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t Sem conductor heterostructure The present invention
relates to a sem conductor heterostructure conprising
a support substrate with a first in-plane lattice
paraneter, a buffer structure formed on the support
substrate and having on top ijn a rel axed state a
second in-plane lattice paraneter, and a nulti-I|ayer
stack of ungraded | ayers fornmed on the buffer
structure. Such heterostructures are used for wafer

‘recycling of a don®emiganductaf heterastitichuyeof f a  usef ul

| ayer of a sem conductor material and are known from
t he docunent US 2005/0167002 Al. This docunent
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ayer must not exceed a critical thickness for
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~ The WS oPREVIRABr layer 2 is chosen between 1 and 3 micrometers for surface
concentrations of Ge of less than 30 % to obtain a good structural relaxation 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



2 two layers of relaxed SiGe with a concentration of
Ge of about 20 % the critical thickness is of the
order of about 20 nanoneters. The nulti-|ayer stack
used has a sufficient thickness to format |east two
useful layers, such as the strained silicon |ayers 4,
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: whg%oggd 191graded layers are strained layers, and 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.

It is the surprising finding of this 'invention that direct bonding between a donor wafer
composed like semiconductor heterostructure of the present invention and a receiving
~ wafer can be applied without difficulties by providing the at least one strained smoothing
layer in the multi-layer stack, wherein the value of the in-plane lattice parameter of the
smoothing layer is chosen such that it is in between the value of the first and the second
lattice parameter. By means of this idea, not only the surface roughness of the ungraded




layer in the nmulti-layer stack, wherein the val ue of

the in-plane lattice paraneter of the snoothing |ayer

is chosen such that it is in between the value of the
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preferred exanple of the invention, said buffer

In 8 preférél ExaAPIPbf hRSnvdnficH, R4RAbHRY 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- Iayer stack

formed on the relaxed layer.

It is furthermore advantageous if said relaxed layer is a relaxed SiGe fayer 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 iayer. The ungraded relaxed layer
of SiGe with constant Ge conceniration corresponding to the Ge concentration obtained
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mylti-layer stack are formed on said fi rst 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-layer 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.
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base for the growh of the next strained |ayers of
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Preferably, the ungraded layers of the multi-layer stack comprise Si, Ge, SiGe, AsGa,
inP, InGaAs, AIN, InN and/or GaN. Since these semiconductor materials can be
transferred with the present invention onto another wafer without difficulties during
bonding, very efficient transfer technologies with high-quality products can be providéd.

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,



present invention can lead to a |arge variety of
sem conduct or heterostructures having all excellent
surface characteristics. Preferably, the ungraded
| ayers of the nmulti-layer stack conprise Si, Ce, SiCe,
AsG, [InP, InGAs, AN, InN gnd/or GaN. Since these
sem conductor materials can be transferred with the
present invention onto another wafer w thout
difficulties during bonding, very efficient transfer
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enmbogLpent of Fig. 2 during an inplantation step, Fig.
4 shows 'schematically the enbodiment of Fig. 3 after a
bonding step with a handle wafer, Fig. 5 shows
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majgriats 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 SiiGe, 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
layer 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




progressively increasing germani um content and has on
top in a relaxed state a second in-plane lattice
paraneter a2. The Sil, Gex buffer layer (SiGe buffer
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In & subsequent step, which is not explicitly illustrated in the figures, a surface freatment
is carried out which comprises chemical mechanical polishing (CMP).to obtain a surface
on the graded Si;:;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 pum * 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 to 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
- crystallographic structures of the support substrate 1 and the fayers 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 layer 2 has at its interface with
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With reference to Fig. 1, a strained ungraded SiGe smoothing layer 5 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 az 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 Siy.a:Gexs 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
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Each @? shﬂy§i@%’ srﬁ%tﬁin&' Igﬁere %y%r S5 5™ of the multi-layer stack 20 has a
thickness of about 200 A to about 600 A; each of said strained silicon layers 4, 4”, 4™, 6
of said multi-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, 57, 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.
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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 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 not be sufficient for the arriving atoms to move to the preferred nucleation

sites in the valleys to reduce the surface energy.
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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 properties
of the support substrate 1, the buffer layer 2, the relaxed layer 3 and the layers of the




| ayer 5 as a function of the germani um percentage in

Sil xGex. Table 2: layer material typical growh
tenperature growth tenperature ungraded buffer |ayer

2 [C] layer 5 [C] Si~_xGex, xc[0,20] 800 - 900 650 750

Si, _xGex, xs[ 20, 40] 750 - 850,900 - 700

Sii_xGex, xs[40,60] 700 - 800 550 - 650

Sii-xGex, xs[60,80j 650 - 750 500 - 600
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other not shown embodiments of the invention, another implantation depth can be

chosen.

Implantation ié 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, 5", 5, 5; 4'"; 4”;
4’ or at an interface between two of these layers. In any case, the weakening area 13 is
positioned below the useful top layer 6 that will bé transferred from the semiconductor
heterostructure 10, 11 and above the strained layer 4 that will be used to help to reclaim

the donor structure.
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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.




oxi dation of the handle wafer 14. Then, a therma

and/ or nmechani cal treatnent or another type of energy

is applied on the inplanted and bonded structure of

Fig. 4 leading to a splitting of said. structure al ong

the predeterm ned weakeni ngiarea 13. For exanple, the

donor - handl e conpound of Fig. 4 is then placed into a
urnace (not shomn% and heated such that the
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splitting step. In the follow ng, the non-useful

| ayers 5"", 4"', 5"", 4" 5", 4, 5 of the

mul ti-layer stack 21 are renoved, preferably by
etching. If the non-useful |ayers 5"", 4"', 5"", 4",
5", 4, 5 consist in general of one material such as
Si Ge, these layers can be renoved in one etching
step. If the non-useful |ayers 5"", 4"', 5"" 4" 5"
4', 5 consist of different material such as Si Ge and
strained silicon, several etching step have to be
applied to renove these |ayers. Al so, the remaining
part of the layer(s) on the structure fornmed of the
layers 1, 2, 3, 5 and, if present, 4 can be renoved
selectively with respect to etch stop strained | ayer
4. This allows to reclaimthe donor wafer for
preparation of a further donor substrate. Fig. 6 shows
schematical ly the enbodiment of Fig. 5 after renoval

of the smoothing |ayers. The resulting structure
consi sts of the handle wafer 14 and the useful |ayer 6
formed thereon. 14 The sem conductor heterostructures
10, 11 of the present invention are advantageously
used in sem conductor devices, as inproved electrica
or optical properties can be achieved with the
substrates having i nproved surface roughness
properties. 15 dains Sem conductor heterostructure
conprising-a support substrate (1) with a first
in-plane lattice parameter (a,), a buffer structure
formed on the support substrate (1) and having on top
in a




rel axed state a second in-plane lattice paraneter
(a2), and a nmulti-layer stack (20, 21) of ungraded

| ayers formed on the buffer structure, characterised
in that said ungraded | ayers are strained | ayers,
wherein said strained | ayersjgonprise at |east one
strai ned snoot hing | ayer of a sem conduct or

mat eri al having in a relaxed state a third in-plane
|attice paraneter (a3) which is-between the first and
the second lattice paranmeter (a,, a2) 2. Sem conduct or
structure of claiml1, chaiggghgrised in that said
buffer structure conprises an at |east spatially
graded buffer. layer (2) formed on the support

s ubs Semicendukior h3ter&&[l¢tﬁmufph§iﬁg structure of claim 2,
ffer structure conprises
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2.buf f&md:oam&dftor dructlifeofe®idhaonduct or heterostructure of
C_l a cWaractensed in that
said buffer structure comprises an at least spatially graded biiffer. layer (2) formed

on the support substrate (1).

3. Semiconductor structure of claim 2,
‘characterised in that

said buffer structure comprises a relaxed layer formed on the graded buffer layer

(2).

4, The semiconductor heterostructure of claim 3,
characterised in that
said refaxed layer is a relaxed SiGe layer (3) formed on a graded SiGe buffer
layer and having a germanium content corresponding to the highest germanium
content of the graded SiGe buffer layer.

The semiconductor heterostructure of any one of claims 1 to 4,

characterised in that

the buffer structure is a graded SiGe buffer layer with an increasing germanium
content, and




characterised in that said nulti-layer stack (20, 21)
consists of alternating Si Ge snoothing |ayers (5, 5,

5", 5"', 5"") and strained silicon layers (4, 4', 4",

4"' ) 6). 7. The sem conductor heterostructure of any

one of clains 1 to 6, <charagg¢erised in that said

mul ti-layer stack (20, 21) has on top a strained

silicon layer (6). 8. The sem conductor

het e@é@tmlﬂe{*lﬂwestw (39, 2" heansistshd elierneatinosiige jayetshaaid SiGallayers
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mul ti-layer stack are fornmed on said first strained
ilicon |layer (4 9. The seni conduct or
'eteﬁﬁg??ﬂ%?W?&k%Pe%FEFW#Weéghéwl’characterised in

t hat cBaradteniséd inthayer stack (20, 21) conprises a first

Si Ge LN bei n ornmed on the rel axed ,
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(4),35".\ehed'E) and steinedisiicon ayes ¢4,df, 408" Bl ti - | ayer

stack are fornmed on said first SiGe snoothing |ayer

5)._10. The sem conductor heterostructure of claim®,
char Hig sanieadustar heterpstagiute bf ajtyase of elriment torf, cont ent

of saifadegsierinhie buffer layer is about 20 % and
said Si Ge snoot hi n(%gl ayers have a gernmani um cont ent of

abouiidmuliidayepsiack (2002 Bdws en toprhetrainad stisarl (ayern(e).
heterostructure of claim 10, characterised in that 17
each_of said SiGe snoothing |ayers of said nmulti-|ayer
st ackegaicongystonhciaestypture@fidimAoo A t o about 600 A

12. chlamctaiscdGndhigt or heterostructure of one of the
cl ai s 1q.?r 1]1, . ) o )
said multi-layer stack (20) comprises a first strained silicon layer (4) being formed

on the relaxed SiGe layer (3),
wherein the other layers of said multi-layer stack are formed on said first strained
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silicon layer (4).

9. The semiconductor heterostructure of claim 4 or 8,
characterised in that
said multi-layer stack (20, 21) comprises a first SiGe smoothing layer (5) being
formed on the retaxed SiGe layer (3) or on the first strained silicon layer (4),
wherein the other layers of the multi-layer stack are formed on said first SiGe

smoothing layer (5).

10, The semiconductor heterostruc{ure of claim 86,

characterised in that
said highest germanium content of said graded SiGe buffer layer is about 20 %
and said SiGe smoothing layers have a germanium content of about 11 to about

19.5 %.

11. The semiconductor heterostructure of claim 10,

characterised in that




characterised in that each of said strained silicon

| ayers of said nmulti-layer stack has a thickness of
about 50 A to about 250 A 13. The sem conduct or

het erostructure of one of the clains 10 to 12,
characterised in that said nmyti-layer stack (20, 21)
has a thi ckness of about 1000 A to about 3400 A. 14.

The sem conductor heterostructure of claim 2,

char §8¢EPT S8l PG spRalhing davershf §Rid sruliyeyeratadlihae eribielmess of

of sabselit@uadesdaShfeeo®Af fer |ayer is about 40 % 15.
The sem conductor heterostructure of any one of clains

1 to 14, characterised in that the support substrate
121) Tberpgrhis@rlusiol hetomstredpp bf 6o of Bidcl@imsAsGr.11and t he

buf f ructure . is formed of an atomc all oy
bel o%?r%teﬁ%ecgwgthgfom c alloy Goup V-V, Goup III-V,
or Ceanhpf kid Birainddbsilicbhdayeensf caiddmdti-Gyehsiarias tarthicknese of
of ag%u(pg@Agé l‘}&ﬁbgﬁAl to 15, <characterised in that
t he ungr ade Fayers of the multi-layer stack conprise
Si, G, SiCGe, AsG, InP, InGAs, AN InN and/or GN.
13. The semiconductor heterostructure of one of the claims 10 to 12,
characterised in that

said multi-layer stack (20, 21) has a thickness of about 1000 A to about 3400 A.

14, The semiconductor heterostructure of claim 2,

characterised in that
said highest germanium content of said graded SiGe buffer layer is about 40 %.

15. - The semiconductor heterostructure of any one of claims 1 to 14,
characterised in that
the support substrate (1) 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 II-VI.

16.  The semiconductor heterostructure of any one of claims 1 to 15,

characterised in that
the ungraded layers of the multi-layer stack comprise Si, Ge, SiGe, AsGa, InP,

InGaAs, AIN, InN and/or GaN.




