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Problems related to lattice mismatch
When two mismatched materials are grown epitaxially on top of each other, their difference in

lattice parameter (misfit) results in mechanical stress, which, when exceeding a certain limit, is
relieved either by elastic or plastic relaxation. Under normal circumstances, when a deposit with
30  sufficiently large misfit is made on a single crystalline substrate, stress relaxation can occur elastically,
by means of surface corrugation, for example in the form of islands. Elastic relaxation cannot,
however, proceed on a flat film. By contrast, for lower misfit, an epitaxial film may remain flat, while
stress is relieved plastically by so-called misfit dislocations, once a certain critical film thickness has

been exceeded. Eventually, no matter how large the misfit, plastic relaxation by interfacial misfit
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incorporated by reference). Unfortunately, however, reducing wafer bowing may even increase the
tendency of the overlayer to crack, because wafer bowing is associated with partial elastic stress relief.
An alternative way for reducing wafer bowing has been described for example in US patent

35  application number US2008/0233716 to Kazuhide Abe, the entire disclosure of which is hereby
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Still other methods involve epitaxial growth of parts of a layer at different substrate
temperatures, one example being a Ge base layer deposited at low substrate temperature, followed by
35 a second Ge layer at higher temperature (see for example US patent number US6,537,370 to

Hernandez et al., the entire disclosure of which is hereby incorporated by reference). The idea behind
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30 technique, also termed “epitaxial necking”, was shown to be effective not only in reducing TDDs in
GaAs mesas grown on Si by MBE, but also in eliminating cracks (see for example Fitzgerald et al.,
Journal of Electronic Materials 20, 839 (1991), the entire disclosure of which is hereby incorporated
by reference).

The idea of causing defects to terminate at non-crystalline sidewalls, has, in addition to

35  “epitaxial necking”, become known also under the name of “Aspect ratio trapping (ART)” (see for
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re-patter ned substrates in a mask-|ess proces
P P An attractive way to achieve columnar growth 1?1 the AlGaN/InGaN material system has been

found to be possible by means of low-energy plasma-enhanced vapour phase epitaxy (LEPEVPE) (see

20  for example WO2006097804 to von Kinel, the entire disclosure of which is hereby incorporated by
reference).

It is an object of the present invention to provide means by which lattice matched and lattice
mismatched semiconductor layers can be grown epitaxially in a mask-less process on pre-patterned
substrates.

25 It is another object of the present invention to provide means by which semiconductor layers
can be grown epitaxially in a mask-less process on pre-patterned substrates with different thermal
expansion coefficients.

It is another object of the present invention to provide means by which lattice mismatched
semiconductor layers with a low threading dislocation density can be grown epitaxially in a mask-less

30  process on pre-patterned substrates.

It is another object of the present invention to provide means by which thermally mismatched,
crack-free semiconductor layers can be epitaxially grown in a mask-less process on pre-patterned
substrates.

It is another object of the present invention to provide means by which thermally mismatched

35  semiconductor layers can be grown in a mask-less process on pre-patterned substrates without causing

substrate bowing.
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20  solar cells, monolithically integrated on thermally and lattice mismatched, pre-patterned substrates in a
mask-less process.

It is another object of the present invention to provide means for monolithically integrating
devices requiring lattice and/or thermally mismatched semiconductor layers onto pre-patterned,
CMOS-processed substrates in a mask-less process.

25 It is another object of the present invention to provide means for monolithically integrating
devices requiring lattice and/or thermally mismatched semiconductor layers in a back-end CMOS-

process.

Summary of the invention
30 The present invention provides means for fabricating active layer stacks of lattice matched,

lattice mismatched and thermally mismatched materials on patterned substrates in mask-less
processes. Substrates are patterned in the form of elevated regions, separated by narrow channels, the
depths of which may exceed the smallest dimensions of elevated regions. A combination of elastic
stress relaxation, and elimination of threading dislocations by annihilation, glide towards the edges of
35  said elevated regions, line extension on slip planes during growth, or dislocation line deflection by

surface faceting, minimizes threading dislocation densities. Layer cracking is prohibited, and wafer



Brief description of the drawings 5 Figs. 1(a) to Fig. 1(b) are schematic
views of a patterned wafer in top view and in cross-section. Fig. 2is a
schenat i cwprociessszbl ow. Figs. 3(a) to Fig. 3(c) are schegmiaBmi1/000895
cross-sections of a patterned wafer afiter epitaxial growmh w thout and with
surface faceting, and after renewed surface flattening. 10Fig. 4 is a
schenmat itowgosminssd! bpnveding npatisiegroed owvafebdvated tibsigate tignoto prigeeTies. Fi g.
5 s a SEAGHRLLG e rapaﬁa 36 ! 1254 Qfon%é'xﬁ%&hhi%ﬁ"megﬁ?ﬂeaa %%%ic?kgg.gleé%h‘ar after
mer gi ng of epitaxial regions. EJg. 'S a Schematl ¢ Cross-section of a

pat t er nddciRglpciPnigpndhesno-glegtacrenieston tttica pesmatchrd syhirtes. Figs. 7(a) to
Fig. 7(e) are schematic top views and cross-sections of patterned wafers
Wi t h varBrief deasptichef thedrdvanigds. Figs. 8(a) to Fig. 8(c) are SEMinmages of a
patterned Si wafers in perspective view (a) and in plan view (b), (c).
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9(c) is O VIEROPOEH %% al structures grown by MBE on patterned Si
subst r atKiss. 3() tg Figd 3@) ar¢ schemgtie cropesedtionseof vipawrmed wakiMfienapiiedal gfowdpwithanti al
SUTUCL ULRS W Of Qlcelticettl SRLRN Gt LacPRblcfibpled SI substrates. Fig. 9(e) is

a cross sectional view of epitaxial structufes grown on patterned Si
subslr atfd® 4js a1 wheewHs eeporiPhe artrmed et witomepgel patasa) to Fig. 10(b) are
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on a patfer ned Si substrate. Fig. 10(c) is a plan view of the boundary
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of patterns.

Figs. 8(a) to Fig. 8(c) are SEM images of a patterned Si wafers in perspective view (a) and in plan
view (b), (c).
Figs. 9(a) to Fig. 9(b) are perspective views of SEM images of different epitaxial structures grown by
LEPECVD on patterned Si substrates.
20  Fig. 9(c) is a top view of epitaxial structures grown by MBE on patterned Si substrates.
Fig. 9(d) is a perspective view of SEM images of epitaxial structures grown by selective CVD on
patterned Si substrates.
Fig. 9(e) is a cross sectional view of epitaxial structures grown on patterned Si substrates with
corresponding simulation.
25  Figs. 10(a) to Fig. 10(b) are dark field STEM images of cross-sections through an 8 pm thick Ge
epilayer on a patterned Si substrate.
Fig. 10(c) is a plan view of the boundary between patterned and unpatterned regions of a Ge epilayer
after defect etching.
Fig. 11(a) is a bright field cross-section TEM image of a 8 um thick Ge epilayer on patterned Si
30  substrate, the epilayer consisting of individual pillars
Fig. 11(b) is a bright field cross-section TEM image of a 8 um thick Ge epilayer on patterned Si
substrate, the epilayer consisting of regions with fused pillars.
Fig. 12(a) is a perspective view SEM image of a Ge layer grown on a patterned Si substrate showing
regions of merged Ge-pillars.
35  Fig. 12(b) is a plan view SEM image of a Ge layer grown on a patterned Si substrate showing regions
of merged Ge-pillars.



Fig. 11(b) is a bright field cross-section TEMinmage of a 8 pmthick Ge
epi | ayer on patterned Si substrate, the epilayer consisting of regions with
fused pilwears1/Bs4g2 12(a) is a perspective view SEM i ma@eTaB20a1/@Gwsdayer
grown on a patterned Si substrate shawai ng regions of nmerged Ge-pillars.
35Fi g. 12(b; is a plan view SEMinmage of a Ge layer grown on a patterned Si
subst r atfig-4 A§EMdgrasirspeppeciies teof@dlpliay. ars. WO . .
2011/ 13T INGT# 3 BROGMRURRPeck?e Fibwof dikidads. i S @ SEM i mage in perspective
vi ew of FLaIJ; )pi Ié rs. Fig. 134?2 is a . SEMinage. in 2ﬁerspectlve view of tall
ri dges. T §3O13¢ %"i"gagﬁ'%‘? il pifashorndfXig 1¥3He tall pillars shown in
Fi g. 13(Eg. 14(a) is alSEYI crdséd-feadion image dBERD gmakiske Geglilayenon aputiernaf and udgfdtterhddhi ck Ge
epi | gyerg; gRAPatt erned and unpatterned 5Si substrate Fig. 14(b) is a
correspon ng X-ray reciprocal space map of the Ge epilayers of Fig. 14(a)
around tHig 14p) 9 syrespridige Xaosycipredal weee eanl theGg epitigreyf Eig. ddl@haramditey cur ves
for the sgytyBid GLds) Qfbonsy €f | ection of the Ge epilayers of Fig. 14(a) and
of a Ge fer. 10Fi g, 14(d re enl ar views of X-ray reciprocal space
maps ar A RAR: t%?gmfngse%w B t‘ir"b‘ﬁf‘é“%?(%gﬂé"‘f‘fé“"éﬁf g fsregilyfrs of e 14Pa) |
Figs. 13fdgfatGe wefg. 15(b) are Nomarski interference contrast images of a
COMPS| e PRada) Yre FRAYGLichs G X Y Fhei ‘e F 9
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Ge epilayers of Fig. 14(a).

Figs. 15(a) to Fig. 15(b) are Nomarski interference contrast images of a compositionally graded SiGe

layer grown on a patterned Si substrate.

Fig. 16 is a schematic process sequence for device fabrication.

15  Fig. 17 is a schematic process for device fabrication by wafer flipping and bonding.

Fig. 18 is a schematic process for device fabrication by wafer bonding.

Detailed description of the preferred embodiment(s)

As described above, the present invention relates to the monolithic integration especially of

20  lattice mismatched and/or thermally mismatched semiconductor layers in an epitaxial growth process,
and to devices made from monolithically integrated semiconductor structures. In particular, the
invention relates to layer/substrate combinations with different lattice parameters and thermal
expansion coefficients. Although the invention relates foremost to the monolithic integration of
electronic, opto-electronic and photonic functionalities on a silicon (Si) substrate or silicon-on-

25  insulator (SOI) substrate, it applies also to the integration of functional layers and devices fabricated
on other substrate materials, such as germanium (Ge), germanium-on-insulator (GeOlI), gallium
arsenide (GaAs), indium phosphide (InP), indium antimonidé (InSb), cadmium telluride (CdTe),
silicon carbide (SiC), sapphire (AlOs), aluminium nitride (AIN), gallium nitride (GaN), or any other
single crystal substrate.

30 The semiconductor materials monolithically integrated onto anyone of these substrates can for
example be a group IV material, like C, Si, Ge, Sn, and combinations thereof, or any compound
semiconductor materials. Compound semiconductor materials may be III-V materials, for example
nitrides like GaN, AIN, InN and their alloys; or arsenides, like AlAs, GaAs, InAs and their alloys; or
phosphides, like AlP, GaP, InP and their alloys; or antimonides, like GaSb, InSb, and their alloys. The

35 compound semiconductor materials may also be alloys of group III phosphides and aresenides.
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35  much larger than one, such as for example ten. This may enhance the elastic contribution of misfit
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610, 710, 730, 740, 750, 760, are altered by the deposition of material on the side walls during
30  execution of steps 250, 260 of processing sequence 200.

It is understood that Figs. 7a to 7e are only examples of substrate patterns according to the
invention. Substrate patterns may be combinations of these patterns, or any patterns of different shape
and symmetry, for example face-centered square or hexagonal symmetry, as long as they contain
elevated regions 110, 310, 410, 510, 610, 710, 730, 740, 750, 760 separated by trenches suitable for

35  the epitaxial growth of isolated patches on top.
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Si pillars in this example. A small amount of side-wall deposition 920 can therefore be seen in

addition to some deposition at the bottom 912 of the Si trenches, occurring mostly at the beginning of
35  the growth.
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(3) Very thick structures, absence of cracks 35Referring nowto Figs.,
13(a) to 13(c), SEMinages 1300 are shown. Fromthe SEMinage of Fig.
13(a), arwexampi3s43pny be seen, where Ge islands, grown @®@aTAB201B1{08LkL)
substrate patterned in the form of pi2klars, are about 25 pmtall.
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seen. Firg. 84 (Bnsistih®vs109EM bldRIerc1Rély spaced pillars 820, spaced by wider trenches 840.
According to Fig. 12(a), the blocks of closely spaced pillars separated by narrow trenches 1220 have
20  merged, while wider trenches 1230 have remained open. A plan view SEM image of a similar
structure may be seen in Fig. 12(b). By tuning substrate temperatures during steps 250 and 260 of
process sequence, whereby the surface diffusion length may be modified, it has in fact been possible to
cause openings 1210, 1250 between the merged pillars. Despite the fusion of selected pillars,
separated by trenches of appropriate width, it may therefore be possible to create surface openings at

25  well-defined locations, where dislocations may escape as in the case of isolated pillars.
According to this example, and in accordance with the second embodiment outlined above,
the size of contiguous epitaxial regions may be chosen by defining the width of trenches 420, 430,
830, 840, the spacing of wider trenches 430, 840, and by choosing appropriate conditions during
execution of steps 250, 260 of processing sequence 200, in order to reduce the vertical with respect to
30  the horizontal growth rate. The squares of merged pillars of Fig. 12(b) are approximately 30 um long,
and consist each of 100 fused Ge pillars. Voids 1210 formed above narrow trenches 1220, may also

help in relieving thermal stress, as outlined in the second embodiment above.

(3) Very thick structures, absence of cracks
35 Referring now to Figs., 13(a) to 13(c), SEM images 1300 are shown. From the SEM image of

Fig. 13(a), an example may be seen, where Ge islands, grown onto a S$i(001) substrate patterned in the

form of pillars, are about 25 pm tall. Conditions during steps 250, 260 of processing sequence 200
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(5) Compositional grading and patterned growth
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contacting layer stacks 1730. CMOS wafer 1740 may contain CMOS circuits fabricated on surface
1744, or on surface 1746, or on both surfaces 1744 and 1746.

30 In a variation of this scheme, patterning may be applied not only to wafer 1705 but also on

wafer 1740. During process steps 220 to 270 of process sequence 200 mismatched epitaxial material
stack 1730 grown on elevated substrate 1710 regions of wafer 1704 may then for example be p-doped.
Conversely, a corresponding mismatched epitaxial material stack grown on wafer 1740 may be n-
doped or vice versa. Both wafers 1705 and 1740 may be subjected to additional device processing

35  steps 280 of process sequence 200, such as well known reactive ion etching and metallization steps,



27 Addendum The foll owi ng US patent docunents, Foreign patent docunents,
and Additional Publications are incorporated herein by reference thereto
and rel i edorpont3sB2US pat ent docunments 2008/ 0308909 Al 1PCZ0B3vhes@B9Y 0 Sakal
et al. 2003/0033974 Al 2/2003 Tetsuzo2ileda 2008/ 0233716 Al 9/ 2008 Kazuhi de
Abe 2006/ 0216849 Al 9/ 2006 Letertre et al. 102008/ 0308909 Al 12/ 2008Masahiro
Sakai etbefate méﬂiz)ﬁﬁg &Q%hdm@ﬁm&ks ®beiag carfied 20l indt &6 (o2 SpeBfia15-@0ped tandip-.

6, 537, 3708 !920003 ag‘cz(ﬁ bl al . 6,635 ,110B110/ 2003Luan et al.

155, 158, Q07107 108 T2 Geral d 2008/ 0001169 Al 1/ 2008 Lochtefel d et al .

2008/ 0149941 Th¢ GVOQ@G)& tqqueet:e bt, degnibgl 0a3 08 GlamlRpe@Pled fo the fabtication of

2009/ 006GRQA eI ggﬁgﬁ)rﬁhfééfﬁ&;&l £Emdk <hip. Here, p-doped layer stacks 1730 on wafer 1705

5  and corresponding n-doped layer stacks on wafer 1740 may form p-n junction diodes wherein the p-
side may be connected to a heat source, and the n-side to a heat sink, or vice versa. Epitaxial layer
stacks 1730 may for example consist of SiGe alloys or any other material suitable for thermoelectric
applications. In such an application patterned substrates 800 may contain also larger structures for
example of dimensions on the order of 100 um or even more, as long as wafer bowing and layer

10 cracks remain on a negligible scale, since thermoelectric devices suffer less from a high TDD than for
example detectors or emitters, or other active devices.

Referring now to Fig. 18, a scheme of alternative device fabrication procedure 1800 for
generic device 1804 may be seen. Here, thin patterned wafer 1805 is subjected to process steps 220 to
270 of process sequence 200. Wafer 1805 may then be bonded to CMOS wafer 1840 in a low-

15  temperature wafer bonding process. CMOS wafer 1840 may have optional contact regions 1835
aligned with active layer stacks 1830. CMOS wafer 1840 may contain CMOS circuits fabricated on
surface 1844, or on surface 1846, or on both surfaces 1844 and 1846.

The patents and articles mentioned above are hereby incorporated by reference herein, unless
otherwise noted, to the extent that the same are not inconsistent with this disclosure.

20 Other characteristics and modes of execution of the invention are described in the appended
claims.

Further, the invention should be considered as comprising all possible combinations of every
feature described in the instant specification, appended claims, and/or drawing figures which may be
considered new, inventive and industrially applicable.

25 Multiple variations and modifications are possible in the embodiments of the invention
described here. Although certain illustrative embodiments of the invention have been shown and
described here, a wide range of modifications, changes, and substitutions is contemplated in the
foregoing disclosure. While the above description contains many specifics, these should not be
construed as limitations on the scope of the invention, but rather as exemplifications of one or another

30  preferred embodiment thereof. In some instances, some features of the present invention may be
employed without a corresponding use of the other features. Accordingly, it is appropriate that the
foregoing description be construed broadly and understood as being given by way of illustration and
example only, the spirit and scope of the invention being limited only by the claims which ultimately

issue in this application.
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CLAIMS

A structure comprising:

- a patterned crystalline semiconductor substrate made from a first crystalline
semiconductor material with elevated regions bounded by trenches, the depth
(h) of said trenches larger than their width (d); and

- epitaxial semiconductor material deposited on said elevated substrate regions in
the form of isolated, stress-free semiconductor patches; said epitaxial
semiconductor material comprising at least one second crystalline semiconductor
material having a lattice mismatch or thermal mismatch to said substrate;

wherein perpendicular sidewalls of adjacent patches are spaced, the spacing of said

perpendicular sidewalls being smaller than the width (d) of said trenches, so that

most of the epitaxial material is deposited on top of said elevated regions.
The structure of claim 1, wherein the height of said adjacent patches is larger than their
The structure of claim 1, wherein epitaxial regions consisting of merged structures are
formed on said elevated regions.
The structure of claim 1, wherein said elevated substrate regions are faceted.
The structure of claim 1, wherein sidewalls and bottoms of said trenches
are covered with a dielectric layer of thickness dox, said thickness dox being

small with respect to the trench width (d).

The structure of claim 1, wherein said elevated regions comprise at least one region,

the boundary of which is aligned along a symmetry direction of said substrate.
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The structure of claim 1, wherein said trenches comprise at least one trench

which is under-etched.

The structure of claim 1, wherein said patches have facets.

The structure of claim 1, wherein said patches have horizontal surfaces.

The structure of claim 1, wherein said substrate is one of a group of substrates

consisting of Si, SOI, Ge, GeOI, GaAs, InP, InSb, CdTe, SiC, A1203, AIN and GaN.

The structure of claim 1, wherein said epitaxial semiconductor material is one of a
group of semiconductor materials, consisting of elemental group IV semiconductors
and their alloys, and compound semiconductors from group I1I-V, group II-VI, and

group IV-VI, and their alloys.

The structure of claim 1, wherein said epitaxial semiconductor material comprises a
graded layer with compositional grading, said graded layer being chosen among a
group of alloys consisting of an alloy of group 1V, group I1I-V, group II-VI, and group

IV-VI semiconductors.

The structure of claim 1, wherein said epitaxial semiconductor material comprises an
active layer stack made from a plurality of semiconductor layers, such plurality
selected from a group of semiconductor layers consisting of elemental group 1V
semiconductors and their alloys, and compound semiconductors from group III-V,

group I1I-VI and group IV- VI, and their alloys.

A method of forming the structure of claim 1 having isolated semiconductor patches on

elevated regions, wherein it comprises the steps of:
- forming a patterned crystalline semiconductor substrate, the pattern comprising
elevated regions bounded by trenches;

- loading the substrate into an epitaxy reactor;
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- epitaxially depositing at least one semiconductor material on said elevated
regions obtaining a vertical growth rate that is predominant with respect to the
lateral growth rate by tuning the surface diffusion lengths to be below facet sizes
and by reducing the reactant supply to the sidewalls of said elevated regions,
exploiting the mutual shielding of the incoming flux provided by said elevated
regions;

- narrowing the trenches between said semiconductor patches by epitaxial

growth.

The method of claim 14, wherein epitaxial growth conditions are tuned during growth,
thereby favouring inclined facets to form, and thereby deflecting vertical
defects into oblique directions, whereby said defects may exit through

sidewalls of said closely spaced patches.

A semiconductor product comprising a structure of any one of the previous claims

from 1 to 13.



