top of the graded
buffer layer helps to improve the crystalline quality of the layers of the multi-layer stack

formed on the relaxed layer.

It is furthermore advantageous if said relaxed layer is a relaxed SiGe layer which is
formed on a graded SiGe buffer layer and has a germanium content corresponding to the
highest germanium content of the graded SiGe buffer layer. The ungraded relaxed layer
of SiGe with constant Ge concentration corresponding to the Ge concentration obtained



onto a receiving or handle wafer, In particular, said multi-laye_r_stack
consists of alternating SiGe smoothing layers and strained silicon Iaygrs.
In this structure, the SiGe smoothing layers make sure that in the strained
silicon layers formed thereon have a very good cryst_allinity and, therefore,
a very low surface roughness. In one fayoured conflgur_a_tlon of the _
invention, said multi-layer stack has on top a strained silicon layer. This
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can be bonded directly without further surface planarization step with another wafer such
as a handle or receiving wafer. This is especially advantageous since strained siiicon
layers have a very low thickness and are therefore not suitable -for further surface
planarization steps.

In a favourite example of the invention, said multi-layer stack comprises a first strained
silicon layer being formed on the relaxed SiGe layer, wherein the other layers of said
multi-layer stack are formed on said first strained silicon layer. In this structure, the first
strained silicon layer can provide a defined strained base for the growth of the next
strained layers of the multi-ayer stack including the strained smoothing layer.

in another embodiment of the invention, said multi-layer stack comprises a first SiGe
smoothing layer being formed on the relaxed SiGe layer and under the first strained
silicon layer, wherein the other layers of the multi-layer stack are formed on said first
SiGe smoothing layer. This has the advantage that the first strained silicon layer and the
other layers of the multi-layer stack formed thereon can be grown on the smoothed
subsurface of the smoothing layer and have therefore excellent surface properties.



scan. Particularly, each of said SiGe smoothing layers of said multi-layer
stack has a thickness of about 200 A to about 600 A. Smoothing layers
having a thickness in this region provide especially stable conditions for
the formation of strained layers with a very low surface roughness.
Preferentially, each of said strained siligon layers of said multi-layer stack
has a thickness of about 50 A to about 250 A. A thickness in this region is
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ASROITIS GO TRTEPOPIRG! Lirath e bR R BRI RARME pmont of sai
gecelvitiGeafarifdctyrting abavofieerabddiaidntitiahenovtnitoriagaiel have a
dggﬂiﬁhgﬁmﬁ |. B SRRt %ﬁ%@t%@@_t@}@.%@?@é&ﬁ%&th@%ﬁ?@s@ﬁﬁt%ﬁ&ghne%
%, This buffer layer is especially, well suited to form ulti- ac

ah P A AL T R Ca RGP TRaP & ELE RRY s A B8 X 2
sshow very good electronic properties. Embodiments of the invention are
especially well applicable if the support substrate comprises silicon,

apphire, SiC.or AsGa,..and the huffer structuyre is formed of an atomic , .
OB Rt o S SRRV R VAU ST S s
oBabedtor0hdsie mbesti S0 dmienmibing ivele hrdemtdrivigkieRscin tiadegion
i@ adaras varel-einrenicanshictor rlespskticiusesthaningabexealiieatvery low

surface ch%racteristics. Preferably, the ungraded layers of the multi-layer

SR ecrgﬁﬂ)r?s?g I, Ge, SiGe, AsGa, InP, InGaAs, AIN, InN and/or GaN.

Since these semiconductor materials can be transferred with the present
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another exemplary embodiment of the present invention,

According to ancther embodiment of the invention, said highest germanium content of
said graded SiGe buffer layer is about 40 %. This buffer layer is especially well suited to
form a multi-layer stack with high strained layers on said buffer layer. These high-

strained layers show very good electronic properties.

Embodiments of the invention are especially well applicable if the support substrate
comprises silicon, sapphire, SIC or AsGa, and the buffer structure is formed of an atomic
alloy belonging to one atomic alloy Group V-V, Group IlI-V, or Group il-Vi. Based on
these materials, embodiments of the present invention can lead to a large variety of

semiconductor heterostructures having all excellent surface characteristics.

Preferably, the ungraded layers of the multi-layer stack comprise Si, Ge, SiGe, AsGa,
InP, InGaAs, AIN, InN and/cr GaN. Since these semiconductor materials can be
transferred with the present invention onto another wafer without difficulties during

bonding, very efiicient transfer technologies with high-quality products can be provided.

In the following, the present invention and its advantages are explained in detail by

means of the figures wherein

Fig. 1 shows schematically an exemplary embodiment of the invention,



Fig. 3 shows schematically the embodiment of Fig. 2 during an
implantation step, Fig. 4 shows schematically the embodiment of Fig. 3
after a bonding step with a handle wafer, Fig. 5 shows schematically a
split part of the embodiment of Fig. 4 after a splitting step, Fig. 6 shows
schematically the embodiment of Fig. 5 after removal of the smoothing
layers, and Fig. 7 shows schematically a semiconductor heterostructure
used in the prior art. Fig. 1 shows schematically an exemplary
semiconductor heterostructure 10 according to an embodiment of the
bigseritinve soATrieahctarttipieryiatyconsistsnehadupp pressubsivateon.
1, a buffer structure consisting of a buffer layer 2 and a relaxed layer 3
AL | = formed.thereon, In the example shown in Fig.
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support substrate 1 has at least in a region at its interface with the buffer
structure an in-plane lattice parameter al. The buffer layer 2 is in Fig. 1
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showhrgs@nanie, the buffer layer 2 consists of the two compounds: silicon

and germanium the concentration of which changes over the thickness of

Fthe buffer layer 2. By doing so, the lattice parameter in the graded buffer
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towards the silicon substrate 1, so that the lattice parameter corresponds
rlg. herRRR ketigiunderlving silicansubstrate 1. Then, the germanium
concentration Can'grov% untlf( B Iy semicon uc:{'or hetorostru ture 10 according to
an embodiment of the present invention. The heterostructure 10 consists of a support
substrate 1, a buffer structure consisting of a buffer layer 2 and a relaxed layer 3 and a

multi layer-stack 20 formed thereon.

In the example shown in Fig. 1, the support substrate 1 is a silicon wafer. In other
embodiments of the invention, the support substrate 1 can consist of or comprise
materials like sapphire, SiC or AsGa. It is furthermore possible that only an upper part of
the support substrate 1 consists of silicon, sapphire, SiC or AsGa.

The support substrate 1 has at least in a region at its interface with the buffer structure

an in-plane lattice parameter a;.

The buffer layer 2 is in Fig. 1 an at least spatially graded Si;..Ge, buffer layer with a
progressively increasing germanium content and has on top in a relaxed state a second
in-plane lattice parameter a,. The Si;.Ge, buffer layer (SiGe buffer layer) is preferably
epitaxially grown on the silicon support substrate 1. In the shown example, the buffer
fayer 2 consists of the two compounds: silicon and germanium the concentration of which
changes over the thickness of the buffer layer 2. By doing so, the lattice parameter in the
graded buffer 2 slowly changes. For example, one can start with x=0 at the interface
towards the silicon substrate 1, so that the lattice parameter corresponds to the one of



approximately 20 %, thereby the in-plane lattice parameter becomes
larger. It should be noted, however, that the final germanium
concentration can be freely chosen, for instance 30% or 40%, and could
even reach 100%. The growth of the buffer layer 2 can be achieved using
state of the art techniques, for examplerchemical vapor deposition in an
epitaxial equipment using standard process conditions. Suitable
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Si precursor | Ge precursor deposition temperature
SiH, GeH, 800°C - 900°C
SiH,Cl, GeHy 800°C - 950°C
SiH,Cly GeCly 1000°C - 1100°C
SiHCl; GeCly 1050°C - 1150°C

In a subsequent step, which is not explicitly illustrated in the figures, a surface treatment
is carried out which comprises chemical mechanical polishing (CMP) to obtain a surface
on the graded Siy.,,,Gey, buffer layer 2 or on the subsequent layer 3 having a roughness
of about 1.3 A RMS, obtained for a scan window of 2 ym * 2 ym. Then the achieved
structure undergoes a bake step, e.g. is emerged in hydrofluoric acid HF and heated in
hydrogen H, for about three minutes in a temperature range of about 800 to 850 °C. This
step is used fo remove oxide from the surface of the buffer layer 2, but the bake step
leads to an increased surface roughness of about 2.6 A RMS.

The buffer layer 2 has the function to adapt the lattice parameters a; and a, between the
crystaliographic structures of the support substrate 1 and the layers of the semiconductor
structure overlying the buffer tayer 2 to reduce thereby the density of defects in the upper
multi-layer structure. To perform this function, the buffer layer 2 has at its interface with



The buffer layer 2 has the function to adapt the lattice parameters a, and
a2 between the crystallographic structures of the support substrate 1 and
the layers of the semiconductor structure overlying the buffer layer 2 to
reduce thereby the density of defects in the upper multi-layer structure.
To perform this function, the buffer layeg 2 has at its interface W|t_h 8 the
support substrate | a lattice parameter almost identic_al to the Iattlce
arameter[ a, of the 1squo_rt substrate 1, and has at its interface with the
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IfitrreAthtom this percentage. In yet another embodiment of the

invention, the relaxed layer 3 can be omitted, so that the multi-layer stack
bodiment of Fig. 1, a

isdiect d.on-the puffer layer 2. In the e g. !
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omitted, so that the muiti-layer stack 20 is directly formed on the buffer layer 2.

In the embodiment of Fig. 1, a strained silicon layer 4 is formed .onsthe relaxed fayer 3.
Instead of a strained silicon layer any other ungraded and strained SiGe layer can be

formed on the relaxed layer 2.

Instead of SiGe or Si, the ungraded layers of the muiti-layer stack 20 can comprise Si,
Ge, SiGe, SiGeC, AsGa, InP, InGaAs, AIN, InN and/or GaN.

With reference to Fig. 1, a strained ungraded SiGe smoothing layer § is formed on the
strained silicon layer 4. The strained smoothing layer 5 comprises such a concentration
of Ge that the smoothing layer 5 would have in a relaxed state a third in-plane lattice
parameter a; which is between the first lattice parameter a, of the support substrate 1

and the second lattice parameter a; on top of the buffer layer 2.

This smoothing layer 5 is grown with a constant composition of the same compounds
silicon and germanium, but with a composition Sit.xa3Gexas different to the composition of
the final layer on top of the buffer layer 2. Having the same compounds, essentially the
same growth conditions can be chosen, except for the amount of precursor gas provided



strained silicon layer 4. The strained smoothing layer 5 comprises such a
concentration of Ge that the smoothing layer 5 would have in a relaxed

state a third in-plane lattice parameter a3 which is between the first lattice
parameter a, of the support substrate 1 and the second lattice parameter

a2 on top of the buffer layer 2. This smogthing layer 5 is grown with a

constant composition of the same compounds silicon and germanium, but
\/f\/gPhe%C%o& osition Sii_xa3Gexa3 different to the composition of the final
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I in this example, suitable percentages for the §
e R 0 SR L ST Hineencrs bragmas % and
382 ift-the buffer layer 2, Ge concentration in the smoothing layer 5 is

between 35 % and 39.5%. The multi-layer stack 20 of Fig. 1 consists of
TRk iGe | S,.Said jiGe layers, having a germanium content
i rﬂ%’i% OTS'%ﬂa BRI LliesraAting R Qvesimadfiee layers

between _ﬁ aperce
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gstﬁgﬂi@ﬁsﬁwa%ﬁ;&@?ﬂm@iég%ﬂﬁgr Pize ?}Mﬁrﬁa%i&la?, e r%tr}!%-iayer stack
28 E%H%‘?&s o acftrgarngtmg strained SiGe layers 5, 5, 5”, 5 and strained silicon layers 4,

4, 4", 4™, 6.

In the embodiment shown, the highest germanium content of the graded SiGe buffer
layer 2 is about 20 % and said SiGe smoothing layers 5, 5', 5", 5" have a germanium
content of about 11 to about 19 %.

Each of said SiGe smoothing layers 5, 5, 5", 5 of the muiti-layer stack 20 has a
thickness of about 200 A to about 500 A each of said strained silicon iayers 4, 4", 4", 6
of said muiti-layer stack 20 has a thickness of about 50 A to about 250 A: and said multi-
layer stack 20 has a thickness of about 1000 A to about 3400 A.

in the particular example, the smoothing SiGe layers 5, 5, 5”, 5™ of the multi-layer stack
20 have thickness of about 400 A, the strained silicon layers 4, 4", 4, 6 have a
thickness of about 200 A and the whole multi-layer stack 20 has a thickness of about
2600 A.



4'. 4" 4", 6. In the embodiment shown, the highest germanium content of
the graded SiGe buffer layer 2 is about 20 % and said SiGe smoothing
layers 5, 5', 5", 5" have a germanium content of about 11 to about 19 %.
Each of said SiGe smoothing layers 5, 5', 5", 5™ of the multi-layer stack 20
has a thickness of about 200 A to about600 A; each of said strained
silicon layers 4, 4", 4™, 6 of said multi-layer stack 20 has a thickness of

bout 250 A; and said multi- layer stack 20 has a thickness
B T A S VA b, eshog ey S and
Yiesatiaiperssdican Byen dn fhig. ridisisl ayendyatko@ghhave dhicknessiaf 5 A RMS, in
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about 200 A and the whole multi-layer stack 20 has a thickness ot about
2600 A. 10 It should be noted that already the buried interface between

the smoothing layer 5 and the strained silicon layer 4' in Fig. 1 has
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ayer may be grown as a top layer, instead of the strained silicon layer 6.
According to another embodiment of the inventive method of

ﬁrmdfa@tlidng@tm&ﬁﬂﬁﬂﬁ@ﬁth@er:%ru&miv@u.rMHgg thpvﬁ?srﬁ’éfé\llaeﬁrmng a
aegsL&MALting 5 a_groyth temperature is used which is |
Sﬁﬁagr? the g%pwqh temgle??ﬁl%r'e%g% \éﬁ?riﬂré) or aéffb%%}gtrﬁ BLFEeRiogJayer 5 a

NNy IETRPTRISER I oriRR inipweedhsi theaxdafertsmisatiosended during
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iéliﬁggf%?ﬂgﬁﬁ% Iﬁﬁfcﬁft ?SOD(’ZJ qQ %968%”?6&@!8&?@%% %r ggzrgm?tﬁ tt%%?)%%ture of the
graded buffer layer 3. During growth of the buffer lower 2 one typically looks for a high
deposition temperature to ensure high growth rates but by choosing a lower growth
temperature for the ungraded layer 5, even though growth speed will lower, it is possible
to preferably deposit material in the valleys of the surface of the Si; Ge, buffer layer 2
rather than on the peak. As a consequence a smoothing effect occurs. This effect adds
to the already advantageous effect of having a smaller in-plane lattice-parameter applied
in the first embodiment. Thus, a further improved smoothing of the semiconductor
heterostructure 10 and thus also of the top layer 7, here the strained-silicon layer 6, will

occur,

Indeed, when the growth temperature is high, the total thermal energy of the arriving
atoms is high and the surface energy, which is the energy of the surface on which the
atoms are deposited, becomes negligible, so that it cannot have a positive impact on
smoothening. If, however, the thermal energy is relatively low, like here, the surface
energy can have a positive impact, as by depositing atoms into the valleys, the overall
surface becomes smaliler and an energy gain is observed. Thus, in this case a
smoothing of the surface will occur. if, however, the temperature is too low, the thermal
energy will not be sufficient for the arriving atoms to move to the preferred nucleation

sites in the valleys to reduce the surface energy.



deposition temperature to ensure high growth rates but by choosing a

lower growth temperature for the ungraded layer 5, even though growth

speed will lower, it is possible to preferably deposit material in the valleys

of the surface of the Sii_,.Ge, buffer layer 2 rather than on the peak. As a
consequence a smoothing effect occurs, This effect adds to the already
advantageous effect of having a smaller in-plane lattice-parameter applied
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210 ntod lleys, the overall surface becomes smaller and an
energy gain is observed. Thus, in this case a smoothing of the surface
will occur. If, however, the temperature is too low, the thermal energy will
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of less than 1.15 A RMS has been achieved with a post-bake roughness
of the buffer layer 2 being of the order of about 2.6 A RMS. Also the

TBBi§ed interface between the ungraded layer 5 and the strained silicon
&aﬂh’ééu%ﬁraded

layer Gyasrimpraveq ropEIRS AR LTS ol & B!
low as | A RMS. The advantafgejus temperaturejrange actually use
delpends on the material oA Her 2e[.gc.:}for a $i1.xGex |dg¥sonlthé

geraniern selft@d], the precubédr-gaBes used, dnd the 650 — 750

SitxGe,xe[20,40] 750 - 850 600 — 700
Si1Gey,xe[40,60] 700 — 800 550 — 650
Si1xGe,,xe[60,80] 650 — 750 500 — 600
SixGex,xe[80,90] 600 ~ 700 =600
Si1xGey,xe[90,100] 550 - 650 <550

For CVD layer deposition of the smoothing layer 5 the precursors.have to be chosen
such that they have a decomposition temperature which is lower or at least close to the
temperature range indicated in table 2. As a consequence, it may occur that for the
growth of the smoothing layer 5 a different precursor is used or needs to be used than for
the buffer layer 2.

Fig. 2 shows schematically another semiconductor heterostructure 11 according to
another exemplary embodiment of the present invention. The semiconductor
heterostructure 11 differentiates from the semiconductor heterostructure of Fig. 1 in that
the smoothing layer 5 is grown directly on the relaxed layer 2. Regarding the properiies
of the support substrate 1, the buffer layer 2, the relaxed layer 3 and the layers of the



layer thickness. Table 2 illustrates the preferred temperature range for the
smoothing layer 5 as a function of the germanium percentage in

Sil _xGex. Table 2: layer material typical growth temperature growth
tem_perature ungraded buffer layer 2 [C] layer 5 [C] Si1l_xGex, xs[0,20]
800 - 900 650 - 750 Sil_xGex,xs[20,4Qp750 - 850 600 -700
Sil.xGex,xs[40,60] 700 - 800 550 - 650 Sil_xGex,xs[60,80] 650- 750 500

- ' X 901 600 - 700 *600 Sil xGex,x6[90,100] 550 - 650
o 0 ) RS S DRSBTS ot & ERLPEFRERSaRae to the
Asve R Bect fitserrstranding yhiavbeasdetomgositiosttemperataf ig. 1.
which is lower or at least close to the temperature range indicated in table
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semiconductor heterostructures 10 and 11 of Figs. | and 2 are only shown

ic.pringci he present invention, namely tq )
RIS RIS AL S e e o
t‘SW@Yéh@ like the semiconductor heterostructure 10 of Fig. 1.

Therefore, the semiconductor structure 10, 11 is very well suited for direct wafer bonding
with a handle or receiving wafer for detachment of a useful layer from the semiconductor

structure 10, 11 as described below.

Fig. 3 shows schematically the embodiment of Fig. 2 during an implantation step. in the
example shown, an ion implantation is performed in the semiconductor heterostructure
11 through the layers of the multiayer stack 21 down into the smoothing layer 5. In
other not shown embodiments of the invention, another impiantation depth can be

chosen.

Implantation is achieved by implanting atomic species 12, like for example hydrogen ions
or other inert gases, with a predetermined dose and energy. Due to the implantation a
weakening area 13 is formed into the smoothing layer 5'. In another variant of the
invention, the implantation conditions can be chosen such that the predetermined
splitting or weakening area 13 is positioned in any one of the layers 5'7, 57, 5, 5; 4™ 47,
4’ or at an interface between two of these layers. In any case, the weakehing area 13 is
positioned below the useful top layer 6 that will be transferred from the semiconductor
heterastructure 10, 11 and above the strained layer 4 that will be used to help to reclaim

the donor structure.



said strained layers comprise at least one strained smoothing layer of a
semiconductor material having in a relaxed state a third in-plane lattice
parameter a3 which is between the first and the second lattice parameter

a,, a2 of the support substrate 1 and the buffer layer 2. The arrangement,

the thickness and the number of layersjin the multi-layer stack can vary in
dependence on the respective embodiment of the invention. The

niconduetqn heterostructure 11 has a similar Jow roughness at the
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implantation step. In the example shown, an ion implantation is performed
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ampaitiet | dpgitidethathivil Beallgad-dshelatadeciamanths doresshastWek3donor
whigr fgshews schematically the embodiment of Fig. 3 after a bonding step
with a handle wafer 14. Because of the very low surface roughness of the

semiconductor
Fig. 5 shows schematically a split part of the embodiment of Fig. 4 after the splitiing step.

in the following, the non-useful layers 5", 4", 5™ 4" 5" 4 5 of the multi-layer stack 21
are removed, preferably by etching. If the non-useful layers 5", 4™ 5™, 4" 5" 4, 8
consist in general of one material such as SiGe, these layers can be removed in one
etching step. If the non-useful layers 5, 4™, 5™, 4", 57, 4', 5 consist of different material
stich as SiGe and strained silicon, several etching step have to be applied to remove

these layers.

Also, the remaining part of the layer(s) on the structure formed of the layers 1,2, 3,5
and, if present, 4 can be removed selectively with respect to etch stop strained layer 4.
This allows to reclaim the donor wafer for preparation of a further donor substrate.

Fig. 6 shows schematically the embodiment of Fig. 5 after removal of the smoothing
layers. The resulting structure consists of the handle wafer 14 and the useful layer 6

formed thereon.



heterostructure 11, it can be bonded directly at its surface 7 with the
handle wafer 14 without difficulties or the necessity to planarise the
surface 7 before bonding. In another embodiment of the present invention,
an insulator layer can be formed on the handle wafer 14 and/or on the
inventive semiconductor heterostructurge410, 11 prior bonding. The
insulator layer can be a native or grown insulator or can be formed by an

()4 en, a thermal and/or mechanical
treg?ﬁgﬁ%ﬁ%ﬁ%ﬁﬂmﬁ é#esrg)g |s{1 EBEIEI%% BT TRE! T BIRRATS A vantageously

B8FUY §f’rﬂi‘é‘fBPé?%9ft‘r‘-ﬂgd%Fé’éd|ﬁ@ toRIQysitispelisaldostrudicre aiomagtie can be
pebigetet mithatanedkentag lareag idpRaaxumnale, dheysaner s.
compound of Fig. 4 is then placed into a furnace (not shown) and heated
such that the predetermined splitting area 13 is fragilized which finally
leads to a detachment of a remainder of the donor wafer 10, 11. Fig. 5
shows schematically a split part of the embodiment of Fig. 4 after the
splitting step. In the following, the non-useful layers 5™, 4™, 5™, 4", 5", 4,
5' of the multi-layer stack 21 are removed, preferably by etching. If the
non-useful layers 5™, 4™, 5™, 4", 5", 4", 5' consist in general of one
material such as SiGe, these layers can be removed in one etching step.
If the non-useful layers 5™, 4™, 5™, 4", 5", 4", 5' consist of different material
such as SiGe and strained silicon, several etching step have to be applied
to remove these layers. Also, the remaining part of the layer(s) on the
structure formed of the layers 1, 2, 3, 5 and, if present, 4 can be removed
selectively with respect to etch stop strained layer 4. This allows to
reclaim the donor wafer for preparation of a further donor substrate. Fig. 6
shows schematically the embodiment of Fig. 5 after removal of the
smoothing layers. The resulting structure consists of the handle wafer 14
and the useful layer 6 formed thereon. 14 The semiconductor
heterostructures 10, 11 of the present invention are advantageously



used in semiconductor devices, as improved electrical or optical
properties can be achieved with the substrates having improved surface
roughness properties. 15 Granted:Glaims 1. Semiconductor
heterostructure comprising a support substrate with a first in- plane lattice
parameter al, a buffer structure formed on the support substrate and
having on top in a relaxed state a second in-plane lattice parameter a2,
and a multi-layer stack of ungraded layers formed on the buffer structure,
characterized in that said ungraded layers are strained layers, wherein
Graagill Skdimed layers comprise at least one strained smoothing layer of a
semiconductor material having in a relaxed state a third in-plane lattice
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the %%%en% of Ge of the buffer layer, xa3 being the content of Ge of the

alternating layers, wherein O<xs<x.
Semiconductor structure of claim 2, characterised in that said buffer structure

comprises a relaxed layer formed on the graded buffer layer.

4. The semiconductor heterostructure of claim 3, characterized in that said
relaxed layer is a relaxed Siixa2 Gexa layer formed on a graded 5i1..Gey buffer
layer, x being the content of the Ge of the buffer layer, x.: being the content of
Ge of the relaxed layer, wherein xaz2x.

The semiconductor heterostructure of claim 1, characterized in that the buffer
structure is a graded Siix Gex buffer layer with an increasing germanium
content, and said multi-layer stack consists of alternafing Siix.s Ges layers, x
being the content of Ge of the buffer layer, xa3 being the content of Ge of the
alternating layers, wherein 0<xas<x.

&

6. The semiconductor heterostructure of claim 5, characterised in that said multi-
layer stack consists of alternating S5iGe smoothing layers and strained silicon
layers.

7. The semiconductor heterostructure of claim i, characterised in that said mult-
layer stack has on top a strained silicon layer.

8 The semiconductor heterostructure of claim 4, characterised in that said mult-
layer stack comprises a first strained silicon layer being formed on the relaxed
SiGe layer, wherein the other layers of said multi-layer stack are formed on
said first strained silicon layer.



6. The semiconductor heterostructure of claim 5, characterised in that said
multi- layer stack consists of alternating SiGe smoothing layers and
strained silicon layers. 7. The serhiconductor heterostructure of claim 1,
characterised in that said multi- layer stack has on top a strained silicon
layer. 8. The semiconductor heterostructure of claim 4, characterised in
that said multi- layer stack comprises a first strained silicon layer being
formed on the relaxed SiGe layer, wherein the other layers of said
multi-layer stack are formed on said first strained silicon layer. 16 9. The
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smoothing layer. 10. The semiconductor heterostructure of claifm 6;

racterised in that said highest germanium content of said graded SiGe
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MUty essiackdinsoa HitkoasaahdOon ihéw3400 Anikd. N6 11, characterised
semigonishictarheifragtiusiutecaf cltito leparacieraat indhatagenhichidshas a
the chmtenéssioBE0dk toegpaded Sii_x Gex buffer layer, is 0<x50.4

13. The semiconductor heterostructure of one of the claims 10 to 11, characterised
in that said multi-layer stack has a thickness of 1000 A to 3400 A.

14. The semiconductor heterostructure of claim 2, characterized in that x, which is
the content of Ge of the graded Sii.. Ge, buffer layer, is 0<x<0.4

15. The semiconductor heterostructure of claim 1, characterised in that the support
substrate comprises silicon, sapphire, SiC or AsGa, and the buffer structure is
formed of an atomic alloy belonging to one atomic alloy Group V-V, Group III-
V, or Group I-V1%

16. The semiconductor heterostructure of claim 1, characterised in that the
ungraded layers of the multi-layer stack comprise one or more selected from the
group comprising of 5i, Ge, 5iGe, AsGa, InP, InGaAs, AIN, InN and GalN.



15. The semiconductor heterostructure of claim 1, characterised in that
the support substrate comprises silicon, sapphire, SiC or AsGa, and the
buffer structure is formed of an atomic alloy belonging to one atomic alloy
Group V-V, Group llI- V, or Group 1I-VI. 16. The semiconductor
heterostructure of claim 1, characterised in that the ungraded layers of
the multi-layer stack comprise one or more selected from the group
comprising of Si, Ge, SiGe, AsGa,1nP, InGaAs, AIN, InN and GaN. 17
Semiconductor heterostraftiiecAEgirtheissqsEaehtmvention relates to
a semiconductor heterostructure comprising a support substrate with a
first in-plane lattice parameter, a bufiesstacture formed on the support
substrate and having on top in a relaxed state a second in-plane lattice

r stack of ungraded layers formed on the

aneieh A0d e ralaye o
uffer stru.c;[ure_. P55 The BbjEct ST PRYSI: AstRIREBHAY Brevwmrising a support
Liiiabnuie @ i lerplana bilice ofthemelbove bontioredubyentisd adawesupport

e b S 5
rﬁvﬂxﬁg re?_g ‘esal% Ps%frgl?%a “f%%"r’-‘%’ Kl rﬁ)ﬁﬁl&g ar I\éﬁsf’ ] %Hm%r@'sﬁt{dé deingiect of the
ABFEPbIYEiRT deneIgriee anaestiabhdudiing heerelsixecstatd shthisBove mentioned

typepleitre datioer MWWUW@%S heiwegpRihe sﬁf%@%g e, 5800 cture of the
a%yg%%%%%}%pg,lgmkerein said ungraded layers are strainedayers, wherein said
strained layers comprise at least one strained smoothing layer of a semiconductor
material having in a relaxed state a third in-plane lattice parameter which is between the

first and the second lattice parameter.

Fig 1



