Sem conductor wafer and process for its production The present invention is
related to a | ayered sem conductor wafer and a process for its production.
5 Prior Art SO wafers ("sem conductor on insulator") conprise a substrate
waf er ("handl e wafer” or "base wafer"), generally consisting of 10
nmonocrystalline silicon, a layer of an electrically insulating material
(the so-called "buried oxide |layer", BOX) and a superficial |ayer of

sem conductor nmaterial ("top layer"” or "device layer") connected thereto,
whi ch represents the so called active layer that is provided for the
production of 15 electronic conponents. SO wafers can be manufactured by
various nethods: Firstl a_ wdely used metho%(?is_to transfer a thin | ayer
of sem conductors%?%¥‘i£tqrr8 8% 03N PIRITFS 56T fESsBRSETaEE haf er. Pri or
to 20 this transfer, the surfaces of the donor wafer or of the substrate
waf er or %th are oxidized .in qrder tg fO{mt e insul ati.nﬁ Iager. Thi s

met hod i s Pef BFFEEt P A erS £PARSFEr O Becbifdisy! SR FHEHFAE?hg | ayer
can be di wectkyahdragsroamddshifioraiskl peodustibstirate wafer by inplanting
oxygen_ions into 25 one of its surfaces and annealing the substrate wafer
subseqaent ly in order to forma silicon oxide layer. This nethod is called
"SI MOX". Plréoki Ast nethod (|l ayer transfer) is costly due to work 30

i ntensive process steps. It is well developed for silicon and within limts
for germanium but not for alternative sem conductors like galliumnitride
(&N, zi A0Ioxaflerf ZhQemirconatuéprmatelnahkatar- e arspdiker at hebaictatee | ayer.

e bl ey RSSO AL Bl (oL MLl v
i nterasti mgnpatrestal bing kd lsidongor ¢aybr def (8i @ledgalikkelily insulating
material (the so-called “buried oxide layer”, BOX) and a
superficial layer of semiconductor material (“top layer” or
“device layer”) connected thereto, which represents the so
called active layer that is provided for the production of

15 electronic components.

S0I wafers can be manufactured by wvarious methods: Firstly, a
widely used method is to transfer a thin layer of semiconductor
material from a donor wafer to the substrate wafer. Prior to

20 this transfer, the surfaces of the donor wafer or of the
substrate wafer or both are oxidized in order to form the
insulating layer. This method is referred to as “layer
transfer”. Secondly, an insulating layer can be directly formed
within a silicon substrazte wafer by implanting oxygen ions into

25 one of its surfaces and annealing the substrate wafer
subsequently in order to form a silicon cxide layer. This

method is called “SIMOX”™.

The first method (layer transfer) is costly due to work

30 intensive process steps. It 1s well developed for silicon and
within limits for germanium but not for alternative
semiconductors like gallium nitride (GaWN), zinc oxide (Zn0) or
other materials to be used for the active layer. Furthermore,
it is limited to semiconductor materials for which bulk wafers

35 of appropriate diameter exist which is however the problem for




arsenide (GaAs) or galliumnitride (GaN). The second nethod (SIMOX) is
limted to materials for which 5 bul k wafers of appropriate dianeters exi st
and ion inplantation and formation of a buried oxide | ayer by post

i npl antation annealing steps is feasible. It is cost intensive due to the
requi red equi pnent, especially for the ion inplantation, and the |ong
processing tines. 10 Subsequent deposition of heteroepitaxial buried oxide
and sem conductor layers on a silicon yafer provide a third nmethod of
manuf acturing SO wafers, as for exanple described for epi- Si / hexagonal
Pr203 / Si systens in the papers H OCsten et 15 al., "G owh of

J
crystalline praseodym um oxi.de.on silicon!,. Journal, of Crystal owt h 235
(202, 29gnY" SSROEHTT A8 SareGaal s he kel eitiagy Rapdee® (AN e bbR or
and i nt er haeenidenpesid) ar afalepumaxiaki&e (day) fil ms on hex-

Pr203(0001)/Si (111) support systens", Journal of Applied Physics 20 98
(2005), 123513-1 - 123513-6. This nethod includes epitaxially depositing an
i nsul at or Thayeecoohsisthary FIMOEN aseodymni teal oo dextlkaviang dchexagomal cryst al

structure ilico strat fer and subsequentl.y a.silicon layer on
t he i%sng? ]S?W?g%l‘%ér .03253%(%? 365@3@1@“ %?%% oesxelssecaa i%lm':L dr 1T tk?l%%é.ltjicfry

ment i ons eedi formakide ¢TeOPuriskdupknden aver ilde oAtNimahdntahidmnum

al um niu i LaAl (B). erials fo i .or l.aye ese
mat eri al rsna Hgééegfréétl cépcgéolnsgtq‘: ae%é%g%d %Bb}% %%stlgilsclélgt% ﬁlgrgt ﬁlraéSE%OJ% ose to
t hose of sehitoed Jeriregntnatepeslislly kot aAkOs ccadmpéantisedotp amhpt t he

lattice cgﬂgg?%%%r_%&esgﬁ%ulﬂhgérI ayer to the overlying sem conductor

| ayer (e.qg. er mani-um Ge). Optionally, a thin layer of anorphous
silicath oxide can be grown at the interface between the silicon substrate

waf er 35 %HﬂséQSéﬁPi&éﬁgéﬂéﬂ%nd%EOﬁE£890é§§%ﬁfﬂé¥'ﬂu%X%B g%iaetgfﬁnal

semiconductor layers on a silicon wafer provide a third method
of manufacturing S0I wafers, as for example described for epi-
Si / hexagonal Prp,0; / Si systems in the papers H. J. Osten et

15 al., “Growth of crystalline praseodymium oxide on silicon”,
Journal of Crystal Growth 235 (2002}, 229 - 234 and T. Schrdéder
et al., “Structure, twinning behavior, and interface
composition of epitaxial 5i(111) films on hex-
Prp,05(0001) /Si(111) support systems”, Journal of Applied Physics

200 98 (2005), 123513-1 - 123513-6. This method includes
epitaxially depesiting an insulator layer consisting of
praseodymium oxide having a hexagonal crystal structure on a
silicon substrate wafer and subsequently a silicon layer on the
insulator layer.

25
WO03/086385A2 discloses a similar method. It mentions cesium
oxide {(Ce0;), aluminium nitride (A1N} and lanthanum aluminium
oxide (LaAlQO;) as materials for the insulator layer. These
materials have lattice constants and cubic crystal structures

30 close to those of silicon. Ternary materials like LaAlQs can be
used to adapt the lattice constant of the insulator layer to
the overlying semiconductor laver (e.g. silicon-germanium,
SiGe). Optionally, a thin layer of amorphous silicon oxide can
be grown at the interface between the silicon substrate wafer

35 and the epitaxially deposited insulator layer by a thermal



3 treatnent under an oxidizing atnosphere. This layer is preferably fornmed
if a dielectric having a low dielectric constant is required. WO03/096385A2
does not recite any further effects of this silicon oxide layer. 5 It
turned out that SO wafers according to WO03/096385A2 have several

di sadvant ages when they are used as substrates for the production of

el ectronic devices: 10 The adaptation of the lattice constant is only
possible in a very limted range: La203, LaAl 03 and A1203 have different
crystal structures. La203 has a cubic 1g-3 crystal structure whereas A1203
has corundum structure with R3CH symmetry. When both oxides are m xed, a
variety of structures results 15 depending on the La/Al ratio, e.g., LaAl O3

has a per I t r8 Wi.th i om.t enperat ure.
Due to 1 e A TEar cht et e riree Ao 2 ap e SYaTohde HagedOfe DR e AL203

in any degreégrpbiyofermen Olilup dgelecktréc histndid ikow gdpdecexist. The
per ovski t%owshssnﬁtig%éﬁ@l% Y i@%s508 6595 nb a4 A s 20 ¢ atd Qs f LAY AROLL

8 to
about 1.2. In addition, "'this structure 1s not suitable for g:taX|a ?y
dep05|t|n@fﬁﬁﬁéér9§t5h1$rﬁ%1kﬂﬂﬂ ©%34€fi éardtict or material s thereon.
| nconplket e decoupling of the buried oxide |attice fromthe 25 silicon
substrate results in defectsgpgeratlon a) by msfit strain and b) b

t her mal nmil&ém&tERSdueUt otRA Y ¥ e e fEREr ABFOr@ipaNst P SIEPPREPRAt BAVE t he

material s geRret-be a%@a@an@atgégctw%% thay e¥anpi& ddedRlktakesf Esfttm@sul ts
in mcrocrack formation in the SO structures during thermal ranping 3

(anneal i n§TREUGREPN a8t CORTHPTHEWISEFEPES) in the production of the SO
waf er as well as during processing of |IC devices. The insulator |ayer and

the thin addltlonal silicon, oxide |ayer together provide insufficient
i sol at'on TREpPAARFAF1OX| Hed g5 Llekhi bRt CPHSE%‘h%rJa? YHhEPSRALERS| Sakage
currents déeyt 9ikb€ed range: Laz0;, LaAlO; and Al,0; have different

crystal structures. Lay03 has a cubic Ia-3 crystal structure
whereas Al,0; has corundum structure with R3CH symmetry. When
both oxides are mixed, a variety of structures results

15 depending on the La/Al ratio, e.g., LaAlO; has a perovskite-
like structure with R-3mR symmetry at room temperature. Due to
the different structures it is not possible to mix Las03 and
B1,03 in any desired ratio from 0 up to 1, i.e. miscibility gaps
exist. The perovskite-like structure only exists for La/Al

20 ratios from about 0.8 to about 1.2. In addition, this structure
is not suitable for epitaxially depositing monocrystalline

cubic semiconductor materials thereon.

Incomplete decoupling of the buried oxide lattice from the

25 silicon substrate results in defect generation a} by misfit
strain and b) by thermal mismatch due to different thermal
expansion coefficients of the materials in the hetero-
structure. For example, the latter effect results in microcrack
formation in the SOI structures during thermal ramping

30 (annealing as well as cooling down cycles) in the production of

the S0I wafer as well as during processing of IC devices.

The insulator layer and the thin additional silicon oxide layer
together provide insufficient isclation. Epitaxial oxides

35 exhibit in general rather high leakage currents due to the



4 absence of grain boundaries which are perpendicularly oriented wth
respect to the current path and bl ock that way the | eakage <current. Thin
anor phous Si 02 |ayers are also not efficient due to thickness values in the
regime of direct tunneling 5 phenonena. Thicker Si02 |ayers cannot be
achieved in every case - and only if the wafer is annealed at a high
tenperature. This, however, degrades the crystallinity of the epitaxial

oxi de layer and thus destroys the basis,for a perfect growth of the
superficial sem conductor layer. This beconmes evident 10 because a "repair
anneal " is reconnended following the oxidation step (Vw03/096385A2 page 5

11 100, GRS R ot BLSELSS SOl glat D LAl Ace B el 1 o2

is require avoi
by parasn&muh ¢hapgetttappm¢mpmﬁﬁematpathaﬁuoblemmtuhdmewaqlted Thekagore it

i's an obj egct th e ent.i-on ovi de -a S e.far the
producti on of%Bt @PP% Eﬁ@%p dﬁc?%§) lé%%p|n§%1a %ggré% u?%éa%fieaalloms
a high fléxi bhickpess wallwss 1nlﬁhd aegnme dfn@nsemﬂutuﬂhaiheginsulator Iayer

for the iptedrationygf glther ?g%a¥% s mﬂf%éﬁkﬁeggg $EM %ﬂﬂe quallty

| ayers "consi sting of "a variety igh crysta
It is a further cobyetf theamﬁﬁeveszsnsaaied|ehtalkmqh<ﬂ§m@e¢e@preng and

 nsul at i o el weenoLhe, el LandusLo Laves, and: § e qustrate, vafer
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oxidation step (WO03/096385A2, page 5 line 16). Furthermore, a
precise control of the interface state densities is required to
avoid hysteretic floating body effects in the buried oxide by
parasitic charge trapping effects.

15

Problem to be solved

Therefore it is an object of the present invention to provide a
substrate for the production of an SOI (semiconductor on

20 insulator) structure which allows a high flexibility to adjust
the lattice dimensions of the insulator laver for the
integration of either fully relaxed or strained semiconductor
layers consisting of a variety of materials with high
crystalline guality. It i1s a further object to achieve

25 sufficient lattice decoupling and insulation between the
gsemiconductor layer and the substrate wafer. An oxide structure
is needed whose interface with the Si substrate can be
precisely controlled by the preparation of an interface layer
with parameters appropriate for the desired application.

30

Summary of the invention

The present invention relates to a semiconductor wafer

comprising the following layers in the given order:




5 - a nmonocrystalline substrate wafer 1 consisting essentially of silicon,
- a first anorphous internediate |layer 2 conprising an electrically
insulating material and having a thickness of 2 nm 5 to 100 nm - a
nonocrystalline first oxide layer 3 having a cubic la-3 crystal structure,
a conposition of (Mel203)1 ,(Me2203), wherein each of Mel and Me2 is a
metal and wherein 0 < x < 1, and a lattice constant which differs fromthe
| attice constant of the 10 material of tshe substrate wafer by 0 %to 5 %
The present invention also relates to a first process for manufacturing the
sem conduct or wafer described above, conprising the follomﬁng steps in the

gi ven Orderg%é§¥1 QgigiQ$ é&g% Q?t %%?em@fggnéiségn RIS %Xy Shstrate

depositing t OXi ast " one surf ace o
waf er 1, andJepnbhernally treatlng the resultlng Iayered waf er under an

atnDsphere %pqﬂ&%elggogg%%ﬁg %ﬁﬁ% %%glg%gg% Sfﬁ? §, 20 nbar to 1

bar at a tenperature o for m nut thereby form ng
the first Qﬁﬁﬂﬁﬂi@@élynteﬁut@W%nqaManﬁalalzaad hhe1®@umdawyﬂheﬁweeﬁ 2 hem
substrat e wafgy; Ly,and the first oxide layer 3. 25 The invention further
relates to a second process for manufacturing the sem conductor wafer

descri bed aBovwencchEstpt bers st igotpraxdideg lekiert 8l hawing astapdci AatBe gi ven

order: a) pnaMidi @9rEB€u§8b3§réﬁﬁid%¥%3%n ofthﬁe§&B§ ?&é@z {er,hawing a
crystal lattice ori entation of SI(Ill) epltaX|aI y depositing a first

oxi de | ayeta@ dnMai pedsie? oke asmert@éeaeﬂ ‘t" ereimst rate widfefnd, at he first

oxi de |aygbﬁ%%cehéﬁhggaﬁthﬂ%ﬁﬂ?Qﬁjﬂﬁﬁ%sE%bm3£ﬁécié%€&céida%@ﬁgﬁttb?ntﬁé
(Mel 203) 1_x(Me2203)x wherein each of Mel and Me2 is a netal and wherein 0 <

x <_ 10 aRptenigdt péetbondtasiraie ¢ fersf PEr8 Friopn> 3-

The present invention also relates to a first process for
manufacturing the semiconductor wafer described above,
comprising the following steps in the given order:

15 a) providing the substrate wafer 1,
b) epitaxially depositing the first oxide layer 3 on at least
one surface of the substrate wafer 1, and
e) thermally treating the resulting layered wafer under an
atmosphere comprising oxygen with a partial pressure of 1078

20 mbar to 1 bar at a temperature of 200 to 1000 °C for 10 to 100
minutes, thereby forming the first amorphous intermediate layer
2 at the boundary between the substrate wafer 1 and the first

oxide layer 3.

25 The invention further relates to a second process for
manufacturing the semiconductor wafer described above, the
process comprising the following steps in the given order:

a) providing the substrate wafer 1, the substrate wafer having
a crystal lattice orientation of S8i(111),

30 b) epitaxially depositing a first oxide layer 31 on at least
one surface of the substrate wafer 1, the first oxide layer 31
having a hexagonal crystal structure, a composition of
(Mels03) 1-x (Me2,03) x wherein each of Mel and MeZ is a metal and

wherein 0 £ x £ 1, and a lattice constant which differs from




6 the lattice constant of the material of the substrate wafer by 0 %to 5
% and e) thermally treating the resulting | ayered wafer under an

at nosphere conprising oxygen with a partial pressure of 10-6 5 nbar to 1 bar
at a tenperature of 200 to 1000 C for 10 to 100 m nutes, thereby
transformng the first oxide layer 31 having a hexagonal crystal structure
into the first oxide layer 3 having a cubic la-3 crystal structure, and
thereby also forming the first anorphoys internediate |ayer 2 at the
boundary between 10 the substrate wafer 1 and the first oxide |ayer 3.

Short description of the figures Fig. 1 schematically illustrates a first
enbodi m?”tth%f 159&&5? cl%ﬁ it '&Vet'ﬂte' a9 &@féf'@fauf (F;s st‘i'a%}e L:Q}‘S% 15(

consi sting sem con et er i Al 15 deposi |rect y on the surface
of a sec@n@ @Qlaeolag@i 4 Flg 2 schenatlcally illustrates a second

enbodi nen )0 it nt.i i ayer 51
conS|st|n§ O%h&E@ggg%PEPJacrﬁ{Q¥% %ﬁgﬂéggﬁighgfﬂg%Pvk&eQXEQkae¥§ln Me5 is a
met al and aiesEhare @DW@E@SM@Q|Q¥Y9@ﬂnﬁétbnat@ﬁﬁt&ﬁknﬂiaﬁﬁméé ofay@r 4. 25

Fig. 3sshaws thg Dabf, unit, ct%nl eqia%%!aé' PSZ§1 6 &1 o \b%r 'fB‘ﬂSlOCHQ'fO(fmt al

oxi des having la-3 symetry. g. shows the unit cell dinensions of cubic
sem condu®idrtefnat EReEFRY tﬂﬁﬂﬁi@rm5n§h§hs f*@ﬁ%I¥$¥kSG@W§ée3&nh@Vkﬁgla

di mensi ons, ek oﬁzloéryé/@gl %tsr&%lr% MRES! c0xi dessthawing Ilgyérsm@&mg Fi g.
6 shows the ( 001% surface unit cell dinmensions of 35 hexagonal
7

sem conduét §HPASL &2 1A LY StalDattaiicédraeserd pthwiryt alse itAVEAEY oRR@and t he
preferredri@BRodh#BMtSus intermediate layer 2 at the boundary between

10 the substrate wafer 1 and the first oxide layer 3.
Short description of the figures

Fig. 1 schematically illustrates a first embodiment of the
15 present invention wherein a superficial layer 8 consisting of a
semiconductor material is deposited directly on the surface of

a second oxide layer 4.

Fig. 2 schematically illustrates a second embodiment of the

20 present inventicn wherein a third oxide layer 51 consisting of
Me5;0, adjacent to the second oxide layer 4, wherein Meb is a
metal and wherein 3 < w £ 4, is formed on the second coxide

layer 4.

25 Fig. 3 shows the half unit cell dimensions (in A} of various

cubic metal oxides having Ia-3 symmetry.

Fig. 4 shows the unit cell dimensions of cubic semiconductor
materials.

30
Fig. 5 shows the (111) surface unit cell dimensions (in A) of

various cubic metal oxides having Ia-3 symmetry.

Fig. 6 shows the (0001) surface unit cell dimensions of

35 hexagonal semiconducter materials.



51nthe first step a) (Figs. 1 and 2), a nonocrystalline substrate wafer 1
is provided, which consists essentially of single-crystalline silicon,
preferably it consists of 90 %to 100 % silicon, nore preferably of 98 %to
100 % silicon. The substrate wafer may conprise the usual dopants or
inmpurities 10 generally known in the field of silicon technology. The
substrate wafer 1 preferably has a crystal lattice orientation of Si(001),
Si(11l') or Si(110). According to the present invention, a nonocrystalline
first 15 oxide layer 3 is epitaxially deposited on at | east one surface of
the substrate wafer 1 in step b) of the process (Figs. 1 and 2) . The first
oxi de layer 3 has a conposition of (Me1203)1  x(Me2203)x wherein each of

Mel and Met is a netal. In order to guarantee a 100 % mscibility, it is

pr ef er r ed Detaidedndeacsiffidk| cfinthd/Hidhveindsenoandethd/i20Rmedl Me2203 have
la-3 symmet by.qs PB%;erably, each of Mel and Me2 is a rare earth netal or a
transition neta nost preferably, Mel is praseodym umand Me2 is yttrium
Pr2c8 is about 2 %t o0 big, Y203 is about 2 %too snall with respect to Si.

Theref%re ﬁ'ﬂﬁ% @h%%ﬁrgtﬁélgyﬁ £ %5a§g 59 bgshémoér talline .
(Pr2®) o. 5(Y2CB)0 5 to attlce di frensions of Si. Furthernore, it

offers t he‘-‘%ﬁa\?ﬁfiﬁgé’atf@rehdls v@ltwmez:bs wRAghi aeegkate P3patigdtvontt he
i nt er nal Q_W%HCIS/@%QE_YQhé"sHJ@on \3@&%&%@989@@&%1&&0@@ o@) sbelow

However, thi's is just one exanp several possibilities. The index x 30
satisfies tHe 3 Féddarnt yrore- pls&]i&raplymoéf éﬁaf§|90th%0me°qud4qomy Bhe< x < 1,

and is adaphndrs¥ehybRat hhe datdiice %@h@ﬁhloao;lgaetsfdﬁ stmplideckayer 3
differs fromthe lattice constant of th mat er i t he substrate wafer by

0 % toll5 gensafdvakngvwd oh e Xipldefe sdficne bRFleR! ¢t ShSerfectly the

lattice 3%uldreaskonsret Si pr&%ﬂa@y Ma%l BYcribrgan be 1o hadnpeciestly. 8
Preferably, the first oxide |layer 3 has a uniformconposition and thus a

uni f or m | &% i%dd 08dhst 511‘11(1%1%} 0%ls E‘ijt(s“é)r']tl re

According to the present invention, a monocrystalline first

15 oxide layer 3 is epitaxially deposited on at least one surface
of the substrate wafer 1 in step b) of the process (Figs. 1 and
2). The first oxide layer 3 has a composition of (Melz03)-
x (Me2;03) x wherein each of Mel and Me2 is a metal. In order to
guarantee a 100 % miscibility, it is preferred to use metals

20 Mel and Me2 whose oxides Mel;03 and Me2;03 have Ia-3 symmetry.
Preferably, each of Mel and Me2 is a rare earth metal or a
transition metal, most preferably, Mel is praseodymium and MeZ2
is yttrium. Prp,03 is about 2 % too big, Y203 is about 2 % too
small with respect to Si. Therefore, this mixture allows on a

25 50:50 kasis, i.e. (Pr>03)o.5(¥203)0.5, to meet the lattice
dimensions of Si. Furthermore, 1t offers the advantage to end
with Pr,;0; and integrate by oxidation the “internal oxygen
reservoir” PrQ,, which is described in step d} below. However,
this is just one example of several posgsibilities. The index x

30 satisfies the inequality 0 £ x £ 1, preferably the inequality O
< x < 1, and is adapted such that the lattice constant of the
first oxide layer 3 differs from the lattice constant of the
material of the substrate wafer by 0 & to 5 %, preferably 0 %
to 2 %. None of the cxides meets perfectly the lattice

35 dimensions of Si. Cnly by mixing, it can be matched perfectly.



t hi ckness. However, it is also possible to start imediately 5 with a
conposition gradient. Preferably, the thickness of the first oxide |layer 3
is at least 1 nm The first oxide layer 3 has a cubic la-3 crystal

structure. In nost cases, especially if the surface of the substrate wafer
1 10 is (001) or (110) orientated, the first oxide |layer 3 can be
epitaxially grown directly on the surface of the substrate wafer 1 in step
b). If the substrate wafer 1 has a (111); orientated surface, however, it is
not al ways possible to grow a cubic la-3 oxide directly. For exanple, Pr203
grows as a 15 hexagonal phase on a Si(l11) surface. If a direct growh of a
cubic oxide is not possible, a first oxide |ayer 31 having a hexagonal
crystal structure is deposited in step b) on at |least one surface of the
substrat e Medf@rablyThichel ajesti exidrenlanaradshesnedunhforn h@omposition

(t her modynafm Galdy ashﬁ%‘é mf § £5¢ 1 01 d6 A rlcA¥eLo3s havl Lbic |a-3

crystal structure. This phase transition is autonatica y achleved during
t he thernaﬂhlql?r@@tsﬁeﬁpwevegt ept eds adficpass iféscEp beapiel vunediatied val so

possi bl t,0; gpld tcoEnB%sEE%H%r&cﬁfé{ﬂ‘ferﬁréf%tr%b%yphéﬁé Ef‘iﬁﬂ&léés‘)%f %HQ an
interface optimzation step. 25 In an optional “step c) (Figs. 1 and 2), a

monocr yst af 155te C*déeonrayeXi delt ajlerlerstard B8 -epitaxially deposited on the
surface of the first oxide |ayer 3. The second oxide |ayer 4 also has a
cubic la-3 crystal structure and a conposition of 30 (Me3203)1_y(Me4238)y
wher ei n eadl dFiOE3CZAESMEBYRE & Tt & .CUHC dRrdér CEYS pardiitedEiree %
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and Me4203 have | a-3 Xnnetr Preferably, each of Me3 and Me4 is a rare

earth Hetats GWR3 eransiti oﬂrﬁ%rﬂ%ﬁte%@eprféFéFaﬁﬂrde MY S5 JrcdSebByni um and
35 Me4 is éﬁi‘d’d}w@ll}'h@rbﬂﬂe&(lb’e@@ly i eset harpeguat i the Gubsttate 1, 9
preferably the nequalliyy? ¥ e sl S8EoN0: 2K 8 108 14,
orientated surface, however, it is not always possible to grow
a cubic Ia-3 oxide directly. For example, Pr;03; grows as a
15 hexagonal phase on a2 Si{111l) surface. If a direct growth of a
cubic oxide is not possible, a first oxide layer 31 having a
hexagonal crystal structure is deposited in step b) on at least
one surface cof the substrate wafer 1. This layer is then
transformed intc the (thermodynamically stable) first oxide
20 layer 3 having a cubic Ia-3 crystal structure. This phase
transition is automatically achieved during the thermal
treatment of step e), which is described below. It is also
possible to split the thermal treatment into a phase transition
and an interface optimization step.
25
In an optional step e) (Figs. 1 and 2), a monocrystalline
second oxide layer 4 can be epitaxially deposited on the
surface of the first oxide layer 3. The second oxide layer 4
alsc has a cubic Ia-3 crystal structure and a composition of
30 (Me3203)1-y(Med;03), wherein each of Me3 and Me4 is a metal. In
order to guarantee 100 % miscibility, it is preferred to use
metals Me3 and Med4 whose oxildes Me3;0;3 and Med,03 have Ia-3
synmmetry. Preferably, each of Me3 and Med4 is a rare earth metal
or a transition metal, mcost preferably, Me3 is praseodymium and

35 Med is yttrium. The index y satisfies the inequality 0 £ y = 1,



has a conposition which varies along the thickness of the layer. y starts
with a value yl at the interface to the first oxide |layer 3 and varies
across the thickness of the second 5 oxide layer 4 in order to achieve a
variation in the lattice constant of the material of the second oxide |ayer
4 across its thickness. y ends with a value y2 at the surface of the second
oxide layer 4. The value yl is selected such that the lattice constant of
the second oxide |ayer 4 at its boundary to the 10 first oxide |ayer 3
differs fromthe lattice constant of the material of the first oxide |ayer
3 by 0 %to 2 %in order to guarantee single crystalline oxide growth with

o St e et hIneELEL LA Ve MO ABIHE ¥2obRa SELER B dsnandern

from the ice onstan | aye ich 5 Be- deposi t €d “on "15 t he
surface ofhahnen smml@xpdeWhaylervaﬂrles aldeg ttbeathie}mee@s dfattthiece nmat ch

between the, /gy, e[fa stlaeQr geLnt 9 %{\ﬁaﬂﬁe et et lngggfééé &% Ithd *}‘ifrE‘ECO”d

oxi de | ayer 4, ch ange 1 n | ts 1 ce const ant variration o
concent rat@?@lrﬂ&grla?ddeéht?» abét weehey | aciwe sy Xhies tbrléfceeabl gt optd receddni t h

respects t 0,4 g 2 Jit ar ehaxragwﬁg%a{ N ae%%gg@h&@ mecrpéﬁqafm@eand

defect nucleation energies on the other hand in the oxide conponents of
i nterest. Segrat e4nthe @ﬁt@té@ﬁqudﬁyié@@pﬂﬁoﬁ§%d$a$%¥eqeﬂg?CEQSSZStS

superficialpi @4eIs8 GoRakst {;0oh o4 @alrﬂ%ﬁ%r wet ahki Qﬁrfééé“&f)%éc%%rcoﬂat erial
or athird oxide layér 50) that is to bé deposited on the surface of the

second oxi¢eldayayes, dhasheapptkivatia ypetiketsdneurhat thate donsrdnicss t he

first oxidend@wal oF tht EBLSnd Sofle LRELALCaLI Rtssb&ﬁ&iaefﬁ%e the perform
30 SteﬁhC) which allows to adapt the value yl to the lattice constant of

the adj%cehtr¥h r‘%‘tld@x#éé(elfa?eih%fe%r@f%éhecéF‘rﬁBéF‘f—|W%ﬁal}%é’fségénd oxi de
| ayer acrasstddinit RIFCkRESSikBr i APPIBRH at gywaysapd 2 o end dMdel aoval ue y2

adapted to the [lattice_constant. of the next [ayer to be. dep05|ted 35
guarantee single crystalline oxide growth with limited defect
densities. Preferably, the value y2 is selected dependent from
the lattice constant of the layer which is to be deposited on

15 the surface of the second oxide layer 4 in order to achieve a
lattice match between the layers. In order to minimize defect
densities in the second oxide layer 4, the change in its
lattice constant by variation of the concentration gradient
between vyl and y2 is preferably optimized with respect to the

20 Iinterplay between strain effects on the cne hand and defect

nucleation energies on the other hand in the oxide components

of interest.

Step ¢} can be omitted if any additional layer (e.g. a

25 superficial layer 8 consisting of a monocrystalline
semiconductor material or a third oxide layer 50) that is to be
deposited on the surface of the second oxide layer 4, has
approximately the same lattice constant as the first oxide
layer 3. If this is not the case, it is preferable to perform

30 step c¢) which allows to adapt the value yl to the lattice
constant of the adjacent first oxide layer 3, vary the
composition of the second oxide layer across its thickness in
an appropriate way and tc end with a value y2 adapted to the
lattice constant of the next layer to be deposited.

35



10 In a further optional step d) (Fig. 2) a nonocrystalline third oxide

| ayer 50 having a cubic la-3 crystal structure and a conposition of Me5203
is epitaxially deposited at the surface of the second oxide |ayer 4. Me5203
is a nmetal oxide which can be 5 further oxidized to a higher oxide with a
conposition of Me520w with 3 < w <- 4. Typical exanples are praseodym um
(Pr) and terbium (Tb) show ng various oxi de phases Me520w wi th w rangi ng
from3 to 4, but also the special cases jgf ceriumdioxide (CeQ) and
neodym um di oxi de (Nd02) where w = 4. Step d) is 10 perforned after step b)
or after steps b) and c) and prior to step e). If this step is applied, the

third oxide, layelr3Qr %9@%551 ngt% d¥e5303, whl | bﬁoﬁ?é{:\gﬂaﬂ)&r@ 28d and thus
oxi de er

transformed into a third 51 conS|st|n% Ow, wherein 3 < w
<- 4, durie#idhe s &R hgvirep2 ejubithd a2t rawvstsl] ayriclers éidag an oxygen

reservoir aﬁﬂﬁgbfﬁﬁaﬂ'okahg§(¥h§s E?EB@%iéﬁl§ﬁdé%d%%%%Hda@nPﬁQhQﬁgfﬁﬁe gf

internmediate layer 7 durin her thermal "treatnent which

descri bed &% st oxpepo YGFFle4t HiekResss of Maviad PHjEE VBiphetast dlsly in

the range rdsapard o&mdtl‘ée%lOQonén h2hd N il heh §1 8BmSds{tH 45 orl MaB,2) , the
resulting | ayered waf er is thermally treated under an at rmsphere conpri sing
oxygen wi t'Hi part ivar ﬁreggﬁ%‘éa%feéi%“@er?bélfet Braspafvmiun (Rangédat ure of

200 to 100@%&1@[{ efren abhywohg 309 1S UkiGe Eﬁésgé K055 #98n Nk ddrRFingOxygen
can be sup d3 in the formof _nol ecular oXxy 02 or ozpne, 03) or in the
f orm of oxgﬁé‘i‘u &SnfouRls FLIRR Wi dRSyedt ﬁﬁﬁ §| 85 FREDYN 9% €he form of
atonmi c oXy(Qms0,) |bndSn@<b<$ﬁniJﬁr$Sj1faJxQdfeO (Nge; )anHekgen=cant gt@prtg) JpJ asma. This
t hermal treatnen i rst,. anor Jous 0in erne te | at the
nt ert oo BRI RETSa0IEPRY I eE 2AAPPNS) {FHe oo Frdger 03, | The
first anorphguse).i mferhedi atepl byedppd ikals ahthtBkpe@ssxde 2ayart 60100 nm
consisting of Me5,03 will be further oxidized and thus
transformed into a third oxide layer 51 consisting of Meb;0,
wherein 3 < w £ 4, during the following step e). The latter
15 layer serves as an oxygen reservoir which facilitates the
formation of a second amorphous intermediate layer 7 during a
further thermal freatment which will be described as step h)
below. The thickness of this layer is preferably in the range
from 1 nm to 100 nm.
20
In a further step e) (Figs. 1 and 2), the resulting layered
wafer is thermally treated under an atmosphere comprising
oxygen with a partial pressure of 107° mbar to 1 bar at a
temperature of 200 to 1000 °C, preferably of 300 to 600 °C, for
25 10 to 100 minutes. Oxygen c¢an be supplied in the form of
molecuiar oxygen (0O; or ozone, 03) or in the form of oxygen
compounds like dinitrogen monoxide (N,O) or in the form of
atomic oxygen. It is also possible to use an oxygen-containing
plasma. This thermal treatment forms a first amorphous
30 intermediate laver 2 at the interface betwsen the substrate
wafer 1 and the first oxide layer 3. The first amorphous
intermediate layer 2 has a thickness of 2 nm to 100 nm,
preferably of 3 nm to 10 nm. Depending on the material of the
first oxide layer 3, the first amorphous intermediate layer 2

35 comprises a silicon oxide or a metal silicate or both. The



preferably of 3 nmto 10 nm Depending on the material of the first oxide

| ayer 3, the first anorphous internediate |ayer 2 35 conprises a silicon
oxide or a netal silicate or both. The 11 thickness of the first

i nt ernedi ate anor phous layer 2 is determ ned by the conditions
(tenperature, duration, oxygen partial pressure, the formof offering
oxygen) of the thermal treatnent. Therefore, the conditions of the thernal
treatment 5 are chosen in order to achiqye an internedi ate anorphous | ayer
2 having the desired thickness and thus the desired electrical properties.
The purpose of the first anorphous internediate layer 2 is twfold, nanely

Lo 1 1St Yifegoule ENenbatLLEE Ofteiile bhStnXbfgul aY8fe3 AN the optional

further oxide layers 10 fromthe rigi strate wafer 1 to avoid thernal
m smat ch  rtcEmdmed( Bef 6be gemdktidren, (teiparaEatki ndreatelon,apgygesondly to

optim ze the6lactikcal,rpl OPRE ti S, s fo&%e‘?:ﬁﬂig”@ﬂr}g&z)"‘ﬁéﬁrthesttmﬁzhgie
(l eakage currents tyglcalfy smal |l er than 10-8 Al c at 1 V; capacitance

with ef f ectispemgmnél-edhprefevtstdin craddédons pét Weentemed Ieeaguasfty of

interface Stat@gshel oW d0der/ edlactigh aheshtbembleakdowy Airelds18fethe box
oxide up to 10 W / For exanpl e, the post-deposition oxidation of

) cmetc.). Fo ,

t he boundar Y6 Wethgeretheedi thidmestospratButate? deHiied IfderitEdcadxi de
layer 3 igrdggaifiied.odhel PuEdsse off HhRglFe retyshatbhdies Clilicagméd@atexi de
| ayers on Si (11l) by heating the system.in 1 atnosphere of _ nol ecul ar oxygen
for 30 mi NS &t 1606V Ctes AT % 4165hAY ERFRWP Ehoithdds tiRtePhedi at e
| ayer h2 C adsd &tiir@%_ @f{idfatléajdé& gﬁ_a&id itCat ap}:I@ﬁaEffﬁﬁﬂé&ﬁr&Qﬁ@eOﬁayB@s g
anor phous jinternedi ate er in ter of inprovjng . the stryctur an
el ect r]iocaI%mGP &b ffilg%dogz\(tﬁ‘éb%teﬁaé:reo-w Flctufl8 ‘?“éojc%%’(hreoqq r“ilﬁmti‘ﬁ‘g1
fol | owi ng prpbl emenceefeny ddreesdtrieet,ure imt beadetoypdidg eind Becondide film
fromthe rk?id siLicongub trate is controlle qX 30 the fact t?at t he

F the afer

cubi ¢ Y203 F i e 2EoHBF et £F G- i EF ORFEEFSS © engineercd w

structure (leakage currents typically smaller than 10°® A/cm® at
1 V; capacitance with effective dielectric constant values

15 between 4 and 16, density of interface states below 10 /cm? ,
high electric breakdown fields of the box oxide up tc 10 MV /

cm etc.) .

For example, the post-deposition oxidation of the boundary

20 between the silicon substrate wafer 1 and the first oxide layer
3 is carried out in case of single crystalline cubic Y03 oxide
layers on $i1{(111l) by heating the system in 1 atmosphere of
molecular oxygen for 30 minutes at 600 °C, resulting in a 6 nm
thick amorphous intermediate layer 2 consisting of yttrium

25 silicate. The effectiveness of the amorphous intermediate layer
2 in terms of improving the structural and electrical
properties of the hetero-structure is controlled in the
following way. Concerning the structure, the decoupling of the
oxide film from the rigid silicon substrate 1 is controlled by

30 the fact that the cubic Y205 film is completely relaxed after
the treatment. In especial, the substrate-induced strain in the
oxide film structure is relessed and the single crystalline
oxlide film floats on the amorphous interface layer 2, adopting
that way its bulk structure with the corresponding lattice

35 spacing. In this situation, thermal mismatch problems between



the treatnent. In especial, the substrate-induced strain in the oxide film
structure is released and the single crystalline oxide filmfloats on the
anor phous interface layer 2, adopting that way its bulk structure with the
corresponding lattice 35 spacing. In this situation, thermal m smatch

probl ens between 12 the filmand the substrate are avoided so that Y203
films show inproved crystalline quality with respect to the case of

rigidly coupled Y203 / Si(lIll) hetero-styuctures. Concerning the electrical
properties, the anorphous internediate |ayer reduces 5 the | eakage current
at 1 Vto values bel ow 10-8 A/cn? and achieves di el ectric breakdown fields

25 Nigh as B MG an FURDECIRE S cLIL e LAGE AL dROST LS bElou 1011/ cre

can be rea ormati on "of anDr Sus At er yer after
appl yi ng adﬂprvtﬂﬁﬂCK&ﬁtdﬂﬂ%@EﬁHﬂﬁélﬁE @ntﬁ(nenpagtgas lﬁeaqmealmmg etc ). The

formation gf _‘L@iisécit{%teéff gh/o‘éi L er NEdL eéfﬁ’ uresdf CBh@8r§?§§ {y d

t hi ckness requir i‘on o oxygen from g atnosphére oug
| east the éi@@trxﬁﬁkkpﬂQRﬁatlQSbothﬁeaMQrphﬂQﬁf%mﬁ@rmedmeéﬁ l&&ﬁﬂedeﬂCdSayer

and thes si lchéoi‘eé]&%’% ‘ah&entaber +1. v The x§atlehceks 2k10%i 964 ﬁ)’&ﬁsgﬁﬁ%ghave a

thlckness of several tens of nanometers. In conparison to W03/ 096385A2,
this diffuaFheves cbridiegdrdss Yreakiovn af il dsy ashaimht asi &14V/Speci fi ed for

the first oxjdeetdyl, 3204 raBki QP& e faidar L0 pRtbAe1hBYeRE AGFYLing to
the present invention. Oxygen conductivity in oxides is a special case of

i onic condﬁé@i%ﬁﬁd-kﬁhéhﬁa§§rﬂﬁ§h§bo@f'@Eké@KﬁE@@ésbynﬁééﬁﬁﬁgﬁkﬁckﬁﬁ?§és of

the invol xeéef%g%lylm@ @Id@l@%ﬁa@x S8 AN ORS st QeSBECEBImI AL tdLe  Sites
(interstitials, fects, etc.) wh requires in any case 25 a certaln

fl exi bild i t §rpEaLIRG IRSSt- )mat ri . Nb2CB oxides with la-3 crystal structure
belong to the so called ordered oxygen vacancy crystal structures. This

i nherent vacancy structure of M203 oxides with la-3 crgstal structure
provi des t Rpe formation of this first amorphous intermediate layer 2 of

the specified thickness reguires the diffusion of oxygen from
the atmosphere through at least the first oxide layer 3 tc the
15 interface between the latter layer and the silicon substrate
wafer 1. The stack of oxide layers may have a thickness of
several tens of nanometers. In comparison to WO03/096385A2,
this diffusion is considerably facilitated by the materials
specified for the first oxide layer 3 and optional further
20 oxide layers according to the present invention. Oxygen
conductivity in oxides is a special case of ionic conduction.
The mass transport takes place by hopping processes of the
involved ions, in this case oxygen anions, to special lattice
sites (interstitials, defects, etc.) which requires in any case
25 a certain flexibility of the host matrix. Mez03; oxides with Ia-3
crystal structure belong to the so called ordered oxygen
vacancy crystal structures. This inherent vacancy structure of
Mez03 oxides with Ia-3 crystal structure provides the
flexibility of the crystal lattice to allow for the diffusion
30 of oxygen even at temperatures as low as 200 °C, placing these
compounds among the best oxygen conductors known. The inventors
found that if the first oxide layer 3 consists of (Mel,03);-
(Me2:03) x having Ia-3 symmetry, a sufficiently thick first
amorphous intermediate layer 2 can be formed during the thermal

35 treatment of step e) even at relatively low temperatures. A low



flexibility of the crystal lattice to allow for the diffusion 30 of oxygen
even at tenperatures as |low as 200 C, placing these conpounds anong the
best oxygen conductors known. The inventors found that if the first oxide

| ayer 3 consists of (Mel203)1_ x(Me2233)x having la-3 symmetry, a
sufficiently thick first anorphous internediate |ayer 2 can be forned
during the thermal 35 treatnent of step e) even at relatively | ow
tenperatures. A low 13 tenperature oxidgtion anneal is able to preserve the
crystallinity of the epitaxial oxide |layers. Generally, according to the
Tamm rul e of solid state chem stry, ion mobility in oxides is negligible

for tenper@gﬁgé% l@gg&gﬁlgﬁﬁggy hal f. t.he, kggggﬁn1ru rature. However,

it is inportant or present 1 nventlon that e is known to
hol d for t¢WW$ﬁﬁkﬂlﬂm¥M @ﬁ that epbtafirl tdxddexygeFarsubbaneizlely,of cubic la-3

crystal stfuciiigs, g tﬂérﬁth&tﬁ'ﬁﬁl 61§f 1t1'dl gta‘cg"@%@%%&%? Aforf he cubic

la-3 crystal structures are typlc above no substantla
met al cat il Hedy tihangpdes l@c@%@kﬂQNﬂhﬁNfPGOGGGPeb@tUh¢dhib%ygen mobi lities

are detsectgﬁbrayﬁet%tlyt RORE' Ah UM RS] Bthd %@%rQQQrQ HOISvr Opar iy, of A203
oxides with the la-3 Crystal structure opens a large tenperature W ndow to

prepare i nBRCXHATH fpﬁg aRbPERFCh HEentimnokbahahle t heanbHFhdgs known

internedi atg ﬂéﬂ&”fd% yadenpeat hodheon byfifenoxi-de Ehé”&£§HEH'§ﬂHﬂ%t9§er
layers 3, 4, 50 with the desired properties, but to avold on the ot her hand

undesi red Ofre%hl%éﬁﬂéncawte%. DRCUGHI Sshe 18] PaGbseRha R vt ®elEinget al
cont am nat{afiseddtire@ Sk sHESthBie 1si L& sshhi gttt{cay,%éieétéctye%amig t hese

inmpurities are eneraII known to negativeély affect the electric properties
of t helSafe?lst3reura0 ca?ne? sihstantied, TRbBL | FeTEQR dtasy trersppttonal

step d) wacsccaedfsf YeTRE PDOOTr °tP B Rh dHehhBEPRL it 28s t4eatg@Rl-tefl step e)
does not only formthe first annrfhous |nterned|ate | ayer 2, but al so

further oxPUfizéd (HFEPRESSHECHFas Tow as 300 “C. This property of A;0s
oxides with the Ia-3 crystal structure opens a large

temperature window to prepare in an oxidizing ambient on the

15 one hand the amorphous intermediate layer 2 underneath the
buffer oxide film comprising oxide layers 3, 4, 50 with the
desired properties, but to aveid on the other hand undesired
metal cation diffusion into the Si substrate wafer 1. Metal
contaminations in the Si substrate must be strictly avoided

20 because these impurities are generally known to negatively
affect the electric properties of the wafer structure (carrier

lifetimes, mobilities etc.).

If opticnal siep d) was performed prior tc step e), the thermal
25 treatment of step e) does not only form the first amorphous
intermediate layer 2, but also further oxidizes the Me5;0; of
the third oxide layer 50 to Me5,0, with 3 < w £ 4 as explained
above, and thus transforms it into third oxide layer 51 (Fig.
2). If Me5 is praseodymium, w = 4 after the oxidation, i.e.
30 PrO; is formed. This layer serves as an internal oxygen

reservoir in further step h}.

In an optional step £) (Fig. 2), a monocrystalline fourth oxide
layer 6 can be epitaxially deposited on the surface cf the

35  third oxide layer 51. The fourth oxide layer ¢ also has a cubic



the third oxide layer 50 to Me520w with 3 < w <- 4 as explained above, and
thus transforns it into third oxide layer 51 (Fig. 2). If M5 is
praseodymum w = 4 after the oxidation, i.e. 30 PrQ2 is forned. This |ayer
serves as an internal oxygen reservoir in further step h). In an optional
step f) (Fig. 2), a nonocrystalline fourth oxide |layer 6 can be epitaxially
deposited on the surface of the 35 third oxide |layer 51. The fourth oxide

| ayer 6 also has a cubic 14 la-3 crystak structure and a conposition of
(Me6203)1_z(Me7203)1 wherein each of Me6 and Mel is a netal. In order to
guarantee a 100 % mscibility, it is preferred to use netals Me6 and Me7

whose ox! des 0903 2andc M0 Naee o ScRoBUATBLE Yo PIRLAGRPL youdy Bach of Meo

and M7 is a raré earth netal atran5|t|on net al escandlum?
yttrium ( Whesielmaegahess Yam)ang Merdisna gebap- rré@a@rqlemé:q maaﬁmtema

thal l'ium (1-6@ % ?fﬁrs'c'irg_wl£§b)l19rls B SRR (B ) - udbend HEX (e S BhgSME§S the
inequality 0 <- z <- 1, Tprefera I%Zthe inequality 0 <z < 1. Simlar to the

second 10 “B¥15@e CKager MEGﬂheaﬂﬁuM? Qoxhaee | Bet e 7y - cBEpESTAP B whi ch

vari es sal g ke MBsCkRgSBePfid he daekarZnsharss, W tdr s Malive mgkadt the
interface to the third oxide |ayer 51 and varies across the thickness of

the fourtHide d&apdyer 65¢h othi@flUt“b (YacRFeBBNg2RRFS atlfon 9tn 2t Réitatti ce

const ant (Hrddﬁﬁm@@b@r !Lg?-ke Oind-:ﬁlrﬂ her o QUFthBlQXbﬂe T@y,erarﬁ;lwn@sasbﬁ Sor
t hi ckness.. z end a value z2 at the surface of the f ourth QXIde | ayer

6. The neﬂ%ﬂ%9UtﬁbéBéhd B Hsklq sitichdedarie TPeFHAL e Yeffect &dlsuch that

the | atti gacgenrsbant thé iMegdourtdh coxi @e<l ayesidiBdr ids thkowadany to the
third oxide |ayer 51 natches_to the | &ce 20 constant of the latter |ayer.

Al'so pPef &FI 1AVRE fret B T thpgt a¥ehef |1P2% & HEWPRSGEL2B RIS ect ed
dependent Wardmst Beonbathé Cﬁ'li?(ﬂﬁﬁds@‘ﬂofﬂchbh@ai]@yerz Wit d srittd bevdepeosited
on the sur.face gf t he f rthgﬁz t%%%%r 6.1.n féder go achieve a lattice

mat ch bet idert elé?E?E oxide Iayer 51 and varies
across the thickness of the fourth oxide layer 6 in order to

achieve a variation in the lattice constant of the material of

15 the fourth oxide layer 6 across its thickness. z ends with a
value z2 at the surface of the fourth oxide layesr 6. The metals
Me6 and Me7 as well as the value z1 may be selected such that
the lattice constant of the fourth oxide layer & at its
boundary to the third oxide layer 51 matches to the lattice

20 constant of the latter layer. Also preferably, the metals Me6
and Me7 as well as the value z2 is selected dependent from the
lattice constant of the layer which i1s To be deposited on the
surface of the fourth oxide layer & in order to achieve a
lattice match between the layers.

25
Step f) is preferabliy performed only in conjunction with steps
d) and e), in the sequence d) =2 e) = f). If step d) is
omitted, i.e. if no third oxide layer 50 consisting of Meb,0; is
deposited, which is afterwards oxidized to Meb5;0, with 3 < w £

30 4, there is no need for a fourth oxide layer 6. The fourth
oxide layer 6 primarily serves to adapt the lattice constant
from the value of the third oxide layer to the value of a
further, additiocnal layer to be deposited on the surface of the
fourth oxide layer 6, e.g. a superficial layer 8 consisting of

35 a semiconductor material.



25 Step f) is preferably perfornmed only in conjunction with steps d) and
e), in the sequence d) 3 e) 3 f). If step d) is omtted, i.e. if no third
oxi de layer 50 consisting of Me5203 is deposited, which is afterwards

oxi dized to Me520w with 3 < w 30 4, there is no need for a fourth oxide

| ayer 6. The fourth oxide layer 6 primarily serves to adapt the lattice
constant fromthe value of the third oxide |ayer to the value of a
further, additional |ayer to be deposited on the surface of the fourth
oxide | ayer 6, e.g. a superficial layer 8 consisting of 35 a sem conductor
material. 15 Even if a third oxide |layer 51 consisting of Me5201 with 3 < w
4 is present, step f) can be omtted if any additional |ayer (e.g. a
superficial layer 8 consisting of a monocrystalline 5 sem conductor

mat eri al ) B¥ei ifs a dhdeddepbdet Bavon Theosigipséag of MeaaOhodtth i de S ayer

6, has appsoxi Blontt hetggne) | ald 1168 ont@ReLaRE agyt et dh0%ide | ayer 3.
If this is not the case, 1t |s preferable to performstep f) which allows
to adapt the 9va FPerfigipheld vt iteToristane of & heenpfacs®llther d oxi de

10 layey SdemMAMAU®rCoRPESiA] PNt tihe thoukt RepXh dEed ANENLIRCOFFackt S
thickness in an a prOﬁrlat_e way and to end with a value z2 adapted.to the

lattice cdtstidift HheOKaRe +2VRF G0 3S 2@BpBEITRESLY BOMPIAEE dRFAFRI ce
const ant s @drestshiowWasi RhEi gBird ok 4.9yekb 3Therexpi €S54 aibt adaptadet 0 t he

|2 ce ot San.BULTED RJPEN] 2L oS TRk ohed ol LSl cer oL ched i
| ayer, thevaladj ageno extdeatayes tdtdiaverathgvhdigicdal tiltiedcoritiant than
G RN E T T T GRS
valid for sy tiitemease ihetnesppeopmixitde walyayat anderd suipgr fd eiaakel ager 8
consi sting, of amnocrystallige cSemcondyctor maLerial., Ry pgxample, in
deposited. (Examples of lattice constants are shown in Figs. 3
and 4.}
15
The expression “adapted to the lattice constant” can either
mean lattice-matched or lattice-mismatched in a defined manner.
If the next layer shall be a compressively strained layer, the
adjacent oxide layer must have a smaller lattice constant than
20 the next layer. If the next layer shall show a tensile strain,
the adjacent oxide layer must have a larger lattice constant.
This principle is wvalid for any interface between an oxide
layer and a superficial layer 8 consisting of a monocrystalline
semiconductor material. For example, in case of a superficial
25 layer B consisting of pure silicon, a tensile strain by more

than 2 % misfit is required to achieve IC relevant performance

increases due to higher charge carrier mobility.

The layered semiconductor wafer according to the present

30 invention, comprising at least a silicon substrate wafer 1, a
first amorphous intermediate layer 2 and a first oxide layer 3,
can be advantageously used as a substrate for the epitaxial
deposition of a superficial layer 8 consisting of a
semiconductor material. This layer can be deposited in a

35 further, optional step g) (Figs. 1 and 2) either on the surface



25 layer 8 consisting of pure silicon, a tensile strain by nore than 2 %
msfit is required to achieve IC rel evant perfornance increases due to

hi gher charge carrier nobility. The | ayered senm conductor wafer according to
the present 30 invention, conprising at |least a silicon substrate wafer 1, a
first anorphous internediate layer 2 and a first oxide layer 3, can be
advant ageously used as a substrate for the epitaxial deposition of a
superficial |layer 8 consisting of a sengconductor nmaterial. This |ayer can
be deposited in a 35 further, optional step g) (Figs. 1 and 2) either on the
surface 16 of the first oxide layer 3 (i.e. after steps a), b) and e);

Figs. 1 a e supka h ec Xl r . e, .after
st eps a),n%ﬁﬁﬁﬁiqgﬁngf?Hé%gggﬁfg %néfhé %3??§c§g§ éa%ﬁklﬁhﬁkg'%%fde | ayer
51 (i.e. aft%s- steps &), By, the)jurigceand She) seFppd o¥idy layerhd surface of
the fourthﬁ?ﬁLd%iE%Xegtépé'a?; bAf L8 SILRS ;akigP) 1) (Cdn tHd) s1@kaRBAE)
Fig. 2). The sem conductor naterial of the superficial |ayer 8

may be,
exanpl e: Gsupghivdsewiesndaresdra! | (ke siafitesnstsry, alo Yer nﬁﬁ?ﬁi}unﬁzeébid,
si i cony gesymantiym 05 brabRacnd suracellor tikl E6QPRtH CaERILE arCh; (kLL;V
sem conductors |'i ke gallium phosphi de GaP), _al um ni um phosphi de (Al P)
gal I'i um nidk§sde SEERR) 2 r gai t i (Fd Jar Bni 8 erdAS) ;7 BF9ni4ium arseni de (Al As),
i ndium arsenide (InAs), indiumnitride (InN), indium phosphide (InP), 15
sem conductors which perfectly match the GaAs lattice like galliumindium
phosphi de (G BELREIAGEPT P2 T aimCdr $8Fi SUPBRESPHE Hel 3¥SF0, 5 FAY0PROP) ;
I1-VI semgonducheons:| ckeugi ¢ sditifurndRict6£8S) 1 rads 71 Neorpxisde ,(ZnO) . Al
materials are stngig- §rystflline. 20 The stack of ?%ide | ayers hﬁi a cubic
la-3 clystH YU dFE) - aft' T PP Tade Hhd SsamBCor i%rt &t Con) asSthkeen
substrat e ovdtardel (SGC) e. 1 00l) sl cbrQiuc@ty nakergallily sphdHel10) wafer
and

for

(GaP), aluminium pheosphide (AlP), gallium nitride (GaN),
gallium arsenide {GaAs), aluminium arsenide {AlAs), indium
arsenide (InAs), indium nitride {InN), indium phosphide (InP},

15 semiconductors which perfectly match the GaAs lattice like
gallium indium phosphide (Gag.s1Ing.ssP) or indium arsenic
phosphide (Ing.s:8Sp.49P); II-VI semiconductors like zinc sulphide
{Zn3) and zinc oxide {Zn0). All materials are single-
crystalline.

20
The stack of oxide layers has a cubic Ia-3 crystal structure
and in any case the same orientation as the substrate wafer 1
(i.e. (001) on a S$1(001) wafer, (110) on a Si{l1l1l0) wafer and
(111) on a Si (111l) wafer). The superficial layer 8 can have

25 the following structurés and orientations: If a Si(001) wafer
is used as the substrate 1, the superficial layer 8 also has a
cubic crystal structure and (001) orientation. If a Si(110)
wafer is used as the substrate 1, the superficial layer 8 also
has a cubic crystal structure and (110) corientation. If a

30 Si(l1ll) wafer is used as the substrate 1, the superficial layer
8 may either have a cubic crystal structure and (001)

" orientation or a hexagonal structure and (0001) orientation.

The superficial layer 8 can be either relaxed or strained. If

35 it is intended to depcsit a strained layer of semiconductor




(111) on a Si (111) wafer). The superficial l|ayer 8 can have 25 the
follow ng structures and orientations: If a Si(001) wafer 1is used as the
substrate 1, the superficial layer 8 also has a cubic crystal structure and
(001) orientation. If a Si(110) wafer is used as the substrate 1, the
superficial layer 8 also has a cubic crystal structure and (110)
orientation. If a 30 Si(111) wafer is used as the substrate 1, the
superficial layer 8 may either have a cybic crystal structure and (001)
orientation or a hexagonal structure and (0001) orientation. The
superficial layer 8 can be either relaxed or strained. If 35 it is intended

to deposi tng stfAl Nethd AeLKBEssest CONUIGHGIe- EnalTRl 6L Alxcddp &l ckiess of
this |ayer s_afﬁ not exceed the critical thickness for pseudonorphic
growt h. Thersuper) idiigknegyefos prerdentiinkisagravithi ckness of 10 nmto 5 50
pm dependi ng on the targeted application. In a further, optional step h) the
resulting | ayered wafer .is thernallg treated at a tenperature of 200 to
1000 C, pflet efutsinfisiadodarereboreeiemblio heg robhifrhue®ss, of Hér @By teo

form ng a secandiay@inheusni pher PReiat |yarncAtabnt he interface between
the fourth oxide |ayer and the superficial ||ayer 8. This second anorphous
internediate | ayer 7 preferably has a thickness of 0.5 nmto 100 nm nore

pref er abl y1f ron2Z-vhar,t @pt@0nam a8sb DSt efkstabhigfl 1o SedMdm2r1@ snm
Depending on 15 the material of the adjacent oxide |a (d n general the

er
fourth oxFerMaler Eratefeatet ohem 1ﬁﬂﬁh§fiﬁpgrﬁﬁd¥gﬁ% |%tyer 7 conprises
a silicon pxétteraylaofetab sbl scat & orcdaotin. tEheooi npektance-efrddye second

anor phous Lnternediate | gyer 7 depends on the application. For exanple, in
case. of® 1 utPYTHED I CETOCROBNO B Y B i TEa 2 LFL LPEST oyt dd® o avol d
undesi r ed haickr Chenmetweandtbe ossuttal kaciefd aayerdaeah® tihe dgedfighal

capaci tance_and . | eakage val yes of .epitaxial oxide layers.. The thickness of
t he secondf?¥ﬁ%ﬁ%egﬁ e S&HBPBhoTR R X Lfﬁgmeélage Pdyes 7 pre eré%&y

has & thickness of 0.5 nm to 100 nm, more preferably from 2 nm
to 100 nm and most preferably from 3 nm tc 10 nm. Depending on

15 the material of the adjacent oxide layer (in general the fourth
oxide layer 6), the second amorphous intermediate layer 7
comprises a silicon oxide or a metal silicate or both. The
importance of the second amorphous intermediate layer 7 depends
on the application. For example, in case of fully depleted CMOS

20 technologies, it is required to avoid undesired back channel
and crecss talks effects due to the too high capacitance and

leakage values of epitaxial oxide layers.

The thickness of the second intermediate amorphous layer 7 is

25 determined by the conditions (i.e. temperature and duration) of
the thermal treatment. For example, it was found that a 5 nm
thick amorphous intermediate layer 7 consisting of praseodymium
gilicate forms between an epitaxial silicon layer 8 and a Pry0;
based buffer oxide layer 6 with an embedded Pr0; layer 51 when

30 the hetero-structure is annealed in a protective nitrogen
atmosphere for 30 minutes at 600 °C. The second amorphous
intermediate layer 7 serves the same goals as the first
amorphous interface layer 2, namely to decouple the
semiconductor layer 8 from the rigid, supporting

35 heterostructure tec avoid thermal mismatch problems and to



25 determned by the conditions (i.e. tenperature and duration) of the
thermal treatnent. For exanple, it was found that a 5 nm thick anorphous
internediate | ayer 7 consisting of praseodymum silicate forns between an
epitaxial silicon layer 8 and a Pr203 based buffer oxide |ayer 6 with an
enbedded PrO2 | ayer 51 when 30 the hetero-structure is annealed in a
protective nitrogen atnosphere for 30 mnutes at 600 C. The second

anor phous internediate |ayer 7 serves the sane goals as the first

anor phous interface layer 2, nanely to dgcouple the sem conductor |ayer 8
fromthe rigid, supporting 35 heterostructure to avoid thermal m smatch
problenms and to 18 inprove the electrical properties. Typical paraneters

are given .j e Scripti f .epar at i f s .interface
Tayer 2. S e B 02 oA B BVbE0ST, paP AP 10 gt
super fi ci aln|@yerdeganaptdeposit ek i pragtagmtdpn bfethentyoiphouzonj unction with

step 9). § f9a4§5 prefepably performed i mediately after step g) 10
wi t hout cooling t ellgyered waf er between the two steps. This allows to

avoi d defect creation by different thermal expansion coefficients of the
oxi de and %ﬁéféﬁﬁﬂdﬂ%ﬁdgEE?rh F5 L& AURENE %%phiéﬁy861ﬁ deld as to .
guarantee high quality electric properties nsul ati onh, OM/éhqrge t rappi ng
densi ti es sUBRRhicinl Thyerof naes ofedfsittes filr stern®dr phbus. i9itler madi ate | ayer
2 of the spepiddadnt hiekness,rgauires the diffusion of oxygen from the

at nosphere through at | east t%e first oxide layer 3 to the 20 interface
between the latter |layer and the silicon substrate wafer 1. As at the tine

of the forgmid an aofs Lhersesony parmsRROUS rRhek PBdy, al £ dAY&le/ g)t he surface
of the semnm conductor wafer is covered by a superficial |ayer g consi sting

of a skhi cohdiRttorcordtiapi Ahe taeetrd Madicon betvegygelye two steps. This

allows to avoid defect creation by different thermal expansion
coefficients of the oxide and the semiconductor of the
superficial layer 8 as well as to guarantee high quality
electric properties (insulation, low charge trapping densities

15 etc.).

The formation of the first amorphous intermediate layer 2 of
the specified thickness requires the diffusion of oxygen from
the atmosphere through at least the first oxide layer 3 to the
20 interface between the latter layer and the silicon substrate
wafer 1. As at the time of the formation of the second
amorphous intermediate layer 7, the surface of the
semiconducteor wafer is covered by a superficial layer 8
consisting of a semiconductor material, the diffusion of oxygen
25 from an oxygen containing atmosphere into the semiconductor
wafer is substantially blocked. Therefore it is hardly possible
to use an oxygen containing atmosphere to oxidize the interface
between the superficial layer 8 consisting of a semiconductor
material. As this oxidation is nevertheless necessary for the
30 formation of the second amorphous intermediate layer 7, it is
preferable to integrate an internal oxygen source into the
stack of oxide layers. This role can be taken preferably by the
above-mentioned third oxide layer 51 consisting of Meb;0, with 3
< w £ 4 (produced by deposition of a layer of Meb5y0; in step d)

35 and oxidation of this layer in step e) as described above).



25 from an oxygen containi ng atnosphere into the sem conductor wafer is
substantially blocked. Therefore it is hardly possible to use an oxygen
cont ai ni ng at nosphere to oxidize the interface between the superficial

| ayer 8 consisting of a sem conductor material. As this oxidation is
nevert hel ess necessary for the 30 formati on of the second anor phous
internmediate layer 7, it is preferable to integrate an internal oxygen
source into the stack of oxide |ayers. ;dhis role can be taken preferably by
the above-nmentioned third oxide |ayer 51 consisting of Me520L with 3 < w
<_ 4 (produced by deposition of a layer of Me5203 in step d) 35 and

oxi dati on | a S escrib 1 t he
t her mal tr'ﬁe?I i %rﬁen¥§%£fn9%){]ﬁ£%% i sq1r %g Beggjtggg%\gg g%d%%d r]%he
superf | uod@EQngEeqﬂmn T@asshyedfiﬁ@se ¢xygruyglrant kesfiowur dhfﬁwejethra:y@m 6 (if

present) ﬁﬁ"%tﬁﬁowa SI 0 dﬁq_t g)fregghgziog%da X{(pl é nterface between

t he superfici yer sem Hater 1 al and the
adj acent E’cﬁmld@rlldal%pr(ma‘geri*ﬂe aﬁmj?rheh 1@>ti6déabayle$t‘6$en Fore exaeplifeciPE2 is

under nor rl e%o%d'cbhgﬁ§t§n§t@3plseedlpl)goql%u%%ggofdgger & et o %EBEt W th

seni conduct or materia e oxidation reaction at the |nter ce I's
facilitat exisle tlagerell atgvetlye | oy apddadlaperabl i congpgawlien Pr02. In

consequence; ik h%rﬁlsgue&@df@l&{@% stab1LeORE @t&sﬁgoﬁppv o#&9et \A@ﬁn the

external oxygen supply is cut, and an oxi the sem con uct or m f or ns
at the Hﬂ@tfaé@erDBpéﬁ@%‘?@n@Fﬁtt% MPdEEiRaF s tlfqec@m%ttlorprmgtéan at x

with this t%fé“l%%%@lf‘éE@HQXféj@lliﬂé‘teed Dt kﬂﬁecﬁéfaiﬁeﬁ%@mﬂs%lﬁb%hﬁ Si @2
resulting in the formation of praseodym umsilicates.” Conpared

W03/ 0963854L L ach &5 aRT chhdkelor TRafepsagedrer nFa ie hée@#@%(érﬁo Bee@nt i on
has the faold %r%@r%@ﬁ@@ga%e 2D 1stynah 8hk, ekfiSrhventefes Lo P@ that the
OXl1 aes a

m xed net al a cubic la-3 structure with adjustable tice
par anet er Su%afBe 38asS¥I§° dehddit ePTHFORIBFEPE ol KU @twdher usi ng

epi taxi al igfrmeacaet begsndimeYors WHe tRtkReaCYbIE &ENMSIA!, Pr,0; can mix
with this semiconductor oxide, like is the case for example

15 with Si0; resulting in the formation cf praseodymium silicates.

Compared tc WO03/096385A2, the semiconductor wafer according to

the present invention has the following advantages:

20 First of all, the inventors found that the mixed metal oxides
with a cubic Ia-3 structure with adjustable lattice parameters
can be easily deposited on a silicon substrate wafer using
epitaxial growth methods. They suit to the cubic crystal
lattice of silicon much better than the materials with

25 adjustable lattice parameters given in WO03/096385A2 having
hexagonal (A1N: P63mc) or triclinic (LaAlOs: R-3mR) symmetries.

In addition, the present invention overcomes the inherent
inflexibility of the hetero-epitaxy approaches which usually
30 results in highly specialised systems, as is the case for
WO03/096385A2. The mixed buffer oxide approach of the present
invention is based on cubic Ia-3 As0; crystal structures which
are guite common over the periodic system and can therefore be
adapted to a high number of valuable semiconductor materials

35 for the superficial layer 8.



| attice of silicon much better than the materials with 25 adjustable lattice
paraneters given in WO03/096385A2 havi ng hexagonal (ALN. P63nt) or
triclinic (LaA1G3: R-3nR) synmetries. In addition, the present invention
overcones the inherent inflexibility of the hetero-epitaxy approaches which
usually 30 results in highly specialised systens, as is the case for

W03/ 096385A2. The m xed buffer oxide approach of the present invention is
based on cubic la-3 A203 crystal structupes which are quite comopn over the
periodic systemand can therefore be adapted to a high nunber of val uable
sem conductor materials 35 for the superficial layer 8. 20 As an exanple,
Fig. 3 depicts the half unit cell dinensions (in A 1 A=0.1 nm of
various cubic netal oxides which can be used as Me6203 and Me7203, but

al so, as the amswamleheFigs 5 ®erndo3s Wep2e3f NMp3R0Gebt WAwR0g.onBhdioni t

cell dinengjops of alyl nmquekcvéff-‘z%l&@&%%ﬁ' oL HHET LK & a%a% Wethin a few

percent twice as big as the lattices t he most conmon cu
sem conduct®d s1% MatuPeand Het/hPs WAL, atlher has ekl piasiynasf beyhése oxi des on

the cubjc ﬁ@ﬂoﬁoﬁ@é@zb?rsbdé%%‘ﬂ b8 mdajo)e 2R FiMBLan Qfim@nbZoXs Bt all

coi nci dence laftice as the nost dense configuration. For an easier
eval uat i on“'#1¢ MePeeldmt CHivEGalofpsHELRTES exte tidhdni 8 EeY| PEF¢HsSi ons of

the cubic tsem NGt akS thEl Jatd)ced eoic%mah%gtwcmubﬁl éugirte val ues of the
| atti ce di nensions of the cubic Me203 | a-3 oxi des g 15 Fi 3 and 4

are appl i cBBMEITURETs GhEHFRTESHal Bt P ifagray- §PFOB§ e%?ﬁﬁ%ﬁﬁ?%mq entatlon

By m xi ng tn@so0fodikRse obi RAEYcubBE ade@iddfBctbiRe E@Quﬁté&ﬂgajﬁi lattice
constants between the |attice constants of .the binary oxides is achievable.

Al 201 n YRR SdxPdéé Radi ngP R EiRnes éaﬁtepvsm the mMRttudeRsfe 100 %
m sci bl e. Jdherefiniaiene ¢an gasthyiselaelldahecappropitel e mERlalingXi des

fitting to tNe SiniGn,supstrate vafery L O:908 of the cubic
semiconductors (Fig. 4) are compared with half the wvalues of
the lattice dimensions of the cubic Me;0; Ia-3 oxides (Fig. 3).

15
Figs. 3 and 4 are applicable if the substrate wafer 1 has a
Si(001) surface orientation. By mixing two of these binary
metal oxides, the whole range of lattice constants between the
lattice constants of the binary oxides is achievable. All

20 binary metal oxides having a cubic Ia-3 crystal struciure are
100 % miscible. Therefore one can easily select the appropriate
metal oxides fitting to the silicon substrate wafer 1 on cne
hand (Mel,03, MeZ,03, Me3;0;, Med,03;) and to the semiconductor
material of the superficial layer 8 on the other hand {(Me6,0;

25 and Me7,0:). As can be seen in Fig. 3, half unit cell dimensions
in the wide range from about 0.47 nm to about 0.57 nm are
available. Fig. 4 shows the unit cell dimensions (in A) of some
cubic semiconductor materials which can be used as materials
for the superficial layer 8. The dark grey area covers the

30 range of lattice parameters that can be matched by mixing only
Meo03 Ia-3 oxides with Me being a rare earth element. The grey
area includes lattice parameters that can be matched by mixing
Me,03 Ia-3 oxides with Me being a rare earth element, transition

metal or main group element. The light grey area covers lattice



hand (Me1203, Me2203, Me3203, Me4203) and to the sem conductor material of
the superficial layer 8 on the other hand (Me6203 25 and Me7203) . As can be
seen in Fig. 3, half unit cell dinmensions in the wi de range from about O0.47
nmto about 0.57 nmare available. Fig. 4 shows the unit cell dinensions
(in A) of some cubic sem conductor materials which can be used as materials
for the superficial layer 8. The dark grey area covers the 30 range of

| attice paranmeters that can be matched by m xing only Me203 |a-3 oxides
with Me being a rare earth elenent. The grey area includes lattice
paranmeters that can be matched by m xing Me203 la-3 oxides with Me being a

rare eart ransitio r.JMRi.n dgrqup e e~l ight, grey
ar ea cove?%g#a§§|égs%{%Qp§%2n§ eﬁ%E?%%f‘%%ﬁugé_ngtéhg %g%iﬁ% 2% y:%ixing
Me203 | a- 3oxbyéslesitli Me Melibei agrare sgartdartlenehdnent. Figs. 5 and 6 show
t he equival ent data for the case when the 5 substrate wafer has a Si(l11)

surface orientation. Fig. 5 depicts the (111) surface unit cell dinensions
(in A of Fhes. sarmdcbisbonethe oxideslent sladan for Fhg. c@se Filggn dhshows t he

(0001) surface unid Lol dLaenssops:{) uPrle ¥@hLAMS: Ngrxagenal s
sem conductor materials which can be used as materials for the 10

super fi ci afepegiey e TH Isuppatecanititetqlldidi@aspdnssofimld) ulkibe (111)
Me203 | a- 35&hy Stilli S W€ 8x8EEs W § hifbofh FI@WEREY, CENt Fi bW £& a5, bitgaS the
(0001) basal planes of the nost_comon hexagonal, sem Conductor structures.
In this way?0¢He sdrscodpita%gl bf IIGDTHCNST i (dht 8d AExERyBHAIS detiagonddct or s

on 15 thesgeftdi fadtcdemavel-hald )i of | & afd QBeHegy! hstd i dNe rdonmation of
a (2 x 2) coincidence lattice as the nost dense _configuration. For an

easi er lbvafiRRT o igH averc - nhke hfwel 2 Bhporitufet tedineplqodet) addit cel |

di nensi onsc@bid he Nexa@ooalTa-Seer¢oRdUCE OF Saddd GirbliidhenCanpay esk Midrdt hal f
the values of 20 the lattice dinensions of the cubic (111) Me203 | a-3 oxide
surface pl BAEE (38 §1%PS Fhe $RATed R6%Hs BlRneRg ot 6t haveetheommon

hexagonal semiconductor structures. In this way, the
heteroepitaxy of (0001) oriented hexagonal semiconductors on

15 these cubic oxides with (111) orientation results in the
formation of a (2 x 2) coincidence lattice as the most dense
configuration. For an easier evaluation of lattice matching
opportunities, the (0001) unit cell dimensions of the hexagonal
semiconductors (Fig. 6) are compared with half the values of

20 the lattice dimensions of the cubic (111) Me,03 Ia-3 oxide
surface planes (Fig. 5). The shaded areas in Fig. & have the

same meaning as in Fig. 4.

Furthermore, the superficial layer 8 of one and the same
25 material can often be integrated in a fully relaxed or strained
way. The high flexibility of this apprecach offers that way in
principle the advantage to prepare epitaxial layer systems on
the 5i technology platfcorm with either up to now unachieved
structural quality (defect densities of not more than 10'%/cm?
30 etc.) or even open the way towards integration approaches for

new materials which were up to now not feasible.

A further important advantage is the fact that the metal oxides
having Ia-3 structure are well known for their high oxygen

35 conductivity. This property plus the coption to integrate an



same neaning as in Fig. 4. Furthernore, the superficial |ayer 8 of one and
the sanme 25 material can often be integrated in a fully relaxed or strained
way. The high flexibility of this approach offers that way in principle the
advantage to prepare epitaxial |layer systenms on the Si technol ogy platform
with either up to now unachieved structural quality (defect densities of

not nore than 1012/cn2 30 etc.) or even open the way towards integration
approaches for new materials which weresup to now not feasible. A further

i nportant advantage is the fact that the netal oxides having la-3 structure
are wel | known for thelr hi gh oxygen 35 conductivity. This property plus the

OpLion {0 IMEUA 0582 < L0LeLNA] OXy0a, TBIGTU! Broe: Geddsf LT Of Pr O2.

offers the 0 ownwmmmo er medr at e t ween
t he epit axddranhdate Hoayers gnerpmels hetSirmegheteal everns e2, 17 kaatdfeeinf

necessary REetNSaN, Ling %QIJ_B@X!LQ% e PXI 416 1. a¥e$ 356 angds oriie f' ci al

| ayer 8 ese internediate | ayers are inportant to decouple t Iattlce in
order to aa/réﬁ,d chéﬂ@ﬂessgéﬁerhﬁtwfbytl‘g%cﬁ?é{t@Méﬂ Dawlfﬁdeam@mi-cﬁn aas wel | as

thermals nigialeh - fGRN LAl mgyert@e THSHL sltnrtlé%@aggtgwyéys ofrd he

epitaxially dep05|ted superficial layer 8 transfers in 10 excell ent
char act er i SHRBLaTE jtcs decespt £ ctpr obdittiiass inchafdge tearvot dadflsidtity, life

tines, a@bﬁéﬁ@cf&l i3 t;%ﬁe@&fcal 1 RWHRETTRREE L chhgs apDf Phavs Htgh medi at e
Iayers 2, play a cruCial role in adjusting the electric properties of the

het er o- str@kﬁmﬁﬁ?ﬁlr%%EFéﬂPéﬁrth?rR#QBq%F§UC§E§aé|ﬂ@ﬁ%%ﬁylgflﬁﬁﬁérface traps
etc.). In aﬂﬂﬁéxl@llys@@goaitéaes&ﬁeﬁfl@% q>élyé§88| tkens203s show hi gh

thermal conductivity, an advantage for e% plications in the field of
hi ghl yl%ca¢>é‘6‘°~‘]tﬁeé‘rtoél'}‘é6ﬁ?6ﬁifésﬁéw s itz ﬁé%ﬂ@s@ﬁ?mﬁﬂeﬁﬂ i GRadgeows to

manuf act ur @ er i 9hecidakiitlyy ke times, mean time to failure etc.).
Furthermore, the amorphous intermediate layers 2, 7 play a
crucial role in adjusting the electric properties of the
hetero-structure (insulation of the oxide, capacitance,

15 interface traps etc.).

In addition, some of the Ia-3 203 oxides like ¥Y,0s show high
thermal conductivity, an advantage for many applications in the
field of highly scaled microelectronic devices.

20
The present invention allows to manufacture a high-quality SOI
wafer only by epitaxial deposition and thermal treatment steps.
It is preferably applied to virgin silicon wafers without any
device structures. The layers according to the ipvention are

25 preferably deposited on at least cone complete flat surface of a

sllicon wafer.
Methods for epitaxial deposition of layers:

30 Both the bixbyite mixed oxide compcnents as well as the
semiconductor can be deposited either by physical or chemical
vapour deposition methods abkbreviated by PVD and CVD,
respectively. In case of PVD, the target materials are either
heated by common electron bombardment and/or thermal

35 evaporation techniques. In case of CVD, the various well-



wafer only by epitaxial deposition and thermal treatnment steps. It is
preferably applied to virgin silicon wafers wi thout any device structures.
The | ayers according to the invention are 25 preferably deposited on at

| east one conplete flat surface of a silicon wafer. Methods for epitaxial
deposition of layers: 30 Both the bixbyite m xed oxi de conponents as well as
the sem conductor can be deposited either by physical or chem cal vapour
deposi tion methods abbreviated by PVD and CVD, respectively. In case of

PVD, the target materials are either heated by common el ectron bonbardnment
and/ or thermal 35 evaporation techni ques. In case of CVD, the various well

23 establlsh ues. are i ed |g ressure C\VD,...liquid pul se
QWD etc.).® %ﬁsﬁ %%gn%g?‘é%%%s |aﬁ>pt1§1 d %% BfCSH9S §VF200 ¢, but
growt h contliduieh$uliseh CEDt &ee pl deﬂhjﬂ:homﬂtbiﬂpefﬁﬁ@ﬁe@fa@&nt @h800 C are
preferred._ The 5 or at flux fromthe vari ctar be adj usted
to prepar e 9 rﬁé@@ £l Ir]‘rgggf #heblﬂzeﬁ 28 thﬁBg%ﬁ?%%gﬂ 3’ r%rkr“\efglag buf fer
oxi de fil nudgdth ist ahehireangt ryf gt Editent80 6anoenﬁreﬂemm3hndm@tor films Iike
Si Ge etc. ) Deposi.tion-fluxes typicall |n the ran f t.0,100

nm sec.” 10° ads%:uar enen luX odrgatkﬁru%rft?rues télr FAndt akEeraf &lg’%leg &F
th|cknessesreﬁanﬂﬂﬂheamlxhé fi bspect itre MQBQMBéssompo$imﬂqnﬁ“f&cgs angded

terf d I
e faces | don a8t ot Vel Y Sraed D) BEELSEroTdREpaLes (o0
and STM carerfigantctore fhémappl ke EiGe qhant i fl;begmma:c@l Tlougisness

paraneten%¥%rgﬁfﬁy§5akh ngaﬂggh&¢w_q{ the bﬁ mai nly characterized
ane 2

by X-ray diftfraction tec ni qu out of plane X-ray
di ffrathti on measurenment serve to det erm ne the epi taxi al relationships of

the oxide Mgﬂem%%q methods:

Structure: Film and interface layer thicknesses as well as the
respective roughness of the surfaces and interfaces is non-

15 destructively probed by interference techniques (e.g. X-ray
reflectometry and ellipsometry). Scanning probe techniques like
AFM and STM can furthermore be applied to quantify surface
roughness parameters. The crystalline quality of the layers is
mainly characterized by X-ray diffraction techniques. In-plane

20 and out of plane X-ray diffraction measurement serve to
determine the epitaxial relationships of the oxide buffer and
semiconductor layers with respect te the 51 substrate wafer. X-
ray diffraction gives furthermore highly averaged information
about the long-range order of the films, i.e. defect densities

25 and strain effects can be quantified. These results on defect
densities and strain can be further corroborated by TEM and
Raman studies. The stoichiometry of the heterostructure is
studied non-destructively by RBS or destructively with the help
of XPS and Tof-SIMS sputtering techniques. The latter technique

30 is also applied to determine with high sensitivity impurity

levels in the heterostructure.

Electrical properties: Leakage studies are carried out by J-V
measurements (temperature dependent; transient etc.). These

35 measurements are supplemented by frequency dependent C-V



sem conductor |ayers with respect to the Si substrate wafer. X- ray
diffraction gives furthernore highly averaged i nformati on about the

| ong-range order of the films, i.e. defect densities 25 and strain effects
can be quantified. These results on defect densities and strain can be
further corroborated by TEM and Raman studies. The stoichionmetry of the
heterostructure is studied non-destructively by RBS or destructively with
the help of XPS and Tof-SI M sputteringstechniques. The latter technique 30
is also applied to determne with high sensitivity inmpurity levels in the
het erostructure. Electrical properties: Leakage studies are carried out by

2V TEASYSIRNLR L STPer 8L Uke ARPOIdetly L ARS] BNt LG e, ThESE 35

measurenents are su requency depen FeRSUF afeNt s t o
study t he dfelidnei buffefr thedeiat ectlrli @sccmseaﬁace oftdthe dwmufsfigr eoxi dbTas wel |

as [nterfags, skate,dRashil e%,PLIS ea he, s or & anahied {0 gtudy

interface as well a the o senlcon ctor boundary.
Hal | weasmﬂ@ﬁ@@t@tStserVEld© tkﬁ&manmﬁu@hargbounmaxxw Hﬁddceﬁ@ﬁatﬁmﬁstas wel |

as  moli | idd.&% 't'EB h@@e?ﬂ ﬂ@xékFAﬁgseerga%@gBCEBfé%%lﬁ%f%?l x%(aa%plt«r%‘?tl 10 Exanple 1

Het er oepi taxy of a superficial layer 8 consi i'con- gernani um
(Sii_aGeanopidifies in tigp @pdtasnad Sepooendeabst rkaverspafer 1 via bi xbyite
rel ated oxide buffer layers 15 In accordance with one enbodi nent of the
invention (cf. Fig. 2), a structure is provided which is suitable for the
gl obal i F*@§PdLiSon of a heteroepitaxial superficial |ayer 8 consisting of
SiGe on a Si(001) substrate wafer 1 via mxed buffer oxide 20 layers of the
Ia 3 type, spannlng t hereby the whol e range of possible conpositions froma

= 0 (180 @?@WP @plto a = 1 (100 % Ge). The advantages of the present
|nvent|on consi st in the

Heteroepitaxy of a superficial layer 8 consisting of silicon-
germanium (Sii_,Ge;, a = 0 to 1; “SiGe”) on a S5i{001) substrate
wafer 1 via bixbyite related oxide buffer layers

15
In accordarnce with one embodiment of the invention (cf. Fig.
2), a structure is provided which is suitable for the global
integration of a heteroepitaxial superficial layer 8 consisting
of 5iGe on a Si(001) substrate wafer 1 via mixed buffer oxide

20 layers of the Ta-3 type, spanning thereby the whcele range of
possible compositions from a = 0 (100 % S5i) up to a =1 (100 %
Ge). The advantages of the present invention consist in the
preparation of single crystalline superficial layers 8
consisting of S5iGe of a) high structural quality by matching

25 the required lattice dimensiocons with the help of appropriate
mixed buffer oxide mixtures and b) high electric interface
quality by introducing insulating metal silicate or siliicon
dioxide interface layers between the semiconductor structures
and the oxide buffer through post-deposition treatments.

30

2Z) Preparing the starting oxide template structure on Si(001)

The substrate wafer 1 (step a)) can be an Si{(001) wafer, as for
example commonly used in making Si-based integrated circuits

35 (IC's). After applying established Si(001l) wafer cleaning



preparation of single crystalline superficial layers 8 consisting of SiCe
of a) high structural quality by matching 25 the required |attice di nensions
with the help of appropriate m xed buffer oxide m xtures and b) high
electric interface quality by introducing insulating netal silicate or
silicon dioxide interface |ayers between the sem conductor structures and
the oxide buffer through post-deposition treatnents. 30 A) Preparing the
starting oxide tenplate structure on Si(£01) The substrate wafer 1 (step
a)) can be an Si(001) wafer, as for exanple commonly used in making

Si -based integrated circuits 35 (1Cs). After applying established Si(OOl)
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phase and {he epid a aliLelbALLODSNLD: Of, NG fbbA. b8 Sndlel ermined here and
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RBS. Th@ Q§§%efﬁlﬁ%d5%e§g éty fgf%%%l gd gQ%DlsTﬁg jﬂﬁd to grow a

first oxide layer per ect y matche attice dinensions of 10 Si
(lattice coistanongtxysis3zanphysedhrenchiaciknéss 6p1ipeing reith gliscdéellgyer 3

typically is c%]ﬁgmecartq%ex% 19p1£por;l&01wanc%' kanlﬁbaeéeeéf%er erdet.gem ned

here and in t | owi ng” non- destructively XRR neasur enents.
Subsequent?¥y,2 arf ‘Ao i xT0 AP Lt Aratk eeeomm;@ deeth’ead 4 oc GESHs Bi AT BF

(Pr203) 1 %%ﬁ@)l\éa)@ﬂ R %hléhgﬁégf@ét][f%tdh%@ Shet DL Y203 £QRRNALN02er0 (Y

0) is deposited in step CI)Z. This structure serves as tenplate for the
gr owt h%f %Hh]iar’fc’!}l@)@l &é’n%?e 8= corfsiistiMg dhestbichirometdd chepd2astof

about 10 ngmidd ckRess 3 RyphieR1dy is Wi howt 1cagki B dow tde nhaf efiima
thermal treatnment (post-deposition_annealing, 20 "PDA") is then applied in

step e), hext G ﬁﬂfﬁﬁ%@ ﬁgﬁeﬁﬁgegm%%@ﬁeﬂﬁre and in the following non-

destructively by XRR measurements. Subsequently, an about 10 nm
thick second oxide layer 4 consisting of (Pr03)i1-y(Y¥203}y with a

15 gradual reduction of the Y,03 content to zero (v = 0) is
deposited in step c). This structure serves as template for the
growth of a third oxide layer 52 consisting of stoichiometric
Pr;0; of about 10 nm thickness in step d). Without cooling down
the wafer, a thermal treatment (post-deposition annealing,

20 “PDA”) is then applied in step e), heating the materials system
in one atmosphere of oxygen for 30 minutes at about 500 °C.
Substrate temperature measurements are carried out here and in
the following with thermccouple elements positioned close to
the substrate. The PDA step serves to simultaneously achieve

25 the following two main goals. Firstly, the high oxygen
conductivity of the bixbyite-related oxide structures allows
the post-deposition oxidation of the boundary between the
substrate wafer 1 and the first oxide layer 3 at moderate
temperatures through even relatively thick oxide layers.

30 Besides decoupling the first oxide layer 3 from the substrate
wafer 1 to avoid defect generation by different thermal
expansion coefficients (“thermal mismatch effects”), the
resulting first amorphous intermediate layer 2, either of a
metal silicate or a silicon dioxide stoilchiometry, provides a

35 dielectric structure of high electric quality (highly



in one atnosphere of oxygen for 30 mnutes at about 500 C. Substrate
tenperature neasurenents are carried out here and in the followng with

t her nocoupl e el ements positioned close to the substrate. The PDA step
serves to simultaneously achieve 25 the following two main goals. Firstly,

t he hi gh oxygen conductivity of the bixbyite-related oxide structures

all ows the post-deposition oxidation of the boundary between the substrate
wafer 1 and the first oxide layer 3 at mpderate tenperatures through even.
relatively thick oxide |layers. 30 Besides decoupling the first oxide | ayer 3
fromthe substrate wafer 1 to avoid defect generation by different thernal
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CV and gV neasurenent techniques. 5 Secondly, after the formation of the
first anorphous internediate |ayer 2, the ongoing PDA treatnent oxidizes
the stoicheemrdyc Ateo3tse fpemahion okitde ITayeE s0cBPhabdut 10 nm

t hi ckness 10 Bl and thys t Qan§1f1@r&§gdlnd r}fr% tt%aaaaeﬁé O¥i de,d0 drayer 51.

O all rare earth (RE) oxides, onl graseo ymum and cerium oxi des form
besi des t hete+FRAAS 18 $52900E @aﬁe hipgi ereldg oipGunad. obr asevllyht it oxi de

of fers therrbviadage d bab, PIZ03 s ehlsrasnBr 8 afe strable scenmpeunds
whereas in case of cerium a strong@tendenc towards Ce®2 exists. The PrQ2

conpoulti | S2¥&ovh 195 Rlilhrareespeh (R S dREakPYLBoRFRSE AR fgen so
that, as ¢ebspusseddds tthemf Bkl oW N0chd NS vGaRBOUAUSH ST &SLOrd Terdthickide

enbOdinEntcggngH%..r%%%g%ohgﬁggilggagg égkefsn%%%nghvanggge that Pr;0; as
well as PrO; are stable compounds whereas in case of cerium a
strong tendency towards Ce0; exists. The Pr0; compound is known
15 1in this respect for its weakly bound lattice oxygen so that, as
discussed in the following, this compound is used in this
embodiment of the present invention as an “internal oxygen
reservoir” to achieve later on the oxidation of the boundary
between the buried oxide and the superficial layer 8 consisting
20 of semiconductor material by releasing the lattice oxygen

during subsequent PDA steps.

Bl) Integrating relaxed and strained superficial layers 8 of
epitaxial silicon
25
The present invention offers the option to integrate fully
relaxed as well as either strained or compressed epitaxial
silicon layers on the Si(001) substrate wafer 1. Strain and
relaxation phencomena are determined by high-resolution X-ray
30 diffraction and Raman spectroscopy techniques. For this
purpose, the starting oxide template structure of part A is
epitaxially overgrown by a compositionally graded fourth oxide
layer 6 consisting of {Pry03)1-,(Y203). of about 1¢ nm thickness
in step f). The double oxide film growth starts with a

35 composition of z = 0.9 to fit the lattice constant of Prd; {(a =



reservoir" to achieve later on the oxidation of the boundary between the
buri ed oxide and the superficial |ayer 8 consisting 20 of sem conductor
material by releasing the lattice oxygen during subsequent PDA steps. Bl)
Integrating relaxed and strained superficial layers 8 of epitaxial silicon
25 The present invention offers the option to integrate fully relaxed as
well as either strained or conpressed epitaxial silicon |ayers on the

Si (001) substrate wafer 1. Strain and rglaxation phenonena are determ ned
by high-resolution X-ray 30 diffraction and Raman spectroscopy techni ques.
For this purpose, the starting oxide tenplate structure of part Ais
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step g) is suitable prepare a superficial [ayer S (001) with a
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Secondly, 4d @f at Bgpavergromiy %h%fCQHW@§1$'&HEH|é’dé¥f%@ed fourth
oxi de | ayer consi sting of (Pr203)1 z(Y2Q3), ending wth z = 0.5 in step

f), the oxlied]@‘{%lséffélﬁfa%hé%lﬁﬁ%eeJS?Ctrloélt EEcEe Hi ok’ TRl i Ve her ef or e
appropri atssddhdrgatie adase bl e relaxgdwsuprelf teé abodyert :&mfi 1§ (001) in

step g). graded fourth oxide layer 6 consisting of (Pr;03)i1-z(Y:03}. ending

with z = 0.5 in step f), the oxide template matches the Si
lattice dimensions and is therefore appropriate to create a

15 fully relaxed superficial layer 8 of Si1{001) in step g).
Thirdly, the compositionally graded fourth oxide layer 6
consisting of (Pri03}i1-,(Y203); ending with a pure Y;0: (z = 1)
layer on top provides a template for semiconductor growth whose
lattice dimension is by about 2.5 % smaller than Si. This

20 procedure enables that way in step g) the growth of a
superficial layer 8 of epitaxial Si(001l) which is under device
relevant compressive stress. A final PDA treatment is applied
in step h}) to decouple the either strained or relaxed
superficial layer 8 of Si(001) from the oxide template. Again,

25 the high oxygen conductivity of the Ia-3 related (Pr;03)3-.(Y¥203);:
double oxide of the fourth oxide layer 6 is the central
physical property which makes it feasible to use the weakly
bound lattice oxygen of the Pr0O; of the third oxide layer 51 to
achieve the oxidation of the boundary between the epitaxial

30 superficial layer 8 of S1(001l) and the fourth oxide layer 6. In
this process, the buried Pr0, of the third oxide layer 51 is
reduced to Pr;03, thereby transforming this layer into third
oxide layer 52, while a second amorphous intermediate layer 7
of a2 metal silicate or 8i0, is formed at the interface. The

35 creation of the second amorphous intermediate layer 7 before



Thirdly, the conpositionally graded fourth oxide |l ayer 6 consisting of
(Pr2@)1 z(Y2®)z, ending with a pure Y203 (z = 1) |layer on top provides a
tenpl ate for sem conductor growth whose |attice dinmension is by about 2.5 %
smal l er than Si. This 20 procedure enables that way in step g) the growth of
a superficial layer 8 of epitaxial Si(001) which is under device relevant
conpressive stress. Afinal PDA treatnent is applied in step h) to decouple
the either strained or relaxed superficigl |ayer 8 of Si(001) fromthe oxide
tenplate. Again, 25 the high oxygen conductivity of the la-3 related
(Pr203)1_.(Y233)z double oxide of the fourth oxide layer 6 is the central

physi cal rt iCc it i_hl e se_t y. _.bound lattice
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oxi de | ayerhsszupairitiicial séevmd Grast piedds asnter gedi anteed dyiah Auadfity net al

si | icatse Oéle%tQ%adingég@ge@t (s Ieplagsy Iherds CLARLN (ahstRe second

anor phous 1 nt er nedi at ayer betfore 28 “cool'i ng” down 't he ‘grown naterial s
stack is @&tdnportant requirenent to avoid defect creation by different
thermal expansion coefficients of the oxide and the sem conductor of the
superficial layer 8 as well as to guarantee high quality 5 electric
properti efYi r%meatra&h?m s e gend asprigddense i esialetl@yperspg) of

I ntegrati r%i%tarxqiane@ig_gdeg elaxed sypesficial layers 8 of epitaxial Sil_aGea
(a =0to 1) 10 The oxide support systens discussed in part B2 can certainly
be us¥d for the integration of relaxed as well as strained superficial

|l ayers 8 ofhecpidiaxl alipSbie &{dv@nofdidichkeeantin part B2 can certainly be

used for the integration of relaxed as well as strained
superficial layers 8 of epitaxial SiGe films of different
stoichiometries. Firstly, various relaxed SiGe layers can be

15 grown on top of lattice matched fourth oxide layers 6 of
(Pro03) 1.5 (¥203), doukle oxide films. For example, superficial
layers 8 of SiGe with a Ge content of 80 % grow fully relaxed
on lattice matched fourth oxide layers 6 of (Pry03)i--{Y¥203),
films when z equals 0. Secondly, stressed SiGe layers under

20 tensile as well as compressive strain can be realized. For
example, 100 % Ge layers experience a compressive strain on a
fourth oxide layer 6 of (Prz0:)1-z(Y¥>03}, all possible
compositions from z = 0 to 1. To grow, however, a fully relaxed
superficial layer 8 of epitaxial S5i; .Ge;, film up to a

25 compogition of a = 1 on an Ia-3 related fourth oxide layer 6, a
new oxide compound is needed in the fourth oxide layer 6 whose
lattice dimension is hig enough. The best choice is the very
efficient oxygen ion conductor Biz0; (lattice constant a = 0.566
nm) which slightly exceeds the lattice dimensions of Ge (a =

30 0.5658 nm). A compositionally graded fourth oxide layer 6 of
(Biz03) 1.5 (¥203)x of about 10 nm thickness is grown in step f) on
top of the third oxide layer 51 descﬁibed in detail in part A.
The oxide growth in step f) starts with a (Biz03)1-2(¥203):
composition of z = 0.92 to match the lattice dimensions of Pr0,

35 (a= 0.533 nm}. Then, the Bis0; ratio is raised to match the



stoichionetries. Firstly, various relaxed Si Ge |ayers can be 15 grown on top
of lattice matched fourth oxide layers 6 of (Pr203)1 .(Y2Q3). doubl e oxide
films. For exanple, superficial layers 8 of SiGe with a Ge content of 80 %
grow fully relaxed on lattice matched fourth oxide | ayers 6 of
(Pr203)1_1(Y233). filnms when z equals 0. Secondly, stressed Si Ge |ayers
under 20 tensile as well as conpressive strain can be realized. For
exanpl e, 100 % Ge | ayers experience a cojppressive strain on a fourth oxi de
| ayer 6 of (Pr203)1_,(Y203). all possible conmpositions fromz =0 to 1. To
grow, however, a fully relaxed superfici al Iayer 8 of epltaX|aI Sil_aCea
filmup to a 25 conposi t.i .o =1 on .an rel ated, fourt i de | ayer
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third oxide |ayer 51°to the boundary between the fourth oxid | ayer 6 and
t he superf$EPalisl gyepted khidwidaid omr of ﬁheth@rqﬁﬁtlﬂﬁﬁfﬂﬁ@edeThayéngl is

reduced ingt i RHRCESScEOIRYR03in thert B2 is the same as discussed in
detail in part Bl.
15
Example 2

Heterocepitaxy of indium nitride (InN) and gallium nitride {(GaN)
films on an S8i(111}) substrate wafer 1 via bixbyite related

20 oxide buffers

In accordance with another embodiment of the invention {cf.
Fig. 2), a structure is provided which is suitable for the
global integration of hexagonal wurtzite InN(0001) and

25 GaN (0001} films on a substrate wafer 1 of 8i{(11il) wvia mixed
buffer oxide layers of the Ia-3 type. The phase and the
epitaxial relationship of the films is determined here and in
the following by XRD. The coexistence of cubic sphalerite and
hexagonal wurtzite crystal structures among III-V and II-VI

30 compound semiconductors breaks the dominance of the S$i(001)
wafer orientation, technologically well-established over the
entirely cubic IV-IV semiconductor world. It is an advantage of
the present invention that it provides sufficient flexibility
to tackle also the integration challenge of new valuable

35 semiconductor materials crystallizing in the hexagonal wurtzite



~second anor phous internediate layer 7 of a nmetal silicate or SIQ2 is
created by oxidation of the buried interface. The role of the interface

| ayer in part B2 is the sane as discussed in detail in part Bl. 15 Exanple
2 Heteroepitaxy of indiumnitride (InN) and galliumnitride (GaN) filns on
an Si(l11) substrate wafer 1 via bixbyite related 20 oxide buffers In
accordance with anot her enbodi nent of the invention (cf. Fig. 2), a
structure is provided which is suitable §por the global integration of
hexagonal wurtzite 1 nN(0001) and 25 GaN(0001) films on a substrate wafer 1
of Si(111) via mxed buffer oxide |ayers of the la-3 type. The phase and

the epitaxialorelatianshicp gl e fi |dm s deter mhagd berguanddn the

fol |l owi ng coexi stence o Srefite and exagona
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sem conductor materials crystallizing in exagonal wurtzite 30
struct ur e. sWsstatasoW Adex cpbbol)lbas atufiamse ordenhethert Thislesuddr f ace

ori entati ofls Qfn YW drZirfRb1E! BE@QuéérMé‘rﬁﬁvfathe 1Qﬁsu99h§a<a<9@g@lofsl (1
substrate surface Iis the best choice to neet the lattice symetry of these

sem conduc®@riq inustag spithpynpet rédemtesLftheredrirdet Be rietturedsitgrcow on

Si(I1)  sybsdiadiesd. nBte@@dggbtﬁe(ﬂaltleﬁélrﬂa%%l%l gﬁaaih%fJéus result is
under st andabl e because this surface plane is in case of cubic crystals the

nost d&hs RN GrEatREIABsPE shbIRressnteArdenbhon BT e ahe at ti ce
mat chi ng aggkd 1t erd a8@mple 1, the growth of heteroepitaxial film

structures with stable surface orientations is a further
advantage in case of the integration of wurtzite related
semiconductors con the Si(111l) platform via bixbyite related

15 oxide buffers.
A) Preparing the starting oxide template structure on Si(111)

The substrate wafer 1 can be an on- or off-oriented 51(111)

20 wafer and is cleaned according to well established Si(111)
cleaning recipes (RCA, Piranha, NH4F etch etc.). The
preparation of the oxide template structure (steps a} to e)) on
81 (111) follows closely the description given in part A) of
Example 1. The main difference is that the mixed double oxide

25 (Pr203) 1% (¥203)x (x = 0.5 to 0) of the first oxide layer 3 and
the second oxide layer 4 as well as the Pr0O; of the third oxide
layer 51 grows on 8i{111l) in the cubic (111) surface
orientation. The film stoichiometry is analysed here and the
following with the help of quantitative XP3, optionally once

36 calibrated by RBES.

Bl) Integrating relaxed hexagonal wurtzite epitaxial InN{(0001)

layers



10 engi neering strategies of the present invention discussed in detail in
Exanple 1, the growh of heteroepitaxial film structures with stable
surface orientations is a further advantage in case of the integration of
wurtzite related sem conductors on the Si(111) platformvia bixbyite
related 15 oxide buffers. A) Preparing the starting oxide tenplate
structure on Si(11l) The substrate wafer 1 can be an on- or off-oriented
Si(I'1l) 20 wafer and is cleaned accordi;ng to well established Si(lll)

cl eaning reci pes (RCA, Piranha, NH4F etch etc.). The preparation of the
oxi de tenplate structure (steps a) to e)) on Si(ll'l) follows closely the

descri pti iven in A) of Exanple 1. e.main,difference is that the
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| ayer 3 anich dtw iecb@daoxtﬂgléayeysﬂhuximgeﬁbuashthglﬁé(Ihyﬁrt&ubfthird oxi de
| ayer 51 g 11) bi ¢ 11) surface eptation. The film
st oi chi one @“@F£1a§k§é Qzlgy ﬁur %ﬁIQ£h%%§ ith- t%%gﬁe?% of

guant it at imee- XRSg mrpﬂ:homabpgc’onioce 33 calrifhrat edibyc&BS. dBiEndirinesgpdt | ng
relaxe% h &ﬂldwﬁr Zgifi é %E 5@ ﬁgoo&)b I%yers 3%0m§g51?}0%y a

tenpl ate s ruc ure of s epi taxrarl'y overgro
singl e cry@ﬁ&ﬂqu$gltedrbm ox+ de. 3'ayem @rofer @9rﬁ®8¢ﬂ _tHSc203er wibhi(111)

surface orjSMald Anhdtbhecos i eNin M Lh bagpessyf o dhn surlace unit cel

di nensi ons t hé cu ne i s achi eve usi'ng a conposition
char act er i Zed-tycez Cﬂnetaﬁt dre o@o@Snﬁﬂd (et chmpheltacblhfellss rm:lddedl aotirtk

di f I I oyl t ant =
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| ayer regl@wp@ PReh88nE17, Dn8repriseayentlyrel St &Ry @A fiuhl y rel axed

superfici al
layer 8 of hexagonal InN with (0001) surface orientation can be

deposited. Prior to cooling, in step h) PDA treatments are
applied to carry out the decoupling of the superficial layer 8

15 and the fourth oxide layer 6 via the interface oxidation, using
the weakly bound lattice oxygen of the Pr0O, of the third oxide
layer 51.

B2} Integrating strained hexagonal wurtzite epitaxial GaN(0001)
20 layers

For the integration of epitaxial GaN(0001) films, a
compositionally graded fourth oxide layer 6 of {(Prz0s3}i-;(Mn:03):
with (111) orientation must be used. The epitaxial overgrowth

25 of the oxide template of part A is achieved by a lattice
matching double oxide structure {(Pr;03)i-,{(Mn.0s3}, with z equal to
0.28. With increasing thickness of the fourth oxide layer 6,
the content of Pr;0; is reduced to zero. The use of
stoichiometric Mn,0; in the top surface region of the double

30 oxide structure 1s due to the fact that, among all the known
bixbyite related oxide structures of the periodic system of
elements, Mn.0; is the crystal structure with the smallest
lattice dimensions. In consequence, the surface unit cell
dimensions of the cubic Mn;03; (111) plane (lattice constant a =

35 0.333 nm) match the rather small values of the GaN{0001l) basal



| ayer 8 of hexagonal InN with (0001) surface orientation can be deposited.
Prior to cooling, in step h) PDA treatnents are applied to carry out the
decoupling of the superficial layer 8 15 and the fourth oxide |ayer 6 via
the interface oxidation, using the weakly bound lattice oxygen of the Pr02
of the third oxide Ilayer 51. B2) Integrating strained hexagonal wurtzite
epi taxi al GaN(0001) 20 layers For the integration of epitaxial GaN(0001)
films, a conpositionally graded fourth oxide layer 6 of (Pr203)1_,(M2®3).
with (111) orientation nust be used. Theypepitaxial overgrowth 25 of the

oxi de tenplate of part Ais achieved by a lattice matching doubl e oxide
structure (Pr203)1 ,(M233), with z equal to 0.28. Wth increasing

thi ckness ofaddie fauith axhdeahayer- 6. 3idiengontenbeof. P03 i reduced to

zero. The ‘use of stoichionetric Mi203 in the top surface region of the
doubl e 30 ihiel st Audifgre oxsdgduabPRErade Faaett Bat tabhhenge arer e Ilvnown

bi xbyi te related xide t3LEUGLHERS] Ol s tdve REY,T odi ¢sSHSHER Pfan BlBRLS e M203
is the crystal structure with the smallest '|attice dinmensions. In

consequencRavaHeBurffakgeuRresert | InRHERS dhgtotheheerubr B ANZGT 1Ce11)

pl ane (4 atdj £@i S t@dRfutas=s 38 Owd33 1Y ehtihg batherpsimld @l wee of
the GaN(0001) basal 32 plane (lattice constant a = 0.319 nm the best. Al so
the bi xbyFHReHHF S dRYEE Bppf BRIV HoCaEULPPLBI 18 P et F&t19F Sfatlch t he

lattice digmisionsmh @Ncaké b5 frovawsiadys MBent 8t amdvanbage of the
present invention that the remaining lattice 5 msfit of about 4 % between

t he supporiiiifRhcde Ioar FaF ARt ToPl Aiper Biesiidrs| a)er S bfe thebedddhal
GaN(0001) nss iyt @ thactdeco@bl dng Seedsd &f) tdrmRhensapser 0fidhe Nawadaysgused Si C
and A1203 substrates faor N heée%oe i taxy. Besides the sgﬁ%!er | attice
mosfitl0 ¢ e RELEEepaKTE of DhFS PEritersl OFageti e sMF 19 the fourth
oxi de | ayerp®d dnepan s At €nbaner oxhshad+e@erubiragghbeabout by the present

invention to make the hetercepitaxy of GaN films (step g)}) on

foreign substrates with lower defect densities feasible.
15 Example 3

Step a) Providing an S5i(111) substrate:
The global integration of (0001} oriented single crystalline
wurtzite InN films of high gquality in the $i technology

20 platform starts with a monocrystalline substrate wafer 1
consisting of silicon (Si) and having (111l) orientation. The
phase and the epitaxial relationship of the films is determined
here and in the following by XRD. This Si surface oxientation
is chosen because the cubic Si {111) crystal plane offers a

25 pseudo-hexagonal surface symmetry which is the best suited to
achieve the global integration of III-V compound semiconductor
lavers, crystallizing in the hexagonal wurtzite structure. The
Si({111) wafer has a diameter of 300 mm, is with a precisiocn oif
+ 0.5° on-oriented and undoped. The electrical properties are

30 determined here and in the following by frequency and
temperature dependent CV and JV measurement techniques. It is
cleaned by the standard Si (111) wafer cleaning techniques well
established in Si-based microelectronics. The S8i{(111) wafer is
exposed to a Piranha wet etching followed by a further

35 treatment in 40 % NH4F solution for 30 minutes and rinsed



PDA step is a further inprovenent brought about by the present invention to
make the heteroepitaxy of GaN filns (step g)) on foreign substrates with

| ower defect densities feasible. 15 Exanple 3 Step a) Providing an Si(111)
substrate: The gl obal integration of (0001) oriented single crystalline
wurtzite InNfilms of high quality in the Si technology 20 platformstarts
with a nonocrystalline substrate wafer 1 consisting of silicon (Si) and
having (111) orientation. The phase angsthe epitaxial relationship of the
films is determned here and in the following by XRD. This Si surface
orientation is chosen because the cubic Si (111) crystal plane offers a 25

pseudo- hexagonala iy haCRLSYHELdd WANGN ihikheobost sui kst ¢o delueve the

gl obal integration of IIl1-V conpound sem conductor layers, crystallizing in
t he hexagd‘ﬁhlat\mltcﬁlltléf srepakh uF (1 The sugifares) fPeeavRRt l dithfet er of 300

m is w tﬁycﬁcdge@lclt%lrmngﬁed 8: b1 o1y %f%&tsegrén@nyaﬁﬁi@&dlm%a@quftrl cal
properties are” 30 determned here and in the follow ng by frequency and

t enper at urdE WepdhGe HELCTRERES IR nealierent nt EBANPHLER . d9RCSIE108 eaned by

the standaiwhmde(.1itkeVaberof! €anNidid anicayesnvet! (1 est ahldeshed rien
Si -based m croel ectronics. The Si(111) wafer is. exp osed tq a Piranha wet

et chi ng f SSRGSy ESFuPthER 3591 restumancopAilbong m—ﬁlﬂ%l Gt itén 9E8PTRO
m nut es anchd iHERGg33 288t BrYHBLES m >@Ier i gni(zed) V\@é@&nsﬁﬁucﬁ:erde@ta@tuﬁgknom

to result in atom aII snmoot h Si surfac Supsequently, the
hydr ogen t%ﬁ?ﬁ%ﬁfﬁed gF?)rG%ﬁﬁﬁ QiqnﬁséFFe eF %él 8157 #Afer "t he wet
chem stry ttHeeEﬁdI&Ia)Euh@ bherprE Dl €tgpOsilelson 5 chanber. Here, prior to oxide
grovvthto the Si(111) wafers are annealed under ultra high vacuum conditions
at 700°C to desorb the hydrogen and prepare (7 x 7) Si(111) reconstructed
starting siad agePepbeiface scONSIruCtoxdde aangeded exdrdied ey @fand in the
fol |l ow ng &yrz EEDYt SChnl ques.
The oxide deposition starts with a high quality oxide seed
layer which matches the Si lattice dimensions as precisely as
15 possible. This oxide seed layer is single crystalline and
crystallizes in a cubic¢ Ia-~3 crystal structure. Its epitaxial
relationship with respect to the Si{1il) orientation is given
by the fact that its {(111) surface normal is aligned paraliel
to the Si{l11l} surface normal and it matches the in-plane
20 symmetry by aligning its <11-2> direction along the Si<-1-12>
azimuths. This epitaxial orientation is called a type B epitaxy
of the oxide film on the S5i(111) substrate. This oxide seed
layer is prepared by using a mixed (Pr;0s3)i1-x(Y¥203)x layer with a
composition x equivalent to about 0.5. The film stoichiometry
25 ig analysed here and the following with the help of
quantitative XPS, optionally once calibrated by RBS. This-
gtoichiometry results from the fact that the bulk lattice
constants of Pr,0z and Y,03 are by a factor of about 2 % too big
and toc small, respectively, with respect to the cubic Si
30 crystal structure (a = 5.431 nm). The (Prz0s)o.5(Y203)9.5 film is
prepared via co-evaporation from separated Pry03 and Y;0;
crucibles by adiusting accordingly the calibrated materials
fluxes with the power output ¢f the electron beam bombardment
cells. Only target materials of high purity in the range of

35  99.99 to 99.999 % according to the product specifications are



10 Step b) Deposition of a first oxide |ayer 3 consisting of
(Pr203)0.5(Y203)0.5: The oxide deposition starts with a high quality oxide
seed |layer which matches the Si lattice dinensions as precisely as 15
possi ble. This oxide seed layer is single crystalline and crystallizes in a
cubic l'a-3 crystal structure. Its epitaxial relationship with respect to
the Si(Ill) orientation is given by the fact that its (111) surface normal
is aligned parallel to the Si(111) surfyace nornmal and it natches the

i n-plane 20 symmetry by aligning its <11-2> direction along the Si<-1-12>
azimuths. This epitaxial orientation is called a type B epitaxy of the

e L BRI oSS I Sru Tk cexl Aoaeoeth | QMR ! cpard by

using a mi'xe W th a 03|t|on X eqU|vaIent to
about 0. 5.teTperkithuesedi ¢hY oPets ych@Eians tanab?s@me highe fomhathienf offl ewi ng with

the help qfs«uantisatine. 383, $koBa! Lie 0aep ! Larated sy RS o Thi s

stoichionetry resu act that the | attice constants of
Pr203 and "EPoRratarpymgasacementof agisogarzigdt ot bhigramnd da el |,

respects Veﬂd&lowlhﬁ &@%He%efﬁoéélf‘pl(‘eul?a'l%méhtgopéﬁi/éi&{ec?tallb%teurt% Qﬁe 5. 431
nm . The (Pr23) (Y23B) mis p ared via co-evaporation from

separatedEPFE@Gaéﬁd ?293h1%¢Lﬁ§%ﬂ¥§¥ by rali ust (Yags lacc SegPngryef heh cal i br at ed

mat eri al s gif(1uxgs ;Wi 415 hlecpoveraRUiRlsOkithea el 8ed ron ddeammbarbar dpent
cells. Only target materials of high purity in the range of 35 99.99 to

99. 999 % BT ﬁ@t?ocﬁﬁébﬁ%’eﬁlbtlssﬁé’&rﬂieéat)%n]%yaDFPeR igks&déd in the

evapor at i gfeaEultehbhes. ad S fdddoi kst ta %ﬁ@@ﬂ@etfﬁﬁélreﬂqu £2Qkkhesshgsen to
achieve the formation of a m xed (Pr203 5 (Y2@8) 0.5 filmon the Si

(111) Waf &Te Sghsrmared herpernd dﬁ’eﬁlﬂ@aéaﬁé%h@% %%"C%,eagrtﬁ%&la'&tthEYe and in
the 5 fol xow ngawut-Bmthesocoupl e el enents positioned close to the
substrate. The high quality (Pr203)0.5(Y203)0.5 seed | ayer on

Step c¢) Deposition of a compositionally graded second oxide

layer 4 consisting of (Prz03)i1-y(Y203}y with yv = 0.5 to 0:

15 Subsequently, a compositionally graded (Prz03)i-y(Y203), layer

with the same epitaxial relationship as the oxide seed layer

with respect to the Si(11l1l) substrate is grown on top by

gradually reducing the Y,0; content y from 0.5 to 0. This change

in oxide composition is finished after a thickness of the

20 compositionally graded (Pry03)i:-y{(Y203}y film of 10 nm.

Step d) Deposition of the third oxide layer 50 consisting of
Pro04:
Without interrupting the growth process, a 20 nm thick pure

25 Pry0z; layer is grown on top of the compositionally graded
(Pry03)1-y (Y203)y layer structure. During this growth step of the
engineered wafer structure, the growth temperature is kept
approximately constant at 750 °C and films grow at a thickness
rate of 0.5 nm / sec.

30
Step e) Formation of the first amorphous intermediate layer 2
and oxidation of the third oxide layer 50:
This structure is in the following exposed to a post-depositicn
annealing (PDA) treatment to simultanecusly a) introduce an

35 amorphous interface film structure (= the first amorphous



Si(lll) is 10 nmthick and grows with a rate of 0.5 nmsec. The growth rate
calibration is carried out by XRR thickness neasurenents as a function of
deposition tinme. Filmthicknesses 10 are determ ned here and in the
foll owi ng non-destructively by XRR nmeasurenents. Step c) Deposition of a
conposi tionally graded second oxide I|ayer 4 consisting of (Pr203)1_y(Y2Q3)y
wthy =0.5to 0. 15 Subsequently, a conpositionally graded

(Pr238)i _y(Y233)y layer wth the sanme egitaxial relationship as the oxide
seed layer wth respect to the Si(1l1) substrate is grown on top by
gradual ly reducing the Y203 content y fromO0.5 to 0. This change in oxide
conposition is finished after,a thickness qf. th 0_conposi ti.onal raded
(Pr2a3) 1_yJ(VZ eycpjfalstl(_}m (‘Weforzhn?e ee%n ﬁkj%eDeposSiu P ﬁaﬁ? n‘?%ge]f hl?radldo%h%e | ayer
50 consi stongdefbuez03ondithony ¢htBre uptdstg tehéhgrdwbhige ocass,s &,20 nm
thick pure P | ayer .i.S:QLO oR,.0f t C itionally graded
(Pr2C8)1_y%Y2 f§&P§9e?%sP?E§ g%eEQ rf%bg?ﬁ§% %ﬁiﬁJ%ﬁpgﬁegogf@%he

engi neer edswaf @riagtatudtcuPe0: t e griowt oxtidepéracurell s Kepts pappribkxenttel y

constary alyZ80- & AN LTS 0foph Al UG0S S (L3hEaPLe 0 Byfup /o sec. 30

Step e) Fornmation the first anorphous  internediate Tayer and oxi dation
of the thivwedexiaded agpeichdok Thide shetpnanteucsura phetholhow Mpsonidsdd to a

post - deposilion, Annsalsnao( PRA) sLEFALIENJ 9 SHULLAREAUS! ¥: Ao ot r oduce an

35 anor phous 1 nterf structure (= the first anorphou
i nt er medi at'enesfEr pihaeweenlaheosigmuisny slempanbes 1atiml tampergtivge buf f er

consi sting,pfedhed.i st LArLhi ALK AL JAKY SrBortdnt 50eand: Moo 1xi di ze
the pure Pr203 film 50 on tog_to stolchionetric PrO2 (="third oxide |ayer
b

51) . 1% i3vpbsdafiest geneprepar Lanidmnl Syamipdi ek B®r phous inter nedi ate
layer 2 heterostructure at this stage. XPS and Tof-SIMS sputtering

techniques established that the amorphous intermediate layer 2
exhibits a silicate stoichiometry with an almost pure Si0;
layer in direct contact with the Si substrate wafer 1.

15 Accordingly, no metal contamination in the 5i wafer structure

itself was detectable.

During the same PDA treatment, the 20 nm thick pure Pr;03; layer
(third oxide layer 50) on top is completely oxidized to Pr0O;

20 (third oxide layer 51). The (111) oriented PrO; has the same
epitaxial relationship as the (Pr;03)i1-«(Y¥203)y; heterostructure
with respect to the Si(111) substrate and presents the final
cxidaticn product of Pr,C; when the latter is exposed to oxygen
pressures exceeding 200 mbar at temperatures above 300 °C.

25
Step f) Deposition of the fourth oxide layer 6 in order %o
match the lattice dimensions of the superficial layer 8
consisting of a semiconductor material:

The next step f) consists in adjusting the lattice dimensions

30 of the Ia-3 based oxide buffer layer for the deposition of the
single crystalline, functiocnal (0001) criented InN superficial
layer 8 with wurtzite structure. Due to the rather small
lattice dimensions of the hexagonal InN (0001) basal plane (a2 =
0.3548 nm) with respect to the 5i(111) surface lattice

35 dimensions (a = 0.384 nm), the Pr;0; must be alloyed with an Ta-



under a 50 nmthick oxide heterostructure of the here described nature by
exposing the structure to a PDA treatnent in one atnosphere of nolecul ar
oxygen for 30 mnutes at a tenperature of 600 C. Hot wafer handling is an
important requirenment to 10 avoid defect generation by thermal cycling of
the heterostructure at this stage. XPS and Tof-SIMS sputtering techniques
establ i shed that the anorphous internediate |layer 2 exhibits a silicate
stoichiometry with an alnost pure Si02 jayer in direct contact with the S
substrate wafer 1. 15 Accordingly, no netal contam nation in the Si wafer
structure itself was detectable. During the sane PDA treatnent, the 20 nm

t hi ck pur Pr20 r third oxi e | a top,is _conpl etely, oxidized
to PrO2 2 |rd o%ﬁde %gggéa%ﬁﬁa géﬁff léfgé %ﬂ%ﬂQﬁf ‘SEPhéhgane
epitaxialpﬂéamﬂnmshep SS%Mh&S(EBQ@BWﬂth(&QEBM.SshefabeshnuthEEl with
respect tao ?fﬁ!gilk) subgtggéelgn ) es %E?aﬁh§sf£” J (f%é% |0Be§roduct

of Pr203 tér is exposed o ox pressures exceed G0 nbar
at tenperaﬂumegaa@@véremoaﬁ:1ﬁmhiidy$lfﬁeDépdsﬂtednwtﬁhtduiéng@ttbfohndb | ayer
6 in order hoth t i i r

consi st e SR Y Segr Songcrsr eatrl At TRidekt SpEbRFIdll (sBNE.0
adjustlngztﬁeﬂ&ﬁ&tleﬁenlxﬁﬂﬁﬂnmﬁ;teﬁobafCohevappﬁhﬂxp@e@toﬂlde0buhfer | ayer

for the d%@fﬁaetfa%ref okNF50 AW (LY YAlhbNB1nfHOCLE PhAL1 (GR0IA 1051 ent ed

I nN superficral Wwth wrtzite structur e rather snal
| attice dlqm{%!t@ﬁls Pefi’ztl%yeﬁ”exﬁl@na(lPrt%\)h(zdﬁgi%)baﬁalmpi%llfetr(gée: 0. 3548 nm
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t he Pr203 nust be all oyed w oxide with a substantiall

snal | el Iékﬂﬁéetﬁﬁnéﬁ§ﬁ%ﬁlylﬁéQﬁe bres%ﬁﬁ teade, hsteogst sueiseee wiltth a (111)
surface Unidsgerld todiENSE oM Of AusstQa348 BE nIhen MBRETi Ak sics again el ectron

beam dimensions of the Pr0, (111) and of the InN (0001) surface unit

cells, the composition of the (Prs03)i1-,(Sc203): 1s gradually
varied over a thickness range of typically 10 to 20 nm from z =

15 0.37 to z = 0.85. To stabilize the lattice adjusted {(Pr;01)1i-
2 (8C203) , heterostructure and achieve a flat oxide buffer with
roughness limited to the atomic scale for the integration of
the functienal InN film, a (Prz03)c.15(8C203)0.85 0xide layer with
a thickness of 5 nm is optionally deposited in addition.

20
Step g) Deposition of the superficial layer 8 consisting of
single crystalline (0001) oriented wurtzite InN:
The InN film grows on the oxide buffer by evaporating highly
purified metallic In (985.99 to 99.999 %) from a Knudsen cell

25 which reacts with nitrogen in the chamber introduced via a gas
gystem. Nitrogen brought to reaction with In is atomic nitrogen
created in the plasma source assisted growth techniques. The
InN crystallizes in the (0001) oriented wurtzite structure. The
growth temperature is in the range of 750 °C and the 200 nm

30 thick epitaxial InN film grows at a rate of 0.5 nm/sec. The
(0001} oriented InN is found to grow single crystalline on the
oxide buffer by aligning its in-plane vectors <10-10> along the
<01-1> azimuths. Thie epitaxial relaticnship of the InN film on
the (111) oriented cubic oxide buffer layer of Ia-3 based

35 crystal structure can be explained by the facts that a) the



evaporated froman individual cell filled wwth a target of high 5 purity
(99.99 to 99.999 %9 . The conpositionally graded (Pr203)1_  2(Sc203)z | ayer
is deposited by co-evaporation at a gromh tenperature of 750 C on top of
the single crystalline (111) oriented PrQ2 layer. The (Pr203)1_, (Sc203).
filmis single crystalline and exhibits the same epitaxial relationship as
the 10 deposited (Pr203)1 y(Y203)y (y = 0.5 to 0) heterostructure with
respect to the Si(111) substrate. To matgh the lattice dinmensions of the
PrO2 (111) and of the InN (0001) surface unit cells, the conposition of the
(Pr203)1_,(Sc203), is gradually varied over a thickness range of typically

10 to 20 nm6@;1&%5a1h§1%n§71g0aﬁon%ﬂtﬁe5 ol StaBiLI 26 khe | atti ce ad) ust ed

(Pr203)1_ terostructure and achieve a f oxi de buffer with
roughness ¢rigntatians lod auoniétechl &Y oroneenidnisegiaphdncodrs tdred fuladt i onal

InN film g ( 1 gjll(ﬂf f5nm|s
optionally de%{)@sfﬁgroolsn agﬁ% g 852(8%%?6251 § Se\ggtscle%lc%n&%k e superfl ci al

| ayer 8 co@“@j@tﬁen‘b fofr H@l‘tﬁQﬂBGCtly%thrhNiQfél (O@Op)lacﬁl ghredsiwntzite I nN. The
InN filgn grows on the oxide buffer by evaporating highly purified nmetallic

In (99.99 to 99.999 % froma Knudsen cell 25 which reacts with nitrogen in
t he chanbettséhtiPodig@dtiica afghbesyeterd auarrbges Broaghediate davtsrod *with

In is atony¢ Wit rQGRY h%aq&ﬁe toch f?@sa%e%%r peofast sted, o
techni ques.” The InN crystallizes in 0001) oriented wrtzite structure.

The gr owt ARSI TR-uES §npAnEREST avrr‘gfeerofst?mteranasmfépqmﬁ nm 30 thi ck

epi taxial ImedidiB1Gr QW et tAel Bh® &pdhixiWH $8Ca $B8ond OPEH )t QidigRied | NN
is found to grow si ngcl e crystalline on the oxide buffer by aligni ng its

i n-pl ale VERS Grid £ffoHes é?Sﬁ@dtﬁ%A Wpatpendz ilgueaainThyetelit Samaly

relati onship «f ddt@upilN fthkm gotiédesdhilburer bentad cubieiond derdwffer layer

of la-3 ba_Lsed 35 crsystal strfciure can be ex%I ained by the facts that a) the
37 ayer uperficia ayer 8) from the oxide buffer (comprising

first to fourth oxide layers 3, 4, 51, 6) to avoid undesired
defects by thermal mismatch problems and b) to improve the
15 leong-range order of the InN film structure by temperature

treatments.

Amorphous interface film structure preparaticn: The InN film is
decoupled from the oxide buffer by the post-deposition

20 preparation of an amorphous intermediate layer 7 between the
oxide buffer and the InN layer 8. For this purpose, the Pro;
layer 51, embedded in the hetercstructure, is used as an
internal oxygen reservoir. Due to its loosely bound lattice
oxygen, the Pr0, film acts as a carrier of activated oxygen.

25 BEven at temperatures as low as 500 °C, the reduction of the
internal Pr0O; film to PBr,0s; occurs. As the Si(111) / oxide
buffer interface reaction is already saturated under these
cenditions by the first PDA step, the released lattice oxygen
is mainly adsorbed at the oxide buffer / InN boundary. Due to

30 the high oxygen conductivity of the Ia-3 crystal structure
based (Pr;03)1-.(Scy03), oxide layer at these moderate conditions,
an oxidation reaction is observed at the oxide buffer / InN
boundary which results in the formation of an about 5 nm thick
amorphous Iny0s interface layer.

35



(0001) basal plane is anpbng the nost stable surface orientations of
wurtzite I'l1-V conmpound sem conductors and that b) the
(Pr203) 0. 15(SC203)0. 85 oxide buffer lattice dinmensions are adjusted for
mat ching the InN(001) in-plane dinensions. 5 Step h) Formation of the second
anor phous internediate |ayer 7: By hot wafer handling techniques under a
protective nitrogen atnosphere, the engineered wafer structure is exposed
imredi ately after the InN deposition to s second PDA treatnent. 10 The aim
of this second PDA treatnent is again twofold, nanely a) to decouple the
| attice structure of the functional InN layer (= superficial layer 8) from
t he oxi de buf.fer (conprisi first. t.o fqurt ide |ayers 3,.-4,_5 6) to
avoi d unde}gjigrhetﬁlua&éfqgc%“n@gt%]ésfsn%alllnlinseng[tn@hQgﬁéwe‘ﬁ%@%%ldtebfﬂtlédsi'mi))}lgve t he
15 | ong-r angeher dew obbthéetyndf filenmstialcicateohy tEnperatanisgle torgatagat s.
Anor phous i nt erf fol.l M. st ture preparati on; I n ' ' ecoupl ed
fromthe o%%qc?gl &Sﬁﬁer 'Cbiz/méhéH%o‘g]f%Sdeglfggi%tfﬁgng%cg?Ig aarmzla'\!f]i%oﬂnoraoéf %gﬁ&am)r phous
i nt er nedi dtaydrayér thebénheehatde tloxidadief ceysaatlthe ImNA®yer f81mFor this
purposg, tfe e'é’{ﬁ%%ed' %)S%Délbﬂgﬁ%ﬂ%d a:tn etlﬁ%aﬁégEseE%ﬁﬁEéfgcéwe% urficysgd as an
i nternal oxygen reservoir. e to its Toosely boun attice oxygen, the
Pre2 fil mrettecdsd ve satrpeen ofteinhexteedto®Pfent 26r Evdmowt widimgaitat ures as
Low as 500G the JHRdUELLAMOf a1 Nt ALGERALAET (B &l LML O PIAYBQcEUTS. AS
the Si (111 l./ 10%9816 gu?%er ?natler ace regqti on igé ajfreadf;js tur at ec% under
these cordilts oherpplt heehipent PBASISFC therpEkebbedldndtidwoRygen is
mei nly adsor hed gt he1pxbdenduf £y dud i daevadanyen DHes g 3Q,the hi gh
oxygen conductivity of the la-3 crystal structure based (Pr203)I_, (SC203),
oxi de 10ayefemiconREsEOrpdéat greoHt t9igwde cansbridare onl G&HOt icgrensedbser ved
at the oxigdg bufitgr prepbaMeqbOyndary r‘@?ﬁi?& seswl 187 idbdhe sf gerrLihQa-of an
about 5 nmtr]cl_ckt anor phous 1'n2G8 interface | ayer.

centimetre.



35 38 High-quality single crystalline InN (0001) wrtzite filnms: Due to
the low nobility of the nmetal cations of la-3 oxide crystals below 1000 C
and the presence of a bl ocking anorphous In2C3 |ayer at the interface, the
single crystalline InN(0001) film5 is exposed to PDA treatnents at el evated
tenperatures under a protective nitrogen atnosphere at 900 C for 1 hour

w thout risking undesired netal contam nations by diffusion processes.

This thermal treatment serves to inprovest he | ong-range order of the InN
filmby healing out defects which result during 10 sem conductor film
growh. Single crystalline, (0001) oriented InN filns prepared by this

reci pe sho#l_&_,gzsdef ects per square centinetre. 39 Cains 1. A

sem conductor wafer conprising the following l|layers in the given order: 5 -
a nonocrystalline substrate wafer (1) consisting essentially of silicon, -
a first amprpho ' ' y : Sl . el ical

nsul ati ng. et or el AR R ey Ry SO 13180198 e {5l e
nmonocr yst afivere 943st: oxi de | ayer (3) having a cubic la-3 crystal

Struct uf e, —a,; CRIMASH QN 19he( ¥ah203) de X(MR2203))X JMhGH 8t Ing €aCH0f 5 MBl, and
Met is a nmetal and wherein O :- X <- 1, and a lattice constant which
differs fref$hkid@itice constant of the material of the substrate wafer by
0 %to 5 % J5 2rstINBncHeNdHeL BEEAT di2g b ' wherein the
substrate wafer (1) consists QfEQ%B%/g\?{)%OO %sﬂl_?conﬁpg%girﬁ%eliem conduct or
waf er accofHPFyr 1R dy iowelef inganakenial Anddagefepntbhekerettel calrpy
insul ati ngcgeteyigh, of the first

10 - a monocrystalline first oxide layer (3) having a cubic Ia-3
crystal structure, a composition of (Mels03)1-x(Me2;03)x wherein
each of Mel and Me2 is a metal and wherein 0 £ x £ 1, and a

lattice constant which differs from the lattice constant of the

o

material of the substrate wafer by 0 % to &
15
2. The semiconductor wafer according to claim 1 wherein the

substrate wafer (1) consists of 90 % to 100 % silicon.

3. The semiconductor wafer according to any one of claims 1 - 2
20 wherein the electrically insulating material of the first
amorphous intermediate layer (2) comprises a siliceon oxide or a

metal silicate or a mixture thereof.

4. The semiconductor wafer according to any one of claims 1 - 3
25 wherein each of Mel and Me2 is a rare earth metal or a

transition metal.

5. The semiconductor wafer according to claim 4 wherein Mel is
praseodymium and Me2 is yttrium.

30
6. The semiconductor wafer according to any one of claims 1 - 5
wherein the first oxide layer (3) has a uniform lattice

constant across lts entire thickness.



anor phous internediate | ayer (2) conprises a silicon oxide or a netal
silicate or a m xture thereof. 4. The sem conductor wafer according to any
one of clainms 1 - 3 25 wherein each of Mel and Me2 is a rare earth netal or
a transition nmetal. 5. The sem conductor wafer according to claim4 wherein
Mel is praseodymumand Me2 is yttrium 30 6. The sem conductor wafer
according to any one of clains 1 - 5 wherein the first oxide |layer (3) has
auniformlattice constant across its egtire thickness. 40 7. The

sem conduct or wafer according to any one of clains 1 - 6, additionally
conprising a monocrystalline second oxide |ayer (4) adjacent to the first

de | t al
St uct Ur o 5 ot S U RB05 oS N2 ) NP or b ShERTo %Ze,aand
Med is a nét aad@nwomlnemrr@risyng a m«ynmlarauaigmet Begovdl oeigd lwtydarhe
boundary  t gy th c%é% QX [YCE (2)ae VAIMING ACr ARS LOBLLRI Gldlgss of  th

second OXIde I order to achi eve a varlétlon I'n ice
const ant oialfﬁlé hﬁ)t éra‘eum?ofa rchéisedand oxvalel @euct0re4d) 2 acemessition

thi ckness, oanguend, 29.3,\(‘1!4&&‘20%) yallie V2 dhohhsr SUSTaRe ol Lhesspeond oy de

| ayer (4), the valu bei ng sel ected suc that the lattice constant of
t he secondwbﬁr%lbn @afy L4y at stestbounehiy a oalve vilr st bie decungasy (3)

differs fEQ”tE@efiﬁéﬁ'cﬁ@Lo%oﬂ%EgéBt 3‘t@&f@{geracqlos%fthaetﬁiéﬁe%uﬁ@ 15

| ayer (3) bﬁ 0 %to 2s. 8. The senlconductor waf er according to claim?7
wher ei n eatheofecqd FHAMERYRE 441 ate @EFYh GRerahisveadt Yankiti®h detal . 20

9. The senmgongduct Ofe WafiRft28¢COFALAY hor&taliMdE Wher 6bRoMe 3ok Sde PrASgOdYy M um
and Me4 i s éttflUﬁ] 10. The sem conductor wafer according to any one of

clains 18 - (§) 2@fR3T orfd N 1ESREFFsi Ay Liger fMiidihae Wé}é? ?%)a%dHE?stlng

surface of the second oxide layer (4), the value yl being
selected such that the lattice constant of the second oxide
layer {4) at its boundary to the first oxide layer (3) differs

from the lattice constant of the material of the first oxide

e

15 layer (3) by 0 % to 2

8. The semiconductor wafer according to claim 7 wherein each of

Me3 and Med4 is a rare earth metal or a transition metal.

20 9. The semiconductor wafer according to claim 8 wherein Me3 is

prasecdymium and Med 1s yttrium,

10. The semiconductor wafer according to any one of claims 1 -
9, additionally comprising a superficial layer (8) consisting

25 of a monocrystalline semiconductor material.

11. The semiconductor wafer according to claim 10, additionally

comprising a second amorphous intermediate layer (7) comprising

an electrically insulating material and being located adjacent
30 to the superficial layer (8) consisting of a monocrystalline

semiconductor material.

12. The semiconductor wafer according to claim 7, additicnally
comprising a monocrystalline third oxide layer (51) consisting

35 of Meb;0,, wherein Me5 is a metal and wherein 3 < w £ 4.



25 of a nonocrystalline sem conductor material. 11. The sem conductor wafer
according to claim 10, additionally conprising a second anorphous
internediate layer (7) conprising an electrically insulating naterial and
bei ng | ocated adjacent 30 to the superficial |ayer (8) consisting of a
nonocrystalline sem conductor material. 12. The sem conduct or wafer
according to claim7, additionally conprising a nonocrystalline third oxide
| ayer (51) consisting 35 of Me520w, whepein Me5 is a netal and wherein 3 <
w < 4. 41 13. The sem conductor wafer according to claim12 wherein Me5 is
arare earth netal or a transition nmetal. 5 14. The sem conductor wafer
according to claim 13 wherein Me5 is praseodym um 15. The sem conduct or
waf er according to any one of clainms 12 - 14, additionally conprising a
monocr yst al 3 i rMéhd aantivcoxiugéotOwh agerad¢@rddiacentcloomt hg wheraefiotede | ayer

(51), the {9 Lgﬂxpg%%ﬁf_%%%é%zé%)ga%%erJﬂugyph%tgﬁ 3 crystal structure, a

conposition of (M6 ein eac Me6 and M7 is a netal
and wherein 0 <- z <- 1, z starting with a value zI at the boundary to the

third oxides | aygr gé@oonwaexbggwgfépsascém %tt@' ckness: 9 di& iPWish oxi de

| ayer (6) in order to achieve a variation in the lattice constant of the
mat eri al ofs tH@FeAHEH Ulexi de | ayer (6) across its thickness, and ending
with a value z2 at the surface of the fourth oxide |ayer (6) 20 16. The
senlconductor waf er according to claim15, additionally conprrsrng a

superfici ald1 & Y COBRSFEOF N2 BRT 2 CORITHcady $PaPRYneNe evd cHfdist

material. i7, Jde SeW-0a9duehfti ¥BiEra aeEIdRYa091icbakshsn adddidd onal |y 25
conprising. - a nDno%w%stalllne third oxide | ayer (52) adj acent_to the

secondbxi Y $ayEt aceRE ERi Fae oS 19816 HavrRg élbtﬂﬁhﬁ fioargher yst al
structure gohe IGOMR0Sish i BvOhg MeS2@h c WhereickyWRR1 structure, a

composition of (Me6503)1-.(Me7;03); wherein each of Mef and Me7 is
a metal and wherein 0 £ z £ 1, z starting with a value zl at
the boundary to the third oxide layer (51), wvarying across the
15 thickness of the fourth oxide layer (6) in order to achieve a
variation in the lattice constant of the material of the fourth
oxide layer (6) across its thickness, and ending with a value

z2 at the surface of the fourth oxide laver (6).

20 16. The semiconductor wafer according to claim 15, additionally
comprising a superficial layer {8) consisting of a

monocrystalline semiconductor material.

17. The semiconductor wafer according to claim 7, additionally
25 comprising
- a monocrystalline third oxide layer (52) adjacent to the
second oxide layer (4), the third oxide layer hawving a cubic
Ia-3 crystal structure and a composition of Meb5;03, wherein Me5
is a metal which is also capable of forming cxides having a
30 composition of Me5,0, with 3 < w £ 4,
- a monocrystalline fourth oxide layer ({6} adjacent to the
third oxide layer (52), the fourth oxide layer (&) having a
cubic Ia-3 crystal structure, a composition of (Me6,03)1-
- {Me7503); wherein each of Me6 and Me7 is a metal and wherein 0

35 < z £ 1, z starting with a value z1 at the boundary to the



is a netal which is also capable of form ng oxides having a 30 conposition
of Me520w with 3 < w<- 4, - a nonocrystalline fourth oxide |ayer (6)
adjacent to the third oxide layer (52), the fourth oxide |ayer (6) having a
cubic la-3 crystal structure, a conposition of (Me6203)1_ ,(M72(3),
wherein each of Me6 and Me7 is a netal and wherein 0 35 z < 1, z starting
with a value zI at the boundary to the 42 third oxide |layer (52), varying
across the thickness of the fourth oxidg |layer (6) in order to achieve a
variation in the lattice constant of the material of the fourth oxide |ayer
(6) across its thickness, and ending with a value z2 at the surface 5 of

the fourthtﬂékge Pyen L 523, segggg GrRcE M%HQ&%&E&HE%%W% (7)

adj acent to t ourt OXIde e second anor phous I nternediate
| ayer (7) feonphietige a}rm@red@r i éal pydens‘m atdrigviea e viagilahhan hawvi He a

thickness @f¢0; 2 NRAL 0 ¥ h@Nflallria éflpé%{é 'J‘iﬁ‘du@thI B%he (BlyLONE4)STI NG

of a nmonocrystalline  sem conductor nateri al . The senlconductor mafer
accordi ng #6rany bre Gildingisss #0d endipy HPU1WhéE@Nﬁ ZReas el e ofiditica o

mat eri ak ogfthﬁesmﬁrﬁﬂ Cdx’i'de 15,bayek) (8) is silicon (Si), germanium (Ge),
silicon-germanium (Sil _aCGea, 0 < a < 1 , silicon carbide (Si % allium

phosphi de ‘(@hﬁ?co%ﬂlEWQﬁHhﬂuﬁhé§5ﬁFH@d{¢¢¢%laXﬁﬂIQW)W@@BPF?HE e gallium

arseni de (E3asin &tidd nidyaarnseni dee(Abdsid annﬂammusarlﬁ%@m@d;(émayérndl um
nitride (Inﬁgp§|nd|un1 phosphi_de ( InPL%YZO gal l'iumind |un1$hos

(Gao. 51 1 no ! AOPYOTRTE WiH A7S EHEE LHhBE bhY dE0S oI5 AE5SESP a‘i‘iiﬁéa‘é]d}%rﬁ de

(ZnS) and £hﬂ§k@é<$§l%ﬁ Zn@) nleo Aoprgeessnd or manufacturing the
sem conduct or waf er one of claims 1 - rising the

fol | owithg ~28 %TQ%E?%?%%: éaé eﬁgbra PSLSNIE R & W@nPﬁ6y§Eﬁ%}q§?e waf er
(1), b) epktaxtahdycttepasgitdrmglthe first oxide layer (3) on at |east

18. The semiconductor wafer according to any one of claims 10,
16 or 17, wherein the semiconductor material of the superficial
15 layer (B) is silicon (Si), germanium (Ge), silicon-germanium
(Si1.5Gea, 0 < @ < 1), silicon carbide (51C), gallium phosphide
(GaP}, aluminium phosphide (AlP), gallium nitride (GalN),
gallium arsenide (GaRs), aluminium arsenide (AlAs), indium
arsenide (InAs), indium nitride (InN), indium phosphide (InP),
20 gallium indium phosphide (Gag.s1Ing.seP), indium arsenic phosphide

(Ing.s1ASg.40P), zinc sulphide (ZnS} and zinc oxide (ZnQ).

19. A process for manufacturing the semiconductor wafer
according to any one of claims 1 - 18, comprising the following
25 sSteps in the given order:
a) providing the substrate wafer (1),
b) epitaxially depositing the first oxide layer (3) on at least
one surface of the substrate wafer (1), and
e) thermally treating the resulting layered wafer under an
30 atmosphere comprising oxygen with a partial pressure of 107°
mbar to 1 bar at a temperature of 200 to 1000 °C for.10 to 100
minutes, thereby forming the first amorphous intermediate layer
(2) at the boundary between the substrate wafer (1) and the
first oxide layer (3).
35



one surface of the substrate wafer (1), and e) thermally treating the
resulting | ayered wafer under an 30 atnosphere conprising oxygen with a
partial pressure of 10-6 nbar to 1 bar at a tenperature of 200 to 1000 C
for.10 to 100 mnutes, thereby formng the first anorphous internedi ate

| ayer (2) at the boundary between the substrate wafer (1) and the first
oxide layer (3). 35 43 20. A process for manufacturing the sem conduct or
waf er according to any one of clains 1 43 18, conprising the foll ow ng
steps in the given order: a) providing the substrate wafer (1), the
substrate wafer 5 having a crystal lattice orientation of Si(111), b)

epi taxi al | yodeRosh g o di okl de-} AYernd Honiohralhdeasiasope surface of

the substrate wa , irst oxi ayer (31) ﬁaV|ng a hexagona

crystal strEepLdEngstedposing o efainsel 20338,  qomeziedng wher &9 hl@ddlY of
Mel and Megibgsaifetid AREnlOWaerein O <_ x <- 1, and a lattice constant
which differs from the |lattice constant of the material of the substrate

waf er by ©)9p¥evEiRg dde &pbekErhtl V§Ler ebtlindgheheubsstriendafeyer ed wafer

under an ahePsPhererLAmr 1SRy caxygean it b fardii@hjpressure of 10-6 15
nbar to 1 bar at a tenperature of 200 to 1000 C for 10 to 100 m nutes,

t her eby tr2hstBi kAt te depesitérpda Fayer 8i0e Haviedg (34) hexagontiasd yst al

structure bAkOstheadd rst t0% daokayetfe (BadrehapiNg theC¥Biret| 8xBa&T VSt
structure, and thereby also formn t i rst anorphous internedi ate | ayer

(2) at the (BOUNAFSDF PSRN e R E17OBRESHEC? %5t oxi de
layer (3). (M8L,0:TDE (RERLRSS BGOQiA RGchOoe! BEM 4% MeR20,s hURkREl geaprising
0 o1 ShorPLA 3, dePoai g, o Monoclystal o second o de Taver
(4) havi ngthecubt€ida-chreftysttabf the material of the substrate wafer by

0 % to 5 %, and

e) thermally treating the resulting layered wafer under an

atmosphere comprising oxygen with a partial pressure of 107°

15 mbar to 1 bar at a temperature of 200 to 1000 °C for 10 to 100

minutes, thereby transforming the first oxide layer {31) having

a hexagonal crystal structure into the first oxide layer (3)

having a cubic Ia-3 crystal structure, and thereby also forming

the first amorphous intermediate layer (2} at the boundary

20 bgtween the substrate wafer (1) and the first oxide layer (3).

21. The process according to claim 19 or 20, further comprising
a step ¢) of epitaxially depositing a monocrystalline second
oxide layer (4} on the surface of the first oxide layer (3),

25 the second oxide layer {4) having a cubic Ia-3 crystal
structure, a composition of (Me3203)by(Me4ﬂ%)y wherein each of
Me3 and Me4 is a metal and wherein 0 £ y £ 1, y starting with a
value yl at the boundary to the first oxide layer ({3), wvarying
across the thickness of the second oxide layer (4) in order to

30 achieve a variation in the lattice constant of the material of
the second oxide layer (4) across its thickness, and ending
with a value y2 at the surface of the second oxide layer (4),
the value yl being selected such that the lattice constant of

the second oxide layer (4) at its boundary to the first oxide



structure, a conposition of (Me3203)1 y(Me4203)y wherein each of M3 and
Me4 is a netal and wherein 0 <_y < 1, y starting with a value yl at the
boundary to the first oxide layer (3), varying across the thickness of the
second oxide layer (4) in order to 30 achieve a variation in the lattice
constant of the material of the second oxide |layer (4) across its

t hi ckness, and ending wth a value y2 at the surface of the second oxide

| ayer (4), the value yl being sel ectedysuch that the lattice constant of
the second oxide |ayer (4) at its boundary to the first oxide 44 |layer (3)
differs fromthe lattice constant of the material of the first oxide |ayer

(3) by 0 Yal0,2(% 22 che MLacens accerdind. g olalm ety LULLDEL, comprising
a b5 step gj of epitaxially gep05|t|ng a superticial 'l ayer f consi sting
of a nonothgsfar$ti nexigknilegrdudtor brafetitad Drsthe surface of the second
oxi de layer (4), said step g) being perforned after step e). 10 23. The
process according to claim?2l, further conprising a step d) of epitaxially
deposi ti ng2a Aenaergess ldarerdhhgdtox¢tein | AyerfymBderonorheisimg ate of the
seconds OXi | ayers (4);, : hj j | ay, havi ic la-3
crysta? s%?%%t§¥eéf5%§j§&§%%6 SP% ggﬁggﬁﬂﬁgf%%¥£aﬁé?g?nhﬁgggigyg met al whi ch
is 15 al sBorapablirg oif fomenegraridésinavienl eonamgiesi mroArd:l Mus20® with 3

< W <-4, s5akgdestep e being pekiaeeg&f tef) SteA Cktapdy) PEEPE Lo Step e),
said third oxide layer (50) being transformed during stép e) into a third

oxi de | ayBPr{Syed oHsiat iSt§Pof) -McS20w with 3 < w <_ 4. 20 24. The process
according to claim23, further conprising a step f) of epitaxially
depositingéa nonocrystalline fourth oxide |ayer (6) on the surface of the

third®xi d4é- | ByRrPYIBHss aareradnet ko oxd i | Byerf (b CRa¢PRBr &5 EMbiT | a- 3
crystal 25tspractolf &pid6QrN0§1 Hephs Of 1 AdVRO 203k rvcMBT2989 Ze Mhed e each of
layer (50) on the surface of the second oxide layer (4), the
third oxide layer (50) having a cubic Ia-3 crystal structure
and a composition of Meb5;03, wherein Meb is a metal which is

15 also capable of forming oxides having a composition of Me5;0,
with 3 < w = 4, said step d) being performed after step c) and
prior to step e), said third oxide layer (50} being transformed
during step e) into a third oxide layer ({51) consisting of
Meb,0y with 3 < w £ 4.

20
24, The process according to claim 23, further comprising a
step £) of epitaxially deposgsiting a monocrystalline fourth
oxide layer (6} on the surface of the third oxide layer (51),
the fourth oxide layer (6) having a cubic Ia-3 crystal

25 structure, a composition of (Meb6203)1-;(Me7;0;3); wherein each of
Meé and Me7 is a metal and wherein 0 £ z £ 1, z starting with a
value z1l at the boundary to the third oxide layer (51), wvarying
across the thickness of the fourth oxide layer (6) in order to
achieve a variation in the lattice constant of the material of

30 the fourth oxide layer (6) across its thickness, and ending
with a value z2 at the surface of the fourth oxide layer (6),

said step f) being performed after step e).

25. The process according to claim 24, further comprising a

35 step g} of epitaxially depositing a superficial layer (8)




Me6 and Me7 is a netal and wherein O <- z <- 1, z starting wwth a value zl
at the boundary to the third oxide |layer (51), varying across the thickness
of the fourth oxide layer (6) in order to achieve a variation in the

| atti ce constant of the material of 30 the fourth oxide layer (6) across its
t hi ckness, and ending with a value z2 at the surface of the fourth oxide

| ayer (6), said step f) being perforned after step e). 25. The process
according to claim?24, further conprisisg a 35 step g) of epitaxially
depositing a superficial l|ayer (8) 45 consisting of a nonocrystalline

sem conductor material on the surface of the fourth oxide |layer (6), said
step 9) bebngi sPeid Wied r@flehysteRI e S onti@tPLORESs 25L05difg to claim
25, further conprising a step h) of t%ernally treating the resulting

| ayered wakefa@ &f Ghengerathr exéfle2bavend (19000 s@ifopted 0 RO F nut es,

t her eby %@fﬁ@fﬁbgiégﬂgyuéﬁ@goﬁphous internedi ate |layer (7) at the boundary
between the fourth oxide |ayer (6) and the superficial 10 |ayer (8), the

second anorphous internmediate layer (7) conprising an electrically

i nsul a3 i nggreties o havioraing 8 ekias L Df Ardnem tomdPPs1g 2and ther eby
al so transforming _the ngﬁﬁprgstalllne third oxide |ayer éSl consi sting of
Me520w  wWPERP 3k Qf LheFmadily STRBAGRY yStl 195 RS da8RTEe ¥ 53 15

havi ng a cudberdenrke iystoal tst nogbure ane B GO hiantes, M523

forming a second amorphous intermediate layer (7) at the
boundary between the fourth oxide layer (6) and the superficial

10 layer (8), the second amorphous intermediate layer (7)
comprising an electrically insulating material and having a
thickness of 0.5 nm to 100 nm, and thereby also transforming
the monocrystalline third oxide layer (51) consisting of Meb;0y
with 3 < w £ 4 into a monocrystalline third oxide layer (52)

15 having a cubic Ia-3 crystal structure and a composition of

Me5203 .





